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CELLUCON CONFERENCES AND THE
CELLUCON TRUST

Cellucon Conferences as an organisation was initiated in 1982, and Cellucon
'84, which was the original conference, set out to establish the strength of
British expertise in the field of cellulose and its derivatives. This laid the
foundation for subsequent conferences in Wales (1986), Japan (1988), Wales
(1989), Czechoslovakia (1990), USA (1991), Wales (1992), Sweden (1993) and
Wales (1994). They have had truly international audiences drawn from the
major industries involved in the production and use of cellulose pulp and
derivatives of cellulose, plus representatives of academic institutions and
government research centres. This diverse audience has allowed the cross
fertilization of many ideas which has done much to give the cellulose field
the higher profile that it rightly deserves.

Cellucon Conferences are organised by the Cellucon Trust, an official
UK charitable trust with worldwide objectives in education in wood and
cellulosics. The Cellucon Trust is continuing to extend the knowledge of all
aspects of cellulose worldwide. At least one book has been published from
each Cellucon Conference as the proceedings thereof. This volume arises from
the 1993 conference held in Lund, Sweden and the conferences in Wales
1994, Russia, Finland, etc, will generate further useful books in the area.
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PREFACE 

Scandinavia, the University and city of Lund brought a very special flavour to 
Cellucon. The Scandinavian cellulose scientists and those of the neighbouring 
countries of Russia and the former Soviet Union all made a very special 
contribution. The result is this excellent volume, which reviews particularly 
the more physical aspects of cellulose chemistry. 

Increasingly cellulose is providing the basic structure for a wide range of end 
products. The production of viscose and paper remains a major pathway 
for the utilisation of wood pulp. Environmental stringencies have imposed 
greater technical and economic burdens on the processor. This volume 
describes how ingeniously they are coming to terms with these new challenges. 
Radiation modification, for example, opens up the cellulose structure, 
enabling less carbon disulphide and sodium hydroxide to be needed for 
viscose production. The environmental load, and consequent costs are 
also reduced. Other grinding technologies can achieve similar results and 
chlorine-free bleaching overcomes another obstacle. 

Chemical modification too has proceeded apace. There are consequent end uses 
in novel fibers, pharmaceuticals, drug delivery systems, and cross-linked 
hydrogels. There is a major section of this volume devoted to new cellulose 
derivatives, applications and gels. Biodegradable and biocompatible products 
too are identified. 

No meeting on cellulosics would be complete without a consideration of the 
role of cellulosics as associative, thickening and gelation agents. The detailed 
rheological behaviour and phase separation effects needed to produce specific 
results have also been discussed extensively in this volume. 

The study of the structural aspects of cellulose continues to be an active area 
of scientific research, with new spectroscopic and computer systems making 
a markedly significant contribution. In many ways those studying cellulose 
structure remain a race apart. Consequently, it is most valuable to have 
recorded succinctly here their latest views, so that those generalists amongst 
us can keep up with their developing ideas. 

New solvent systems have also contributed greatly to the fabrication of new 
cellulosic fibers and none more than the morpholine oxides. These are also 
included. 

xv 



xvi Preface 

It is fascinating to observe how the scope of cellulose chemistry and technology 
has now extended so widely, from the use of cellulose ethers for cement 
extrusion, tunnelling and slurry supported excavations to the biosynthesis 
of new celluloses. This volume, like its predecessors will keep all concerned 
up to date with the newer cellulosic advances. 

Finally, mention must be made of the fellowship and hospitality of our 
Swedish hosts. We all greatly enjoyed the occasion. The Cellucon family 
has now grown to include almost all countries of the world. This volume 
testifies to the buoyancy of the subject. It has been transformed from the 
Cinderella of Chemistry in the late 1960s to now being the Belle ojtlze Ball! 
Innovation and application are clearly demonstrated here. The Cellucon 
Trust is pleased to continue to promote the continuing development of the 
subject. 

Glyn 0 Phillips 
Chairman, Cellucon Trust 

Professor Bjorn Lindman 
Chairman, Cellucon '93 Organising Committee 
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1 Cellulose production by A cetobacter 
xylinun in the presence of cellulase 
T Nakamura, K Tajima, M Fujiwara, M Takai and J Hayashi - 
Department of Applied Chemistry, Faculty of Engineering, Hokkaido 
University, Sapporo, Japan 

ABSTRACT 
The cellulose productivity by Acerobucter xylinum, cellulose producing bacteria, is 

enhanced by a small amount of heat-denatured cellulase. Effect of an endoglucanase, 
two exoglucanases and two p-D-glucosidases, purified from a commercial cellulase 
preparation of Trichoderm viride using anion exchange column Mono Q and gel 
filtration column Superdex 75, has been studied on cellulose production. The heat- 
denatured cellulase components showed a little enhancement of cellulose productivity 
compared with the standard culture. In the native state, the p-D-glucosidase fraction is 
the most effective component for cellulose production. These results suggest that 
enhancement of cellulose productivity by heat-denatured cellulase mainly result from 
gD-glucosidase component in the commercial cellulase. 

INTRODUCTION 
A kind of Axylinum produces pure cellulose without lignin, hemicellulose or pectic 

substances as compared to green plant celluloses.[l] The cellulose is called bacterial 
cellulose(BC) or biocellulose. Although the BC has superior mechanical properties 
such as Young's modulus compared with green plant celluloses, it has few commercial 
applications[2] due to its high price. The BC Productivity is less than 15% yield based 
on sugars. Therefore it must be enhanced for reducing cost. 

We have recently found the fact that cellulose biosynthesis by Axylinum with a small 
amount of heat-denatured cellulase resulted in enhancement of cellulose productivity. 
At present the role of that enzyme in culture is not yet well understood. The cellulase, 
cellulose-hydrolyzing enzyme, consists of three main components: Endoglucanase(EC 
3.2.1.4), exoglucanase(EC 3.2.1.91) and B-D-gIucosidase(EC 3.2.1.21).[3,4) 
Endoglucanase and exoglucanase act synergistically to hydrolyze to cellobiose and 
oligosaccharides.[5] 0-D-Glucosidase hydrolyzes oligosugars such as cellobiose or 
cellotriose to form glucose. There is limited information available on which cellulase 
components are effective for cellulose biosynthesis by Axylinum. 

The first step in a study on the enhancement effect of cellulase components for 
cellulose production is the isolation of substantid amounts of enzymes of a commercial 
cellulase preparation derived from Tviride. An endoglucanase, two exoglucanases and 

3 
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4 Hiosyntlicsis and biodegradation of cellulose 

'llie first step i n  a study on the enhancement effect of cellulase components for 
cellulose production is the isolation of substantial amounts of enzymes of a commercial 
cellulase preparation derived from T. viride. An endoglucanase, two exoglucanases and 
two pD-glucositlases could be detected, and purified from the enzyme preparation using 
anion exchange and gel filtration columns. The effectiveness of purified enzymes was 
evaluated by comparison of cellulose yield. In this paper , the effectiveness of the 
cellulase component and its mechanism have been discussed. Effect of other hydrolases 
in cellulose biosynthesis, interaction between the enzymes and cellulose have been also 
described. 

MATERIALS AND METHODS 
Enzymes 

A commercial cellulase preparation of T. viride origin, Onozuka R- 10, was purchased 
from YAKULI HONSHA Co., Ltd. Lysozyme, invertase, chitosanase and chitinase 
preparations were products of Wako pure chemical industries. PD-Glucosidase commercial 
preparations , different origin, were products of Wako, Oriental, Toyobo and Sigma. 

Cellulase assays 
All activities were expressed in International Units(U) mL-'. 
Endoglucanase activity; Endoglucanase activity was measured in a mixture containing 

2.OmL of a 1 .O% carboxymethyl cellulose(Nacalai) solution in 0.05M sodium acetate 
buffer, pH 5.0 and 0.1 mL of enzyme solution. After incubation at 40°C for lOmin, the 
reaction was stopped by addition of dinitrosalicylic acid(DNS) reagent. The mixture was 
boiled at 100°C for 5min and then cooled to room temperature. Reducing sugars were 
measured as absorbance at 525nm on a spectrometer(JUSC0 WIDE-320) and expressed 
as equivalents of glucose. 

Exoglucanase activity; 0.2mL of enzyme solutions were added to 2.0mL 1.0% Avicel 
cellulose(Merk) suspension in 0.05M sodium acetate buffer,pH 5.0. The reaction mixture 
was incubated in a shaking incubator at 30°C for 2h. After centrifugation l.OmL was 
taken and analyzed for reducing sugars by method of Nelson and Somogyi.[6,7] 

P.D-Glucosidase activity; 4-nitrophenyl-~-D-gliicopyranoside(4NPG, Sigma) was 
dissolved in  0.05M sodium acetate buffer, pH 5.0. To 1.OmL of the substrate 
solution( 1 mM), 0.1 mL of enzyme solution was added and incubated at 40°C for l0min. 
The amount of released 4-nitrophenol in the reaction mixture was measured at 400nm. 
4-Nitrophenol was used as a standard. 

Cellulase purification 
A crude cellulase was saturated with ammonium sulfate at a 90% saturation. The 

resulting precipitate was collected by centrifugation( lOOOOg, 30min), dissolved in 20mM 
Tris HCl buffer, pH 8.0. The solution desalted with ultrafilter units(ADVANTEC UHP- 
43K) using the ultrafilter(ADVANTEC QOlOO) and the enzyme solution was used in the 
following procedure. 

The scheme for purification of cellulase is shown in Fig.1. Anion exchange 
chromatography was performed on a Mono Q HR 5/5 column(Pharmacia). The column 
was equilibrated with 20mM Tris-HCI buffer, pH 8.0. The enzyme solution was loaded 
on the column and eluted with same buffer a linear gradient from 0 to 0.6M sodium 
chloride, pH 8.0. Protein was detected as absorbance of 280nm with a flow cell. The 
eluted fractions were analyzed for endoglucanase, exoglucanase and p-D-glucosidase 
activitiesl81. Fractions( 1.0mL) were collected at a flow rate of l.0mUmin. 

Gel filtration chromatography was carried out on a Superdex 75 H R  10/30 
column(Pharmacia). The enzyme sample was loaded on the column previously equilibrated 
with 20mM Tris-HCI, 0.1M NaCl buffer, pH 8.0 and eluted with same buffer at a flow 
rate of 1 .Omlf min. After desalting by ultrafiltration, each purified enzyme solution was 
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Concentrated cellulase preparation, Onozuka R 10 [90% saturation. (NH,),SO,, fraction] 
Anion exchange chromatography(Mono Q HR Y5) 

- 0.6M NaCl gractient 

Gel filtration chromatograpIiy(S~ilwrdex 75 IIR 10130) 
pH 8.0, 0.1M NaCl I 

I Endo.; Exo. I and 2; 8-Glu. 1 and 2 I 
Fig. 1 Purification scheme of cellulase components from cellulase preparation. 

lyophilized. 

Cellulose biosynthesis 
The bacterial strain used in this study is Acefohucferxyliiium AI'CC 10245. The 

organisms were cultivated under static condition at 28OC in steam sterilized( 12 1 O C ,  1.2Kg/ 
cm', 20min) Hestrin and Schramm's (HS) medium191 or enzyme-containing(0. 1 % wlv) 
HS medium for four days. Cellulose membrane produced in 50mL erlenmeyer flasks 
containing 15mL of the culture was taken out by tweezers and then washed with I % 
NaOH solution at rmm temperature for 3 days. Subsequently the membrane was washed 
with 1 % acetic acid solution for 2 days and then thoroughly washed with distilled water. 
The cellulose yields were measured by weight after being air dried on glass plates. 

Affinity measurements 
Lysozyme, invertase, chi tinase, chitosanse, p-D-glucosidase or cellulase and 5mM 

phosphate-citric acid buffer pH 5.0(5.0mL) were mixed with a given amount of Avicel 
or cellulose powder(Whatman). The enzyme concentration was approximately 2mg/ mL. 
Incubation took place on a shaking incubator at 5OoC for 50h. The samples were 
centrifuged( lOOOOg, 15min), the supernatant was analyzed as nonadsorbed protein. Protein 
content was measured by absorbance at 280nm. Enzyme adsorbed on cellulose was 
estimated by subtracting the amount of dissolved protein from the values obtained in a 
similar experiment without cellulose. 

RESULTS 
Purification of wllulase 
Initially, cellulase was applied to a Mono Q anion exchange column and separated into 

five fractions(Pl-P5) as shown in Fig.2. Peak P1 and P2 fractions contained relative 
higher p-D-glucosidase activity and P1 also contained higher exoglucanase activity, whereas 
P2 was relatively low. Peak P3 and P5 fractions showed exoglucanase activity, and 
contained &D-glucosidase activity. Peak P4, containing exoglucanase activit , showed 
the strongest endoglucanase activity in all peaks. Each fraction(Pl-P5) was co 7 lected and 
concentrated in 20mMI Tris-HC1 buffer, pH 8.0 by ultrafiltration for further purification 
with gel filtration column. 
Finally, five components were obtained by this method. The enzymes of peak P1 and 

P2 were designated pGlu.1 and pGlu.2 with high activity towards 4NPG(Table l),  
respectively. The enzymes purified from P3 and P5 were called Exo. 1 and Exo.2 with 
high activity towards Avicel. The enzyme of P4 fraction was identified as endoglucanase 
and was the only fraction acting to CM-cellulose and named Endo. Identification of their 
purity and determination of MW were measured by SDS-PAGE(data not shown). MW 
of p-Glu.1 was 76,000 and the ratio to crude enzyme could be calculated by 0.44%. MW 
of other components were not determined because of contaminants, 
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6 Biosynthesis and biodegradation of cellulose 

Effects of purified cellulase components on cellulose production 
Figure 3 shows the yields of cellulose produced in cultures containing the heat- 

denatured( 12 1 OC, 1 .2Kg/cmZ. 20min) cellulase components showed little enhancement 
of cellulose productivity compared with that of standard culture medium. Especially in 
the culture containing 0-Glu.2, the cellulose productivity was the most enhanced. 

The amount of cellulose produced in cultures containing native components is shown 
in Fig.4. The amount of cellulose obtained from native endoglucanase- or exoglucanase- 
containing medium was less than that of standard medium because of the hydrolytic 
effect of the enzyme fraction. On the other hand, in the pD-glucosidase-containing 
cultures, the cellulose productivity was considerably enhanced as compared with control. 
The culture medium contained native pD-glucosidase gave cellulose about 1.2- 1.3 times 
higher than that of control. The native 0-D-glucosidase fractions are more effective for 
cellulose production by A.xylinum than the heat-denatured 0-D-glucosidase in contrast to 
that of endoglucanase or exoglucanases. 

In addition the effectiveness of other pD-glucosidase, commercial preparations of 
different origin, was examined as shown in Fig.5. Every pD-glucosidase-containing 
medium in native state increased in more cellulose production than control. 

Adsorption affinity and cellulose biosynthesis 
After incubation of ply saccharide-h y d  yzing enzyme, cellulase, chitosanase, chitinase, 

invertase, lysozyme or pD-glucosidase with a given amount of cellulose substrate, the 
free protein amount P(mg) was determined. The quantity of adsorbed enzyme was 
calculated, and relative adsorbed amount, P(%), was defined as percent of the amount 
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Table I Specific activities(Ul mg) 
of cellulase component. 

Fraction Avicel CMC 'I 4NPG b' 
Suhstrate 

p-Glu.1 1.29 7.05 0.195 
0-Glu.2 1.01 5.41 0.202 
Exo.1 1.74 8.89 0.192 
Exo.2 3.03 8.46 0.188 
Endo. 1.28 9.69 0.174 
a) Cnrhoxyrnethylcellulose 
h) 4-Ni~ruphcnyl-~-D-glucosidc: 

0.4 
-1 _ _  
E 

0.3 $ Fig. 2 Mono Q column 
.O chromatography of cellulase, 
2 Onozuka R10. Buffer is 20mM 

O.* Tris-HCI, pH8.0. The column 3 is washed with 7mL of the o,,'g same buffer and eluted with a 
3 linear gradicnt from 0 to 0.6M 

sodium chloride. 
0.0- Fractions(1 .OmL) are collected 

at a flow rate of 1 .OmL/min. 

. 
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Cellulose production by Acetobrrcter xylinwn 7 

Fig.3 Weight of hacteal cellulose 
obtained in HS culture medium 
containing heat-denatured cellulase 
comwnent. 

Cnide 

Endo. 
cellulase 

a s 2 Exo.2 
rt 
2 Exo.1 1.2Kglcm2, 201nin 

En/.ymc cciiiditioii. Denatured at 121"C, 

- ;;i 
2 I 0-Glu.2 lncuhation time 96h  

1 Eiizymc coiiteiil : 0. I16 (wlv) 

Y :A.xy/bwiti ATCC 10245 Straiii 
p-Glu.1 

N o  enzyme 
added 

0 10 20 30 
Weight of bacterial cellulosd mg/l5mL-medium 

Fig.4 Weight of bacterial cellulose 
obtained in HS culture medium 
containing native cellulase 
component. 

Crude 

Endo. 
cellulase 

Enzyme content : 0. I16 (wh) 
Incubation timc : 9 6 h  
Strniii :A.*.y/bium ATCC 10245 

Exo. 1 

P-G lu .2 

I 0-Glu. 1 

No enzyme 
added 

J I I I 1 

0 10 20 30 
Weight of bacterial cellulostd mgll5mL-mdium 

Fig.5 Weight of bacterial cellulose 
obtained in HS culture medium 
containing native or heat-denatured 
P-D-glucosidase. 
Enzyme condition: ONative stnte 

: HDenaturednt 12I0C, 
1.2kglcm: 20min 

0-Olucosidase A : P. lunatus (Wako) 
B : C. saccharolyticum 

(Sigma) 
C : Sweet almond(Orienta1) 
D : Sweet almond(Toyoho) 
E : Sweet almond (Sigma) 

0 10 20 30 4o Enzyme content : 0. I % (w/v) 
Weight of bacterial cellulosd mg/lSmL-medium Incubation ~i~~ : %h 

Strain :A.xy/inum ATCC 10245 

adsorbed protein divided by the amount of total protein(adsorbed and nonadsorbed 
protein). The adsorption data and cellulose yields are summarized in Table 2. It can be 
seen that the strongest interaction between the enzymes and cellulose was found for 
heat-denatured cellulase. 

Cellulase, 0-D-glucosidase and chitosanase showed a relatively large Yr value. These 
data suggested that the enzymes are effective for cellulose production by A.xylinum, 
although the affinity of the enzymes to the substrate was considerably lower than those 
of heat-denatured cellulase. 

In the native state, none of the enzymes showed high adsorption affinity to cellulose. 
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8 Biosynthcsis and biodegradation of cellulose 

Table 2 Adsorption affinities and cellulose yields of enzymes. 
Enzyme Condition P(%) a )  Cellulose yield(mg) Relative yield h, 

Invertase Native 
Chitosanase 
Chitinase 
Lysozyme 
b-Glucosidasc 
Cellulase 
lnvertase Denatwd 
Chi tosanase 
Chitinase 
Lysozyme 
PGlucosidase 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A v i d  Powder 

2.8 5.6 
0.0 0.0 
0.0 0.0 

10.9 10.0 
0.9 0.5 

- - 

........................... 

16.1 14.8 
18.5 27.2 
17.9 17.3 
12.7 8.0 

25.1 
30.5 
26.1 
20.5 
29.0 
0.0 

28.3 
28.3 
25.8 
18. I 
28.2 

. _ . . . . . . . . .  

Yr 

I .  I9 
1.02 
0.80 
1.13 

0.98 

1.12 
1.01 
0.7 1 
1.10 

cellulase 65.4 65.9 29.0 1.13 
a) Percentage of adsorbed proteinl total protein 
b) Control yield is 25.6mg/ 15mL-medium 

DISCUSSION 
Bacterial cellulose productivity has been enhanced by the heat-denatured cellulase 

components as high as 1.3 times of the standard culture. The action of the components 
for cellulose biosynthesis will be explained in terms of adsorption affinity to the substrate, 
although the denatured enzymes have no activity towards cellulose. 

On the other hand, native exoglucanase or endoglucanase, Exo.1, Exo.2 or Endo., 
acts as hydrolytic enzyme to degrade cellulose.[ 101 There is the fact that yields of 
bacterial cellulose are less than that of control in all cultures of these enzymes as shown 
in Fig.4. These observations suggested that the enzymes are not effective for cellulose 
biosyn thesi s. 

In general native FD-glucosidase has no activity towards crystalline cellulose and no 
adsorption affinity to the substrate. Thus, it seems that the 0-D-glucosidase has no 
influence on cellulose biosynthesis. However, the 0-D-glucosidase was the most effective 
component for cellulose production, and has no activity to crystalline cellulose(Fig.4 and 
Table 2). The results suggest that adsorption of enzyme to cellulose do not play an 
important role in cellulose production. Other p-D-glucosidases prepared from different 
origin are also effective for cellulose production in the native state. It may be concluded 
that the 0-D-glucosidase has enhancing ability to synthesize cellulose and, therefore, 
enhancement of cellulose production by the crude cellulase is mainly caused by BD- 
glucosidase component. It appears that the interaction between enzyme and bacteria 
affects cellulose biosynthesis by A.xylinum. 
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2 Synthesis and characterization of bacterial 
cellulose composite (BCC) 
K Tajima, M Fujiwara, M Takai and J Hayashi - Department of 
Applied Chemistry, Faculty of Engineering, Hokkaido University, 
Japan 

ABSTRACT 
In general, biodegradability of a material decreases with an increase in 

its mechanical strength. Bacterial cellulose (BC) produced by Acetobacter 
xyZinum (A, xylinum) is a very unique and interesting material, since it has 
naturally both high mechanical strength and biodegradability. We have 
succeeded in preparing an incorporated BC (BC composite) with water-soluble 
polymer, such as carboxyrnethyl cellulose (CMC) or methyl cellulose (MC) by 
adding water-soluble polymer into the standard medium of A. xylinum. Young's 
modulus of BC composites was about 1 - 3 times that of normal BC (30 - 40 
GPa) and BC composites were almost degraded in soil after 28 days as well as 
normal BC. 

This preparation method has been applied to synthesize a new type of 
BC having both high biodegradability and other functions. 

Abbreviations; B C  Bacterial Celldose, BCC: Bacterial Cellulose Composite, WSP water- 
soluble polymer, MC methyl cellulose, CMC: carboxymethyl cellulose, DS: degree of 
substitution 

INTRODUCTION 
Some species of the gram negative aerobe Acetobacfer xylinum (A. 

xylinum) have the ability to synthesize cellulose as an extracellular 
polysaccharide. This polysaccharide is called Bacterial Cellulose (BC). It is 
very useful for some commercial usage because of its excellent properties 
such as high mechanical strength, biodegradability and so on. At present from 
the viewpoint of ecology, good biodegmdable polymers replacing the synthetic 
polymers are widely sought in material industries. BC seems to be a suitable 
material source as such a polymer for its mechanical strength and high 
biodegradability. BC can be easily modified during synthesis. For example, 
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10 Biosynthesis and biodegradation of cellulose 

our laboratory has succeeded in preparing a new functional BC composite by 
the incubation of A. xylinum in the medium containing water-soluble polymer, 
such as CMC, MC and so on [l]. This BC membrane was incorporated with 
water-soluble polymer and it could function as an ultrafilter membrane. We 
found that BC composites made by this preparation method have larger 
mechanical strength. Many researchers [2-101 have used fluorescent brighteners 
or cellulose derivatives (carboxymethyl cellulose and so on) for clarification 
of cellulose assembly, and significant progress in elucidating the mechanism 
and control of cellulose fibrils biogenesis has been made by studying normal 
and altered cellulose ribbon assembly in A. xylinum. However, biodegradabilities 
and the application of these BC composites as functional materials have not 
been examined. In this paper, we have studied the BC composite with water- 
soluble polymer as a biodegradable material in detail. For this purpose, we 
investigated the identification of water-soluble polymer in BC composite, the 
content of water-solublepolymer in BC composite, the estimation of mechanical 
strength, and the biodegradability test. 

MATERIALS AND METHODS 
Two bacterial strains of A. xylinum NBI 105 1 or ATCC 10245 were used 

for BC production. The molecular weight and DS of water-soluble polymers 
used are shown in Table 1. Dynamic Young's modulus was measured by the 
vibrating reed method. Biodegradability test was performed by cellulase 
ONOZUKA R-10 (Yakult Honsha Co., Ltd.) and in the native soil in a beaker. 

Table 1 The molecular weight and DS of used water-soluble polymers. 

Sample(WSP) M.W. DS 

MC#15 15,000 1.79-1.83 
MC#25 17,000 1.79-1.83 
MC#100 26,000 1.79-1.83 
MC#400 41,000 1.79-1.83 
MC#1500 63,000 1.79-1.83 
MC#4000 86,000 1.79-1.83 
MC#8000 110,000 1.79-183 

CMCmacalai) 13,500 0.62-0.68 

RESULTS AND DISCUSSION 
Yield of BC com 

The yields of normal BC and BC composites are shown in Fig. 1. The 
yields of BC composites (MC) were 1.2 - 1.5 times that of normal BC. The 
yields of BC composites (CMC) were higher than those of BC composites 
(MC). They were 1.5 - 2.0 times that of normal BC. 

The contents of water-soluble polymer in BC composites are shown in 
Fig. 2. The contents of WSP in BC composite were estimated from elementary 
analysis. BC composites (MC) contained 10-20 wt% MC and BC composites 
(CMC) contained40-45 wt% CMC. This high content of CMC in BC composites 
(CMC) could be due to electrostatic interaction between cellulose and CMC. 
The interaction is based on electron-attractivities of carboxymethyl group of 
CMC. The increase weight of yields for BC composites was greater than the 
weight of water-soluble polymer incorporated into the BC composite. Ben- 
Hayyim and Ohad [2] reported that CMC induces the rate of polymerization of 
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Bacterial cellulose composite 1 1  

glucose (30%). The hierarchical assembly process contains four steps 191: (1) 
the synthesis and exbusion of tactoidal aggregates of parallel glucan chains; 
(2) the crystallization of adjacent glucan aggregates into 3-4 nm wide 
microfibrils; (3) the formation along slightly separated groups of extrusion 
pores of the fibrillar subunits that contain the crystallites; and (4) the fasciation 
of the subunits to form the composite ribbon. CMC prevents the fasciation of 
the larger fibrillar subunits [9]. Thus the increases of cellulose yields by the 
addition of MC or CMC into the medium might be performed by prevention of 
ribbon assembly, which is slightly rate limiting [5,8], resulted from adsorption 
of MC or CMC molecules to microfibrils and bundles of microfibrils. 
Mechanical strenpth of BC commsitg, 

Mechanical strength was estimated by the measurement of dynamic 
Young's modulus. Dynamic Young's modulus was measured by vibrating reed 
method. The dynamic Young's modulus of BC composite is shown in Fig. 3. 
They were the same as or larger than those of normal BC, the maximal value 
was about three times that of normal BC. On BC composites (MC, 1051), the 
molecular weight of water-soluble polymer incorporated into BC composite 
did not affect Young's modulus. In contrast, on BC composites (MC, 10245), a 
different result was obtained depending on their molecular weights. Young's 
modulus of BC composites incorporated with MC #1500, #4000 and #8000 
were twice that of normal BC. On the other hand, Young's modulus of BC 
composites incorporated with #15, # 25, #lo0 and #400 were almost similar to 
that of normal BC. The reason for these results, however, has not been clarified. 

Young's modulus of BC is greatly changed according to the methods of 
drying. For example, heat dried BC have high Young's modulus compared 
with that of air dried or lyophilized BC. This results from the increase in 
hydrogen bonding by heating. Thus, it could be thought that the increase of 
Young's modulus for BC composites originates from the increase of hydrogen 
bonding among microfibrils or ribbons based on the incorporation of water- 
soluble polymer. This could be supported by the results obtained from SEM 
observation (Fig. 3 ). 

Young's modulus of BC composites (CMC, 1051 or 10245) were twice 
that of normal BC, although the contents in BC composites were very high (40 
- 45 wt%, refer to Fig. 6). The significant difference between MC and CMC is 
in the intense inductive effect of substituent. As mentioned above, CMC binds 
with cellulose by hydrogen bonding and electrostatic interactions, and these 
results could be due to the existence of CMC which does not contribute to the 
increase of hydrogen bonding among ribbons. 
Biod-dab ility of BC co mposite. 

The results of biodegradabilities of normal BC and BC composite (105 1) 
and (10245) are shown in Fig. 4. Both normal BC and BC composite (CMC) 
were completely degraded by the hydrolysis action of cellulase. On the other 
hand, BC composites (MC) were partially degraded (20 - 30 wt% in weight) 
by cellulase. SEM photographs of the surface of BC composites (MC) before 
degradation and after degradation (at 50 OC, 120 strokedmin, for 48 hr) are 
shown in Fig. 5.  Many pores were observed on the surface of normal BC. 
However, they were not observed on the surface of BC composites (MC) and 
BC composites (CMC). Normal BC and BC composites (CMC) were completely 
degraded by cellulase after 48 hr. On the other hand, BC composites (MC) 
were partly degraded by cellulase. After incubation, ribbons still remained in 
the degraded area. When cellulase degrades cellulose, first of all, it has to 
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12 Biosyntlicsis and biodegradation of cellulose 

attach to the surface of cellulose. However, the surface of cellulose in BC 
composite is covered with water-soluble polymer binding to cellulose by 
hydrogen bonding. Therefore, cellulase has to attach to cellulose covered with 
MC or CMC. ‘Then it has to degrade MC or CMC first. When MC and CMC 
were individually degraded by cellulase, CMC was degraded but MC was not. 
The causes of low degradability of MC by cellulase might be attributable to 
the high DS. Thus, the high enzymatic degradabilities of BC composite (CMC) 
could be due to the heterogeneous incorporation of CMC into BC and the high 
degradability of CMC, which is a substrate for determination of endo-cellulase 
activity, by cellulase. The low enzymatic degradabilities of BC composite 
(MC) could be due to the highly packed structure observed by SEM and the 
low degradability of MC by cellulase. These results could suggest that the 
enzymatic degradabilities of BC will be controlled by the contents, kinds or 
DS of water-soluble polymer incorporated into BC. 

In contrast, on the biodegradation test in soil, there was no great difference 
between the degradabilities of normal BC, BC composites (MC) and (CMC), 
and they were almost completely degraded after 4 weeks. This suggests that 
the soil contains many microorganisms which secrete various enzymes in 
addition to cellulase-like enzyme. 

I 
80 

0 10 10 30 40 50 0 10 20 30 40 50 

Content / [wt%] Content / [wt%] 

Fig.2 Content of WSP in BC composite; (a): 1051, (b): 10245. 
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Mg.3 Young's modulus of BC composite; (a): 1051, (ti): 10245. 
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Fig.4 Biodegradability of BC composite; (a): 1051, (b): 10245. 

Fig.5 SEM photograph of BC corn site (lOS1, MC#8000);(a): before degradation, 
(b): after degradation, x 5,oogpbar is m 
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14 Biosynthesis and biodegradation of cellulose 

CONCLUSIONS 

(1) BC com site (CMC) had high mechanical strength and high 

(2) BC corn rite&(!) had high mechanical strength and low biodegradability 

From these results it was suggested that BC com site (CMC) can be 

by the incorparation of water-soluble polymer having various DS or different 
substituent or incarporation of two kinds of water-soluble polymers. 
Furthermore, this paration method has been applied to synthesis a new type 
of BC having h$pemechanical strength, various biodegradabilities and other 
functions. 

We obtained the following results; 

biodegra d% ili b cellulase. 

by cellu p" ase. 

used as a biodcglradabla matedal, and biodegadability of ip" C could be controlled 
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3 Effect of the process of biosynthesis on 
molecular properties of bacterial cellulose 
H Struszczyk, K WrzeSniewska-Tosik, D Ciechanska and 
E Wesokowska - Institute of Chemical Fibres, 90-570 Lodz, 
C Sklodowska 19, Poland 

ABSTRACT 

Biosynthesis is a promising technique for the manufacture 
of special polymeric materials having unique properties. 
In this paper biosynthesis of cellulose with the use of 
Acetobacter xyfinum strain in static conditions has been 
presented and the problem of correlation between some 
parameters of biosynthesis and chosen properties of 
cellulose, especially its molecular structure and 
molecular weight distribution were discussed. Some other 
properties of bacterial cellulose films, including 
biodegradability have also been presented. 

INTRODUCTION 

Recently biotechnological methods of polymer synthesis and 
transformation have widely been introduced into industry. 
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16 Biosynthesis and biodegradation of cellulose 

This tendency is supported by numerous benefits resulting 
from the application of biotechnology, such as mild 
conditions of technological processes, low energy 
consumption, high safety, low amount of by-products, 
renewable raw materials, economic aspects and others. One 
of the main directions of the development of biotechnology 
is nowadays biosynthesis of protein-type polymers, 
polysaccharides, cellulose included, as well as 
high-molecular compounds similar to synthetic polymers 
e.g. polyhydroxybutyrate [l-41. Some of the above 
mentioned polymers - products of biosynthesis - have been 
characterized in view of their film and fibre-forming 
properties. 
The highly effective strains of microorganisms used in 
this investigation to obtain macromolecules can be 
characterized by low nutrient consumption, stability of 
morphological and physico-chemical attributes as well as 
by a high rate and yield of metabolite production [ 4 1 .  

Some of the strains applied in the manufacture of 
bacterial cellulose have already been identified [1,5,61 
and Acetobacter xyfinum strain was determined as the most 
effective one [1,7,81. Cellulose produced inside the 
bacteria cells is released from them in the form of 
microfibriles having shape of regular ribbons [ 8 1 .  

Numerous valuable properties of bacterial cellulose, such 
as biocompatibility, high water-sorption, film- and 
fibre-forming ability, some mechanical characteristics 
(e.g. high value of Young modulus) make it possible to 
consider it as a polymer for special application in 
technology and medicine. 
Institute of Chemical Fibres, Lodz, Poland contributes to 
several long-term projects on special biomaterials for 
medicine and agriculture. Polymers obtained in 
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biosynthesis, including bacterial cellulose, seem to be

the most suitable high molecular materials for the above

mentioned applications. Specific character of biosynthesis

process makes it possible to control some properties of

the polymer being formed, such as e.g. their molecular

structure. In the case of biomaterials their controlled

properties play, a particularly significant role.

The aim of this paper is to present some recent results of

the investigation into biosynthesis of cellulose with the

use of Acetobacter xylinumAx26 strain. The correlation

between biosynthesis process parameters and the properties

and behaviour of bacterial cellulose, molecular structure

included, has been discussed. The results concerning the

process of biodegradation were presented in view of the

application of the bacterial cellulose in medicine.

EXPBRIMENTAL

MATERIALS AND METHODS

Acetobacter xylinumAx26 strain produced in the Institute

of Microbiology and Fermentation, Technical University of

Lodz, Poland has been used for the manufacture of

bacterial cellulose. Other samples of cellulose such as

softwood cellulose pulp of Fibrenier, cotton linters,

regenerated cellulose from viscose fibres and

microcrystalline cellulose 402 type, Microtechnic, Germany

have been used to draw a comparison.

For the impregnation of the bacterial cellulose film,

microcrystalline chitosan aqueous dispersion produced in

the Institute of Chemical Fibres, Lodz by means of the

original method [9] has been applied [10]. The dispersion

of microcrystalline chitosan contained 3.17 wt.% polymer
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and had a viscometric average molecular weight of 
E,, = 4.47 x lo5, deacetylation degree of 71% and water 
retention value of 1295%. 
Bacterial cellulose was produced by a modified static 
method using a culture solution with pH = 6.0 containing 
glucose, peptone, yeast extract, disodium phosphate, 
citric acid and ethyl alcohol as a modifying agent. The 
product of biosynthesis obtained in the form of a film was 
washed out in sodium hydroxide solution, next in distilled 
water and then dried. 
Basic properties of bacterial cellulose such as average 
molecular weight, crystallinity index and water retention 
value have been determined according to the previously 
described methods [1,111. In order to estimate the 
properties of microcrystalline chitosan the methods 
previously described [91 have been applied. 
Molecular weight distribution (MWD) of the polymers under 
investigation has been determined by gel permeation 
chromatography (GPC) using a Hewlett-Packard HP 1050 gel 
chromatograph with polystyrene columns from Polymer Lab. 
for measurements. 
The biodegradation process of bacterial cellulose has been 
examined in a buffer solution of pH = 7.3 containing NaC1, 
KC1, Ca(CH3C00)2, MgS04 and Na2HP04 at 37O*O.l0C in the 
presence of lysozyme with concentration of 100 vg/ml. 

RESULTS AND DISCUSSION 

The demand for special polymeric materials applicable in 
medicine and technology includes also products of 
biosynthesis of selected high molecular compounds. Unique 
properties of biosynthetic cellulose, i.e. its 
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biocompatibility, high water sorption, excellent adhesive

properties and special mechanical characteristics as well

as the existence of effective methods of its manufacture

of its application. The most

biosynthetic cellulose is the

properties and the conditions of

control of the biosynthesis

to obtain products of the

itsbetween

the enlargement

attribute of

promote

important

correlation

biosynthesis. Continuous

process makes it possible

exactly required properties.

Many factors can affect the characteristics of bacterial

cellulose. In Table 1 the effect of glucose concentration,

being a carbon source, on some properties of bacterial

cellulose and on the yield of biosynthesis are presented.

Table 1. Effect of glucose concentrationa in a culture
solution on bacterial cellulose properties.

----------------------------------------------------------
Glucose Yield of Properties of bacterial cellulose
concen- a-cellulose --------~------6--------------------
tration a-cellulose DP GPC data

content -------------------
lQJn lQJw _4 Pd

,% , gil x 10- 4 x 10
----------------------------------------------------------
1. 0 0 . 69 86 951

1.5 0.72 89 1124 7.2 21.9 3.1

2.0 0.61 8~ 1228 9.6 20.9 2.2

2.5

3.0

0.50

0.61

71

92 1176

8.8

7.2

21.1

23.4

2.4

3.2

Pd - polydispersity
a - biosynthesis for 120 h at temperature of 30°C.
b - by EWNN viscosimetric method.

As it can be seen from Table 1 the increase of glucose

concentration in a culture solution affects both

a-cellulose content in the product and its molecular

weight. When the highest concentration of glucose has been

applied a slight reduction of average molecular weight and

a simultaneous increase of polydispersity value can be
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observed. Thus, the optimum concentration of glucose in a

culture solution is situated within the range of 2-3%.

The search for other types of carbon sources, able to form

cellulose chains in a culture solution is one of the

targets of our studies. Recently we have selected ethyl

alcohol as a good and effective additional low-molecular

source of carbon, useful for biosynthesis of cellulose.

The results of biosynthesis carried out in the presence of

ethyl alcohol are presented in Tables 2-4. For comparison

the results of biosynthesis of bacterial cellulose in

different time obtained in the absence of ethanol are

summarized in Table 5.

Table 2. Effect of biosynthesisa time in presence of
ethanol on bacterial cellulose properties.

----------------------------------------------------------
Biosynthesis Yield of Bacterial cellulose properties
time a-cellulose --------------------------------

a-cellulose CrI up*
content

,h , gil , % , % , %
----------------------------------------------------------
48 0.35 65.7 47

72 0.88 81.0 52 370

96

120

144

168

0.77

1. 25

1.40

1.40

75.6

77.0

71. 7

77.5

58

52

55

69

760

1000

1100

1170

* - by EWNN viscosimetric method.
a - in a presence of 1 wt.% of ethanol; glucose

concentration of 2% at temperature of 30°C.

As it can be seen the average molecular weight of

bacterial cellulose, obtained in the culture solution

without alcohol, increases gradually with the time of

biosynthesis whilst polydispersity undergoes reduction

(Table 5).

The introduction of an additional carbon source of ethanol
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causes a significant rise of yield of biosynthesis as well

as growth of crystallinity index of cellulose being formed

(Tables 2 and 3). As shown in Table 4, for the longest

duration of process of 168 hrs a slight decrease of

average molecular weights is observed. It is probably

caused by degradation activity of cellulolytic enzymes

being formed in the course of the process.

Table 3. Effect of biosynthesisa time in presence of
ethanol on bacterial cellulose.

B~osynthesis
tJ.me

Yield of Bacterial cellulose properties
a-cellulose -------------------------------

a-cellulose CrI up*
content

,h ,gil ,t ,t ,t
----------------------------------------------------------
48 0.40 74.2 46

72 1.10 77.8 40 290

96 1. 50 75.7 45 750

120 2.20 78.5 60 790

144 2.10 78.5 56 1340

168 2.00 74.9 73 1220

* - by EWNN viscosimetric method.
a - in a presence of 2 wt.t of ethanol; glucose

concentration of 2t at temperature of 30°C.

The samples of bacterial cellulose obtained in the

presence of ethanol are characterized by the multilayer

structure of a formed film.

biosynthesis conditions on a

Aoecobectrer: xyJ inum Ax26 is used

a cellulose film of good

otherthewithcomparisonin

The optimization of

laboratory scale when

makes it possible to produce

mechanical properties

cellulose films (Table 6).
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Table 4. Effect of biosynthesis time in presence of 2 wt.%
of ethanol on distribution of molecular weight of
bacterial cellulose.

Biosynthesis
time

Ethanol Bacterial cellulose properties
content -----------------------------------

PdRn Rw
,% , gil x 10- 4 x 10- 4
-----------------------------------------------_._---------
48 2.0

72 2.0

96 2.0 8.9 15.8 1. 78

120 2.0 12.9 19.6 1. 52

144 2.0 14.2 20.8 1.46

168 2.0 6.3 15.7 2.46

Table 5. Effect of biosynthesisa time on bacterial
cellulose properties.

----------------------------------------------------------
Biosynthesis Yield of Properties of bacterial cellulose
time a-cellulose ---------------------------------

a-cellulose CrI GPC data
content -----------------

Rn -4 Rw -4 Pd
, \ , gil , \ , % x 10 x 10
----------------------------------------------------------
24 0.12

48 0.91 98 65 4.5 20.7 4.6

72 0.92 94 36 6.5 20.8 3.8

96 0.89 99 27 7.3 22.1 3.0

144 0.87 93 44 7.4 23.9 3.3

168 0.89 99 38 10.2 26.3 2.6

192 0.94 89 30 9.5 23.7 2.5

a - with a glucose concentration of 2 wt.\ at temperature
of 30°C.

Pd - polydispersity

The advantages of bacterial cellulose can be pointed out

when confronting it with the other different samples of

cellulose, such as a pulp, regenerated cellulose, cotton

linters and microcrystalline cellulose (Tables 7 and 8) .

�� �� �� �� ��



Molecular properties of bacterial cellulose 23

AS it can be seen from Table 7 bacterial cellulose is

characterized by high water retention value, the highest

among all the cellulose samples.

The a-cellulose content in bacterial cellulose is

comparable with the analogous value for cotton linters.

Table 6. Some mechanical and super-molecular properties of
different cellulosic films.

Type of film Mechanical properties

Tenacity Elongation

, MPa ,t

Molecular properties

up. erI a-cellulose
content

,t ,t

Bacterial 47.4 10.5 1435 77.5 95.1

non-oriented 15.7 40.7 346 49.0 93.0

Viscose --------------------------------------------------
oriented 45.0 14.0 346 56.0 93.0

• - by EWNN viscosimetric method.

Bacterial cellulose should, first of all, be applied in

medicine. Its biodegradability and sorption properties

play the most important role here, e.g. for the

manufacturing of wound dressings. In view of this

application the samples of cellulose films from

biosynthesis were the subject of biodegradation tests in a

buffer solution containing lysozyme enzyme. Three kinds of

materials have been tested i.e. bacterial cellulose film,

the same film impregnated with microcrystalline chitosan

and microcrystalline chitosan film. The results of tests

have been presented in Tables 9 and 10.

It is generally known that chitosan, especially

microcrystalline chitosan, is a bioactive and

biodegradable polymeric material of natural origin

proposed for medical application, mainly to use in the
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Table 7. Some properties of different types of cellulosic
materials.

Cellulosic material
type

Properties of cellulose

a-cellulose
content

,\

CrI

, \

WRV

, %"

Bacterial cellulosea 91.6 87 153 1450

Softwood
celllulosic 95.1 75 53 760
pulp of Fibrenier

Rerenerated
ce lulose 91.6 52 87 300
from viscose fibres

Cotton 90.9 72 37 1200
linters

Microcrystalline 88.0 69 60 530
cellulose of Micro-
technic 402 type
----------------------------------------------------------
a - obtained by biosynthesis for 120 h in presence of 2\

glucose at temperature 30°C.
* - by EWNN viscosimetric method.

wound healing areas [12-14]. The bacterial cellulose

matrix covered with microcrystalline chitosan is one of

the new biomaterials tested now in the Institute of

Chemical Fibres, Lodz, Poland.

Bacterial cellulose films subjected to the action of an

enzyme undergo degradation process more slowly in

comparison with a microcrystalline chitosan film (Tables 9

and 10) .

The examination of a cellulose film covered with

microcrystalline chitosan points out, however, that its

biodegradation is slower even than the degradation of a

cellulose film. This phenomenon can be explained by the

protective action of microcrystalline chitosan in relation

to a bacterial cellulose matrix. Such behaviour of systems
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Table 8. Some molecular parameters of different types of

cellulosic materials.

Type 9f cellulosic
maten.als

Parameters

Pd

Bacterial cellulose 9.19 23.94 2.6

Softwood
cellulose 4.69 11.30 2.4
pulp of Fibrenier

ReIenerated
ce lulose 2.01 3.62 1.8
from viscose fibres

Cotton
linters 10.14 22.51 2.2

Microcrystalline
cellulose 2.49 8.54 3.4
of Microtechnic 402 type

Table 9. Weight loss of polymeric materials during
biodegradation in presence of lysozyme* .

Type 9f polymeric
materl.al

Weight loss of polymeric material
(%), after (days)

----------------------------------
3 7

Bacterial cellulosic filma

Bacterial cellulosic film
impregnated by 1 wt.% of MCCh

Microcrystalline chitosan
(MCCh) film

11.9

4.9

31. 8

18.9

6.5

37.4

a - obtained for 120 h at temperature of 30°C; glucose
concentration of 2%.

* - 100 ~g/ml

in biodegradation conditions is very promising for

practical applications.
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Table 10. Some molecular parameters of different polymeric
materials during biodegradation in presence of

*lysozyme .

Molecular parameters of bacterial cellulose
, after (days)

Type of
polimeric
material

o 3 7

Hn_ 4 Hw -4 Pd Hn -4 Hw -4 Pd Hn_ 4 Hw _4Pd
x10 x10 x10 x10 x10 x10

Bacterial 9.2 23.3 2.6 3.7 14.7 4.0 3.9 12.7 3.3
cell}:ilosic
film

Bacterial 9.2 23.3 2.6 9.9 15.7 1.6 4.7 14.8 3.0
cellulosic
film
impre~nated bK
1 wt. of MCC

a - obtained for 120 h at temperature of 30°C; glucose
concentration of 2%.

* - 100 /-lg/ml

CONCLUSIONS

1. Biosynthesis of cellulose with the use of Acecobaccer

xylinum Ax26 strain carried out in the elaborated

optimum conditions seems to be a promising and useful

method to obtain polymers having special, valuable and

programmable properties such as biodegradability,

biocompatibility, high sorption and high adhesion as

well as satisfactory mechanical properties of a film.

2. Parameters of biosynthesis process i.e. culture

solution composition, carbon sources, duration of the

process affect properties of bacterial cellulose being

formed, molecular structure included.
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3 .  Bacterial cellulose manifests considerable advantages 
in comparison with other kinds of cellulose due to its 
biodegradability in the enzymatic medium. The 
introduction of some additives such as microcrystalline' 
chitosan to a bacterial cellulose film leads to 
obtaining valuable materials which can be applied in 
medicine. 
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4 Direct soluble cellulose of Celsol: 
properties and behaviour 
H Struszczyk, D Ciechariska and D Wawro - Institute of Chemical 
Fibres, 90-570 Lodz, ul M C Sklodowska 19/27, Poland 
P Nousiainen and M Matero - Tampere University of Technology, 
Fiber, Textile and Clothing Science, Tampere, Finland 

Biotransformation of cellulose pulps creates a new modern 
cellulosic raw material suitable for direct dissolution in 
aqueous sodium hydroxide. A new method of cellulosic fibre 
and film manufacture, alternative to the viscose 
technology, was studied. Some properties of Celsol direct 
soluble cellulose, including its super-molecular 
parameters as well as useful behaviour such as solubility 
or spinnability, are presented. 

INTRODUCl'ION 

The viscose industry has been causing several 
environmental problems resulting from the use of carbon 
disulphide as a main reactant for converting the cellulose 
into cellulose xanthate. However, the demand f o r  
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cellulosic fibres does not seem likely to decline for the 
next few decades. Two main ways of new alternative methods 
for cellulosic fibres and films manufacture without carbon 
disulphide use is presently under intensive research and 
development to achieve: 
- direct dissolution of cellulose pulp in the organic 
solvents, mainly in N,"-methylmorpholine oxide (Tencel) 
[1-31 or in inorganic solvents such as sodium hydroxide 
solution [ 4 - 5 1  

- cellulose derivatives soluble in aqueous sodium 
hydroxide solution such as cellulose carbamate [4,5-71. 

Dissolving the cellulose pulp directly into an aqueous 
sodium hydroxide seems to be a promising perspective 
technique for transformation of cellulose into useful 
cellulosic fibres, films and other products [El. This 
method should solve some problems still caused by above 
technologies such as organic solvent regeneration or 
cellulose degradation. The aim of this paper is to present 
some results of cellulose pulp biotransformation resulting 
on the modified cellulose structure and properties 

as well as useful, 
behaviour. 

~PERIMENTAL 

MATKRIALS AND METHODS 

The several types of cellul 
Table 1. 

including its super-molecular, 

se pulp used re presented in 

The biotransformation of cellulose pulp was achieved using 
selected cellulotic enzyme type in a shaked bath, after 
suitable mechanical or chemical pretreatment, according to 
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Table 1. Some properties of cellulose pulps used. 

Cellulose 
Pulp type 

Fibrenier 
Riocell 
ITT Excel1 
Saiccor 
Swiecie 
(beech) 

Cellulose pulp properties 
Producer 

Cr I WVR, % ma rrpb 
USA 

~~ ~ 

74 62 756 630 

Brasil 75 60 654 634 

USA 62 58 686 708 

S .Africa 67 63 726 643 

Poland 68 62 657 623 

a - by EWNN viscosimetric method 
b - by GPC method 

the original technique [51. 
The properties of cellulose pulp before and after 
biotransformation were determined as previously described 
[1,4,5-71. The solubility of biotransformed cellulose was 
estimated according to a special test [5,81 based on a 
degree score of 0 to 5. The distribution of molecular 
weight of cellulose pulp was determined by GPC using the 
Hewlett-Packard apparatus HP 1050 type with a polystyrene 
filled column made by Polymer Lab. (UK). 

RESULTS AND DISCUSSION 

Development of new methods for manufacture of cellulosic 
fibres and films, alternatives the viscose technology, has 
brought solution to the field. Biotransformation of 
cellulose pulps creates a new cellulosic raw materials 
under the name of Celsol suitable for use in an 
environmentally safe method for manufacture of cellulosic 
fibres, films and other products. 
Use of selected enzyme for the biotransformation process 
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needs a special pretreatment procedure to open the 
intrinsic capillary system of the cellulose material. Some 
results of the pretretreatment process as well as 
biotransformation are presented in Tables 2 and 3. The 
cellulose pulps were subjected to the biotransformation 
process using the same conditions. 

Table 2 .  Some super-molecular structure properties of 
biotransformed cellulose pulps. 

Properties of cellulose pulp 
Cellulose after mechanical after enzymatic 
Pulp type pretreatment transformation 

Fibrenier 79 79 632 583 68 77 485 403 

Riocell 66 88 605 6 2 5  66 79 475 394 

Excell 65 83 651 646 65 66 502 435 

Swiecie 6 8  108 632 540 74 94 436 347 

a - by EWNN viscosimetric method 
b - by GPC method 

Table 3. Estimation of Celsol solution* properties. 

Cellu- Properties of Celsol solution, degree 
lose 

with mechanical without mechanical 
pretreatment pretreatment 

solubi- spinna- trans- solubi- spinna- trans- 
lity bility parency lity bility parency 

Fjbre- 5.0 5.0 5.0 3.5 3.5 3.5 
nier 
Riocell 4.5 4.0 4.0 2 . 0  1.5 2 . 0  

Excell 3 .O 3.0 3 .O 1.5 1.0 2.0 

Swiecie 3.0 4.0 3.0 2 . 0  1.5 2 . o  

* - in 9% aqueous sodium hydroxide solution 
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It can be concluded on a base of results summarized in 
Tables 2 and 3 that the pretreatment of cellulose pulps 
before of the biotransformation process plays an important 
role in manufacture of Celsol pulp. Chemical pretreatment 
also seems to be a suitable method for the modification of 
cellulose pulp intrinsic structure for promotion of the 
action of enzymes (Table 4). The action of enzymes during 
biotransformation can be observed on the basis of 
molecular weight distribution estimated by GPC method for 
selected cellulose pulps (Table 5). 

Table 4. Some properties of biotransformed Saicor 
cellulose solution. 

Pretreatment Cellulose solution properties, degree 
type Solubility Spinnability Transparency 
Mechanical 4 

Chemical 5 

5 

0 

4 

5 

Table 5. Some super-molecular parameters of biotransformed 
selected cellulose pulps. 

Cellulose Treatment Cellulose properties 

- Excel1 2.92 12.10 4.2 

mechanical 2.43 10.68 4.4 
2.02 8.81 4.4 

enzymatic 
Swiecie - 3.26 10.11 3.1 

mechanical 2.33 8.75 3.6 
2.69 9.30 3.5 

en z yma t i c 

:::w::1 + 1.68 6.48 3.8 

mec enzYtic anical + 1.72 5.72 3.3 

Pd - polydispersity 
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Assumation of mechanical pretreatment with enzymatic 
biotransformation caused the most significant reduction of 
molecular weight of cellulose pulp along with suitable 
activation leading to high degree of solubility, 
spinnability and transparency (Tables 4 and 5). 

CONCLUSIONS 

1. The Celsol method, using enzymatic biotransformation, 
has permitted cellulose pulp to be directly solubilized 
in aqueous sodium hydroxide. The product was suitable 
for production of cellulosic fibres and films. 

2. The pretreatment of cellulose pulp, both mechanically 
and chemically, plays a very important part in the 
biotransformation process to manufacture Celsol pulp. 

3 .  The alkaline solutions of Celsol pulp are characterized 
by great solubility, spinnability and transparency 
degrees suitable for manufacture of cellulosic fibres 
and films. 
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ABSTRACT 

Proton NMR spectroscopy and HPLC have been used to investigate the hydrolysis of 
cellooligosaccharides and cellulose by cellobiohydrolase I1 from Trichoderma reesei. 
The cleavage pattern for the substrates cellotriose to cellohexaose has been 
determined. The catalytic rates were higher for the natural Substrates (3.6-300 min-1) 
than the rates earlier reported for chromophoric cellooligosacchaiide derivatives (0.8- 
21 min-1). The cellulose hydrolysis is slow compared to the hydrolysis of the soluble 
cellooligosaccharides. The cellotriose hydrolysis is inhibited by glucose and the 
inhibition is non-competitive. Cellobiohydrolase II retains maximal activity in a broad 
pH range, 2.5-6.5. 

INTRODUCTION 

The enzymatic degradation of cellulose is an important process. both ecologically and 
commercially. Several enzymes, such as cellobiohydrolase II (CBH 11) from the 
filamentous fungus, Trichocferma reesei, participate in the hydrolysis of cellulose. As 
cellulose is an insoluble polymer, small soluble oligosaccharides have been used as 
model substrates facilitating the enzyme kinetic studies. Kinetic data as well as binding 
constants' t2  for the CBH II catalysed hydrolysis of soluble oligosaccharides have been 
obtained by chromophoric and fluorescence techniques. These studies were primarily 
conducted using 4-methylumbelliferyl 0-D-glycosides derived from cellotriose, 
cellotetraose and cellopentaose, but the technique yielded corresponding results also 
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for natural substrates by means of competition experiments. In the present study the 
hydrolysis of cellulose and soluble cellooligosaccharides by CBH II has been studied 
using proton NMR spectroscopy and HPLC. 

MATERIALS AND METHODS 

The cellooligosaccharides and the cellulose were of commercial origin. CBH 11 was 
obtained and purified as described by Tomme et al.3. Proton NMR spectra were 
obtained at 599.94 MHz on a Varian UNITY 600 MHz spectrometer using 5 mm 
NMR tubes containing 0.7 ml solution. Typical acquisition parameters were a 9 ps 
pulse (70"), a spectral width of 3000 Hz, an acquisition time of 1.3 s and a repetition 
time of 7.3 s. Spectra were obtained at 27OC. The HPLC equipment consisted of 
Waters 600 E pump, 700 WISP autoinjector and an RI detector. The column was an 
HC-40 cation exchange column (8x300 mm, Hamilton) with Ca2+ as counterion. 

Time 
(min) 

Reducing Terminal 
end 0 Inter- 

nal 

Reducing 
end a 

104 

(WLI 

I " "  
5.5 5.b 5.i 5.b 4.b 4.8 4.5 4.k PPm 
Fig. 1. The anomeric region of 600 MHz 1H NMR spectra from enzymatic hydrolysis 
of cellouiose. Experimental: 5.0 mM cellotriose, 15 WM CBH 11, pD 5.0,27"C. 
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RESULTS AND DISCUSSION 

Resonances in the H NMR spectra. For the cellooligosaccharides, the anomeric 
proton resonances (4.5-5.3 ppm) can be used as structural reporter signals, as they lie 
outside the crowded region between 3 and 4 ppm where the other proton resonances 
appear. The anomeric proton resonances can be divided into three types: 1) reducing 
end with an equilibrium distribution between a- and P-conformation, 2) internal and 3) 
terminal (non-reducing end). Moreover the anomeric proton resonance for P-D-glucose 
is well separated from the anomeric proton resonance for reducing end /3 of the 
cellooligosaccharides. Fig. 1 illustrates changes in the 'H NMR spectrum during a 
hydrolysis. 

Cleavage pattern. The enzyme is acting with overall inversion of configuration4. The 
cleavage pattern can thus be obtained if the hydrolysis is performed faster than the 
mutarotation occurs. By following the hydrolysis directly in the NMR-tube i t  has been 
possible to determine the cleavage pattern for the substrates cellotriose to 
cellohexaose, see Table I. For productive binding the substrate can enter the active site 
in either of the two possible ways, i.e. a-face up or down for the glucoside unit in the 
non-reducing end. The active site has in an X-ray diffraction study5 been shown to 
consist of a tunnel with at least four subsites. In order for hydrolysis to occur the 
glycosidic linkage between subsite B and C, where the hydrolysis occurs, has to be 
positioned correctly. Thus for cellooligosaccharides either a cellobiose or a cellotriose 
will be cleaved off from the non-reducing end. 

Table I. Cleavage pattern for the CBH II hydrolysis of the substrates cellotriose to 
cellohexaose. 

Substrate Products 
Relative amount 

cellotriose + a-cellobiose + glucose 

cellotetraose + a-cellobiose + cellobiose 49 
cellotriose + glucose 1 

cellopentaose + a-cellobiose + cellotriose 50 
a-cellotriose + cellobiose 50 

cellohexaose a-cellobiose + cellotetraose 50 
a-cellotriose + cellotriose 50 
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Kinetic rates. Both HPLC and NMR data show that the catalytic rates for natural 
substrates are much higher than for 4-methylumbelliferyl substituted substrates. The 
hydrolysis rate increases with the chain length from trimer to hexamer, except for the 
pentamer, c.f. Table 11. The observation that the hydrolysis is most efficient for 
cellooligosaccharides with at least four glucosidic units agrees well with the three- 
dimensional structure of CBH II5. 

Table 11. Catalytic rates. 

Substrate kcat (min-1) 

cellotriose 3.7fo.6 3.6fo.6 
cellotetraose 220 175 
cellopentaose 32 65 
cellohexaose 265 300 
MeUmb(Glc)3 0.8fo.2a 
MeUmb(Glc)4 9-12a 
MeUmb(Glc)5 17f4a 

2 1 +6a 
a From van Tilbeurgh et a1.I. 

HPLC NMR 

Cellotriose binding constants and hydrolysis rate constants have been obtained 
from fitting numerical solutions using the full kinetic equations to the experimental 
hydrolysis curves6. No Michaelis-Menten approximation of initial slope was used. Our 
binding constant (5.8.104 M-l) agrees with literature data, but the rate constant (3.6 
min-l) is five times higher than previously believed (0.8 rnin-')ls2. The cellotriose 
hydrolysis curve indicated product inhibition, so inhibition experiments were 
performed. The cellotiiose degradation was followed for different sets of initial 
glucose and cellobiose concentrations, c.f. Fig. 2. Cellobiose has almost no effect on 
the cellotriose hydrolysis at the studied concentrations. However, glucose inhibits the 
cellotriose hydrolysis and the inhibition is non-competitive. 

The hydrolysis of Avicel PH- 101, microcrystalline cellulose, by CBH IT is 
slow compared to the hydrolysis of cellotetraose, cellopentaose and cellohexaose. The 
initial catalytic rate is 0.5 min-1, c.f. Fig. 3. The products are cellobiose (91 mol%) and 
glucose (9 mol%). No resonance from internal anomeric protons is detected during the 
hydrolysis, thereby indicating that no longer products are accumulated during the 
hydrolysis. The ciystal breaking of the cellulose crystal seems thus to be the limiting 
step in the hydrolysis of cellulose by CBH 11. 

A study of the pH dependence of the catalytic rate shows that CBH I1 retains 
maximal activity in a broad pH range, 2.5-6.5. 
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0 200 400 600 800 1000 1200 
Time (min) 

Fig. 2. Cellotriose hydrolysis. Internal anomeric proton resonance as a function of time 
for different combinations of initial oligosaccharide concentrations. G3 = cellotriose, 
G2 = cellobiose and G 1 = glucose. 

5 

......~.*.....* O L ? *  
0 10 20 30 40 50 

Time (h) 

Fig. 3. Cellulose hydrolysis. Time dependent concentrations for anomeric proton 
resonances. Experimental: 2.0 w/V % Avicel PH-l01,20 pM CBH 11, pD 5.0,27OC. 
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ABSTRACT 

Oxygen delignified pine kraft pulps were treated with lignin modifying enzymes: 

laccase (EC 1.10.3.2), Mn-dependent peroxidase (EC l.ll.l.x), lignin peroxidase (EC 

l.ll.l.y), and a xylanase (EC 3.2.1.8) in order to increase their bleachability. Pulps 

were treated either with a purified single enzyme or the enzymes were successively 

added in different combinations. The residual pulps were delignified with alkaline 

peroxide and analysed for kappa number and ISO-brightness. Xylanase treatment 

improved the reference brightness by 1 - 2.5 units and combination with lignin 

modifying enzymes improved the value by a further one unit. Lignin modifying 

enzymes when acting alone gave equal or even poorer pulp values than the reference. 

INTRODUCTION 

Hemicellulases, especially xylanases have been successfully used to increase the 

bleachability of kraft pulps (Viikari et al., 1986). The effect of hemicellulase treatment 
43 
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is indirect, msed on limited hydrolysis of xylans facilitating the subsequent removal 

of lignin. The enzymatic modification of lignin itself would be a straightforward 

approach. 

Lignin modifying enzymes from white-rot fungi, lignin peroxidases (LIP), Mn- 

dependent peroxidases (MnP) and laccase are reported to initiate a radical reaction 

where e.g. the Ca - Cp and p-0-4 ether bonds in dimeric structural units of lignin are 

cleaved, benzylic alcoholic and methylene groups are oxidized, aromatic rings are 

opened and phenols are polymerized (Schoemaker el al., 1985). Thus the effect of the 

enzymes on the macromolecular lignin strongly depends on the lignin structure and 

will be primarily regulated by the rules of radical reactions. Lignin modifying enzymes 

have been reported to depolymerize synthetic hardwood-type DHP lignin when using 

veratryl alcohol was as a cosubstrate, as well as lignin containing low amounts of free 

phenolic hydroxyl groups (Hammel & Moen, 1991) or lignin in which the hydroxyl 

groups have been derivatized (Tien & Kirk, 1983, Urnezawa & Higuchi, 1989). In our 

preliminary tests, in which ground wood was treated with purified laccase and Lip, the 

lignin-carbohydrate ratio in the residual pulp decreased. This was calculated from the 

IR spectrum where also an increase in the carbonyl and carboxyl content was noticed. 

Solid state I3C-NMR analysis of residual pulp indicated an increase in the amount of 

free hydroxyl and phenolic hydroxyl groups. Similar lignin modification occurs during 

cooking, which makes the lignin more reactive in the subsequent bleaching. Thus 

lignin modifying enzymes seemed to be a logical tool to improve the reactivity of 

chemical pulps in chlorine free bleaching sequences. 

MATERIALS AND METHODS 

pulps used were commercial pine kraft pulps (kappa number 11.8 - 13.4 SCAN, ISO- 

brightness % 37.7 - 37.3) prepared by modified continuous cooking and delignified 

using oxygen. 

Enzvmes used were the purified xylanase PI 9 from Trichoderma reesei (Tenkanen el 

al., 1992), Lip PI 3.2 purified from Phlebia radiata and laccase PI 4.0 and MnP PI 3.7 
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purified from Trametes hirsuta. Tramefes-culture filtrate was produced by Genencor 

Int., Finland. Purification of lignin modifying enzymes was according to Niku-Paavola 

et al., 1988. 

Enzymatic treatments. The pulps were homogenized in water and the pH of the 

suspensions was adjusted to 5.0. The suspension was equilibrated to 50°C, a single 

enzyme was allowed to act for 1 h, then the second enzyme was added and allowed 

to act for 1 h. Enzyme doses were: xylanase 100 nkat, laccase 0.5 nkat, Lip or MnP 

5 nkat/g dry pulp. In conjunction with Lip, 0.04 mg H,O,/g dry pulp was introduced 

and when MnP was added, H,02 together with 0.4 mg Mn2+/g dry pulp were supplied. 

Corresponding references with a single enzyme and samples without enzymes were 

prepared for comparison. 

Delignification. After enzyme treatment, metals were eliminated and the residual pulp 

was delignified by alkaline peroxide at 10 % pulp consistency for 1 - 3 h at 80°C. The 

amounts of chemicals used were 3 % H202, 1.5 % NaOH, 0.2 % DTPA, 0.5 % 

MgSO,. In some experiments the treatment was repeated twice. Experiments where 

enzyme treatment was performed between the two delignification steps were also 

carried out. The pulp quality was analysed by kappa number (SCAN) and brightness 

(ISO). Samples for kappa analyses were also taken after enzyme treatment. 

RESULTS AND DISCUSSION 

The kappa numbers of the residual pulps after enzyme treatment showed a decrease in 

the series treated with xylanase and the combinations xylanase-MnP, xylanase-LiP (Fig 

1). Delignification with alkaline peroxide for 1 h at 80°C decreased the kappa number 

most pronounced in samples treated with xylanase, with the combination xylanase- 

MnP or with laccase-MnP. A single lignin modifying enzyme alone did not improve 

the kappa number. The corresponding brightness percentages showed that xylanase 

treatment improved the reference value by 1 - 2.5 units except for the combination 

xylanase-laccase. Combination xylanase-LiP further increased the xylanase value by 

one unit. 
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Kappa number 
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l o l l  5 

Orlgl 
Briahtness 

Xylanase+ X y l a n a s e + m  Laccaset 
Laccase LIP MnP 
Laccase I....I LIP lxxl 

Fig 1: Pulp values after enzymatic treatment and alkaline peroxide delignification 

A slight increase in brightness value was obtained also for the pulp treated with MnP 

alone when the alkaline peroxide step was extended to 3 h (Fig 2). All the values were 

better than after delignification for 1 h and were further improved by repeated 

peroxide or enzyme treatment. The sample treated with xylanase-MnP-xylanase 

reached the highest brightness value (78 %) and the lowest kappa number (4.8). The 

first extended alkaline peroxide step was most advantageous from the point of view of 

the relative differences in brightness values between the reference and enzyme-treated 

samples. The reference brightness 66 % was improved by 3 units due to xylanase and 

5 units due to xylanase-MnP. After repeated enzyme and peroxide stages the relative 

differences were not improved although the final values were increased. 
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Fig 2: Pulp values after repeated, extended delignification and repeated enzymatic 
treatments. 

The bleaching effect of xylanase has been shown to depend on the hydrolysis of 

reprecipitated xylan. The fibre structure is rendered more permeable for the lignin 

extraction in the subsequent bleaching stage. The molecular mass and amount of lignin 

extracted is increased by xylanase treatment (Kantelinen et al., 1993). 

Lignin modifying enzymes were assumed to facilitate the chlorine free delignification 

by increasing the reactivity of residual lignin. When oxygen delignified pulps were 

treated with enzymes, xylanase treatment liberated xylodextrins from the pulps and the 

extraction of high molecular mass lignin was noticeably improved, whereas lignin 

modifying enzymes did not improve these effects (Niku-Paavola et al., 1993). In the 

present study lignin modifying enzymes increased the bleachability of lignin only 

when combined with xylanase. The xylanase released xylodextrins which could quench 

the radicals created in the lignin by lignin modifying enzymes. Lignin may then have 

remained in fragmented soluble form and have been more easily bleached. The 
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bleachability was then further enhanced by the increased permeability of pulp surfaces 

caused by the hydrolytic xylanase action. 
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Abstract 

The crystalline structure of native cellulose was investigated with packing 

energy calculations of crystals. Unit cell measurements were based on 

dimensions proposed by Sugiyama ef a / .  The packing energy calculations of 

phases la and Ip of native cellulose (I) were evaluated using two different 

algorithms. As a first step we used the rigid ring method. The best structures 

found by this method were further minimized with a full optimization molecular 

mechanics program MM3(90). Different minimization methods gave analogous 

structures for best models of both phases. The best model for phase la one- 

chain unit cell is in the fg position and is packed "up". The chains of the best 

model for phase Ip two-chain unit cell are also in the tg positions and are 

packed "up". The structure found for the phase ID of native cellulose is 

completely similar with a structure proposed several years ago by Woodcock 

and Sarko for ramie cellulose. 
51 
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Introduction 

Several years ago, VanderHart and Atalla found that all crystalline native 

cellulose I is composed from two phases1. Later Sugiyama et aI2, described 

those phases as la with a triclinic one-chain unit cell and as Ifl with a 

monoclinic two chain unit cell. They investigated Microdictyon tenius with 

electron diffraction techniques. The one-chain triclinic unit cell for the phase la 

has parameters of a = 0.674 nm, b = 0.593 nm, c = 1.036 nm, a = 11 7 O ,  

fi = 11 3O and y= 81". The two-chain unit monoclinic unit cell has parameters of 

a = 0.801 nm, b = 0.817 nm, c = 1.036 nm and y= 97.3 as published by 

Sugiyama et a/*. Earliest these two phases together were indexed as an 

eight-chain unit cell3. 

Material and methods 

We used two different strategies to find the most probable models using the 

crystal packing energy calculations. At the first step we using molecular 

modelling4 and rigid ring  calculation^^^^ to find the most probable models of 

both phases of native cellulose. The parallel packing of chains was 

presupposed. During these calculations we used P I  symmetry for the phase 

la and P21 symmetry for the Ip phase. The rigid-ring method means that 

during the minimization process the glucose ring was kept fixed. The Arnott- 

Scott7 glucose ring was used.The torsion angles of the hydroxymethyl and 

hydroxyl groups and the torsion angles and the bond angles at the glycosidic 

linkages were allowed to vary (see Figure 1 .)  In the case of space group P21 

the monomer residues were linked into the chain using a virtual,bond8. 

The best models of these calculations were further minimized with a full 

molecular mechanics program MM3(90)9110. During these minimizations the 
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Energy 
kcallmol 
Rigid- MM3 
ring 
-19.5 185 

-19.9 182 

dielectric constant of 4 was chosen. This value was also used for crystalline 

amides, polypeptides and proteins1 I. In this method, a model of the crystal of 

cellulose was built of seven cellotetraose molecules placed to hexagonal 

close packing. All chains were arranged according to the unit cell 

measurements. 

H-bonds in chain 

05..H03 06..H02 

05..H03 06..H02 

3 j j  05' 
; 

Figure 1. The unit of the cellulose chain and the variable angles by rigid-ring 
method. 

The best model of both phases of cellulose I obtained by the rigid-ring method 

preserved their leader position after MM3 minimization while the conformation 

of these models did not change significally. The best models of both phases 

are presented in Table 1. 

Model 

U a  

H-bonds 
in sheet 

03..H06 

03..H06 

-CH20H 
position 

Q 

Table 1. The best model for the phase la and for the phase Ip of native cellulose. 
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As we can see in the case of the phase I the hydroxymethyl groups are in the 

tg position. The orientation of chain is "up". In the case of the phase 18 the 

hydroxymethyl groups of both chains are also in the fg position and they are 

also packed "up". The central chain is shifted down approximately 1/4 c (see 

Figure 2.). Hydrogen bonds are completely the same for both phases. The 

conversion from la phase to If3 phase is possible by simple vertical shifting of 

sheets of chains. 

b L  C 
I 

Figure 2. A projection of the cellulose chains down the a-axis for the phase Ip 

Results and discussion 

The best model of the phase la has an energy of -19.5 kcal/mol by the rigid- 

ring method and 185 kcal/mol by MM3. The best model of the phase lp has 

energies of -19.9 kcallmol and 182 kcallmol, respectively. We can compare it 

with energies of -21.4 kcal/mo15 and 176 kcal/moll calculated for cellulose II. 

Although the energies of both phases of native cellulose are very close, these 
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energies are in a good agreement with experimental data about Ia-+lp+ I I  

conversion. It is remarkable that the most probable model for 18 phase is 

completely analogous with a structure proposed by Woodcock and Sarkol 

for ramie cellulose. Also it is close to the structure proposed by Pertsin et a/ 

for ramie cellulose using similar minimization techniqueA3. It means that the 

diffraction patterns of ramie cellulose mostly belong to the phase Ip. We 

obtained the same result for phase Ip without any diffraction data. 
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Abstract 

Tartu plastic space-filling atomic-molecular models were used to investigate the 
structure of cellulose crystalline (la and 18) phases. It was elucidated that both 
parallel and antiparallel structures can be accommodated with unit cell geometries 
described by Sugiyama et a/ .?.  Packing energy calculations revealed that parallel 
models of la and Ip phases have similar energy. In contrast, in case of antiparallel 
structure models, 10 is energetically much more favourable in comparison with la 
phase. Our data indicate that antiparallel structure proposed for cellulose la phase 
is metastable and should be easily converted to lp phase. So the antiparallel 
models are more suitable for explanations of cellulose la+l~+Il interconversion. 

Introduction 

Recently it was elucidated that native cellulose is a mixture of two crystalline 
phases ( a and p) the proportion of which depends on the source of ce l lu lo~e*~~.  
Horii et a1.4 showed that the la phase of cellulose is metastable and, through a 
hydrothermal annealing treatment, can be converted readily into the 
thermodynamically stable lp phase. Sugiyama et a/.' studied cellulose from a 
green alga Microdictyon by electron diffraction and found that the major la phase 
has a one-chain, triclinic structure and the minor Ip phase is characterized by two- 
chain unit cell and a monoclinic structure. This study disclosed the detail molecular 
structure of native cellulose crystalline phases. The aim of current paper was to 
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use the molecular modelling method and packing energy calculations to elucidate 
the most favourable stereochemical structures corresponding to unit cell 
parameters found by Sugiyama et a/.l in cellulose la and Ip crystalline phases. 

Material and methods 

Molecular modelling was carried out by Tartu plastic space-filling models having 
improved parameters and design5. Packing energy calculations were carried out 
by rigid-ring method6. 
To present graphically the stereochemical models investigated, we drew unit cell 
projections on the plane crossing the c-axis at 90 . Cross-sections of up cellulose 
chains were given by white and down chains by grey ovals. The number of c/4 
shifts of molecules in the direction of c-axis is noted by numbers inside of ovals7. 
To make a short digital designation of the cellulose models: 1) symbols "P" and 
"A'  were used to represent correspondingly "parallel" and "antiparallel", 2) 
numbers indicating c14 shifts were applied for characterizing each chain in the unit 
cell, 3) underlining was used to differ up and down chains. 

Resu I ts 

The characteristics of the cellulose structure models investigated is presented in 
Table 1. 

1. Molecular models fitting with cellulose I unit cell parameters 

7.7.  Models P7 

The investigation of green alga Microdictyon by Sugiyama et a/.? IS the first work 
where unit cell parameters are given for pure cellulose la phase microcrystals: 
a = 0.674 nm, b = 0.593 nm, c = 1.036 nm, CX = 117O, p = 113O and y = 81° . This 
one-chain unit cell requires parallel packing of molecular chains. Molecular 
modelling by Tartu devices showed that if there are the usual intramolecular 
bonds 03-H ... 0 5  and 02-H ... 0 6  the hydroxymethyl groups should be in tg 
conformation and all parallel chains are bound by intrasheet bonds 06-H. ..03. 
Packing energy calculations of the above-described cellulose structure imitation 
revealed that model P1 has potential energy -1 9.5 kcallmol. 

1.2. Models A l a  and A lb  

Two antiparallel models A1 a and A1 b characterized by eight-chain unit cell maybe 
geometrically derived from the one-chain unit cell described by Sugiyama et a/.l. 
The geometry of these two models is very similar. The only difference is that in 
A la  parallel chains follow each other from down right to up left dividing major 
angles of unit cell and in A1 b from down left to up right dividing minor angles of 
unit cell. So A1 a may be called "left" and A1 b "right" type of structures. According 
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to molecular modelling data chains having usual intramolecular H-bonds and tg 
conformation of hydroxymethyl groups should be in models A la  and A lb  bound 
by intrasheet bonds 06-H ... 02. The potential energy values of above-described 
structures are rather similar: model Ala has -16.4 kcallmol and A lb  -15.5 
kcaVmol. 

2. Molecular models fitting with cellulose I unit cell parameters 

2.7. Model P2 

Sugiyama et al.1 have established that lp phase of Microdictyon cellulose has 
two-chain monoclinic structure with unit cell parameters of a = 0.801 nm, 
b = 0.81 7 nm, c = 1.036 nm and y= 97.3O . The authors suppose that this structure 
consists of parallel molecules and the center and corner chain are staggered by 
c/4. Molecular modelling revealed that intra- and intermolecular H-bonds in model 
P2 are identical to those in model PI. The energy value of model P2 is close to 
model PI : -19.9 kcallmol. 

2.2. Model A2 

Molecular modelling showed that a chain conformation and an intrasheet 
H-bonding network in model A2 are identical to model P2. The only difference is 
that sheets are parallel in model P2 and antiparallel in model A2. The potential 
energy of model A2 is relatively high: -15.8 kcal/mol. 

2.3. Models A3a and A3b 

Two antiparallel models A3a and A3b characterized by eight-chain unit cell may 
be geometrically derived from the two-chain unit cell described by Sugiyama et 
a/.?. These structures are similar to the "left" and "right" models A la  and A lb  
differing mainly by presence of intrasheet stagger of cellulose chains. The 
investigation by plastic models indicated that in the case where standard 
intramolecular H-bonds and tg conformation of hydroxymethyl groups are 
preserved the antiparallel molecular chains are bound by bonds 06-H.. .03. There 
is considerable difference between energies of above-described two structures: 
the ''left'' type model A3a has -21 .O kcal/mol and "right" model A3b -15.1 kcal/mol. 

Discussion 

Our investigation revealed that both parallel and antiparallel structure models can 
be proposed based on cellulose la and 18 crystalline phases unit cell parameters 
published by Sugiyama et al.1. Although they all have usual chain conformation 
and intramolecular H-bonding network, the potential energy values between 
seemingly close structures in certain cases are very different. 
Sugiyama et a1.l interpret their experimental data in the light of all-parallel 
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Unit cell 
designation 

structure view. Following this view, the la phase structure should correspond to 
our model PI and Ip phase to model P2. 
Comparing cellulose parallel model P I  with antiparallel models A l a  and A l b  one 
can see that these models are sterically very similar. If the H-bonding network and 
chain polarity are not clearly established the structure characterized by eight-chain 
unit cell can be considered as the one-chain unit cell. We think that antiparallel 
model A1 a having lower energy (-16.4 kcal/mol) in comparison with the model A1 b 
(-15.5 kcal/mol) is a possible pretender for a "masked" eight-chain unit cell in the 
cellulose la crystal structure described by Sugiyama et a/.?. The antiparallel 
structure is not excluded also for cellulose 18 crystalline phase because these 
authors marked that the exact position of the cellulose chains in the monoclinic 
unit cell was even more difficult to ascertain as long as the structure refinement 
was not achieved. No doubt, A3a is the best antiparallel model for fitting to the unit 
cell structure of Ip crystalline phase because it has an excellent packing energy: 
-21 .O kcal/mol. 

Intramolecular lntrasheet -CH20H Packing 
H-bonds H-bonds group con- energy 

formation kcalhol 

Table 1. Parallel and antiparallel stereochemical models for cellulose la and Ip 

1 03-H ... 0 5  

01 0 3 - H  ... 0 5  
02-H ... 0 6  

0012233 03-H ... 0 5  
02-H.. . 06  

Ogl2233 0 3 - H  ... 0 5  
02-H.. .06 

01 03-H. ..05 
02-H. . .06  

I 02-H.. .06 

011 23243 03-H.. . 0 5  
02-H.. . 0 6  

OQ13234 03-H ... 0 5  
02-H ... 0 6  

crystallii 
Phase Model ! 

06-H ... 0 3  tg -19.5 

0 6 - H  ... 0 3  tg -19.9 

06-H.. . 0 2  tg -16.4 

06-H.. . 0 2  tg -1 5.5 

06-H ... 0 3  tg -15.8 

06-H ... 0 3  tg -21 .o 

06-H ... 0 3  tg -15.1 

A3a 

If the "left" type antiparallel models Ala and A3a are thought to be the candidates 
for structures of cellulose la and lp crystalline phases, correspondingly, it would be 
easy to explain the experimental data on the interconversion of these phases. 
Model Ala,  having relatively high energy -16.4 kcal/mol, is metastable and can 
during annealing process easily be converted irreversibility into the model A3a, 
having very low energy -21.0 kcallmol. Because the models A l a  and A3a have 
different H-bonding networks, our conception on antiparallel cellulose structure is 
in accordance also with Raman-spectroscopic data8. The high energy barrier 
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between la and Ip crystalline phases, bound with rearrangement of hydrogen 
bonds, may be the reason why the proportion of these phases in different samples 
of native cellulose is relatively constant. The notable structural differences 
between models A l a  and A3a allow one also to understand the differences 
between corresponding unit cell parameters of la and 18 cellulose crystalline 
phases. 
The process of cellulose 1 - 4 1  conversion can be also easily interpreted by all- 
antiparallel conception, because alread Na-cellulose I, formed in the initial step of 
mercerization, has antiparallel structuregllO. 
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9 Cellulose I crystallinity as determined with 
diffuse reflectance Fourier transform infrared 
spectrometry and wide angle X-ray scattering 
S H D Hullernan, J M van Hazendonk and J E G van Dam - 
ATO-DLO Agrotechnological Research Institute, PO Box 17, 
NL-6700 AA Wageningen, The Netherlands 

ABSTRACT 

A method based on diffuse reflectance Fourier transform infrared ( D R R )  spectrometry 
for the quantitative determination of cellulose I crystallinity in pure cellulose samples has 
been developed. The ratio R between the heights of the absorbances at 1280 and 1200 cm" 
in the deconvoluted D R m  spectrum was taken as a measure for crystallinity. The infrared 
crystallinity ratio R and the cellulose crystallinity x, as determined with WAXS are related 
following the equation x, = 1.06 R + 0.19. The percentage variance adjusted for is 99.7%. 
The equation proved to be valid for 0.26 < x,< 0.75. Cellulose crystallinity x, can be 
predicted from DRIFT measurements with a standard error of 0.01 - 0.02 (n = 3). The 
infrared ratio R was selected to be independent of the non-cellulosic components in the 
fibre. which will enable the use of this method to determine the cellulose I crystallinity in 
plant fibres. 

INTRODUCTION 

Plant fibres like flax, hemp and cotton are mainly composed of cellulose (60 - 98 % 
(w/w)). Cellulose can be characterized by several structural parameters like crystallinity, 
lattice type, crystallite size and degree of polymerization. These parameters significantly 
contribute to the physical properties of the fibre [1,2]. Cellulose crystallinity for example 
influences the accessibility for chemical derivatization, swelling and water-binding proper- 
ties of the fibre. 

Native cellulose can be considered as a two-phase system consisting of crystalline 
cellulose I and amorphous cellulose. Crystalline cellulose I in plant fibres is a composite of 
two allomorphs of cellulose: cellulose Ia and cellulose I p  (respectively < 20 % and > 80 % 

63 
(w/w)) [31. 
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Wide Angle X-ray Scattering (WAXS ) is the general method for the determination of 
crystallinity in pure cellulose samples [4-81. Infkared (IR) spectrometry is also considered 
to be a useful technique. This is a fast technique for which only small samples are needed. 
Several infrared bands or ratios for the determination of lattice type and for the prediction 
of cellulose crystallinity in pure cellulose samples have been presented in the literature [9- 
121. However, the infrared ratios for the prediction of cellulose crystallinity have never 
been quantified. 

The extraction of cellulose from plant fibres is impossible without causing any 
structural changes and therefore it is necessary to determine cellulose crystallinity in the 
intact fibre. WAXS is not suitable for the determination of crystallinity in heterogeneous 
materials like plant fibres due to the interference of (amorphous) non-cellulosic compo- 
nents. These components, such as hemicelluloses, pectin and small amounts of lignin (< 3 
% (w/w)). contribute to the amorphous scattering and their presence will cause an 
underestimation of cellulose crystallinity. With IR spectrometry it should be possible to 
select a crystallinity ratio in the spectrum which is independent of the non-cellulosic 
components. In this study a method based on diffuse reflectance Fourier transform infrared 
spectrometry for the determination of cellulose I crystallinity in pure cellulose samples is 
presented. The DRIFT method is calibrated using crystallinity data as determined with 
WAXS. 

EXPERIMENTAL 

To obtain cellulose samples covering a broad range in crystallinity, microcrystalline 
cellulose (Avicel@, Merck, Art. 2330) was ball-milled until no crystalline diffraction was 
observed with WAXS. Samples were taken at several milling times and crystallinity of 
these samples was determined with WAXS according to the method of Hermans el al. (61 
and DRIFT spectra were recorded using particle sizes < 50 pm. The DRIFT spectra were 
baseline corrected at 3750 and 1900 cm-' and deconvoluted (half bandwidth 20 cm", peak 
width narrowing factor 1.5, Bessel apodization). The method was validated using cellulose 
powder (Fluka Biochemika, Art. 22183) and native cellulose (Merck, Art. 2351). 

RESULTS AND DISCUSSION 

WAXS diffractograms of the cellulose samples which were ball-milled for 0, 2. 10, 25. 
62, 120, 173 and 500 min. were recorded. The diffractogram of 500 min. ball-milled 
cellulose shows no crystalline diffraction and this cellulose can be considered as amorp- 
hous. The spectra taken from non-destructively extracted non-cellulosic components show 
minimal absohances at approximately 1280 and 1200 cm". The IR spectra of cellulose 
samples show a decreasing absorbance at 1280 cm" with decreasing crystallinity. The band 
at 1200 cm-' is assumed to remain constant with decreasing crystallinity. This enables the 
use of the ratio between these two bands as a measure for crystallinity. The ratio R of the 
heights of the bands at 1280 and 1200 cm" has been calculated as is shown in figure 1. In 
figure 2 the ratio R is plotted versus the cellulose crystallinity x, as. determined with 
WAXS. From this line of regression it can be deduced that the ratio R is related to 
cellulose crystallinity x, following the equation: 

x, = 1.06 R + 0.19 ( 1) 
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The percentage variance adjusted for is 99.7% (n = 7). The line of regression is valid for 
0.26 < x, < 0.75. Crystallinity could be predicted with a standard error of 0.01 - 0.02 (n = 
3). Equation (1) was validated using two commercial cellulose I samples. For thcsc 
samples crystallinity was determined using WAXS and was calculated from equation (1) 
using DRIFT measurements. The values are shown in table 1. 

Table 1. Cellulose 1 crystallinities as determined with WAXS (x,J and calculated 
from eq. (1) using DRIFI’ measurements (XJ .  

Native cellulose 
Cellulose powder 

0.41 
0.55 

0.4 1 
0.58 

It can be concluded from Table 1 that crystallinity can be predicted using DRIFT 
spectrometry. In future research this method will be validated using sample sizes > 50 pm, 
since plant fibres can not be reduced to sizes < 50 p n  without decreasing crystallinity. 

K 

b 0.3- 
e 
1 

U 

k 0.2- 
a 
- 

0.1- 
M 

n 
k 

U 

0.0- 
1 I I I I 1 

1300 1260 1220 1180 
Wavenumbers 

Figure 1. The calculation of the infrared ratio R (= H,2flIZ00) of the heights of the 
bands at 1280 and 1200 cm”. 
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xc 

Figure 2. The infrared ratio R versus the cellulose crystallinity x, as determined with 
WAXS. 

CONCLUSIONS 

A new method for the determination of cellulose I crystallinity in pure cellulose 
samples using DRIFT spectrometry has been developed. The infrared ratio R between the 
heights of the bands at 1280 and 1200 cm-' proved to be a measure for cellulose I 
crystallinity. The infrared ratio R and the cellulose crystallinity x, are related following the 
equation x, = 1.06 R + 0.19 which is valid for 0.26 < x, < 0.75. The percentage variance 
adjusted for is 99.7%. Cellulose crystallinity can be predicted with a standard error of 0.01 
- 0.02 (n = 3). Since the infrared ratio R is selected to be independent from non-cellulosic 
fibre components, it will be possible to use this method to determine cellulose I crystallini- 
ty in plant fibres. 
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10 Order of crystalline cellulose detected 
with the atomic force microscopy (AFM) 
L Kuutti, J Pere, J Peltonen" and 0 Teleman - VTT, Biotechnology 
and Food Research, PO Box 1500, FIN-02044 Espoo, Finland; 
* Department of Physical Chemistry, Abo Akademi University, 
Porthaninkatu 3-5, FIN-20500 Turku, Finland 

ABSTRACT 

In this work we applied AFM for the surface study of cellulose microcrystals using 
highly crystalline Vufoniu macrophysa vesicles as the substrate. Vesicles were 
pretreated with dilute alkali and an excess of distilled water prior to imaging with A M .  
An AFM image of a vesicle showed a group of closely packed microcrystals. A more 
detailed image of the membrane was also obtained. In the area of 14 x 14 nm2 the 
surface roughness was typically 1 nm. We calculated the two-dimensional fast fourier 
transform (FFT) of the raw data and obtained crystal parameters as well as a highly 
filtered inverse-transformed image. This image showed a periodicity of 1.01 nm, which 
may correspond to the fibre repeat unit length. Molecular modelling was used to 
generate a Connolly model surface of the crystalline cellulose. The data created thereby 
was converted to a format identical with the A F M  image. The experimental images 
were compared with the synthetic images made by molecular modelling. Crystal surface 
110 was found to fit very well to the experimental image. 

INTRODUCTION 

Although cellulose is the most abundant organic compound in the biosphere, its 
molecular structure is still relatively unknown. Atomic force microscopy (AFM) is a 
new powerful tool for surface imaging (Binnig et al, 1986). It was introduced as an 
application of the scanning tunneling microscope. AFM is capable of imaging soft 
organic surfaces with molecular resolution. The atomic force microscope is based on 
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scanning of the sample surface by a flexible cantilever tip. Cantilever deflection, which 
follows the topographical structure of the sample, is registered by an optical system 
comprising a diode laser as a light source and a photodetcctor (Fig. 1). 

Laser 

Laser Focusing Lens Photodiode I 
t 

I 

& Lens 
I 

1 t Caotilever 

XYZ 
Sensor Translator 

Figure 1. The Atomic Force Microscope: a) the smcture of AFM head and b) the 
geometry of the measurement used in the AFM. 

The sample is attached to an XYZ-translator which uses piezoscanners to move the 
sample in three dimensions. The sample is driven so close to the cantilever that they 
start to interact with each other. During the X-Y-scanning process, the distance 
between the cantilever and the sample is held constant. This can be accomplished either 
by adjusting the vemcal position of the sample with the z-piezo (height mode, constant 
deflection ) or by scanning over a stationary sample and detecting the variation in 
imaging force (force mode, deflecaon follows the ropographical changes on the sample 
surface) and in both cases a 2-D top0 

the used head was 15 x 15 pd. In this work we applied AFM for the surface study of 
cellulose microcrystals using highly crystalline Vuloniu macrophysu vesicles as the 
substrate. Molecular modelling was used to interpret the AFM images. 

phical map can be created. The resolution of 
the system in Z-scale is as good as 1 r The maximum area that could be scanned with 

�� �� �� �� ��



Order of crystalline cellulosc 71 

MATERIALS AND METHODS 

Vuloniu mucrophysu vesicles were pretreated with dilute alkali and an excess of 
distilled water prior to imaging by AFM. Thereafter small pieces (2 x 2 mm) of vesicles 
were cut and placed on the sample stubs. A Nanoscope II (Digital Instruments, Inc., 
Santa Barbara, USA) AFM was used to image the sample surfaces. The 100 km 
cantilever tip with a spring constant of k = 0.38 N/m gave images with highest reso- 
lution. All the images (400 x 400 pixels) were measured in air. Both height and force 
modes were used to scan the surface of Vutoniu. The measuring unit was placed on a 
vibration-isolating table to eliminate external vibrational noise. In addition, high-pass 
filtering via both the electronics and software was used to cut off low-frequency noise. 

Molecular modelling was used to generate a Connolly surface for crystalline cellulose 
based on the crystal structure of Valoniu venfricosa (Gardner and Blackwell, 1974). 
The Connolly surface was calculated using the Discover program of BIOSYM 
(BIOSYM Technologies Inc., San Diego, USA). The modelled Connolly surfaces were 
converted to a format identical with the AFM image. The experimental images were 
compared with the modelled images for the three crystal planes 020,l-lO and 110. 
Crystal planes 1-10 and 110 are typically the faces of cellulose micmrystals of Vulonia 
(Chanzy et al, 1984) and crystal plane 020 is a reference face. 

RESULTS AND DISCUSSION 

In the AFM image of a vesicle a group of closely packed micmrystals can be seen (Fig. 
2), similar to that obtained by TEM. 

Figure 2. Macroscopic structure of a Vuloniu vesicle as revealed by a) atomic force 
microscopy and b) by transmission electron microscopy. 
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In the AFM image, the typical width of the microcrystals was 100 nm which ir clearly 
bigger than the average diameter of 20 nm observed by "EM. This broadening of the 
object is due to convolutbn effects induced by the tip geometry (Hanley et d, 1992). A 
model illusmdng the tip geometry effect has been developed (Zenhauscm er ul, 1992 
and Butt er al, 1992), whcn the apparent latcral dimension of the object is given by the 
following expression: 

M(R r) 

where R is the dp radius, r is the object radius and L is the apparent lateral dhnension of 
the object (Fig, 3). 

LBZO 
/ / / / / / / / / /  

Suaunt. 

Figure 3. A model illustrating the tip-geometry effect. 

With the values R = 50 nm (Hanley et al, 1992) and L = 100 nm, the width of one 
microcrystal is 25 nm. This result is comparable with the experimental data obtained by 
'EM, but should, however, be considered as a (rough) estimate since the shape and 
dimensions of the tip are only assumptions and these pararmten vary from one tip to 
another. Furthennore, the width and the cross-sectional shape of microcryStals depend 
on the scanning mode used (Fig. 4). The images in fig. 4 indicate that a better dynamic 
response can be obtained when imaging in the f m e  mode. 

Figure 4. Effects of sdanning mode on the image of Valoniu microcrystal. Images 
obtained by a) the constant height mode and b) the force mode. 
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A more detailed image of the membrane was also obtained. Fig. 5 a shows a typical 
membrane surface (14 x 14 nm2) with a surface roughness less than 1.2 nm. We 
calculated the two-dimensional fast fourier transfom (FFT) of the raw data and 
obtained crystal parameters as well as a highly filtered inverse-transfomed image. This 
image shows a periodicity of 1.01 nm, which may correspond to the fibre repeat unit 
length (1.038 nm, containing two glucose units, Gardner and Blackwell, 1974). The 
modelled Connolly surfaces were converted to the AFM image format. The 
experimental images were compared with the modelled images for the three crystal 
planes of 020,l-10 and 110 in real space and in reciprocal space. In conclusion, the 
experimental image obtained most resembled the 110 crystal plane (Fig. 5 c). 

Figure 5. Molecular strucwe of highly crystalline Vufoniu cellulose: a) experimental 
image, b) synthetic image for the crystal plane 110 and c) comparisons of the two- 
dimensional W-spectra (1 experimental and 2 synthetic image). 
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11 Structural changes of cellulose and their 
effects on the OH/CH2 valency vibration 
range in FTIR spectra 
D Fengel, Institute for Wood Research, University of Munich 
D-80797 Munich, Winzererstrasse 45, FR Germany 

ABSTRACT 

Several examples show that variations in the cellulose structure are reflected in the 
deconvoluted OH/CH, vibration range of IR spectra. Thus differences in the celiuioses from 
higher plants and from bacteria were found, the influence of water was proved, and changes 
caused by thermal and mechanical treatments were traced. The deconvoluted range of 2500 
to 3700 cm" contains a great amount of information on the molecular and supramolecular 
structure of cellulose and its changes under chemlcal, thermal and mechanical influences. 

INTRODUCTION 

Cellulose Is subject to various structural changes caused by the action of chemicals, 
temperature, irradiation and mechanical forces. In general, changes in compounds are easy 
to observe by IR spectroscopy. In particular, modern FTlR instruments excel on account of a 
good signal-noise ratio, a wider range of llnearity and a high wavenumber accuracy. Apart 
from other advantages such as velocity of spectrum formatlon and application to very small 
sample quantities, the combination with an efflcient computer makes various processings of 
the spectra such as baseline correction, normaiizatlon, subtraction, derivation etc. possible. 

Spectra of cellulose obtained in an FTlR spectrometer show very clear profiles of the various 
bands in the fingerprint range which are qualitatively better compared to spectra from a 
dispersive instrument. They do not, however, provide any additional information. 
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Almost all reactions and transformations which take place at the cellulose molecules Involve 
the hydroxyl groups. In a normal IR spectrum of cellulose the range of the main OH vibrations 
(3000 - 4000 cm") remains unresolved or only poorly resolved. For more Information our 
studies concentrated on the OH range of the cellulose spectrum. This range was resolved by 
the so-called deconvolutlon process (Kauppinen et al. 1981). This process, as part of the 
spectrometer's computer program, uses a triangular apodizatlon function. Optimum results 
were obtained with a K-factor of 2 and a half-width of 100 cm" (Ludwig, Fengel 1992). The 
deconvoluted spectra In the range of 3200 - 3700 cm" for different crystalline modifications of 
cellulose differ not only In the band profile but also in band positions. Thus, they can be 
definitely distinguished independent of the degree of crystallinity (Fengel 1991 ; 1992). 

CELLULOSE OF VARIOUS ORlGiNS 

Another Improvement In the study of cellulose OH groups was the extension of the de- 
convoluted wavenumber range starting with 2500 cm". In the range of 2800 - 2950 cm-' the 
vibrations of the CH, and CH,OH groups are located (Hedlger 1971; Panov, Zbankov 1988). 
This OH group Is well defined as it belongs to the primary C(6)-atom (Fig. 1). 
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Fig. 1. Deconvoluted FTlR spectrum of cellulose (2500 - 3700 cm-') with band attribution of 
groups and linkages 

The definition of the various absorbance ranges according to groups and linkages In the 
cellulose molecule have been described In the literature (Llang, Marchessault 1959; Panov, 
Zbankov 1988; lvanova et al. 1989). Attributions can also be found from IR studies of related 
compounds such as polyhydric alcohols (Hedlger 1971 ; Bellamy 1975). 
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Fig. 2 shows the extended deconvoiuted range from 2500 to 3700 cm" of three natural fibres. 
These profiles are very similar, with identical band positions. In the CH,OH range some 
variations can be observed which probably indlcate lndivldual differences between the fibres. 
More distinctive differences can be seen with samples involving different degrees of 
crystallinity. 

Absorbances of the bands at 3280,3350 and 3415 cm" increase with rlsing crystallinity. These 
bands are attributed to the inter- and Intra-molecular hydrogen bonds. There is a marked 
coincidence In the range of the CH,OH group for the three samples. But In the range of the 
Intermolecular H-bonds between C(6)OH and C(3)OH there are differences not only in 
absorbances but also in band positions when comparing bacterial cellulose and other 
ceiiuioses (Fig. 3). Early In 1956, Marrlnan and Mann detected a band in the IR spectra of 
bacterial and algal celluloses which was absent In the spectra of higher plants. This band was 
positioned at 3242 crn-' which closely resembles that of 3236 crn" (Fig. 3). 

0 3500 3300 3000 Z i O O  cm-' 
Wavenumber 

3000 2800 cm-' 1 3500 3300 
Wavenumber 

Fig. 2. left 

Fig. 3. right 

Deconvoluted FTlR spectra of three natural fibres (2500 - 3700 cm") 

Deconvoluted FTlR spectra of orlglnal and hydrolyzed cotton linters 
and bacterial cellulose 

10 
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Two types of crystalline natural cellulose I (bacterial-valonia type and cotton-ramie type) were 
also found by MAS'% NMR spectroscopy (VanderHart, Atalla 1984; Horil et al. 1987). The two 
types vary In the slgnals of C(1), C(4) and C(6). This result Indicates a different chain formation 
which Influences the glycosldlc linkages as well as the Intermolecular H-bonds. This effect Is 
reflected by different band positions in the range of the O(6)H ... O(3) H-bonds. 

INFLUENCE OF WATER 

Water may be free or H-bonded in cellulose samples and its vibrations should also appear In 
the wavenumber range of 3000 - 3800 cm". In the fingerprint range there Is a band at 1635 
cm" attributed to adsorbed water (Tsuboi 1957). It can be observed that thls band dlsappears 
when the KBr pellets were dried at 105°C for a longer period of t h e  (Fengel 1993). Drylng 
also effects the profile of the deconvoiuted OH range of the cellulose spectrum. In particular, 
the bands at 3415 and 3465 cm" decrease and become more pronounced (Fig. 4). These 
bands are attributed to H-bonds In which the C(2)OH groups are Involved. Thus, It can be 
conciuded that the adsorbed water is mainly linked to thls OH group. 

3700 3500 3300 3000 21100 cm-l 2501 
Wtvtnumbrr 

I 3500 3300 3000 2000 cm-l 2500 
Wartnumber 

Fig. 4. left Deconvoluted FTlR spectra of cotton linters after various drying periods 
(2500 - 3700 cm-') 

Deconvoluted FTlR spectra of cotton linters after various humidification 
periods (2500 3700 cm") 

Fig. 5. right 
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All bands between 3200 and 3600 cm-' increase when humidifying the samples by storing the 
KBr pellets in a humid atmosphere (Fig. 5). The uptake of a high percentage of water causes 
not only an increase in absorbance but also a shift in band positions. Their absorbance is 
reduced again by drying but the shlft In bands cannot be reversed. This effect may be an 
indication of the interaction of cellulose with KBr under high humidity conditions. Conse- 
quently, the KBr pellets are dried for at least 1 h at 105°C before measuring is undertaken. 

THERMAL TREATMENT 

Another treatment which may influence the cellulose structure Is high temperature heating. To 
study this Influence cotton linters were dried in vacuum and then heated in an autoclave under 
nitrogen for 8 hours. The temperature varied between 100 and 220°C. Fig. 6 shows that there 
is no significant change in the profile up to 150°C. At 200 and 220°C a distinct change in 
profile appears withln the range of the C(2)OH and C(3)OH groups or the respective H-bonds. 
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Fig. 6. Deconvoluted FTlR spectra of cotton linters after various heating periods under 

nitrogen (2500 - 3700 cm") 
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01, 
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The absorbances of the various bands remain more or less stable up to 180°C (Fig. 7). At 
higher temperatures the bands at 2840 and 34% cm" decrease while the bands at 3276 and 
3346 cm" increase. When thermal treatment Is carried out in the presence of water a greater 
increase in bands at 3276 and 3348 cm" is obsetved which begins between 100 and 150°C 
(Fig. 8). The decrease in bands at 2843 and 3467 cm.' starts between 150 and 180°C. 

Hydrothermal treatment 8h 

A 

Temperalure 

Fig. 7. Variation in the relative absorbances of some FTlR bands during heating of cotton 
linters under nitrogen 

204 

I 20 60 100 I10 180 'C 

lrmprralure 
Fig. 8. Variation in the relative absorbances of some FTiR bands during heating of cotton 

linters with water under nitrogen 

If it is assumed that the thermal treatment causes merely a hydrolytic splltting of the cellulose 
chains the change in absorbances must be seen as an effect of this kind of degradation. A 
comparison between the spectra of ceiluioses degraded by thermal and hydrothermal treat- 
ment at 220°C (Fig. 6) with the spectrum of cellulose degraded by acid treatment (Fig. 3) 
reveals identical profiles. The acceleration of hydrolysis by water is reflected by the variation 
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in the absorbances of certain bands. Moreover, a correlation between the band at 3276 cm" 
and the degree of polymerization is deducible (Fig. 9). 

0 n .. n s 

Fig. 9. Variation in the relative absorbance at 3276 cm-' and the degree of polymerization 
(DP) during heating of cotton linters with and without water under nitrogen 

BALL-MILLING AND D20-EXCHANGE 

A further experiment whose results will be discussed here is the tracing of bail-milling of cotton 
linters for a period of 60 min. It is well known that baii-milling destroys the crystalline structure 
of cellulose and reduces its degree of polymerization. The spectra of cellulose after various 
periods of milling show the following two effects: One is the change In profile over 
approximately the whole range between 2500 and 3700 cm", and the second Is the position 
shift in some of the bands (Fig. 10). 

The bands with greatest changes during ball-milling are characterized by a decrease, with the 
main drop between 0 and 20 min ball milling. Between 20 and 60 min milling there is only a 
slight decrease in absorbance (2723/2708; 3275/3283) or no change (Figs. 12 and 13). The 
band at 3472 cm" is only slightly changed throughout the entire milling period. This band is 
another one of those unchanged in their wavenumber position. 
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The bands attrlbuted to the CH,/CH,OH are shlfted between 5 and 20 mln ball-mllllng to lower 
wavenumbers whlle the bands attributed to the Intermolecular H-bonds between C(6)OH and 
C(3)OH are shifted to higher wavenumbers. The bands at 3345, 3414 and 3470 cm" do not 
change wavenumber during mllllng. In thls range, too, only small changes In absorbances 
were found. Thls flndlng means that ball-mllllng does not effect greater changes In the 
condklons at the C(2)OH and C(3)OH groups, In particular concerning the O(3)H ... 00) bond 
of the latter. Slnce the early days of IR spectroscopic cellulose lnvestlgatlons studies of 
exchange with deuterium oxide were carried out (Rowen, Plyler 1950; Almln 1952; Marrlnan, 
Mann 1956). The wavenumber range of 2400 to 2700 cm" Is attributed to the OD stretchlng 
vibrations. 

Air drled cotton linters were soaked In D,O for 24 hours. After thls treatment the samples were 
vacuumdried for at least 24 h. Due to the addltlonal drylng of the pellets before measuring It 
can be assumed that all adsorbed D,O Is removed and only the exchanged OD groups are 
belng reglstered. 

Ball milling V 
0 3500 3300 3d00 2 i O O  cm-' 

Wavenumber 
I 3ioo 3ioo 3000 z i o o  2500 zioo 

Wavenumbers icm-11 
Fig. 10. left Deconvoluted FTlR spectra of cotton llnters after various periods of ball-mllllng 

(2500 - 3700 cm") 

Fig. 11. rlght Deconvoluted FTlR spectra of cotton linters after various periods of ball-mllllng 
followed by D,O exchange (2500 - 3700 cm.') 
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There is no visible dlfference in the range of 2600 to 3700 cm" between the spectra In Fig. 11 
compared to those from ball-milled cellulose wlthout D,O exchange (Fig. 10). Three 
additional bands at 2450, 2496 and 2554 cm" appear which Increase wlth increasing mlliing 
period and with reduction in crystallinity. The Increase varies In the three bands; In particular 
the band at 2524 cm" increases faster than the other two bands. Furthermore, the absorbance 
at 2889 cm" Increases and Is much higher after 60 min milling compared to the sample 
without D,O exchange. 

When tracing the change in absorbances of the main bands during bali-milling a very different 
influence of the D,O exchange on the course of the various curves is observed (Fig. 12). There 
Is a very steep increase in the 2554 cm" band between 0 and 20 mln milling and a more 
moderate Increase up to 60 mln mllllng. This band belongs to the OD vibrations. The bands 
at 2841 and 3275 cm" are only slightly or moderately influenced by the D,O exchange. The 
same is true for the band at 3472 cm" whereas at 3348cm.' a continuous increase in the 
distance between the curve of non-exchanged and D,O exchanged samples can be seen 
(Fig. 13). The difference between the two curves of the 2897 cm" band is very strlking. Durlng 
the first 5 mln ball-milling a decrease Is observed similar to that In the sample without D,O 
exchange. Subsequently, the curve increases up to 20 min milling in contrast to the curve 
wlthout D,O exchange. 

110t 4 

0' i o  io io io i o  min 60 
Period o f  milling 

O O C O  20 io i o  i n  rnin !a 
Period 01 milling 

Figs. 12 and 13. Varlation In the relative absorbances of some FTiR bands during bali- 
milling of cotton linters without (open marks) and with (black marks) 
subsequent to D,O exchange 

Although the changes taking place In the IR spectra after baii-milling of the cellulose combined 
wlth 0,O exchange cannot as yet be totally explained some of them indicate variatlons in the 
molecular and supramoiecuiar structure of cellulose. 
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The OH group which becomes most accessible to an OD exchange Is that at the C(6) atom. 
Compared to the C(2)OH the C(3)OH is also relatively easily accessible to the OD exchange. 
C(6)OH and C(3)OH are Involved in the intermolecular H-bonds. The band which Is attributed 
to this H-bond is at 3275 cm.' and also shows a difference in absorbance even though this 
difference between the curves with and without D,O exchange Is only moderate. This finding 
is probably due to the maintenance of the O(3)H ... O(5) bond. 

CONCLUSION 

Several examples show that varlatlons In the cellulose structure are reflected In the 
deconvoluted OH vibration range of IR spectra. This range contains a great amount of 
information on the molecular and supramolecular structure and its changes under various 
influences. The study of cellulose by FTlR spectroscopy will become a new dimension if 
interest concentrates on the Vibration range of the OH groups which Is effectively resolved by 
deconvolutlon. 
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12 Structural change of cellulose polymorphs 
by milling 
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College of Technology and Faculty of Engineering, Hokkaido 
University, Japan 

ABSTRACT 

Cellulose I. 11, 1111 and 11111 were milled below 40 C with a vibrating mill 
made of tungsten carbide after pre-cutting to under 20 mesh. All went to 
an amorphous state via IV. For the transformation to IV heat was not always 
necessary and molecular motions under the relaxed intermolecularhydrogen 
bonds were necessary. Mechanical energy through milling was suff icienf 

1111 was most unstable and most rapidly decrystallized. and by the 
hydrolysis with 2.4 I HC1 at 100 C after the milling it easily changed into 
the original structure,I. 1 1 1 1 ~  was rather stable and hardly changed into I1 
by the hydrolysis after the milling. All amorphous samples were recrystal- 
lized into IV by the hydrolysis. Amorphous ramies milled for 80 and 100 min. 
were recrystallized into I and II, respectively, by immersing in water or a 
1% NaOH soln. at 25 C and air drying. During the further milling from 80 
to 100 min. the irreversible change from I to I1 arose. But there was no 
violent morphological changes suggesting the change of the chain polarity 
sys tems. 

INTRODUCTION 

It is known that cellulose I is decrystallized by milling leading to a 
completely amorphous state and it is recrystallized into cellulose 11. But 
there are few papers on milling of other cellulose polymorphs. To investi- 
gate characteristics of the polymorphs they were decrystall ized by mil ling 
and recrystallized. The polymorphs in the cellulose I family change ir- 
reversibly into those in the I1 family. There are two hypotheses on the 
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cause of the irreversibility. One is the chain polarity theory by Sarko 
that the I and I1 families have parallel and antiparallel chain systems, 
respectively (1). Another is our chain conformation theory that the I and I1 
families have “bent” and “bent & twisted” chain conformations, respectively 
(2). This study may give some information for solving the problem. 
A conventional ballmilling brings much metal powder into the cellulose 
samples and makee the  f i n e  analys ie  of them d i f f i c u l t .  
problem a mill made of tungsten carbide was used in this study. The degree 
of decrystallization with the mill was affected by the forms of the 
samples. Samples precut to small size were homogeneously decrystallized. 
and it was revealed that a1 1 polymorphs went to  anamorphousetate via cel- 
lulose IV, though the milling was carried out below 40 C. The mechanism 
of the transformation into IV is discussed. 

TO prevent t h i s  

EXPERIMENTAL 

Raw materials : Ramie, pulp, mercerized pulp. rayon, and IIIr and I I I r r  
prepared from ramie and rayon, respectively, via ammonia-cel lulose (3). 
Milling : The cellulose fibers were cut with the W i l w  Mill and ones under 
20 mesh were subjected to the milling. A vibrating sample mill made of 
tungsten carbide was used. The cut fibers (8 g) were put in the pot (volume 
of 20 ml) of the mill and milled, with cooling every 5 min. to under 40 C. 
The total milling time was accounted by the sum of the milling time. 
Recrystallization : The milled samples were immersed in water at 25 C for 
120 hr or in 1% NaOH aq. solution at 25 C for 24 hr. and air dried after 
washing. They also were recrystallized by hydrolysis with 2.4 M HC1 
at 100 C for 1 hr and air drying after washing. 

RESULTS AND DISCUSSION 

Fig. 1 shows X-ray diffractograms of the ramie milled for various times.There 
wgsa tendency that ( l l0 )  decreased most rapidly in intensity compared with ( 
110) and (0201, and (110) kept its intensity for the longest time. The 
results suggested that the chains in (1iO) molecular sheet began rotation or 
shifting i n  early in the millimg but remained in the sheet Until some time 
later. The sample milled for 45 min.shows a single peak of (110) at 28=15.3” 
and (020) shifted to 28=22.2’. That means a change from cellulose I to IV. 
Ramie showed an almost complete amorphous pattern after the milling for 
80 min.and the complete one after 100 min.. 
The milled samples were hydrolyzed with a 2.4 M HC1 at 100 C. and Fig. 2 
shows their X-ray diffractograms. The sample milled for 35 min. showed a 
complete X-ray pattern of cellulose I by the hydrolysis. The sample trans- 
formed into IV by milling for 45 min. showed a mixture pattern of cellulose 
I and IV. The amorphous IV from the milling for 65 min. was recrystallized 
into 1V. The recrystallized IV was judged as IVr from the main peak of OH 
stretching bands being at 3300 cm-’ in its IR spectrum. The ramie milled 
for 65 min. had remained in the cellulose I family. The amorphous samples 
milled for 80 and 100 min. showed a mixture pattern of IV and I1 by the 
hydrolysis method (f and g in Pig.2). The IV in these samples could not be 
judged as IV, or I V l l  from their IR spectra because they were mixtures 
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10 16 20 28 
2 w) 

Pig.l X-ray diffractagrm of ramie milled Plg.2 X-ray diffractograrur of m i 0  rocrystnl- 
for 0 (a)(raw r).20(b),  sS(o). 4S(d), 6S(e), lized with 2.4 II HC1 a t  loot after the milling 
80(f). and lOO(g) @in. for 20(b), SS(c), 4S(d), 6S(e), 8O(f), and 100 

(el lain. 

with 11. An amorphous cellulose has a tendency to transform easily into IV 
at high temperature (4). The temperature of 100 C at which the hydrolysis 
was performed was not en& for the transforumtion into IV even for 
amorphous cellulose. But it was enough in the case where it w a s  accompanied 
by hydrolysis. Thus. it is suggested that the IV was formed secondarily by 
the transfomation f m  the high temperature. 
The milled samples were recrystallized in water and a 1% NaOH solution at 
25 C. Pig.3 shows X-ray diffractograms of them. Though both samples milled 
for 80 and 100 min. showed similar amorphous patterns, they showed broad 
patterns of cellulose I and 11, respectively, by recrystallization with 
water. By the recrystallization with 1% #aOH solution they showed clear pat- 
terns of cellulose I containing a little I1 and 11, respectively. According- 
ly* most of the ramie milled for 80 min. had remained in the cellulose I 
family. but it changed to the I1 family after the milling for 100min.. We 
can say  that it should pass a critical point for the irreversible change 
from I to I1 during the further milling from 80 to 100 min. 
Pig.4 shows SM photographs of the ramie milled for 80 and 100 min. and of 
them recrystallized with a 1% NaOH solution at 2R. There were no drastic 
morphological changes suggesting the change of the chain direction or mixing 
between microfibrils that had the parallel chain system but different chain 
direction (5). We have reported that for the irreversible change from I to 
I1 by mercerization, swelling was not always necessary and the change could 
arise during the ageing in the dry state at room temperature (6). It 
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1 0  I 6  2 0  2 6  30 
2 ef - )  

Pig. 3 
X r 4  diffractogrms of ramie milled 
for 46 min.(l). 80 min.(2), and 100 
min. (3). 
a) : 
b) : 

c) : 

b 

d 

milled ramie, 
a) raerystallized with water at 
25C 
a) recrystallized with 1% NaOH 
soln. at 25C 

Fig. 4 SM photographs of ramie milled for 80 (a), and 100 min. (b and 
And i t  of (b,c) recrystallized with a 1X NaOH aq. soln, at 25C C) . 

(d). 
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II 

16 2 0  26 30 7 2 er )  

Fig. 5 X-ray diffractograms of mercerized Pig.6 X-ray diffractograms of 1111 milled 
pulp milled for 0 (a)(raw m.), 15(b). 25(c), for 0 (a)(raw m.), O(b)(out raw a). 2(c). 
70(d), 90(e), and 100(f) min. and of (d) 5(d). 25(e). 50(f). and 80(g) min. 
recrystallized with 1% NaOH solnat 25 C(d'). 

is questionable that the irreversibility was based on the change of the 
chain polarity, I t  is more natural that the irreversibility was 
based on the change into a more stable chain conformation. 
1-a and 1-c in Fig. 3 show X-ray diffractograms of the ramie milled for 45 
min. before and after the recrystallization with a 1% NaOH solution at 25 C, 
respectively. 1-c shows a clear pattern of IV. The IV was not one trans- 
formed secondary and should be brought fromlalatent structure in the milled 
sample. The same results were obtained for pulp, and it was believed that 
cellulose I went to the amorphous state via IV. 
Fig. 5 shows the change of X-ray diffractogram of mercerized pulp as 
caused by themilling. The X-ray pattern of I1 on the origin changed into a 
mixed pattern of I1 and IV by the milling for 25 min. and the ratio of IV 
increased with increase of the milling time and that of 70 min. sample was 
almost IV. The IV was confirmed by the recrystallization with a 1% NaOH 
solution (d'in Pig.5). The IV was judged as I V I I  from the main band of OH 
stretching at 3400 cm-' on its IR spectra. The milling over 90 min gave an 
almost completely amorphous pattern. Also cellulose I1 went to the amorphous 
state via IV. The amorphous samples from the I1 gave X-ray patterns of IV 
containing I1 effected by the hydrolysis. 
Fig. 6 shows the change of X-ray diffractogram of the cellulose 1111 by the 
milling. The 1111 was unstable and reverted partially to cellulose I just 
by the cutting to under 20 mesh (b in Fig.6). On being milled it changed 
rapidly to an amorphous state. The 1111 milled for only 5 min showed an 
almost completely amorphous pattern. The milled samples of I111 were hydro- 
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10 16 2 0  2 6  0 

Pig.7 X-ray diffractogrm of 111, recrystal- Pig.8 X-ray diffractograms of 1111 milled 
lized with 2.4 H HCl at lOOC after the mil- 
ling for 0 (a)(cut raw m.), 2(b). 5(c), 25(d), 
and 50(e) nin.. 

for 10(1), 25(2).aqd 80(3) min.. (a) : milled 
1111,  (b) and (c) : (a) recrystallized with 
water and 1% NaM1 soln., respectively. 

lyzed with 2.4 M HC1, Fig. 7 shows their X-ray diffractograms. The sample 
cut and not milled gave an X-ray pattern of I. The sample milled for 2 min. 
gave a mixed pattern of I and IV, and samples milled for more time gave 
those of IV containing 11. One milled for a long time gave that of 11. They 
were recrystallized with water and 1% NaOH solution. Pig.8 shows part of the 
results. The samples milled for less than 10 min. were recrystallized into 
I but ones milled for 25 and 80 min. were recrystallized into the mixture 
of IV and I1 and the completely 11, respectively. The conditions of the  re- 
crystal1 ization were very mild and the crystal l i t e  forms recrystallized 
should reflect latent structure i n  the amorphous samples. So we can say 
that 1111 also went into an amorphous state via IV though that was not clear 
from the rapid change to an amorphous state. 
Fig. 9 shows the change of X-ray diffractograms of the 11111 induced by the 
milling. The 11111 was more stable than 111, and the X-ray pattern of i t  did 
not change on the cutting. On milling for less 30 min, the pattern of 11111 
was kept though i t  was decrystallized. The X-ray pattern of the sample 
miled for 40 min showed that of IV containing 1111~. The sample milled for 
70 min showed an amorphous pattern. The samples were hydrolyzed with 2.4 
M HC1, 
The I I I , ,  just cut to  under 20 mesh showed t h e  X-ray pattern of I11 and the 
pattern was not changed by the hydrolysis. The 11111 milled for less than  
30 min. showed that of the mixed pattern of 11111 containing 11. and the 
proportion of 11 increased with increasing milling time. 11111 was stable 
and only partially reverted into the original structure, 11. The result was 
i n  contrast to  that of 1111 which was milled for short time and was changed 

their X-ray diffractograms are shown i n  Pig.10. 
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completely into i ts  original structure, I, by the hydrolysis, even on the 
just cut sammple. The 11111 milled for over 40 min. showed the mixed pattern 
of IV and I1 or IV and 111. Their mixed X-ray patterns are very similar to  
each other and are hardly distinguished. I t  was inferred that i t  was a 
mixture of IV and I1 from the results that the 111, when milled enough 
changed into the mixture of IV and I1 by the hydrolysis. 
We have reported that 11111 hardly changed into original structure, 11, and 
into IVI I by heat treatments in water, in contrast to  111 I (7). On the other 
hand, IVII was more unstable than IVI and rather easily transformed into I1 
by the hydrolysis (7). I t  was considered that the molecular chain of cel- 
lulose I1 type, “bent & twisted”, could form stable intermolecular hydrogen 
bonds systems i n  III,I which was the cellulose I1 type u n i t  cell and hardly 
formed the stable system in IVll of the cellulose I type unit cell. And by 
the same reason 1111 was unstable and IVI was stable. IR spectra’of the 
polyrnorphs were measured a t  150 C , and Pig.ll shows the spectra in 3p 
region. OH stretching bands at  3.0-3.3 p are assigned to OH of intermolecu- 
lar hydrogen bonds. The bands i n  the 1111 were different from the others and 
were the most weakened by the heating. I t  was suggested that the bonds in  
1111 were weakest and that this should easily bring the transformation to  
the other polymorphs. In this study the all  polymorphs went t o  an amorphous 
state via IV by milling under 40 C. I t  has been said that IV is f o r d  
in high temperature. but for the transformation into IV heat was not always 
necessary.when celluloee waeregenerated from the state in which the inter- 
molecular hydrogen bonds were relaxed by chemical reagents, IV was formed 

Pig.Q X-ray diffractograms of IIIlr milled Fig. 10 X-ray diffractograms of 1111 I ro- 
for 0 (a)(raw a. 1, O(b)(cut raw m. 1, lO(c). crystallized with 2.4 H HCI at lOOC after 
30(d), 40(e). and 70(f) lain.. the milling for 0 (a)(cut raw m.).lO(b), 

30(c), 40(d). and 70b) min.. 
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WaJe number (cm-l) 

Pig.11 Infrared spectra in  3 c region of Cell.III,(A), Cell.1 
(B). Cell. II(C), and Cell IIIII(D) measured a t  room temperature 
(- ) and 150 C ( - - - - - -  ). 

at rather lower temperature of about 80 C. It was considered that the most 
important thing for the transformation to IV was relaxation of the inter- 
molecular hydrogen bonds. This can beachievedby many means, and the in part 
of mechanical energy by the milling should be one of them. In the relaxed 
condition the molecules should be rotating and vibrating and IV which was a 
more symmetrical structure should be most easily formed kinetically. 
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13 Structural characterisation of 
lignocellulosic samples using '3C-CP/MAS- 
NMR-spectroscopy and chemometrics 
H Lennholm and T Iversen - STFI, Box 5604, S-11486 Stockholm, 
Sweden 

ABSTRACT 

Four applications of how chemometric methods can be used to evaluate series of 13C- 
CPMAS-NMR-spectra acquired on lignocellulosic samples will here be briefly 
described. 
1. Can the methods differentiate between the cellulose I and I1 polymorphs in 13C- 
CPMAS-NMR-spectra acquired on a series of cellulosic samples? 
2. Can the methods differentiate between the cellulose I, and Ip crystalline forms in 
13C-CPMAS-NMR-spectra acquired on a series of lignocellulosic samples 7 
3. Can 13C-CPMAS-NMR-spectra monitor changes in the cellulose structure in a 
series of bleached softwood kraft pulps pulped at various conditions ? 
4. Can 13C-CP/MAS-NMR-spectra monitor changes in the cellulose structure in a 
series of softwood kraft pulps beaten to different levels ? 

INTRODUCTION 

In the field of wood chemistry, 13C-CP/MAS (cross polarisation magic angle spinning) 
NMR-spectroscopy has proven to be extremely useful. * It is well known that signals 
from ordered and unordered regions in the cellulose polymer can be distinguished in the 
spectra. 2 ~ 3  Solid state NMR-spectra may differ in many respects from solution state 
NMR-spectra. For example, solid state NMR-spectra usually exhibit broader lines, due 
to the dipolar broadening. 
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94 Structure and reactivity of cellulose 

so4 

Cb c3 C8 
c1 

The existence of non- 
equivalent unit cells and 
polymorphic crystal structures 
also contributes to the 
difference between solution 
and solid state NMR-spectra. 
The solution state 13C-NMR- 
spectrum of a sample of 
dissolving pulp is shown in 
Fig. la. The solid state 13C- 
CPMAS-NMR-spectrum of a 
sample of the same dissolving 
pulp is shown in Fig. lb. In 
addition to broadening of the 
peaks, spectral features that 
differ in many respects from 
those in Fig. l a  are found in 
Fig. Ib. The signals are split 
into multiplets due to the 
amorphous and crystalline 
regions in the cellulose. 
This example shows that for 
pulp samples solid state NMR- 

en1 

106 96 86 ?b 8 1  66 b 

Fig. 1. a: 13C-hhlR-specfr~rm of dissolving 
p1tlp. 
b: I 3 C - C P ~ A S - ~ R - s p e c t r u m  of the 
smie dissolving pulp. 

spectra contain considerably more information than do the solution state NMR- 
spectra. However, the high complexity of the solid state NMR-spectra makes them 
hard to evaluate visually. Chemometric methods, e.g. principal component analysis 
(PCA), partial least squares (PLS) and pattern recognition, are therefore advantageous. 

CHEMOMETRICS 

Pattern reco nition by PCA can be used as a way to simplify interpretations of series of 
spectra. 5 - 7  PCA extracts principal components (PC:s) by calculating linear 
combinations of the spectral variables in all the spectra. * The extracted PC:s are 
independent of each other and can therefore be interpreted as arising from separate 
constituents in the spectra. By plotting the score values of the calculated PC:s, plots 
used for pattern recognition are constructed. Plotting the loading values for each PC vs. 
the ppm-scale also makes it possible to construct "subspectra". Such "subspectra" from 
statistical evaluations from series of spectra are similar to ordinary difference spectra 
obtained by subtraction of two spectra. The calculated "subspectra" have larger 
statistical reliability than the difference spectra since the latter are constructed from 
only two spectra. 
In a PLS calculation, two matrices (e.g. physical and spectroscopic data) are related to 
each other. 9 PLS can therefore be used both to establish calibration models, and for 
evaluation and interpretation. 
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Structural characterisation of lignocellulosic samples 95

DIFFERENTIATION BETWEEN THE CELLULOSE I AND II
POLYMORPHS

Fig. 2. PCA model calculated/rom the NMR
spectra 0/samples 0/cellulose I and II. Plot 0/
PC2 vs. PCI.

MCC

PC1

SP

..
DP ••

Cotton

Amorphous

Reg.

Mere.

Cellulose I is the crystal form PC2

produced natively by plants
and animals. When a sample of
cellulose I is treated with a
concentrated aqueous solution
of NaOH, mercerisation
occurs and the cellulose I is
transformed to the cellulose II
crystalline form. Cellulose II
can also be obtained by
regeneration, i.e, precipitation,
ofdissolved cellulose.
13C-CPIMAS-NMR-spectra
were acquired on seventeen
lignocellulosic samples
containing mainly cellulose I;
dissolving pulp (DP), Avicel
(MCC), bleached softwood
pulp (SP), cotton linters and cellulose II; mercerised cellulose (Mere.) and regenerated

cellulose (Reg.). A spectrum of amorphous cellulose was also included in the matrix.
The PCA calculation extracted two significant PC:s. The PC-plot of the first two PC:s
is shown in Fig. 2. The objects in the plot are the various NMR-spectra. The spectra
form two groups along PCI, the cotton, DP, MCC and SP samples are found to the
right, whereas the mercerised dissolving pulp and regenerated cellulose samples are
found to the left.
Along PC2, the sample of amorphous cellulose is found at the bottom, whereas the
most crystalline cellulose samples, cotton and regenerated cellulose, are found at the
top. This can be interpreted as meaning that the PCA-model of the NMR-spectra can
be used to distinguish between the cellulose I and II polymorph, and group the samples
according to their relative amounts of amorphous polysaccharides. 16

DIFFERENTIATION BETWEEN THE CELLULOSE Ia AND Ip
CRYSTALLINE FORMS

The crystalline part of native cellulose is thought to be a mixture of two crystalline
modifications, cellulose Ia and cellulose Ip. 14, 15 Cellulose Ia is thought to be the
predominant form in bacterial and algal cellulose and cellulose Ip the predominant form
in higher plants such as cotton and ramie. The amounts of cellulose Ia and cellulose Ia
in cellulose samples such as Valonia and cotton linters can be roughly determined by
spectral subtraction. 15, 17 The signals in the 13C-CPIMAS-NMR-spectra on these
substances are relatively narrow due to the relativel~ large lateral dimensions of the
ordered, crystalline, regions in the cellulose polymer. 5
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96 Structure and reactivity of cellulose 

At present, however, no 
method exists to determine the 
relative amounts of cellulose 
Ip and cellulose I, in 
lignocellulosic samples with 
low crystallinity and high 
amounts of different 
amorphous polysaccharides 
and lignin. 
k-CPMAS-NMR-spectra 
were acquired on eleven 
cellulosic samples, e.g. cotton 
linters, cotton cambers, 
dissolving pulp (DP), Avicel 
(MCC), and cellulose from 
Valonia ventricosa and 
Acetobacter xylinirm. The 
PCA calculation extracted two 
significant PC:s. 

Cotton 

MCC 

Valonlr 

*: 

Bact. 

PC1 

Fig. 3. PCA model calctrlated from the iVMR- 
spectra of 'pure" cellidoses. Plot ofPC2 vs. 
PC I .  

Fig. 3 shows the PC-plot where the samples expected to contain high amounts of 
cellulose I, (the valoniu and bacterial cellulose samples) have high PC1 values, 
whereas the samples expected to contain high amounts of cellulose Ip (the cotton 
samples) have- high PC2 
values. Since the samples are 
thought to contain both 
cellulose I, and cellulose Ip 
but in different proportions, 
this model appears to have 
extracted one PC (PCI) that 
exhibits variations in the 
relative amount of cellulose I, 
in the samples, and one PC 
(PC2) that exhibits variations 
in the relative amount of 
cellulose I in the samples. To 

subspectra representing the 
spectral features contributing 
to each PC were constructed 
by plotting the loading values 
for the two obtained PC:s vs. 
the ppm scale. Variables 
important for the PC have high 

verifi t R is interpretation, 

a 

Fig. 4 a: subspectrirm of PCl' 
b: spectriim representing celliilose I ,  
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numerical values, whereas 
unimportant variables have 
loading values close to zero in 
the subspectrum. The 
subspectrum of PC1 is shown 
in Fig. 4a, and exhibits large 
positive peaks at 105, 89-90, 
71 and 65 ppm. This 
subspectrum thus exhibits 
close similarities to the c 
difference spectrum of 
cellulose I,, Fig. 4b. The 
subspectrum of PC2, shown in 
Fig. 4c, displays large positive 
peaks at 106, 104, 88-89, 75, 
71,66 and 64 ppm, and is thus 
similar to the difference d 
spectrum of cellulose IR, Fig. 

106 95 es 75 86 66 

4d. The two subspectrarof Fig. 
4, together with the way the 
cellulose samples group along 
the PC axes in Fig. 2, lead us to interpret PCl as reflecting the relative amount of 
cellulose 1, in the samples, and PC2 reflecting the relative amounts of cellulose ID in 
the samples. The PCA model obtained was then used to predict the relative amounts of 
cellulose I, and cellulose Ip in some lignocellulosic samples. 

Fig. 4 c: sitbspectrtmi ofPC2 
d: specrrttni represerititig cellulose Ip 

._________.__ 

G W P  

H!3rdwood pulp 
0 
I 

C T M P  

T M P  

S O f l w o o d  pulp 

DlSSolVlnQ pulp 

M C C  

C o l t o n  llntsrs 

C F I I  

V a l o n  la 

0 20 40 60 00 

Fig. 5. Predicted relafive aniortrits of cellitlose Ip  arid cellitlose I ,  in some 
lig?iocelliilosic snniples. 
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98 Structurc and reactivity of cellulose 

By inserting the I3C-CP/MAS-NMR-spectra on samples of amorphous cellulose, 
softwood pulp, hardwood pulp, thermo-mechanical pulp (I"), 
chemothermomechanical pulp (CTMP) and groundwood pulp (GWP) in the PCA 
model, the score values for these samples were predicted. 
Using the sample of amorphous cellulose, as having no cellulose I or Ip, and the 
valoniu cellulose as having 64 % cellulose I, and 90 % ~ r y s t a l l i n i t y ~ ~ ,  the PCl and 
PC2 score values for all the samples were normalised and recalculated relative to each 
other. The resulting values of the lignocellulosic samples are plotted in Fig. 5 .  The 
length of the bars can roughly be considered to represent the crystallinity of the 
samples. This shows that the PCA-model of the =-spectra can be used to 
distinguish between the cellulose Ip and I, crystalline forms. The model could also be 
used to predict the relative amounts of cellulose Ip and I, in lignocellulosic samples. 

MONITORING CHANGES IN THE 13C-CP/MAS-NMR-SPECTRA IN A 
SERIES OF BLEACHED SOFTWOOD KRAFT PULPS PULPED AT 
DIFFERENT CONDITIONS 

I3C-CPMAS-NMR-spectro- 
scopy has been used 
previously to study pulps 
produced in the kraf? pulping 
process. 7 In our experiment 
eight softwood kraft pulps 
coolced according to a 
factoriai design in 
temperature, OH-charge, and 
HS-charge. 3C-CP/MAS- 
Nh4R-spectra were acquired 
on the samples and a PCA 
model was calculated. The 
first extracted PC was found 
to be related to the change in 
temperature in the kraf? cooks. 
The subspectrum of PCI is 
shown in Fig. 6a. By 
comparison with Fig. 4b and 
4d, it can be seen that the 
positive peaks in the 
subspectrum resemble the 
spectrum of cellulose Ip, 
whereas the negative peaks in 
the subspectrum resemble the 
spectrum of cellulose I,. 

a 

Fig. 6. a: The sii bspecrtxtii fioni PCA on 
dflerenlly cooked sojiwood haj i  pirlps, 

b: 7he sribspectrrim@om the PLS- 
correlnlioti of [he softwood haft pitlps 
benfetr lo different levels. 
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It has been found that cellulose I, can be transformed to cellulose Ip by steam 
annealing of valoniu cellulose samples at high temperatures. 19-21 The results of the 
PCA evaluation of the NMR-spectra therefore indicate that the cellulose I, transforms 
to cellulose Ip cellulose in the softwood kraft pulps during the kraft cook. 

MONITORING CHANGES IN THE 13C-CPNAS-NMR-SPECTRA IN A 
SERIES OF SOFTWOOD KRAFT PULPS BEATEN TO DIFFERENT LEVELS 

PLS has earlier been used to study changes in pulp physical properties during the 
beating process. z2, 23 VanderHart and Atalla (1987) submitted Cludophoru cellulose 
to beating and recorded 13C-CP/MAS-NMR-spectra on the samples. They observed a 
decrease in the amount of cellulose I, upon beating and suggested that cellulose I, 
was converted to cellulose Ip as a result of the mechanical stress. 15 
In our experiment, seven bleached and unbleached softwood kraft pulps were beaten to 
different levels. 13C-CP/MAS-Nh4R-spectra and physical properties (tensile force, 
elongation, density, TEA) were measured on handsheets produced from the pulps. A 
PLS-analysis was carried out with the spectroscopic data as independent variables, and 
the physical properties as dependent variables. One PLS component that explained 
82.7 % of the variance in physical properties was obtained. This PLS model could be 
used to predict the physicat properties. The PLS-weights were also used to construct a 
subspectrum, shown in Fig. 6b. This subspectrum does not indicate any transformation 
between the cellulose crystalline forms, as in Fig. 6a, and is very hard to interpret. We 
just conclude that the peaks arising from the crystalline regions of the cellulose are 
affected. 24 

CONCLUSIONS 

Pattern recognition, PCA and PLS are valuable methods for the evaluation of 13C- 
CPMAS-NMR-spectra from lignocellulosic samples. The methods were found to be 
able to: 
0 Classifjl lignocellulosic samples as belonging to either the cellulose I or I1 
polymorphs by their 13C-CP/MAS-IWlR-spectra. 
0 Determine the relative amount of cellulose I, and Ip in lignocellulosic samples by 
their 13C-CP/MAS-NMR-spectra. 
0 Monitor the effects of pulping on softwood kraft pulps. The cellulose I, in the pulps 
transform to cellulose ID due to the higher temperature in the kraft cooks. 
0 Monitor the effects of beating on softwood kraft pulps. The crystalline cellulose in 
the pulps are affected. 
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EXPERIMENTAL 
13C-CP/MAS-NMR-spcctra wcrc rccordcd on a Brukcr AMX-300 instnrmcnt opcrating at 75.47 MHz 
with a spinning rate of 5 kHz, a contact tinic of 0.8 ins, 37 nis acquisition tirnc, 2.5 s bctwecn pulses, 
at room tcmpcraturc. A total of 1000-3000 trmsiciits wcrc accumulalcd for each spcctrum. Spectra 
were referenced to cstcrnal glycinc, (carbonyl carbon = 176.03 ppm). Tlic samplcs were moistened with 
water prior to rccording the spcctra, tlic rcsulting watcr contciit bcing about 50 %. lo* The spectra 
were normaliscd by sctting the area uiidcr cadi spcctmm to unity. The intensities of 601 spectral 
points in the intcrval 110-56 ppni for cacli of tlic spcctra wcrc used in tlic data analysis. 
The solution state 3C-NMR-spcctrum was rccordcd on thc sample dissolved in aqueous 
tctrabutylarnmoniuni hydroside and D M s 0 - d ~ .  The signals wcre assigncd to thc carbon atoms in the 
anhydroglucose units using two-dimcnsiorial shift corrclatcd spcctroscopy tcchniqucs. i.e. proton- 
proton and proton-carbon shill corrclatcd spcctroscopy. 
Amorphous ccllulose was prcpared froin dissolving pulp by treatincnt with ZnCI2. l 2  
PCA and PLS calculations wcrc pcrlormcd using cross-validation 13 .  PC plots were constructed by 
plotting the scorcs of the PC:s. Subspcctra wcrc constructcd by plotting the loading values for the 
obtained PC:s vs. the ppm scalc. All computations wcre carried out on an 1BM PS-2 microcomputer 
using the SIMCA 4R softwarc packagc obtained from Umctri AB, Umc%, Swcdcn. 
The diffcrencc spcctra reprcscnting cellulosc 111 and ccllulose I, wcrc obtaincd by liiicar combinations 
of the 13C-CP/MAS-NMR-spcctra of Acctobacler xylinuiir and Whatman CF-1 I ccllulose. 1 4 9  Is 
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141 A microcalorimetric technique for the 
study of water vapour sorption on cellulose 
materials 
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Lenin emb 17, Russia 

ABSTRACT 

A gas flow microcalorimeter was designed for water vapour sorption/desorption 
measurements on solids. Three types of cellulose have been studied in sorption and 
desorption experiments. So far, no hysteresis effects were observed. 

INTRODUCTION 

Sorption and desorption of water vapour are important processes in basic and applied 
cellulose technology and it is of interest to characterize them by thermodynamic and 
kinetic parameters. At present, standard Gibbs energies (AGO), enthalpies (AHo) and 
entropies (ASo) are usually derived from results of equilibrium vapour pressure 
measurements (sorption isotherms) conducted at different temperatures [ 1,2]. However, 
as for many other processes, direct calorimetric measurements can be expected to give 
more accurate AHo-values. Further, by use of calorimetric techniques, it is usually 
possible to obtain reliable values for changes in heat capacities AcOp =dAH/dT. 
A series of microcalorimeters of the thermopile heat conduction type, equipped with 
different types of insertion vessels, have earlier been reported from our laboratory 
[3].The present instrument is part of the same modular calorimetric system [3,4]. 
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12 

Design and function of the calorimetric system 

V u 

Figure 1 shows schematically the different units forming the present gas sorption 
calorimetric system. 

11 
> A 

1 

Fig.1 The gas sorption calonmemc system: 1, twin microcalorimeter; 2, thermostatted 
water bath; 3, temperature regulator ; 4, N2 bottle; 5, needle valve; 6, humidity regulator ; 

7, interface; 8, computer; 9, amplifier, 10, recorder; 11, peristaltic pump; 12, flowmeter. 

r I I ,  

7 -  

The twin thermopile heat conduction microcalorimeter is equipped with 24 small 
thermocouple plates (FC 0.45-66-05 Melchor, Trenton, NJ, USA). Figure 2 shows 
schematically the design of the lower part of calorimetric insertion cell. 

I 

- 

10 
- 9 8 

J 
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Water vapour sorption on cellulose materials 103 

Fig.2 The calorimetric cell: a, stainless steel sample container; b, inner vessel (brass, gold 
plated); c. calorimetric vessel (brass, gold plated inside); d. gas mixing unit; e, vapour 
saturation units(brass, teflon painted inside). Arrows indicate directions of the gas flow. 

During the measurements the calorimetric cell (Fig.2) is inserted into one of the 
calorimetric units of the twin calorimeter. The vapour saturation units (e), with cavities 
partially filled with water, are in thermal contact with the calorimeter heat sink.The 
calorimetric vessel (c), like the reference vessel, fits into aluminium cups. The 
thermocouple plates bridge the air gaps between these aluminium cups and the heat sink. 
The sample container (a) is positioned inside the inner vessel (b) of the main calorimetric 
vessel (c). During a measurement a flow of dry carrier gas passes through the humidity 
regulator (6). where it is divided into two streams. One of the streams passes through the 
vapour saturation units (e) and will join the flow of dry gas at the gas mixing unit (d). 
The ratio between the flow rates of the two streams determines the humidity of the gas 
passing over the sample in the sample container. 
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The twin calorimeter was enclosed by a steel can submerged in a thermostatted water 
bath (long-term thermal stability kl.lO-3K). The instrument was calibrated electrically. 
All experiments were conductal at 298.15K. 
Before each series of experiments the sample container was charged with 20-30 mg of 
cellulose. The gas flow rate though the calorimeter was normally 100-200 ml/hour. The 
dry carrier gas (in our case N2) was mixed with water satuxated gas to form gas mixtures 

in the relative humidity (RH) range 0-1008. The sorption or desorption process usually 
required 10-15 hours to reach equilibrium 

Materials 

Three different types of cellulose werc employed in the experiments: Whatman cellulose 
powder (CFl1. medium length fibers, ASHWAX) 0.015%, Fe Sppm, Cu 2ppm. for 
column chromatography); Kleenex filter paper (Kimberly-Clark,Code 7 107, grinding in 
mill: 10 minutes); Arkhangelsk cellulose (sample prepared at the Arkhangelsk Forest 
Technological Institute: fir filings, 500 hours grinding in toluene, lignin extraction by 
dioxane, hemicellulose extraction by KOH and NaOH, cellulose content in initial f h g s :  
47%. lignin : 24%). All samples were air dried. 

Results and discussion 

A typical experimental curve is shown in Figure 3. 

Fig.3 Typical experimental curve for sorption/desorption experiment : Filter paper- 
0.020085g. sensitivity 100pV. gas flow 160 mvh, RH 90% during sorption 

and RH 0% during desorption. 

The results obtained with the three cellulose samples are shown in Figure 4. 
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25 20 i 

Fig.4 Integral enthalpies of water vapour sorption (J/g of cellulose) versus RH: 
0 ,Whatman, A ,  Filter paper, A, Arkhangelsk cellulose. 

The complete sorption isotherms were determined gravimetrically for two of the samples 
by equilibration over salt solutions in closed chambers (1595% RH) [5 ] .  
Cellulose samples were dried before the measurements at 105OC until constant weight. 
The adsorption isotherms are presented in F i g 5  

30 I I I I ~ I I  1 1  1 8  i ~ ~ ~ i ~ ~ '  
- H,O, g/lOOg cellulose 

25 : 

20 : 

0 20 40 60 80 100 

Fig.5 Equilibration adsorption isotherms: , Whatman, A , Filter paper. 
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The calorimetric results summarised in Fig.4 are rather similar for the Arkhangelsk 
sample and the Kleenex filter paper whereas the enthalpy values for the Whatman sample 
show a very different pattern. The sorption isotherms (Fig.5) for the two latter samples 
have the same appearance. The experimental results reported here are in general 
agreement with results reported previously (calorimetric and noncalorimetric) 16- 1 11 for 
different types of cellulose. The present results will be discussed in detail later together 
with results from ongoing measurements. 
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ABSTRACT 

The surface tensions of several natural cellulosic fibres like flax, hemp, kenaf and 
cotton and a synthetic cellulosic fibre have been determined using the so-called floating 
test. This method determines the liquid surface tension yp at which fibres placed on a 
liquid surface remain just floating. It can be shown that "lp is the liquid surface tension at 
which the contact angle 8 = 0'. By measuring yF in both a polar and an apolar liquid 
system, the fibre surface tension ys and its dispersive and polar parts, y t  and ysp, respecti- 
vely, can be calculated using the hannonic mean approximation. The fibre surface tensions 
found for untreated and extracted natural fibres are in good agreement with literature data 
for surface tensions of various fibre components such as cellulose, hemicellulose, lignin 
and waxes. Untreated natural cellulosic fibres proved to be very hydrophobic due to a 
waxy layer on their surface. Extraction of fatty substances significantly increases the fibre 
surface tension. This method can be very useful in predicting the wettability of fibres by 
the surrounding polymer matrix in fibre-reinforced composite materials. 

INTRODUCTION 

Knowledge of the surface properties of cellulosic fibres is essential to the understanding 
of the interaction of these fibres with a surrounding liquid. The fibre surface tension is an 
important property, since it highly determines the fibre wettability. In fibre-reinforced 
composite materials, complete wetting of the fibres by the surrounding polymer matrix is a 
prerequisite for good adhesion. In textile applications. wettability is important in finishing 
and dyeing. 

Traditionally, the wettability of a solid is determined by contact angle measurements. 
Due to surface roughness, porwity and fibre dimensions, correct contact angle measure- 
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108 Structure and reactivity of cellulose 

ments on fibres are hardly possible. Consequently, most contact angle measurements on 
cellulosic materials have been performed on regenerated films [1,2,3]. However, films of 
regenerated fibre components are likely to behave differently from the fibres themselves. 

In a previous study [4] we developed a simplified experimental method for the 
determination of the surface tension of cellulosic fibres. In this floating test, fibres are 
placed on a liquid surface with a surface tension yb The liquid surface tension yp, at which 
the transition between floating and sinking occurs corresponds b the liquid surface tension 
at which 8 = 0'. When yp is measured in both a polar and an apolar liquid system, the 
fibre surface tension ys and its dispersive (yt) and polar part (ysp) can be calculated. 
Advantages of this method are that il avoids contact angle measurements and that it is 
operational despite surface roughness and porosity. The variation coefficient of the % 
measurements appeals to be 1-3%. 

The aim of this study is to determine the surface tension of several natural and 
synthetic cellulose fibres using the floating test and to relate this surface tension to the 
fibre chemical composition. 

THEORY 

Surface tension determination using contact angle measurements 

of the solid and the liquid according to Young: 
Wetting of a solid fibre by a liquid is determined by the surface and interfacial tensions 

where ys is the surface tension of the solid, yL the surface tension of the liquid, ys. the 
interfacial tension between the solid and the liquid and 8 the equilibrium contact angle. 
According to Fowkes [5]  a surface tension is made up of contributions from the dispersive 
and polar forces at the surface: 

where y is the surface tension, f and *p the dispersive and the polar component of the 
surface tension, respectively. For hydrophilic surfaces the interfacial tension between a 
solid and a liquid can be written as the harmonic mean of the polar and dispersive 
contributions [ 6 ] :  

Combining equations (1) and (3) results in: 

Equation (4) can be solved by measuring the contact angle 8 on a solid with two different 
liquids of known but different polarity. A pair of simultaneous equations can be set up and 
equation (4) can be solved to obtain y t  and ysP and thus ys. Using a completely apolar 
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liquid (yLp = 0, yL = y,"), the polar term in equation (4) drops out and only one unknown. 
y:, is left. The second mixture has to contain a polar part to be able to calculate ysp. 

Floating test 
When a fibre is placed on a liquid surface with high surface tension yL, it will remain 

floating. Upon a decrease in liquid surface tension it will be better wetted gradually. At 
complete wetting the fibre will sink, provided that the fibre density is higher than the 
liquid density. The transition between floating and sinking is expressed by yP, the surface 
tension of the liquid at which the fibre just floats (figure 1). 

Figure 1. Three situations of a fibre brought onto a liquid surface. 

Considering a cylindrical natural cellulosic fibre, the fibre density and dimensions are 
such that the downward gravitational force is very small as compared to the upward 
interfacial force [4]. Consequently, the transition between floating and sinking takes place 
at 8 EI 0" [4]. Since 8 = 0" at yF, equation (4) gives: 

which can be solved by measuring yF with two different liquids of known but different 
polarity. 

EXPERIMENTAL 

Methods 
Floating test 

Approximately 20 ml of a liquid with surface tension yL were poured into a clean 50 ml 
beaker. Prior to the floating test the surface tension of the liquid was measured. lkenty 
pieces of fibre were carefully placed on top of the liquid surface and the number of fibres 
that did not remain floating within 20 s was determined. Afterwards, the surface tension of 
each liquid was measured again in order to check whether release of surface active 
material from the fibres had occurred. In order to vary yL, mixtures were used. As a polar 
system water-methanol mixtures were used, giving a range in yL from 23 to 72 mN/m. 1- 
Methyhaphthalene-octane mixtures were used as completely apolar liquids, giving a range 
in 1~ from 22 to 38 mN/m. For both polar and apolar liquids 3~ is varied with intervals of 
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about 1 mN/m. The surface tension 'yp at which 50% of the fibres remain floating was 
determined. All expcriments were canied out at 20°C and all reagents were analytical 
grade, purchased from Merck (Germany). Demineralized water was used throughout. The 
liquid surface tension was measured by the Wilhelmy plate method. 

Chemical composifion of Pbres 
The neutral sugars from the fibres were quantified by gas-liquid chromatography as 

their alditol acetates after pre-hydrolysis (72% sulfuric acid, lh, 3OOC) and hydrolysis (1M 
sulfuric acid, 3h, 100°C). 1-Methylimidazole was used as an acetylation catalyst and 
inositol as internal standard (71. GLC was performed on a CP-Si188 capillary column (25 
m x 0.25 mm i.d.). Lignin was determined as the sum of Klason and acid soluble lignin. 
Klason lignin was determined gravimetrically as the residue after sulfuric acid hydrolysis 
IS]. Acid soluble lignin was determined by UV spectroscopy at 205 nm [9]. Umnic acids 
were determined colorimetrically by the 4-hydroxydiphenyl assay [ 101. 

Materials 
For surface tension determinations flax, hemp, kenaf, cotton and synthetic cellulose I1 

fibres were used. Flax, hemp and kenaf fibres were warm-water retted prior to use. Retting 
is the process in which bast fibres are freed from the plant by decomposition of pectins 
and other binding materials by micro-organisms. After retting the fibres are mechanically 
separated from the rest of the plant by the so-called scutching process Ill]. Umtted hemp 
fibres, which were mechanically separated from the plant, were also used. Umtted and 
rened hemp fibres are named hemp 1 and hemp 2, respectively. 

To study the influence of chemical fibre composition on the fibre surface tension, fats 
and waxes, pectins, and hemicelluloses were successively extracted from flax fibres. Fats 
and waxes were extracted with ethanol 96% vh. under reflux in a Soxhlet apparatus for 6h. 
Pectins were extracted with ammonium oxalate 1.0% w/v @H 5.5, 80°C. 2*2h) and 
hemicelluloses with NaOH 6% wlv (lOO°C, 2h). Unextracted fibres are named RO, defatted 
fibres R1, fibres after extraction with ammonium oxalate R2 and those after alkaline 
treatment R3. Further, flax fibres coated with cahxymethylcellulose (CMC) and flax 
fibres coated with stearylamine (SA) were used. As to hemp, kenaf and cotton. only 
untreated (RO) and defatted fibres (Rl) were studied. As a synthetic fibre Cordenka (Akzo) 
was used, which is a highly crystalline regenerated cellulose I1 fibre. Before use, the 
Cordenka fibres are treated with 96% ethanol in order to obtain a clean cellulose surface. 

RESULTS 

In table 1 the results of the yF measurements on different fibres are summarized. yF has 
been determined with both water-methanol and 1-methylnaphthalene-octane mixtures (yF 
w/m and yF d o ,  respectively). The dispersive paft of the water-methanol surface tension 
has been calculated according to Janczuk et al. [121. 7:. ySp and ys are calculated according 
to equation (5)  using the harmonic mean approximation (table 1). The surface tensions for 
the untreated fibres RO, the defatted fibres R1 and the flax fibres are graphically shown in 
figures 2, 3 and 4 respectively. 

The chemical composition of the fibres used is summarized in table 2. The glucose 
content of the fibres can be considered to be an approximation of the cellulose content, 
whereas the amount of non-glucose sugars is an appmximation of the hemicellulose 
content (131. The sum of the estimated amounts of sugar, lignin and uronic acid never 
reaches 100% due to the presence of small amounts of other materials like minerals, 

�� �� �� �� ��



Surface tension of cellulosic fibres 11 I 

proteins and fatty substances and due to incomplete hydrolysis of cellulose [14]. Cotton 

Table 1. The measured yp values and the calculated y;. yOp and yS values. 

fibre % w/m YP d o  7; YSP "Is 
(mN/m) (naw (mNrkn) (mN/m) (mNh) 

fiax RO 26.2 31.3 31.3 2.9 34.2 
flax R1 31.7 37.6 37.6 5.5 43.1 
flax R2 36.4 45.3 45.3 1.6 52.9 
flax R3 48.5 50' 50 16.1 66.1 
flax CMC 36.4 42.3 42.3 8.1 50.4 
flax SA 26.5 31.1 31.1 3.1 34.2 
hempl RO 25.6 30.5 30.5 2.6 33.1 
hempl R1 30.6 39 39 4.5 43.5 
hemp2 RO 25.1 32.5 32.5 1.9 34.4 
hemp2 R1 38.6 39 39 10.5 49.5 
kenaf RO 25.3 28.9 28.9 2.8 31.7 
kenaf R1 32.0 38.2 38.2 5.6 43.8 
cotton RO 24.5 29.0 29.0 2.2 31.2 
cotton R1 47.4 50' 50 15.2 65.2 
Cordenka 47.8 50' 50 15.6 65.6 

w h  = water-methanol, d o  = 1-methylnaphthalene-octane, I estimation. 

and flax R3 fibres contain appmximately 95% cellulose [ll]. Due to poor accessibility of 
this highly crystalline cellulose I material, the glucose yield is only 80%. Cordenka (= 
100% cellulose) yields more glucose after hydrolysis, probably due to a difference in 
accessibility and crystalIite size between cellulose I1 and cellulose I. Table 2 shows that 
the uronic acid content, and thus the pectin content, is significantly reduced by the 
extraction with ammonium oxalate (going from R1 to R2). By the alkaline treatment 
(going from R2 to R3) mainly hemicelluloses and lignins are extracted. 

Table 2. Chemical composition of fibres used. 

Fibre glucose non glucose lignin uronic acids 

flax ROB1 
flax R2 
flax R3 
hemp 1 ROB1 
hemp 2 ROB1 
kenaf ROB1 
cotton ROB1 
Cordenka 

68 
67 
80 
67 
67 
48 
80 
92 

8 
8 
3 
8 
8 
16 
2 
0 

3 
3 
0.6 
4 
4 
14 
<1 
0 

3 
0.8 
0.6 
4 
1.5 
6 
1 
0 

DISCUSSION 

Literature data for surface tensions of various cell wall components are given in table 3. 
Figure 2 shows that all untreated (RO) natural cellulosic fibres are very hydrophobic. This 
is due to a waxy deposit on the surface of natural fibres 111). The dispersive part 01 their 
surface tension (7: = 29.0 - 32.5 mN/m) is comparable to that of waxes [15]. In contrast 
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Figure 2. The surface tension ys and its dispersive 
(yt) and polar part (ysp) for untreated 
(RO) natural fibres. 
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Figure 4. ys, y," and xp for extracted and 
chemically modified flax fibres. 
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to waxes, the RO fibres have a small polar part in their surface tension, probably due to the 
presence of more polar fatty substances like triglycerides and phospholipids on the fibre 
surface. Other investigations [1,16] confirm the hydrophobic surface character of raw 
cotton fibres. 

Table 3. Literature data for y:, ysp and yS of various cell wall components. 

waxes 26.5' 0' 26.5' 
lignin 40' 

hemicelluloses 35.3-39.5' 
cellulose 42.2' 26.5' 60.7' 
cellulose 39-454 
cellulose (highly oriented) 5 1' 
cellulose 19.9' 39.6 59.5' 

29.4' 25.0' 54.4' 
66.5 

4 3 4  9 . e  52.5' 

calculated from contact angle data (literature) using the geometric mean approximation ' geometric mean approximation 
' harmonic mean approximation ' Fowkes' plot 

Ethanol extraction removes the fatty substances fmm the fibre surface and significantly 
increases the surface tension of the natural fibres (figure 3). The flax, hemp and kenaf R1 
fibres will then have a surface consisting of pectin, lignin and some hemicelluloses [ll]. 
Cotton fibres mainly (2 95%) consist of highly crystalline cellulose, which will be exposed 
to the fibre surface after extraction of the waxy deposit, The surface tension of the flax, 
unretted hemp and kenaf R1 fibres attain a value of approximately 43 mN/m, whereas that 
of the r eed  hemp fibres is slightly higher (yS = 49.5 mN/m). This is probably caused by 
the higher uronic acid and thus higher pectin content of the former fibres (table 2). From 
the fact that flax R1 fibres possess a lower surface tension than flax R2 fibres (figure 4; 
R2 fibres are depectinized) it can be concluded that pectins have a lower surface tension 
than hemicelluloses. This is possibly due to a higher degree of orientation of hemicellulo- 
ses as compared to pectins. It has been demonstrated by several investigators that a higher 
degree of orientation yields a higher surface tension [1,2]. 

Defatted comn fibres, flax R3 fibres and Cordenka fibres a l l  possess a high surface 
tension. For these fibres we find a y.. of approximately 50 mNh.  This value is an 
estimation since exact determination of y.: of these fibres is impossible due to the fact that 
the value falls out of the range of surface tensions of 1-methyhaphtalene-octane mixtures. 
The calculated values for ys are between 65.2 and 66.1 m N h .  Literature data of yS for 
cellulose are between 54.4 and 68.7 mN/m I3.171. which agree very well with our results. 
Most literature values of y.: of cellulose are lower than the 50 mN/m we found. However, 
Luner and Sandell 121 found for highly oriented cellulose a y.: of 51 mN/m, which is close 
to our results. Flax, cotton and Cordenka cellulose all are highly crystalline I181 and are 
thus expected to have a high y.:. These results clearly a s s  the impoltance of methods 
that can be applied directly to fibrous materials. Measurements on films of Egenerated 
material do not provide meaningful information on material in its natural crystalline state. 
When fibres are applicated in their natural state (e.g. in composite materials), it is 
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mandatory to have information corresponding to this state. 
Figure 4 summarizes the surface tensions of the flax fibres used. Successive extractions 

of fats, pectins and hemicelldoses each time increase the fibre surface tension. The surface 
tension of the untreated fibres RO is comparable to that of waxes, that of the R1 and R2 
fibres falls within the range of those for hemicelldoses and lignin and the resulting R3 
fibres possess a surface tension similar to that of highly crystalline cellulose. Coating of 
flax fibres with CMC results in an increased surface tension, probably due to the introduc- 
tion of carboxylic groups on the fibre surface. A subsequent treatment with strearylamine 
reduces the surface tension to that of the untreated fibres RO. The resulting SA fibres will 
be coated with long alifatic chains which gives them a fatty character. 

CONCLUSIONS 

The fibre surface tensions determined by the newly developed floating test are in good 
agreement with literature data for surface tensions of the various fibre components. 
Untreated natural cellulosic fibres possess a low surface tension due to a waxy deposit on 
their surface. Upon extraction of fatty substances the surface tension significantly increa- 
ses. The surface tension attained depends on the chemical composition of the surface layer 
and varies from approximately 43 mN/m for fibres containing a considerable amount of 
pectin on their surface to 66 mN/m for fibres consisting of high crystalline cellulose. The 
effect of extractions and chemical modifications on the fibre surface tension can clearly be 
determined by this method. Since measurements on fibres in their natural natural state are 
possible, this method offers some clear advantages as compared to most existing methods. 
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ABSTRACT 

Cellulose based paper, manufactured by the Kraft process and impregnated with insulating 
oil, is widely used to insulate the windings of power transformers. Thermal ageing reduces 
the degree of polymerisation of the cellulose. At a DP of - 250, the strength is reduced to 
20% of its initial value and below 250 paper has no strength at all, leaving it susceptible to 
mechanical damage, which can lead to electrical breakdown and ultimately to failure of the 
eansformer. 

A simple statistical relationship, originally developed by Ekamstam in the 1930’s, can be 
applied to the kinetics of degradation and used as the basis for a model to estimate insulation 
life. The cumulative concentrations of cellulose degradation products in the oil can be used 
to indicate the current condition of the transformer insulation. 

INTRODUCTION 

The power transformer is the link between a power station and the outside world. It steps 
up the voltage from its generation level of 25 kV to the grid level of 415 kV in the UK. A 
typical 650 MVA unit costs f2M and takes 18 months to build. It contains some 12 tonnes 
of paper insulation wrapped around the windings some 30 to 120 pm thick and 45 tonnes of 
insulating oil, which also serves to cool the windings. The paper is manufactured to high 
standards of purity by the Kraft process and a typical composition is given in Box 1 .  
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Advantages of using paper are: . . it is cheap compared to synthetic 
polymers and 
it has excellent dielectric properties 
when impregnated with insulating oil. 
(The resistivity of the impregnated paper 
is greater than that of either of the 
components individually.) 

The disadvantages are: 

1 1 Characteristics of Kraft 
Insulating Paper 

Cellulose constitutes 85-90% of Kraft 
paper, 4 - 7% is lignin (a 
polysromatic hydrocarbon) and the 
balance is pentosans (lignocelluloses). 

The initial degree of polymerisation 
(DP) is 1200 to 1400, but this drops to 
-900 as a result of drying to a moisture 
level of <O.l%. 

I = it deteriorates with age and becomes 
brittle, which makes it susceptible to 
defibrillation and tearing 
in fully sealed transformers, the paper becomes saturated (up to 8% by weight) wjth 
water formed during thermal degradation, which increases its conductivity. 
in free breathing transformers, the rate of ageing can be accelerated by the ingress 
of oxygen, which has a maximum solubility in oil of some 30,000 ppm 

. 
Failure of the transformer can occur when: . . . paper fibres, or torn pieces, enter and block the oil stream, reducing cooling 

wet, conducting fibres bridge conductor gaps and generate a short. 
water is released from the insulation when the temperature rises, for instance during 
overload conditions, causing the formation of conducting gas bubbles and leading 
generally to thermal instability. 

Many of the transformers operating today were installed in the 1960’s and 1970’s, with a 
life expectation of 25 - 40 years. In a review of transformer experience in the U.K. prior 
to privatisation, it was found that 50% of power transformers will have reached their 
intended life by the year 2000 (1). A similar picture is found in most of the developed 
countries. 

The modern transformer operator needs methods of 
a) assessing the current condition of his units 
b) monitoring them for signs of failure and 
c) predicting their future life expectancy. 

Current research is aimed at providing these tools. Many factors influence the life 
expectancy of a transformer, including electrical loading, mechanical movement of windings 
during temperature cycles, changes in compliance in the windings - leading to distortion and 
the build up of moisture and oxygen, which accelerates ageing. The ultimate life of the 
transformer is determined by the life of its insulation, unless other factors cause it to fail 
early. In order to predict life expectancy, a kinetic model of degradation is required under 
conditions relevant to transformers. To provide methods of monitoring degradation, a 
knowledge of the mechanisms of degradation, the distribution of degradation products and 
the rate at which they form is required. This paper discusses the development of such 
models in terms of our current knowledge of cellulose degradation kinetics and mechanisms. 
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THE PREDICTION OF INSULATION LIFE EXPECTANCY 

A Historical Perspective of degradation of cellulose in oil 

In the first reported studies of degradation of paper in oil, paper, 5Opm thick, was degraded 
at temperatures in the range 90 "C to 140 "C and changes in degree of polymerisation @P) 
measured as a function of time (2). The data were originally analyzed in a half life, kinetic 
model. They were subsequently re-analyzed by Fallou (3), who showed that they could be 
represented by a plot of the number of bonds broken per thousand against time. However, 
the resultant graph displayed a discontinuity, requiring two straight lines, which she 
attributed to a change in mechanism. 

Further systematic studies of the change in DP of paper degraded in oil and the effects of 
water and oxygen have been published since. Schroff and Stannett (4) plotted log DP 
against time and obtained lines, which became linear after an initial period of curvature, but 
did not extrapolate through the origin. 

Other workers have presented kinetics 
based on DP measurements and some 
have shown an apparent change in the 
activiation energy above about 130 "C 
and postulated a change in mechanism 
(5, 6,7,8, 9,10,11). These and other 
results will be discussed again later. 

Statistical Modelling of Random 
Degradation Kinetics 

In the mid 1930's Kuhn and co- 
workers (12) investigated the 
degradation of cellulose from a 
theoretical statistical viewpoint. Their 
work was later developed into a 
kinetic model for the degradation of 
linear polymers by Ekamstdm (13). 
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The model has been widely applied to 

conditions of acid and alkaline 
hydrolysis and, in some cases to 
thermal degradation. It has not 
generally been tested for the degradation of cellulose under oil. 

the degradation of cellulose under Figure 1 of the Ekamtam 
Equation to the Degradation of Cellulose in 
Oil (replotted from Fabre and Pichon (2)) 

The derivation of the equation is based on the assumption that the rate of degradation is first 
order rate with respect to the number of inter monomer linkages. That is, that the rate of 
degradation at any time is directly proportional to the number of unbroken bonds available 
at that time. 
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118 Structure and reactivity of cellulose 

The derivation of the rate equation can be found in most polymer textbooks and is briefly 
summarised in the Appendix. The final format is: 

The Ekamstam equation is strictly applicable only in the following circumstances: . the polymer chain is linear and of high molecular weight 
the polymer is monodisperse and the products of scission are themselves long chain 
molecules 
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Figure 2 The influence of (a) Temperature 
and (b) Water on the Degradation of Paper 
in Oil (replotted from Schroff and Stannett 
(4)) 

. there is a low degree of chain 
end-chopping . there is no loss of monomer 
units during scission. 

The Applicatioh of the First 
Order Model to Degradation In 
Oil 

The original data of Fabre and 
Pichon have been replotted in 
Figure Z according to the 
Ekamstam equation. The results 
are substantially straight lines, 
which pass through the origin. 
Closer inspection reveals a 
tendency to lower rates of reaction 
at longer times at temperatures 
< - 130 "C and to higher rates of 
reaction at temperatures above 
about 130 "C. 

The data of Schroff and Stannett 
have also been replotted in 
Figures 2a and 26. Again good 
straight lines are obtained passing 
through the origin. Figure 2a 
shows the effects of temperature 
on the degradation rate and Figure 

2b shows the effects of increasing the moisture in the paper from < 0.5% to 4%. 

Other available data, for degradation under oil, when replotted in the same form, show good 
agreement with the Ekamstam equation (14). There is a clear tendency to increasing rates 
of reaction in some data at 140 "C and above, which may be indicative of autocatalysis Of 
the reaction by water formed during the degradation process, Other data show the deviation 
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to lower rates of reaction previously 
noted in the data of Fabre and Pichon 
at temperatures < 120 "C. 

These observed deviations may be 
explained by inhomogeneity of 
degradation of the paper, e.g. rapid 
degradation of the amorphous regions, 
or of the larger molecules, followed 
by a reduction in rate as the relative 
degree of crystallinity increases. 

A Unified Model for the Kinetics of 
Degradation 

It can be shown that the Ekamstam 
equation can be applied to cellulose 
degradation kinetics reported in the 
literature under a wide variety of 
conditions, including degradation in 
air, oxygen, vacuum and acid and 
alkaline solution. The rate constants 
thus obtained are plotted against 
temperature in Figure 3 in the familiar . 

Arrhenius format. 

The data can be divided into five sets 
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Reciprocal arnperarurc, lOOOn< 

1. VThermally upgraded paper in dry oil 
2. A Kraft paper in dry oil 
3. 0 Paper I cotton in vacuo or nitrogen; or 

Kraft paper and I -2% H,O in vacuo 
4. Kraft paper and 1-2% H,O in oil; 

or paper I cotton in air 
5.  0 Kraft paper and 4% H,O in oil or vacuo; 

or cotton I paper in oxygen 
. x  Cotton in acid or alkali solution 

'igure 3 Analysis of Covariance of Rate 

2 Pre-exponential Factors from 
Analysis of Covariance of 
Degradation Rates 

Cinstants of Degradation of Cellulose 
from Random Chain Scission Kinetics 

according to increasing "susceptibility to 
degradation" of the cellulose or "potential for 
oxidation" of the environment. A 6th set has 
been obtained for degradation in acid and 
alkali, by extrapolation from rates measured 
at very much lower temperatures. These are 
not included in subsequent analyses, because 
of the large uncertainty in their values. 

Thermally upgrading of paper reduces its 
susceptibility to degradation. Water in oil, or 
the use of air or oxygen increase the potential 
for degradation. An analysis of covariance 
on the reaction conditions yields an activation 
energy of 11 1 Whole,  with 95% confidence 
limits on the mean of 106 and 116 W/mole. 
The pre-exponential factors and their 95% 
confidence limits, tabulated in Box 2, increase 
as the potential for oxidation of the reaction 
medium increases. 
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It seems likely that apparent changes in activation energy, measured during degradation in
oil by some workers (5 - 11) and referred to previously, arise as a result of a change in the
pre-exponential factor, rather than a change in mechanism. Build up of moisture in the
paper, which can occur as the products of degradation accumulate, could, for instance,
account for an increase in the pre-exponential factor. In other laboratory experiments under
gas or a vacuum, the water would be continuously removed. The solubility in oil is several
orders of magnitude less than that in paper, so the removal process is inefficient.

Although the data for acid and alkali degradation are not included in the analysis, they
clearly would fit the calculated activation energy, with a yet larger pre-exponential.

Insulation Life Prediction

Taking the case of an initial DP value
of 1000 and a final value of 200
respectively, the life equation can be
formulated as:

11010590 95 100

Temperature.Pt';

85

Figure 4 Insulation Life Prediction from
Cellulose Degradation Kinetics

Degradation rate constants can be obtained under operational conditions by extrapolation to
normal transformer temperatures. If values for the starting DP and final DP of the paper,
when the insulation is liable to fail, are assumed, then an estimate of total life expectancy

can be obtained. The limiting
minimum value of DP is a matter of
some debate, but Schroff and Stannett
(4) have shown that the tensile
strength of paper rapidly falls to zero
at a DP below about 200 to 250. At
this point therefore the paper becomes
susceptible to damage, as a result for
instance of movement of the windings
during a temperature excursion.

136000

life = 0.004 e -r- hours
A

Plots of insulation life against temperature are shown in Figure 4 for standard, Kraft
insulating paper in insulating oil, which is maintained dry throughout the life of the
transformer and for paper containing a constant 2% by weight of moisture. In both cases,
the temperature range is 80 to 110°C, which represents the upper limits of operation of a
typical transformer. The dashed lines are the errors one standard deviation from the mean.

Best estimates of insulation life, calculated this way, vary by less than a factor of 2, for any
closely defined condition. However, other uncertaintainties in the calculation, such as the
assumptions made with regard to the initial and final DP values, increase errors in the
predicted life. When all factors, including water and oxygen levels, are taken into account,
the total variation over all environmental conditions is a factor of 200, which highlights the
need for improved ageing models to be developed.
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MONITORING TRANSFORMER CONDITION 

Insulation condition monitoring 
generally relies on chemical 
analysis of the oil, because the 
inner regions of any 
transformer are difficult, if not 
impossible, to access. By far 
the most popular and successful 
method of condition monitoring 
has been analysis for dissolved 
gases such as hydrogen, 
methane, ethane, ethyne, 
carbon monoxide. That is to 
say small molecular products of 
degradation. This technique, 
however, suffers from the 
problem that the source of the 
gases is not uniquely 
identifiable, since they could 
also arise from the degradation 
of the oil. In recent years a 
complementary approach has 
begun to emerge. The oil is 
analyzed for products which are 
specific to the degradation of 
paper, such as 2-furaldehyde, 
methyl furfural and acetyl 

0 Kraft all wood paper 

H 60/40 manilla paper 

A Kraft paper t 1% water 

0 Kraft paper + 2 %  water 
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igure 5 Comparison of Initial Rates of 
furan. These and other similar 
compounds have been identified 
in cellulose degradation 
experiments under nitrogen and in vacuo (15-22) and have also been shown to be products 
of thermal degradation of the monomer unit, glucose (23-25). 

Formation of 2-Furaldehyde with the Activation 
Energy of Cellulose Degradation 

Polar products such as these can be separated from the oil and analyzed by high 
performance reverse phase liquid chromatography (HPLC). The method involves separating 
the products from the oil matrix, by adsorption on to a polar pre-column, extracting with 
acetonitrile/ water, and injecting on to a C,, column, using acetonitrile/ water as the mobile 
phase. The eluents all absorb in the UV and can be analyzed by using a fixed or variable 
wavelength UV detector. (26). 

2-Furfurnldehyde Formation Kinetics 

Laboratory experiments have been carried out to measure the formation of 2-furaldehyde 
and other products in a model transformer (1). Best estimates of initial rates of formation of 
2-furaldehyde are plotted in Figure 6 and a line with the same slope as the lines in Figure 4 
has been drawn through them. The close fit of the activation energy for cellulose 
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122 Structure and reactivity of cellulose 

degradation, calculated from changes in DP, with rates of formation of 2-furaldehyde seems 
to promise the possibility of a mechanistic relationship. 

Current research is aimed at establishing this relationship from improved kinetic 
measurements and a better understanding of the mechanisms of degradation. 

Systematic Studies of Operating Transformers 

Model laboratory experiments have been supplemented by a systematic study of a number of 
transformers over a period of 5 years. The work was carried out by the CEGB prior to 
privatisation. Three-specific paper 
degradation products were analysed for, as 
well as 3 products of degradation of 
phenol formaldehyde resins, which are 
also used to insulate transformers. 

Figure 6a shows the trends in a typical 
transformer. Levels of the paper 
degradation products are < 1 mg/l rising 
only slowly (0. I to 0.3 mg/l/y). Other 
paper degradation products such as 5- 
methyl-2-furfural and 2-acetyl furan are 
normally observed at levels < 0.2 mg/l. 

Higher levels of furfural (typically 2 to 
5 mg/l and rising more rapidly) were 
found at high paper temperatures in 
transformers operating towards the top end 
of their permissible temperature range. 

In comparison, Figure 6b shows the 
effects of a temperature excursion, arising, 
in this instance, as a result of failure of. 
the cooling circuit. The decrease in 
concentration after the fault was corrected 
also demonstrates the existence of a 
removal mechanism (decomposition, 
evaporation or adsormion in a cooler Dart 

Furfural - Acetyl Furan 
A Methyl Furfural 
0 Phenol 
0 m-cresol 
A Xylene 3.0 

7 7 . 0 ~  Overheating failure 

* t t  . 

of the circuit), which' will need to be ' 
accommodated in future kinetic modelling. 

CONCLUSIONS 

1. 

2. 

'igure 6 Cumulative Degradation 
Product Concentrations from Paper 
in Operating Transformers 

Degradation of cellulose determines the ultimate life of transformer insulation, 
although other factors may cause it to fail prematurely. 
The Ekamstam equation for the degradation of linear polymers by random chain 
scission can be applied to the degradation of cellulose over a wide range of 
conditions, including degradation in insulating oils. 
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3. 
4. 

5. 

A common activation applies independent of conditions. 
The rate of degradation increases with increasing "potential for oxidation" of the 
conditions, as a result of an increase in the pre-exponential factor of the reaction. 
By assuming a limiting minimum DP of 200, below which the paper strength 
decreases to zero, estimates of insulation life can be made under idealised, constant 
operational condition. 
Furan based products, which are specific to the degradation of paper in the 
transformer, can be detected in the oil and can, potentially, be used as indicators of 
the transformer condition. 
The temperature of the initial rates of formation of 2-furaldehyde is very similar to 
that for the decrease in DP of cellulose during degradation. Current research is 
aimed at establishing the relationship of these two factors, in order to devise a model 
of insulation ageing, which will provide the operator with a detailed picture of the 
condition of the insulation in his transformer. 

6. 

7. 
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APPENDIX 1. DERIVATION OF THE EKAMSTAM EQUATION 

If the initial number of molecules of polymer is initially 1, , then 

MO lo = No - Mo = No(l - -) 
NO 

1 
= No(l - -) 

DPO 
where 
DP, = initial degree of polymerisation 

No = the initial total number of bonds 
= the initial total number of monomer units and 

Similarly, the number of unbroken bonds remaining at time t is: 

1 1, = No(l - -) 
DP, 

If the rate of bond scission is proportional to the number of unbroken bonds remaining. 

dl 
dt 

-- = k .  1, 

so 

1, = roe 

logl, - logl, = -kt 

substituting for I, and I, 

1 1 log(1 - -) - log(1 - -1 = -kt 
DPt DPO 

If DP, and DP, are large this simplifies to: 
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17 Thermocatalytic destruction of cellulose 
G Dobele, T Dizhbite, G Rossinskaya, G Telysheva - State Institute 
of Wood Chemistry, 27 Dzgbenes str, LV 1006 Riga, Latvia 

ABSTRACT 

W i t h  t h e  aim of e l u c i d a t i n g  t h e  mechanism of a c t i o n  of 
d i f f  e r e n  t d e hyd r at i o n  c a t a l y s t s  d u r i n g  ce 1 l u  l o s e  the rma l  
d e s t r u c t i o n ,  t h e  s t r u c t u r e  and p r o p e r t i e s  of s o l i d ,  l i q u i d  
and g a s e o u s  p r o d u c t s  of c e l l u l o s e  p y r o l y s i s  w e r e  
i n v e s t i g a t e d  u s i n g  p y r o l y t i c  g a s - l i q u i d  ch romatography ,  ESF 
and X-ray p h o t o e l e c t r o n i c  s p e c t r o s c o p y ,  as wel l  as the rma l  
a n a l y s i s  methods.  I t  was e s t a b l i s h e d ,  t h a t  t h e  development 
of c e l l u l o s e  d e h y d r a t i o n  on low- tempera tu re  stages i n  t h e  
p r e s e n c e  of a d d i t i v e s  make it p o s s i b l e  t o  p r e d i c t  t h e  
b e h a v i o r  of  mater ia ls  i n  t h e  h i g h - t e m p e r a t u r e  r e g i o n .  

R e s u l t s  of  t h i s  work are u s e d  t o  o b t a i n  c e l l u l o s e - b a s e d  
ca rbon  materials and f o r  t h e  development  of p r a c t i c a l  
t e c h n i q u e s  of wood f i r e  p r o t e c t i o n .  

INTRODUCTION 

We have e s t a b l i s h e d  e a r l i e r  t h a t  t h e  p r o p e r t i e s  of 
c e l l u l o s e  c a r b o n i z a t i o n  p r o d u c t s  o b t a i n e d  i n  t h e  

125 
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126 Structure and reactivity of cellulose 

t e m p e r a t u r e  r ange  u p  t o  500oC, are  d e t e r m i n e d  by t h e  
i n t e n f ; i t y  of  intr8.-  anrJ i n t e r ~ i m l e c u l a r  dehyclrat  ion 
r e a c t i o n s .  T h i s  work s e t  o u t  t o  i n v e s t i g a t e  t h e  m e c h a n i s m  
of c e l l u l o s e  and wood m a t e r i a l s  t h e r m a l  d e s t r u c t i o n  a f t e r  
i n t r o d u c t i o n  of  d e h y d r a t i o n  c a t a l y s t s  p r o v i d i n g  sys t em 
t h e r m o s t a b i l i t y  i n  t h e  h i g h - t e m p e r a t u r e  r e g i o n  ( p h o s p h o r i c  
and b o r i c  a c i d s ,  ammonium c h l o r i d e ) .  

METHODS OF INVESTIGATION 

The o b j e c t  o f  t h e  i n v e s t i g a t i o n  - s u l p h a t e  c e l l u l o s e  
( c r y s t a l l i n i t y  index  0 . 6 5 ) .  P h o s p h o r i c  and b o r i c  a c i d s  and 
ammonium c h l o r i d e  (5% on DM) were i n t r o d u c e d  by c e l l u l o s e  
i m p r e g n a t i o n  w i t h  water s o l u t i o n s  (modu lus  1 : 5 ) .  

Dynamics of water e v o l v i n g  was d e t e r m i n e d  by s tepwise  
p y r o l y t i c  gas chromatography (SPGC). S o l i d s  a f t e r  c e l l u l o s e  
t h e r m a l  t r e a t m e n t  were a n a l y z e d  on t h e  unchanged 
g l u c o p y r a n o s e  u n i t s  c o n t e n t  pe r fo rmed  by s o l i d s  h y d r o l y s i s  
and t h e  consequen t  measurement of  g l u c o s e  y i e l d  by GLC 
method. 

ESR and X-ray p h o t o e l e c t r o n i c  s p e c t r o s c o p i e s  were a l s o  
used f o r  t h e  i n v e s t i g a t i o n  of  s o l i d s  s t r u c t u r e .  

RESULTS A N D  DISCUSSION 

I n v e s t i g a t e d  a d d i t i v e s  c a t a l y z e  d e h y d r a t i o n  of c e l l u l o s e  
d u r i n g  its t h e r m a l  t r e a t m e n t .  R e a c t i o n s  w i t h  w a t e r  e v o l v i n g  
a re  t a k i n g  p lace  i n  t h e  lower t e m p e r a t u r e  r e g i o n ,  water 
y i e l d  i n c r e a s e  as t h e  r e s u l t  of t h e  c a t a l y s t s  a d d i t i o n  i n t o  
c e l l u l o s e  ( T a b l e  1, F i g . 1 ) .  However, t h e  mechanisms of  
t h e i r  a c t i o n  a r e  d i f f e r e n t .  

As f o r  t h e  p h o s p h o r i c  a c i d  a c t i o n  mechanism, i t  is known 
t h a t  a s i d e  from h y d r o l y t i c  a c t i o n  t h i s  s u b s t a n c e  t a k e s  
a c t i v e  pa r t  i n  low- tempera tu re  d e h y d r a t i o n  r e a c t i o n s ,  
forming e s t e r s .  We have e s t i m a t e d  t h e  temperature r e g i o n s  
of phosphorus  bonds exis tence:  20-15OoC - hydrogen bonds ;  
180-35OoC - es t e r s ;  250-45OoC - p o l y p h o s p h o r i c  and h i g h e r  
t h a n  4 5 0 4  - phosphorus-carbon b o n d s .  
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T a b l e  1 
Water y i e l d  a t  c e l l u l o s e  h e a t i n g  up  t o  400oC 

Add i t i ve Water y i e l d ,  Z on DM 

None 
P h o s p h o r i c  a c i d  
B o r i c  acid 
Ammonium c h l o r i d e  

15 .1  
2 7 . 2  
19 .9  
2 0 . 4  

Water, mkg/mg 
60 1 

1 

- 2  

- 3  

- 4  

-c 

150 200 250 300 350 400 
Temperature, C 

F i g . 1 .  Water y i e l d  d u r i n g  c e l l u l o s e  p y r o l y s i s .  A d d i t i v e s :  1 
- NHaC1;  2 - H3P04; 3 - H3B03. 4 - i n i t i a l  c e l l u l o s e .  

B o r i c  a c i d  a c t i o n  is e x p r e s s e d  i n  c a t a l y s i s  of i n t e r -  
m o l e c u l a r  d e h y d r a t i o n  mos t ly  i n  t h e  low- tempera tu re  
r e g i o n .  C e l l u l o s e  d e h y d r a t i o n  unde r  ammonium c h l o r i d e  
a c t i o n  p r o c e e d s  by two s tages  ( F i g .  1 ) .  Most p r o b a b l y ,  i n  
t h e  f i r s t  s t a g e  ammonium c h l o r i d e  i n t e r a c t s  as a L e w i s  a c i d  
w i t h  OH-groups of t h e  py ranose  r i n g .  As a r e s u l t ,  water is 
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e l i m i n a . t e d  and d o u b l e  bonds form.  I n  t h e  s econd  s t a g e  t h e  
r e l a t i o n s h i p  between d e h y d r a t i o n  r e a c t i o n  and S c h i f f  b a s e  
f o r m a t  i o n  may be supposed .  

A s  well a s  t h e  o t h e r  d e h y d r a t i n g  a d d i t i v e s ,  p h o s p h o r i c  
and b o r i c  a c i d s  and ammonium c h l o r i d e  s u p p r e s s  l e v o g l u c o s a n  
f o r m a t i o n  and increa.se  t h e  y i e l d  of d e h y d r a t e d  1,6- 
a n h y d r i d e  - l evog lucosenone  ( T a b l e  2). However, d i f f e r e n c e s  
i n  t h e  mechanisms of t h e  a d d i t i v e s  a c t i o n  on c e l l u l o s e  
d e h y d r a t i o n  l e a d  t o  d i f f e r e n c e s  i n  a n h y d r i d e  f o r m a t i o n .  

T a b l e  2 
I ,  6 - a n h y d r i d e s  f o r m a t i o n  d u r i n g  c e l l u l o s e  

t re  a t  men t. a t  350oC 

Add i t  i v e  Y i e l d ,  % from a . d . s  

Levoglucosan Levog lucosenone  

None 1 0 . 1  0 . 6  
Phosphorus  a c i d  0 . 6  1 6 . 8  
B o r i c  a c i d  - 5 . 8  
Ammonium c h l o r i d e  - 4 . 7  

Maximum levog lucosenone  y i e l d  was n o t e d  a f t e r  a d d i n g  
p h o s p h o r i c  a c i d .  O b v i o u s l y ,  i t  is  p r o v i d e d  by p r o t o n a t i o n  
of  g l y c o s i d i c  bonds and low- tempera tu re  reac t  i o n s  of 
i n t r a m o l e c u l a r  d e h y d r a t i o n  t h r o u g h  t h e  f o r m a t i o n  and 
decompos i t ion  of  c e l l u l o s e  e s t e r s .  C o n t r a r y  t o  p h o s p h o r i c  
a c i d .  b o r i c  a c i d  is n o t  a b l e  t o  form ca rbon ium c e n t e r s  a t  
C 6  of t h e  p y r a n o s e  r i n g  w i t h  t h e  f o l l o w i n g  l i n k i n g  of 
anhydro bonds .  T h a t  is t h e  r e a s o n  t h a t  l e v o g l u c o s e n o n e  
f o r m a t i o n  i n  t h i s  c a s e  is n o t  s o  i n t e n s i v e .  I n  t h e  case of 
ammonium c h l o r i d e ,  h i g h  y i e l d  of l e v o g l u c o s e n o n e  is 
p r e v e n t e d  by low- tempera tu re  d e h y d r a t i o n  l e a d i n g  t o  d o u b l e  
bond f o r m a t i o n .  I t  is  a l s o  p o s s i b l e  t h a t  OH-groups a t  C 6  
a r e  a l s o  t a k i n g  p a r t  i n  t h e s e  r e a c t i o n s .  

The r a t e  of i nvo lvemen t  of c e l l u l o s e  g l u c o p y r a n o s e  u n i t s  
i n  d e h y d r a t i o n  and f r a g m e n t a t i o n  r e a c t i o n s  is t e s t i f i e d  by 
t h e  g l u c o s e  y i e l d  d u r i n g  t h e  h y d r o l y s i s  of solids a f t e r  
c e l l u l o s e  s tepwise t h e r m a l  t r e a t m e n t  ( F i g .  2 ) .  The a d d i t i o n  
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of p h o s p h o r i c  a c i d  l e a d s  t o  t h e  t o t a l  development  o f  t h e s e  
r e a c t i o n s  a t  275oC, compared w i t h  370OC f o r  t h e  i n i t i a l  
ce 1 l u  l o s e  

100 ............_...... 

... 

150 200 250 300 350 400 
Temperature, C 

1 

- 2  

- 3  

- 4  

-c 

F i g . 2 .  G lucose  y i e l d  a f t e r  h y d r o l y s i s  o f  c e l l u l o s e  
p y r o l y s i s  s o l i d s .  Legend t h e  same as i n  F i g . 1 .  

ESR spectra of c e l l u l o s e  t h e r m a l  t r e a t m e n t  s o l i d s  a r e  
caused  by t h e  p r e s e n c e  of s t a b l e  p a r a m a g n e t i c  c e n t e r s  (PMC) 
of  p o l y c o n j u g a t e d  systems (PCS), which a re  t y p i c a l  for 
pyropo lymers .  Degree of PCS development  I may be  
a p p r o x i m a t e l y  e s t i m a t e d  by t h e  q u a n t i t y  of  s t a b l e  PMC and 
t h e  d imens ion  of  non-pa i r ed  e l e c t r o n s  d e l o c a l i z a t i o n  area.  

The most l ow- tempera tu re  increase i n  s t a b l e  PMC q u a n t i t y  
was obse rved  a f t e r  ammonium c h l o r i d e  i n t r o d u c t i o n  i n t o  
c e l l u l o s e  ( F i f f .  3 ) .  A f t e r  p h o s p h o r i c  a c i d  i n t r o d u c t i o n  t h e  
i n t e n s i t y  of  PMC f o r m a t i o n  b e f o r e  400OC is s i g n i f i c a n t l y  
h i g h e r  t h a n  f o r  i n i t i a l  c e l l u l o s e .  The p r e s e n c e  of b o r i c  
a c i d  i n  c e l l u l o s e  materials l e a d s  t o  a d e c r e a s e  o f  t h e  PMC 
q u a n t i t y  i n  comparison w i t h  t h e  i n i t i a l  c e l l u l o s e  w i t h i n  
a l l  i n v e s t i g a t e d  temperature r a n g e s .  
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PMC, spin/g * 10-18 I 
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F i g . 3 .  S t a b l e  PMC c o n c e n t r a t i o n  i n  s o l i d s  a f t e r  c e l l u l o s e  
p y r o l y s i s .  Legend t h e  same a s  i n  F i g . 1 .  

I t  may be e x p l a i n e d  by t h e  i n h i b i t i o n  of f r e e  r a d i c a l  
r e a c t i o n s  and t h e  s u p p r e s s i o n  o f  water e l i m i n a t i o n  
r e a c t i o n s .  T h a t  is why t h e  r e b u i l d i n g  of t h e  s t r u c t u r e  of  
c e l l u l o s e  thermal t r e a t m e n t  p r o d u c t s  i n t o  p o l y c o n j u g a t e d  
s y s t e m s  g o e s  more s l o w l y .  

SUMMARY 

The mechanism of  a c t i o n  of t h r e e  t y p e s  of d e h y d r a t i n g  
a d d i t i v e s ,  chang ing  t h e  d i r e c t i o n  of c e l l u l o s e  thermal  
d e s t r u c t i o n  is i n v e s t i g a t e d .  I t  is e s t a b l i s h e d  t h a t  
p h o s p h o r i c  a c i d  i n  t h e  low- tempera tu re  s t e p  i n t e r a c t s  w i t h  
c e l l u l o s e ,  ma.ny times fo rming  e s t e r s ;  ammonium c h l o r i d e ,  
acting as a Lewis a c i d ,  c a t a l y z e s  e l i m i n a t i o n  r e a c t i o n s ;  
b o r i c  a c i d  a . c t ion  l e a d s  t o  t h e  f o r m a t i o n  of q u a s i a r o m a t i c  
s t r u c t u r e s  i n  t h e  h i g h - t e m p e r a t u r e  s t a g e s  of t h e  p r o c e s s .  
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18 Solubility of cellulose and its derivatives 
A M Bochek, G A Petropavlovsky and A V Yakimansky - Institute 
of Macromolecular Compounds of Russian Academy of Sciences, 
Bolshoi pr 3 1, St Petersburg, 199004 Russia 

One of the main problems in the field of chemistry and 
technology of cellulose is the search for new solvents. 
During the last decades many non-aqueous solvents of cel- 
lulose have been found experimentally. For some cellulose 
solvents (e.g., for N-oxides of tertiary mines) several 
criteria have been suggested which may be used to distin- 
guish mine oxides dissolving cellulose from non- 
dissolving ones [ I  ,21. Unfortunately, using known crite- 
ria, it is impossible to explain why some mine oxides do 
not dissolve cellulose. 

It is known that the process of polymer dissolution 
should be accompanied by a decrease in the free energy of 
polymer-solvent systems: AF = AH - TAS, where AF, AH, and 
AS are changes in the free energy, enthalpy, and entropy,. 
respectively. It seems to be useful to analyze the roles 
of the enthalpic and entropic contributions in the proces- 
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132 Structure and reactivity of cellulose 

ses of swelling and dissolution of cellulose in different 
solvents. One of the earliest criteria used to predict 
polymer solubility in any solvent is Hildebrandt ‘ s  solubi- 
lity parameter ( a ) ,  whlch is  connected wlth the value of 
the density of cohesion energy. 

Data about the 6 value for cellulose are controversial. 
Based on the data on cellulose swelling, the value of 6 = 
28.6 (J/c~~)‘/~ has been obtained [31. From the cohesion 
energy of cellulose in the crystalline region (E = 296 
kJ/mole) the value of 6 = 53.4 (J/C~~)’’~ has been found 
[41 .  

As the process of cellulose dissolution is usually con- 
nected with H-bond formatlon between the cellulose hydro- 
xyl groups and solvent molecules, one of the most impor- 
tant criteria of dissolving ability of any solvent is the 
value of the interaction energy of this solvent with cel- 
lulose which should be hlgher than the energy of intermo- 
lecular H-bonds in cellulose Itself. If the interaction 
energies of solvent molecules with each other and wlth 
polymer chains have close values, the possibillty of poly- 
mer dissolution should depend on the entroplc factor. 

The present paper is devoted to the study of energetic 
factors in the processes of cellulose dlssolution, namely, 
to the determination, both experimentally and theoretical- 
ly, of the minlmum energy of H-bond between cellulose and 
a sol- vent molecule which is sufficient f o r  cellulose 
dissolution, and also the factors, affecting the interac- 
tion between solvent molecules and cellulose hydroxyl 
groups. 

The 8 value for cellulose and dispersion (O& dipole- 
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Solubility of cellulose 133 

dipole (0 ), and H-bond (Oh)  contributions [ 5 1  to it have 
been determined. These characteristics have been calcula- 
ted using the extrapolation of Q values for cellulose ace- 
tates with different degrees of substitution (DS) to DS = 

P 

0 (Fig.1) [61. 

60 

40 

20 

This procedure has led to 6 = 56.2 

I I I I I L 

1 2 DS 

Fig.1. Values of 6 ( o ) ,  6d (x), 6 ( o f ,  Oil (A) for cellu- 
lose acetates vs their DS. P 

J, 6 =35.9, 6h= 42.2 (J/cm3)’/*1. using the expres- 
sion 6h=(l{/vm)1/2 it has been found that the energy of 
one H-bond in cellulose Eh= 25.2 kJ/mole. It should be 
noted that the obtained Eh value is significantly higher 
than the known values of inter- and intramolecular H-bonds 
in cellulose [71. 

Using the semiempirical MNDO method [81, quantum chemi- 
cal calculations of electron structure parameters of dif- 
f erent mine oxides and their interact ion energies with 
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water molecule (simulating hydroxyllc group of cellulose) 
have been carried out [91. Cohesion energies of mine 
oxides in the form of dlmers, ECoh, have been calculated 
according to the scheme, proposed in [ to1  (Figs.2,3): 

Fig.2. Geometry of H-bon- Fig.3. Dimer model of hetero- 
ded complex. cyclic amine oxide [ 101. 

As seen from fable 1 , there Is a correlatlon between the 
dipole moments of heterocyclic amine oxldes and their dls- 
solvlng ability. It has been suggested H I  that an amine 
oxide should have p 4 . 5  D In order to be a cellulose sol- 
vent. However, for  aliphatic tertiary amlne oxides such a 
correlation is absent. The results of ow quantum chemical 
calculations show [91 that for all amine oxldes studied, 
capable of dissolving cellulose, the energy Eh of their 
H-bond with OH-group is higher than 25.0 kJ/mole, i.e. the 
value of one H-bond in cellulose itself found from the 6h 
value [61. 

It is known that the processes of the'lnteraction of 
amine oxides with cellulose are exothermic. However, the 
polymer dlssolution occurs only on heating the solvent- 
polymer system. The data presented in Table' 1 permit us to 
explaln this fact. Only f o r  MMNO the Eh and Ecoh values 
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Table 1. Parameters characterizing dissolving ability of 
different mine oxides with respect to cellulose. 

Dissolving Dipole 
Amine oxide ability moment Eh Ecoh9 

I.19 D kJ/mole kJ/mole 
[91 [91 

Trime t hylamine 
N-oxide (TMANO ) not diss. 5.14 28.9 43.9 

Trie thylamine 
N-oxide (TEANO ) diss. 4.52 25.9 40.5 

Met hylmorphol ine 
N-oxide (M"0) diss. 4.25 25.5 26.4 

E t hylmorphol ine 
N-oxide (EMNO) not diss. 4.12 23.9 26.4 

Morpholine 
N-oxide (MNO) not diss. 4.05 18.4 

are close to each other. In the case of TMANO and TEANO 
value is noticeably higher than the Eh value. the Ecoh 

Therefore, on heating, first of all, the destruction of 
amine oxide structure occurs (entropic factor) leading to 
a decrease in the Ecoh value of the solvent, and then the 
cellulose dissolution processes develop. It is possible to 
change mine oxide structure and to decrease their Ecoh 
value adding a definite amount of water to them. As a re- 
sult, a substantial decrease in the melting temperature is 
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observed for MMNO, while TEANO in the monohydrate form is 
liquid at room temperature. This conclusion is confirmed 
by the fact that with a decrease in water content in TEANO 
below 4 mass.% system completely loses its ability to dis- 
solve cellulose [ 11  1. Only temperature increase is insuf- 
ficient in order to decrease the Ecoh values of aliphatic 
amine oxides, TMANO and TEANO, down to the values close to 
Eh or lower. Therefore, f o r  these two amine oxides the 
content of water in them is of great importance. It should 
be noted that TMANO on heating and adding water to it does 
not dissolve cellulose. It is probable, that in the regi- 
ons of temperatures and water concentrations in T W O  stu- 
died it is impossible to decrease the Ecoh value down to 
the value of H-bond TMANO-cellulose. 

Based on the experimental data presented and results of 
theoretlcal calculatlons It is  possible to conclude that 
cellulose may be dissolved by amine oxides with Eh>25.0 
kJ/mole. Moreover, the conditions of the dissolution pro- 
cess should provide the value of cohesion energy of solv- 
ent molecules Ehe5.0 kJ/mole. 
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19 Derivatisation of cellulose in homogeneous 
reaction 
M Diamantoglou and E F Kundinger - Akzo Faser AG, D-63784 
Obernburg, Germany 

Abstract 

The suitability of the DMAdLiCl and NMPLiCl solvent system has been investigated for 
derivatising cellulose homogeneously to esters, carbamates, ethers and deoxycellulose 
compounds. High molecular weight cellulose (DP > 1OOO) dissolves totally after activation in 
aqueous alkaline solutions. The degree of substitution can be controlled over a wide range for 
all investigated reactions. High yields of the reagents have been achieved for acid anhydrides, 
acid chlorides, isocyanates and epoxides. Ketoesters are generated readily from fatty acid 
chlorides and tertiary amines. Deoxycellulose derivatives can be synthesized easily from 
cellulose organosulfonic acid esters in the presence of halogenic or pseudohalogenic anions. 
Potential applications of the products as absorbents and medical membranes are described. 

1 Introduction 

The known technical processes for derivatising cellulose proceed heterogeneously or start 
heterogeneously and are completed homogeneous when during the reaction soluble products 
are generated. The synthesis of cellulose acetate in methylene chloride is a well known 
example. The expected advantages of the homogeneous reactions compared to heterogeneous 
reactions are: 

- the control of the desired degree of substitution (DS), - a uniform distribution of substituents along the polymer chain, - a high yield of the reactants, - negligible side-reactions and - new derivatives. 

Only a few of the multitude of solvents of cellulose mentioned in the literature are practically 
suitable for the following reasons: Many solvents react with the chemicals which are required 
for modifying cellulose, others degrade cellulose extensively. Philippl reviews in detail 
solvents for cellulose and their suitability as reaction media. Some examples shall be 
mentioned here: 
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- N2O4 in aprotic dipolar solvents like DMSO, DMF, Pyridine, 
- Formaldehyde or paraformaldehyde in DMSO, DMF, DMAc or NMP, 
- Quaternary ammonium salts like N-ethylpyridiniumchloride, 
- Amine oxides of various tertiary amines like N-methylmorpholine-N-oxide, 
- Dimethylacetamide/LiCI or N-methylpyrrolidoneKiCl. 

To us, the solvent system consisting of dimethylacetamide or N-methylpyrrolidone and 
lithium chloride (DMAcLiCI and NMPLiCI) seemed to be most promising as both solvents 
are highly suitable media for chemical reactions and cellulose is dissolved only physically. 
We have studied the reaction of cellulose to 

* carboxylic acid esters and ketoesters, 
* organosulfonic acid esters, 
* deoxycellulose derivatives, * carbamates and, 
* ethers 

in these solvent systems2 in the last few years and some new results will be reported. 

2 Preparation of cellulose solutions and their properties 

For dissolving cellulose in DMAdLiCI or NMPLiCl it is important to preactivate the 
polysaccharide. Water (liquid or vaporous), liquid ammonia, DMAc or NMP are therefore 
described in the literature3. These fluids are well suited for activating cellulose with an 
average degree of polymerization (DP) below 1000. High molecular weight cellulose (DP > 
IOOO) dissolves only partly under these conditions. Therefore, we searched for an activation 
method suitable for a fast and total dissolution of cellulose of a wide range of DP. Aqueous 
solutions of various organic and inorganic bases as well as inorganic salts have been evaluated 
and compared with the known activating media. We have tested the various agents by 
dissolving the activated cellulose in DMAcLiCl (below 60 OC) and are inspecting the 
solutions with a view to clarity and change of the DP of cellulose. 

By microscopic inspection of cellulose solutions it is difficult to define representative samples 
and quantify the results. Measuring the turbidity of cellulosic solutions in DMAcLiCI proved 
to be suitable. (Instrument: Turbidity photometer LTP 3, Dr. Lange, Germany; measuring 
range: 0 to 100 turbitity units; measurements against a standard solution: 10 grams 
hexamethylenetetramine p.a. or 1 gram hydrazinium sulfate pea. in 100 ml of destilled water. 
The state of dissolution is better the lower the measured units are.) 

Representative results are shown in table 1. Low molecular weight cellulose (DP c 1OOO) is 
sufficiently activated by the known agents. Typically, after 5 h the turbidity has decreased to 
10 to 4 units. The solution of cellulose of DP > 1300 preactivated in these media contains a lot 
of undissolved fibrids even after 24 h, and at a low concentration of cellulose of 2.5 % . If 
such a cellulose is preactivated in 20 % aqueous NaOH at 20 OC for 4 h, it dissolves nearly 
totally within 5 h. The dissolution can be further improved by milling the cellulose 
beforehand. In all cases the DP of the activated and dissolved celluloses decreases hardly 
compared to the original material. 

The solution viscosity rises dramatically when the DP or the concentrations of cellulose or the 
concentration of lithium chloride are increased. The solution viscosity strongly declines as the 
temperature rises. Thus, at an appropriate temperature relatively concentrated cellulosic 
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solutions (DP < 600, concentration up to 12 %) can be obtained and handled by standard
laboratory equipment. Extruders or kneaders are not required. However, it has to be kept in

Table 1. Activation media and solubility of cellulose.
Icellulose

tvDe
cavaaonmeCllum oncen ra on 0 so Ullon 'Ii> UrD'OIlY lIItsr Dmss apssa j./I"\l.i.uen,

tvoe onc.l% Cellulose UCI DMAc 5 h 1 d 2 d 3 dafter 5 h
IPUlp
DP =675

IDMAC 0 ( 1'0 8 _~
water 5 7 88 7 -- 1-- 670
a ueous UOH 5 5 7 88 8 650
a ueous NaOH 5 5 7 88 4 ._=-r-- 600
a ueous II.OH 5 5 7 88 4 585
a ueous UCI 5 5 7 88 _ 8 _. -"630
a ueaus MgCI 10 5 7 88 10 620
a usous znCl .. 10 5 7 88 7 - ----sao
a usous NaSCN 10 5 7 88 9 660

Irr.=====~a ~dlsthanolamlne 10 5 7 88 9 650
Iunters c <:,0 L.llIl,;l n.m n.m n.m n.m 1<:<:U
DP = t325 c (2) 2,5 7 90,5 n.m 80 35 21 1140

water 2,5 7 90,5 n.m n.m n.m n.m 1320
aaueous UOH 10 2,5 7 90,5 20 15 t2 8 1210
aaueous NaOH 20 2,5 7 90,5 60 50 42 35 1200
aQueous NaOH (2) 20 2.5 7 90 5 6 4 3 2 1100
a ueousKOH 20 2,5 7 905 18 13 6 4 1150
a ueous UCI 20 2,5 7 90 5 n.m n.m 95 46 1280
a ueous Mac I 20 2,5 7 90,5 n.m n.m n.m n.m 1240
a ueous Zne 20 2,5 7 90 5 n.m n.m n.m n.m 1150
a ueous NaSCN 20 2,5 7 90 5 n.m n.m n.m n.m 1300

.~~.s 20 25 7 90 5 n.m n.m n.m n.m 1300
Iunters 2,0 (W,O n.m n.m n.m
DP = 2,5 7 90,5 n.m n.m n.m 10 3870

aaueous NaOH 2 20 2,5 7 90,5 n.m n.m n.m 3 3100
IIaaueous KOH 2) 20 25 7 90 5 n.m n.m n.m 5 3050

(1): Gona,uonsS88 texr, \<:1: MI ea CSIIU ose. UI": egree 0 PCIYmensanon. n.m.: "'0 meaeureere,

mind that cellulose solutions are stable for a longer period of time only at temperatures below
60 °c (fig. 1). Above 60 0C the degradation of the polysaccharide increases rapidly as the

Fig. 1: Viscosity and Degree of Polymerization (DP)
- Temperature at Constant Treatment Time (24h) -
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temperature rises. It is therefore necessary to optimize the temperature for the reactions 
described below. 

The solutions of cellulose in NMPLiCl behave similarly to those in DMAcLiCI. However, at 
20 OC the solution viscosity for the same concentration of cellulose and the same DP is 
significantly higher in the NMPLiCl solvent system. But it is more sensitive to temperature 
changes. 

In the literature, combinations of I X 1  and alkyl or alkylene ureas as well as N-methylca- 
prolactam are mentioned as solvents for cellulose, too. They dissolve only small quantities of 
cellulose and are therefore in our opinion unsuitable for technical processes. 

3 Homogeneous Reactions of cellulose in DMAcLiCI or NMPLiCl 

3.1 Carboxylic esters of cellulose 

Carboxylic esters of cellulose have been synthesized in the solvent system with well known 
acylating agents like acid chlorides or mono or dicarboxylic acid anhydrides: 

Cell-OH (R-C0)20 
catalyst 
__* Cell-0-CO-R 
base 

Cell-OH + R-COCI d Cell-OCO-R (2) 

,c=o 
Cell-OH + R\ 0 

C = d  

catalyst 
d Cell-0-CO-R'-COOH (3) 

We aimed at maximizing the yield of reactants and optimizing the control on the DS over a 
range as wide as possible. Therefore, we have investigated the following reaction parameters: 

a) catalysts, 
b) acylating agents, 
c) reaction time and temperature and 
d) DP of cellulose. 

The reaction procedure has been previously described in detail ', 

The reaction is catalyzed by acidic or basic substances (table 2). The catalytic effect of acids 
decreases in the sequence: 

perchloro > methanesulfonic > sulfuric > formic acid. 

Alkali acetates are efficient catalysts, too. The degree of substitution (1)s) goes up with 
increasing basicity of the salt e.g.: lithium c sodium c potassium acetate, although sodium and 
potassium acetate dissolve hardly in DMAdLiCI. Higher concentrations of alkali salts result 
in higher yields as shown for example for potassium acetate. The highest DS is achieved with 
triethylamine (TEA) and 4-dimethylaminopyridine (DMAP). However, these catalysts have to 
be used in stoichiometric quantities with regard to acid anhydrides. Compared to acidic 
catalysts the basic reactants degrade cellulose significantly less under similar reaction 
conditions. 
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The heterogeneous acylation of cellulose by known technical processes proceeds always to
the triacetate which is afterwards hydrolyzed to the desired DS. In contrast to that, the

9poy9y 9

Table 2. Decree of acetvlation. - tvoe and concentration of catalvsts.
c;ellulose: Pulp, DP - 630.
Reaction conditions: 1) 6 h @ 70 dea. C 2) 15 h @ 20 dea. C.

Molar ratio c;atalyst 05 Yield
AGU: acetic Type Molar ratio 1%
anhvdrlde mol/mol anhvdrlde

1 : 1 - - 0,25 25
1 : 1 Formic acid 0,02 0,37 37
1 : 1 Sulfuric acid 0,02 0,43 43
1 : 1 Methanesulfonic acid 0,02 0,55 55
1 : 1 Perchloric acid 0,02 0,56 56
1 : 1 Potassium acetate 0,05 0,70 70
1 : 1 Triethylamine 1,00 0,85 85
1 : 1 4-Dlmethylpyrldine 1,00 0,87 87
1 : 3 - - 1,20 40
1 : 3 Formic acid 0,02 1,57 52
1: 3 Sulfuric acid 0,02 1.75 58
1 : 3 Perchloric acid 0,02 2,35 78
1: 3 lithium acetate 0,05 1,50 50
1 : 3 Sodium acetate 0,05 2,30 77
1 : 3 Potassium acetate 0,05 2,40 80
1: 3 Potassium acetate 0,02 1,90 63
1 : 3 Trlethvlamine 100 285 95

AGU: Anh dro lucose unit. DP: De ree of I merisatlon. OS: De ree of substitution.

homogeneous reaction can control exactly the molar ratios of acid anhydride and
anhydroglucose units and therefore the DS Wu:ing the esterification. We have come to this
conclusion after investigating the reactions of cellulose with succinic, maleic, phthalic and
acetic acid anhydride (fig. 2).

32
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The acid anhydrides reveal different reactivities which Increase significantly In the series:
succinic < maleic < phthalic < acetic anhydride.

The OS rises significantly with Increasing reaction temperatures and levels off after some
time. However, care has to be taken as cellulose degrades rapidly to rather low molecular
weight derivatives above 100 0c.

It is also possible to process high molecular weight cellulose smoothly to derivatives of high
OS and OP (table 3).

fdf II I'dC bTable 3. ar oxvlic aCI esters 0 ce Uose vs. egree 0 cowmensa Ion.
IMalar rano annyaroglucose unit: anhydride - 1 : 4.
Catalyst: Potassium acetate, 0,08 mollmol anhydride.
Reaction conditions: 1\ 6 h (Q) 70 dea. C 2\ 15 h @ 20 dea. C.
ICellulose Irvpe Of ester

Acetate Pr~ionate

Type OP OS OP OS OP
ILinters 3700 2,60 1720 2,65 1730
Unters 1140 2,80 980 2,90 1010
Pulp 1270 2,70 1020 2,95 1050
Pulp 630 295 570 300 580

DP: Degree of poivmensanon, 08: Degree a subsutunon.

The reaction of ceIlulose with stearic acid chloride in OMAClLiCI In the presence of an
inorganic or organic basic saIt like lithium, sodium, potassium carbonate or lithium, sodium,
potassium acetate results exclusively in the corresponding stearic ester according to eq. 2 (R =
C 17H3S)' If a tertiary amine like triethylamine is used, a mixture of ester and ketoester is
obtained. We propose the following reaction scheme:

(4)
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The reaction scheme is supported by the methanolysis of the mixed esters and their separation 
by gel chromatography (fig. 3). 

F I B .  I :  P t w n i t n w w  T.RI.CIIIIOIII\'I~X;I~~~IIY 

colIllnll, I in t 2 ni, 11) 2 5 / 2 6  itmi 
S t n t .  Plinset Seplindcx 1.11-20 
Moll. I'liasc/Ylow rate: C1I2CI2, 2 i n l / i n l i i  

I I 

6 8 10 

3.2 Organosulfonic acld esters of cellulose 

Alkyl or aryl sulfonic acid esters of cellulose are easily obtained by reacting the dissolved 
polymer with sulfonic acid chlorides in the presence of a base according to eq. 5 .  

base 
Cell-OH + R-SO2C1 - Cell-0-SO2-R ( 5 )  

The reaction of cellulose with toluene sulfonic acid chloride (TsCI) and TEA has been studied 
in detail. 

The reaction proceeds similarly to that of carboxylic acid chlorides. However, we surprisingly 
detected substantial amounts of chemically bound chlorine in the products. When we varied 
the process conditions we observed the following behaviour: At temperatures below 15 OC 
and reaction times shorter than 10 h only cellulose toluenesulfonic acid ester resulted. At 
higher reaction temperatures and longer reaction times increasing quantities of chlorine were 
found in the derivative. We have come to the conclusion, that the cellulose tosylate formed 
initially reacts further with lithium chloride to chlorodeoxycellulose and lithium 
toluenesulfonate according to eq. 6. 

Cell-0-SO2-R + X- _I* Cell-X ( 6 )  

X = Halogen or pseudohalogen 

The progress of the reaction as a function of temperature and time of reaction is shown in 
figure 4. Increasing temperature enhances the reaction speed and the yield of both subsequent 
reactions. The same is true for a molar excess of TEA to TsCl (fig. 5). If other halogens or 
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pseudohalogens are present in the reaction mixture the respective derivativcs of  
deoxycellulose are generated as by-products. In our opinion the high reactivity of fhe chloride 

Fig.4: Yield of Cellulose Tosylate and Chlorodeoxycellulose 
- Reaction and Temperature and Time - 

& - - - 1 p- - 8- - - - - - - - & - - - - - - - - - -A 7BC 
I 

I \ 
I Chlorine 

A 
A - - I4 SBC 

Molar ratio Cell: TsCl : TEA = 1 : 1.5 : 2 

-* 7BC 

0 I 1 

0 

il 
5 10 

Time ur reaction days 
15 

Fig 5: Yield of Cellulose Tosylate and Chlorodeoxycellulose 
- Triethylamine (TEA) Concentration and Temperature - 

1 
Molar ratio CelluloseflsCl 0.667 TEA 
Reaction Temperature 25°C concentration 

(I) n 

0 

a 
5 10 

Time 3: reaciion days 
15 

anion is due its poor solvation in aprotic dipolar solvents like DMAc. Chloride and similar 
anions then behave as strong nucleophiles. 

These deoxycellulose derivatives may either directly or after their separation and purification 
be further processed to reactive products containing e.g. amino or mercapto groups. Thus, the 
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DMAcLiCl solvent system presents a versatile method for synthesizing various 
deoxycellulose derivatives of rather high DS easily and of any DP desired. 

3.3 Carbamates of cellulose 

Cellulose carbamates should be achievable according to eq. 7. The reaction conditions arc 
similar to those of the esterification. 

catalyst 
Cell-OH + R-NCO ____* Cell-0-CONH-R ( 7 )  

We have found that mono- and diisocyanates react easily with cellulose in DMAc/LiCl to the 
respective carbamates, especially in the presence of a catalyst. It is obvious that diisocyanates 
lead to crosslinked derivatives. The DS can be controlled by choosing an appropriate molar 
ratio of isocyanate and anhydroglucose unit. As mentioned before, the DP of cellulose does 
not decline if the reaction mixture is kept at relatively low temperature and basic catalysts are 
used. 

With monoisocyanates cellulosic carbamates of high DS have been achieved (table 4). The 
yields correspond to the reactivity of the isocyanates. The reaction products stay in solution. 
Therefore, the solutions can be directly spun e.g. into filaments or membranes according to 
established wet spinning procedures. 

Table 4. Reaction of cellulose and isocyanates. 
Cellulose: Pulp, DP = 630. 1 

I Molar ratio anhydroglucose unit : isocyanate = 1 : 3. I Catalyst: Pyrldine, 10 wt. % of isocyanate. 
Reaction conditions: 
Isocyanate lpellulose carbamate 

24 h @ 80 dep. C. 

we number 
I 1718/cm ""{+ R5 1726/cm 
1 -- -1 - -  I 

I A- Tnlvl - 73 I[ 1.951 1714/cm . -  
45 II 1:35i 1714/cm I 

P: Degree of polymerisation. DS: Degree of substitution. 

3.4 Ethers of cellulose 

Ethers of cellulose should be formed by reactions according to eqs. 8 and 9. 

Baee 
Cell-OH + R-X - Cell-0-R ( 8 )  

X = Halogen 
catalyst 

Cell-OH + R-CH-CH2 - Cell-O-CH2-CH(OH)-R (9) 
'0' 

The reaction of cellulose with chloroacetic acid and a series of epoxy compounds in the 
presence of bases and catalysts has been investigated (table 5). 

�� �� �� �� ��



150 Derivatives of cellulose and their properties

In the case of chioroacetic acid we aimed at a water soluble CMC of significantly lower OS
than technical products have. Similar concentrations as in the technical but heterogeneous

9

b hII Ifa e ers 0 ce u ose »V omoaeneous reaction.
cellUlose: Pulp. OP =' 630.
Reaction conditions: 6 to 48 h @) 70 dea. C.
;Reagent Molar rallo Base ellu ose ether

Yleld/~AGU: reaaent TVDe Conc./ mol OS
Chloroaeet e acid 1: 1.5 L10H 30 <0, <
Chloroacetlc acid 1: 1,5 NaOH 30 <0 <
3-HvdrolCYpropytene oxide 1: 1,0 NaOH 05 050 50
Propvlene oxide 1 : 1,0 NaOH 05 -~~.. 55
EDlchlorohvdrln 1 : 1 0 TEA 2,0 048 ~
2,3-Epoxypropyltrfmethyl-
ammonium chlo'rlde 1: 1 0 NaOH 05 042 42
A~U: AnhYdroglucose unit. 01': Degree ot polymerization. OS: De ree of SU 18Iltutlon.

T bl 5 Eth

CMC-process have been chosen. A reaction temperature of 70 °c and a reaction time of 6 h
and the use of powdered NaOH or other more soluble bases like lithium hydroxide. quaternary
ammonium bases like tetramethyl-. tetraethyl-, benzyltrlmethyl ammoniumhydroxide or
triethylamine did not lead to a water-soluble product. The OS stayed always below 0.1
compared to 0.8 of the technical CMC.

We conclude that the synthesis of cellulose ethers according to eq. 8 in the solvent system
DMAclLiCI is principally possible. However, the yields are rather limited compared to the
homogeneous synthesis of cellulosic esters.

Catalysed by bases epoxy groups react significantly better with cellulose. The reaction
mixtures were always gel-like at the end of the process.

4 Properties and applications of the derivatives

Cellulosic esters of monocarboxylic acids synthesized in DMAclLiCI swell characteristically
in water or physiological liquids depending on their OS. In figure 6 the retention of water and

Fig. 6: Fluid Retention of Cellulose Esters
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n = 9  

" ' 0  

synthetic urine by cellulose acetate, proprionate and butyrate is shown as a function of the DS. 
The measurements have been performed according to DIN 53814. At a low DS the capacity 
for retaining fluids increases steeply, reaches a sharp maximum, and then decreases again. 
The absorption maxima are specific for each substituent. The longer the chain of the 
carboxylic acid the lower is the maximum swelling of the corresponding cellulose ester and 
the DS at which the maximum occurs. Those products which swell largely in water and 
physiological fluids may be used as biologically degradable absorbents e.g. in hygienic 
applications. 

Derivatives of cellulose become increasingly important for the production of membranes for 
hemodialysis. We have intensively investigated the biocompatibility of various cellulose 
derivatives as a function of the DS. The cellulosic products have been either spun to flat or 
capillary membranes directly from the DMAdLiCl solution or after being isolated, purified 
and redissolved. Complement generation (C5a) and thrombogenity (platelet count, TAT) have 
been measured as representative parameters of the biocompatibility by convenient "Elisa 
tests" (Behring-Werke, Germany). 

The influence of the type of modification and DS has been demonstrated for cellulose acetate, 
propionate, butyrate and stearate (fig. 7). 

Acelale: R < -CH , 
FI 

P 

FI 

Propionete: R c -(cH,), -CH, 

Bulyrate: R C -(CH,), -CH, 

Stearate: R c -(cH,),, -CH, 

Fig. 7: Reduced C5a-Generation by Neutral Cellulose Esters 
- Flat Sheet Membranes, in vitro - 

9 

0 0.5 1 1.5 2 2.5 3 u -  

%e Degree of substitution DS 

As the graph shows, C5a reduction of a membrane is strongly influenced by the modification 
of cellulose. At increasing degrees of acylation the C5a reduction increases to a different 
extent depending on the type of ester groups. Above a certain DS a C5a reduction of nearly 
100 % can be achieved. The value of DS and the width of the minimum (shown in the figure 
as a maximum) is a characteristic for each cellulosic derivative. With increasing chain length 
of the ester group the CSa-minimum shifts towards lower DS. For the examples shown in 
figure 7 the optimal DS are: 

propionate: DS = 1,8. 
butyrate: DS = 1,O. 
stearate: DS = 0.05. 
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152 Derivatives of cellulose and their properties 

At a DS beyond the optimum range the C5a activation increases again. 

It is known that membranes of unmodified cellulose behave excellently with respect to 
thrombogenity. Therefore, we aimed at keeping the thrombogenity unchanged while we 
modified the polysaccharide. For cellulose propionate the relationship between the mentioned 
parameters of biocompatibility and DS are shown in fig. 8. 

Fig. a: Biocom patibility of Cellulose Propionate 
- Flat Membranes, in vitro - 
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Only within a specific range of DS, which for the individual esters is differently broad, the 
biocompatibility parameters C5a reduction, PC and TAT of the modified membranes meet the 
requirement. In case of the propionate the optimum is in the range of 1.5 < DS < 2.2. The 
wider the range of suitable DS the safer the biocompatibility parameters can be maintained 
constant during the production of such membranes. Similar relations have also be found for 
cellulosic ethers and carbamates. We have come to the conclusion that the type of substituent 
&the DS are the determining factors for the biocompatibility of a cellulosic membrane. 
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ABSTRACT 

After some comments on the scope of our 13C liquid NMR spectroscopic 
investigations as well as on advantages and problems of 13C NMR application 
in cellulose chemistry, recent results on the regioselective sulfation and 
phosphatation of cellulose under homogeneous conditions of reaction are 
presented, employing cellulose trinitrite, trimethylsilyl cellulose of varying DS 
and partially substi tuted cellulose acetates. The effects o f  type  of  
intermediate as well as of type and amount of esterifying agent on final 
substituent distribution are described and probable reaction mechanisms are 
discussed. 

INTRODUCTION 

Modern techniques of instrumental analysis play an increasing part in today’s 
cellulose chemistry, requiring a close and well-balanced cooperation between 
the organic cellulose chemist and the method-oriented analyst. This is 
realized in our research on cellulose dissolution and derivatization by the joint 
work of our NMR group and two groups of organic cellulose chemists from 
Teltow-Seehof and the University of Jena. 
Recent topics investigated by 13C liquid NMR spectroscopy were 
(i) the course of cellulose dissolution in several derivatizing and non- 

derivatizing solvent systems with the results being summarized in [l 1, 
153 
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154 Derivatives of cellulose and their properties 

(ii) the determination of total and partial DS values of numerous stable 
cellulose esters and ethers, presented together with data published by 
other groups in a review now in press [21, 
the in situ study of cellulose esterification and etherification, using 
inorganic solvent systems under homogeneous or quasi-homogeneous 
conditions of reaction, centering on the problem of regioselectivity of 
substituion within the anhydroglucose unit (AGU). 

After some comments of a more general nature on the advantages and 
problems of applying high resolution liquid 13C NMR spectroscopy in cellulose 
chemistry, the subsequent contribution presents recent NMR spectroscopic 
results on regioselective sulfation and phosphatation of cellulose under 
homogeneous conditions via unstable intermediate derivatives. 

(iii) 

SOME COMMENTS ON ADVANTAGES AND LIMITATIONS OF 13C NMR 
APPLiCATlON IN CELLULOSE RESEARCH 

The cellulose molecule which is composed of C, H and 0 atoms is very 
suitable for the investigations by 'H and 13C NMR spectroscopy in the solid 
state as well as in the liquid state after dissolution. 
Our subsequent investigations were carried out by 13C NMR measurements 
in the liquid state only. 
In contrast with the complicated and overlapping signals in the 'H NMR 
spectra of dissolved cellulose in the 13C NMR spectrum only six signals are 
observed for the anhydroglucose unit. 

c - 3 , 5  

1 
105 100 95 90 05 00 75 70 65 60 pprn 

Figure 1. 13C NMR spectra of cellulose dissolved in LiCI/OMAC and 
cadoxen (a: cellulose in LiCVDMAC, b: cellulose in cadoxen) 

For example, in the 13C NMR spectrum of unsubstituted cellulose dissolved in 
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a non-derivatizing solvent like LiCVdimethyIacetamide or cadoxen (see Fig. 1 
we find signals only at characteristic chemical shifts: the C-1 signal on the 
lowest field about 103 ppm, the C-4 signal at 80 ppm, the signal for the C-2, 
C-3 and C-5 groups in the range between 74 and 77 ppm and for the C-6 
signal at the highest group field at 60 ppm. 
For NMR investigations we used cadoxen especially for cellulose derivatives 
which are not completely soluble in water. 
The derivatization of cellulose by etherification and esterification leads to  
significant changes in the chemical shifts of the cellulose C-atoms. The 
signals of the directly bound C-atoms 2, 3 and 6 are moved downfield 
between 2 and 10 ppm depending on the nature of the substituent. 
But also the signals of the neighbouring C-atoms 1, 4 and 5 show a change 
in chemical shift, in this case an upfield shift between 1 and 4 ppm. Only 
after complete substitution in the positions C-2, C-3 and/or C-6 we find six 
signals again in the spectrum. But more frequently the situation of partial 
substitutions at the different sites of the AGU is given. This results in an 
increase of the number of signals in the spectrum corresponding to  the 
existence of substituted and unsubstituted positions. 
Two problems limit the use of the 13C NMR spectroscopy in cellulose 
chemistry: the limited solubility of the cellulose materials and the high 
viscosity of the cellulose solutions. These lead to long accumulation times 
due to  low polymer concentration and to a broadening of the signals. 
Principally two routes for the reduction of viscosity and for the improvement 
of the solubility were employed. The first one is the degradation of stable 
cellulose ethers by means of acid hydrolysis with trifluoro acetic acid. In the 
13C NMR spectrum of the degraded cellulose sample we can observe a 
mixture of substituted and unsubstituted monomer units which used for 
cellulose esters with DS up to 1. This partial degradation appear as Q and f l  
anomers. The second is the mild enzymatic degradation results in a mixture 
of monomer and oligomer fragments and therefore in an increase of  the 
number of signals in the spectrum. 

The principal information available from the 13C NMR spectra in cellulose 
chemistry are 
(i) to confirm whether or not a covalent substitution has occurred, 
(ii) the determination of the position and distribution of substituents 

within the anhydroglucose unit, 
(iii) the calculation of the total and partial degree of substitution (DS) on 

the basis of quantitative signal evaluation. 
Furthermore 13C NMR spectroscopy can help to elucidate the mechanism of 
reaction depending on the conditions of the synthesis. 
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13C NMR INVESTIGATION ON REGIOSELECTIVE DERIVATIZATION OF 
CELLULOSE VIA UNSTABLE CELLULOSE INTERMEDIATES 

The central topic of our recent work was a study of homogeneous 
derivatization of cellulose via unstable cellulose intermediates. The main point 
of this work was the formation of water-soluble cellulose sulfates. Cellulose 
sulfates can be obtained by use ot three different unstable cellulose 
intermediates, namely cellulose nitrite, silyl cellulose and cellulose acetate. 

By means of 13C NMR spectroscopy we investigated the intermediates, the 
reaction systems after esterification in situ and the isolated final products 
dissolved in water or aqueous sodium hydroxide. 
Our 13C NMR results on the formation of cellulose trinitrite on the dissolution 
of cellulose in the aprotic system N,O,/DMF and the subsequent sulfation 
with SO, via transesterification have already been presented in several 
publications 13, 4, 51. 

Homogeneous sulfation o f  cellulose in the silyl cellulose system 
The formation of silyl cellulose of different DS takes place on the dissolution 
of cellulose in the (CH,),SiCI/NH,/DMF system 161. 
The result is a preferential substitution in the C-6 position and after complete 
C-6 substitution the secondary positions were attacked by the reagent. For 
the subsequent homogeneous sulfation in this system we discuss an insertion 
mechanism. The silyl ether group is the direct place of reaction. We assumed 
that the SO,group occupies the position between cellulose and the TMS 
group. Therefore the DS and the distribution of the substituents of cellulose 
sulfate is determined by the DS and the distribution of the silyl groups in the 
TMS cellulose. 
By means of our 13C NMR investigation of the reaction mixture in situ we 
obtained strong evidence for the insertion mechanism. 
In Figure 2 the 13C NMR spectra of TMS cellulose and of the reaction mixture 
are presented. The 13C NMR spectrum of TMS cellulose in DMF with DS 
1.5 shows a complete C-6 substitution and a partial substitution in C-2 (see 
Fig. 2a). In the spectrum of the reaction mixture of TMS cellulose in DMF and 
SOJDMF in situ before desilylation, we can observe changes in the chemical 
shifts especially at the C-6 signal compared to the spectra of TMS cellulose 
and cellulose sulfate (see Fig.2b). So we find in addition to a small signal of 
the C-6,,, also a large signal of the insertion species for C-6S.TMS. In 
comparison with the 13C NMR spectrum of the isolated cellulose sulfate the 
signal of the C-6 position in the reaction mixture shows an upfield shift of 
1.5 ppm. The reason for this upfield shift is obviously the +I-effect of the 
TMS substituent which leads to  an increase of the electron density and 
therefore to a higher shielding at the nuclear site. 
The formation of cellulose sulfates occurs after subsequent desilylation in the 
presence of water. 
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c- 1 c-4 

C-2.3,S 

C-&, 

100 90 80 70 60 ppm 

Figure 2. Comparison of the 13C NMR spectra of TMS cellulose in DMF 
and the reaction mixture of TMS cellulose and SO,/DMF in situ 
(a: TMS cellulose, b: reaction mixture) 

The 13C NMR spectra of a sulfation series of TMS cellulose with DS of 2.4 
and different amounts of sulfating agent (SO,) dissolved in THF demonstrate 
that the amount of sulfating agent determines the DS and the distribution of 
substituents in the cellulose sulfates also (see Fig. 3). So we can recognize 
the increase of the substitution in C-6 and in C-2 indicated also by the 
splitting of the C-1 signal, with the amount of SO,. In Figure 3a the 13C NMR 
spectrum of cellulose sulfate shows only a preferential C-6 substitution. At  
twice the amount of sulfating agent a complete substitution in C-6 and a 
partial substitution in C-2 can be observed (see Fig. 3b). A considerable 
increase of  sulfating agent leads to a complete substitution in the positions 
C-2, C-3 and C-6 and therefore also to an attack of the free OH groups (see 
Fig. 3d). 

Homogeneous sulfation of cellulose in the acetate system 
Cellulose acetate is the borderline case between unstable and stable 
derivatives which we used as an intermediate for the homogeneous sulfation 
and phosphatation of cellulose. 
The 13C NMR spectra of commercial cellulose acetates with DS of 2.0 and 
2.5 show a rather equal distribution of substituents in the positions C-2, C-3 
and C-6. A subsequent sulfation with SO, results also in a rather equal 
substituent distribution without regioselectivity 171. 
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C - 2 . 3 . 5  
c-4 I, 

C-2 .3 .5  
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110 100 90 80 7 0  60 porn 

Figure 3. 13C NMR spectra of cellulose sulfates produced from TMS 
cellulose and different amounts of sulfating agent SO, 
(a: 1.65 mol SO,, b: 3.3 mol SO,, c: 5.8 mol SO,, d: 9 mol SO,) 

The acetate substituents act here as protecting groups and only the free OH- 
groups were esterified. 
Start ing f r o m  cellulose tr iacetate w e  succeeded in  regioselect ive 
deacetylation in the positions C-2 and C-3.  On this basis we can prepare 
regioselective cellulose sulfates substitued in C-2 and C-3 positions. 
Figure 4 shows the comparison of the 13C NMR spectra of regioselective 
deacetylated cellulose acetate with DS of 0.55 (see Fig. 4a) and the 
corresponding cellulose sulfate with DS of 1.9 after complete deacetylation 
(see Fig. 4b). The sulfation of the deacetylated product with i ts residual 
acetate groups mainly in the C-6 position leads to  a cellulose sulfate with 
complete substitution in the (2-2 position and a partial substitution in the C-3 
and the C-6 positions. As a special advantage of this route the introduction 
of sulfate groups in the C-3 position must be mentioned. 
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c-4 
1 c-3.5 

n 

100 90 60 70 60 ppm 

Figure 4. 13C NMR spectra of regioselective deacetylated cellulose acetate 
and the corresponding cellulose sulfate 
(a: cellulose acetate, b: cellulose sulfate) 

Cellulose phosphates 
Water-soluble cellulose phosphates were obtained for the first time by 
homogeneous phosphation of commercial cellulose acetates with DS of 2 
with poly phosphoric acid as the phosphating agent. 
From the 13C NMR spectrum in Figure 5 a preferential C-6 substitution can be 
observed by means of the additional signal for the substituted C-6 atom at 
63 ppm while the C-2/C-3 region remains unchanged. 
The phosphation of regioselective deacetylated cellulose acetates did not lead 
to water-soluble products. 

C-2,3,5 

100 90 80 70 60 m n  

Figure 5. 13C NMR spectrum of cellulose phosphate dissolved in D,O 
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CONCLUSIONS 

Our investigations on homogeneous sulfation and phosphation of cellulose 
demonstrate the efficiency of conventional 13C liquid NMR spectroscopic 
techniques for studying regioselective cellulose derivatization in situ. By the 
13C NMR spectroscopic determination of partial DS values a quantitative 
assessment of the degree of regiosetectivity depending on reaction conditions 
can be performed as a basis for deriving a suitable route of synthesis to 
realize the substituent distribution intended. Furthermore, via the changes in 
number and position of the signals and via the partial DS values information 
on the probable mechanism of reaction becomes available. 

A still open problem is the distribution of substituents along the cellulose 
chain . As a promising route to solve this problem we consider a combination 
of the NMR spectroscopy with the modern methods of chromatography. 
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21 Investigations on homogeneous synthesis of 
carboxy group-containing cellulose derivatives 
and the determination of the substituent 
distribution using HPLC 
T J Heinze, U Erler and D Klemm - Friedrich Schiller University of 
Jena, Humboldtstrasse 10, D-07743 Jena, Germany 

ABSTRACT 

A new procedure for the determination of the substituent pattern of carboxymethyl 
cellulose (CMC) by means of high-performance liquid chromatography is described. 
CMC samples synthesized in the cellulose solvent LiCl/N,N-dimethylacetamide contain 
a significantly higher amount of tricarboxymethylated as well as unsubstituted units in 
the cellulose chain than those obtained in a slurry of cellulose in isopropanoVwater. The 
heterogeneous carboxymethylation is mainly determined by statistics. Regioselectively 
2,3-O-substituted CMC are available for the first time by carboxymethylation of 6-0 
trityl cellulose and subsequent detritylation. 

INTRODUCTION 

The carboxymethylation of cellulose represents the most versatile method for the 
synthesis of carboxy group-containing cellulose derivatives. Commercial carboxy- 
methyl celluloses (CMC) with a degree of substitution (DS) in the range fiom 0.4 to 1.3 
have already found a widespread use in the food and coatings industry, for example. At 
present, they are manufactured under heterogeneous reaction conditions in a slurry of 
isopropanoYwater with monochloroacetate and sodium hydroxide [ 1 1. 
The aim of this work was the determination of the substituent pattern of CMC by 
means of high-performance liquid chromatography (HPLC) as well as the synthesis of 
CMC samples with different substituent distribution. Such CMC should provide a better 
understanding of structure-property relations. 

161 
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METHODS 

HPLC equipment. a pump with analytical head, an injection valve with 20 pl sample 
loop and a differential refractometer for analytical use, all manufactured by KNAUER. 
The data control and analysis system was a HPLC softwarelhardware package 
(KNAUER) with interface, 12 bit analoddigital converter and personal computer. For 
the HPLC analysis the CMC was hydrolyzed with 80 YO (v/v) H2SOq within 12 h at 
room temperature and after tenfold dilution with water 5 h at 100 "C. The solution was 
neutralized with CaC03, and the CaSOq formed separated by filtration. 
For the homogeneous carboxymethylrtion 1 g of cellulose (spruce sulfite pulp) was 
dried at 100 "C for 1 h and suspended in 60 ml DMAc. The suspension was kept at 
130 "C for 2 h under stirring. The slurry was allowed to cool to 100 "C where 3 g of 
anhydrous LiCl was added. By cooling down to room temperature under stirring the 
cellulose dissolved completely. After standing overnight, a suspension of dried NaOH 
powder in DMAc, followed by a suspension of dried CICH2COONa. After various 
reaction times (see table 1) at 70 "C (bath temperature) the reaction mixture was cooled 
down and precipitated into 300 ml ethanol. The precipitates were filtered off, dissolved 
in water, neutralized with acetic acid and reprecipitated into ethanol, separated, washed 
with ethancl and dried in vacuum at 50 "C. 
For the crrboxymethylation of trityl cellulose 10 g of trityl cellulose was dried at 
55 "C in vacuum and dissolved in 250 ml DMSO under stirring. After standing 
overnight a suspension of 24 g NaOH powder in DMSO, followed by a suspension of 
56 g ClCH2COONa in DMSO were added. After various reaction times (15 - 33 h) at 
70 "C (bath temperature) the reaction mixture was cooled down and precipitated in 
2000 mi acetone. The precipitates were filtered off, suspended in water and neutralized 
with dilute HCI. After centrifugation the product was washed with water as well as with 
ethanol and dried in vacuum. 

RESULTS AND DISCUSSION 

High-perfrtnnnce liquid chromntography (HPLC) 

In a previous paper we have reported that the HPLC analysis of hydrolyzed cellulose 
methyl ethers represents a rapid and convenient method for the determination of the 
substituent pattern of the polymer [2]. Based on these results we examined this method 
for analysing CMC. For this purpose a controlled degradation of the polymer chain to 
the corresponding monomeric units was achieved by solvolysis with sulhric acid. 
Subsequent removing of most of the H2SO4 as CaS04 after neutralization with CaC03 
gives solutes which were analyzed directly by HPLC. A separation on a polystyrene- 
based strong cation-exchange resin with 0.01 M H2SO4 as the eluent results in the 
elution pattern shown in figure 1. 
As confirmed by comparison with standard compounds, separation of 2,3,6-tri-O- 
carboxymethyl D-glucose (figure 1, lJ, groups of di-0-carboxymethyl (2,3-, 2,6-, and 
3,6-O-substituted, 2) and mono-0-carboxymethyl D-glucoses (2-, 3-, and 6-0-  
subsituted, 3) as well as of unsubstituted D-glucose (5) was achieved. Additional peaks 
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in the range from 5.17 to 5.45 min result from inorganic salts. Furthermore, 3 minor 
additional peaks were observed which orginate from 0-carboxyrnethyl glucose lactones. 
The lactones may be formed during hydrolysis and/or sample concentration. 

J 

I I I I I I 

5 10 15 20 
Time / min 

- 1 2,3,6-tri-O-carboxymethyl 
D-glucose 

- 2 2,3-; 2,6-; 3,6-di-0- 
carboxyrnethyl D-glucose 

- 3 2-;3-;6-mono-0-carboxymethyl 
D-glucose 

- 4 D-glucose 

Chromatographic conditions 
65 OC 
0.01 M H2SO4 
0.5 mllmin 

Figure 1. 
HPLC analysis of a carboxymethyl 
cellulose sample (DS, = 1.44) after 
hydrolysis on a cation-exchange 
resin (Bio-Rad Aminex HPX-87H). 

0 Mono - 0 - corboxymelhyl glucoses 

0 DI- 0-corboxymehyl glucoses 

0 5  10 15 2 0  2 5  

DS I IPLC 

Figure 2. The mole fractions of D-glucose, the mono-0-carboxymethyl D-glucoses, the di-0- 
carboxymethyl D-glucoses, and the 2,3,6-tri-O-carboxymethyI D-glucose in hydrolyzed CMC 
samples (heterogeneous synthesis) plotted as a function of the total DSHPLC. The curves are 
calculated (see text). 
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The quantitative analysis of the mole fractions obtained with 10 CMC samples [3] are 
graphically displayed as a fhction of the total DS (figure 2). 
The curves in figure 2 are calculated on the basis of a statistical model for the 
arrangement of substituents in cellulose derivatives proposed first by Spurlin in 1939 
[4]. The model assumes that no preference of any hydroxyl group exists and the relative 
reactivities of the three hydroxyl groups in the anhydroglucose unit (AGU) are constant 
throughout the reaction and are independent of the DS of the cellulose chain or of the 
state of substitution of another position within the same AGU. Summarizing these 
assumptions, the following binomial distribution results: 

Ci = (:) (DS/3)k ( I -DS/3)3-k 

q: . inole fractions 
k: 
DS: 

number of substituents per AGU 
average degree of substitution of the CMC 

The good agreement of the mole fractions determined with those attained by the model 
indicates that the heterogeneous carboxymethylation is mainly determined by statistics. 

1" I 

Figure 3. 
13C-NMR spectrum 

CMC sample (hetero- 
100 90 80 70 60 6 ppm geneous synthesis). 

I , I I I 1 of a hydrolysate of a 

At present, I3C- as well as IH-NMR spectroscopy of hydrolysates of CMC are the 
most common methods for the determination of the substituent pattern. This method 
results in direct information on the substituent distribution within the AGU at the 0-2, 
0 - 3  and 0 - 6  atom I S ] .  From a typical spectrum it can be concluded that the CMC 
synthesized under heterogeneous conditions possesses a distribution in the order 0-2 > 
0-6 > 0 - 3  (figure 3). These findings agree well with the results of other research 
groups [6]. 
For the determination of the mole fractions, however, an additional complicated 
mathematical process with the 120-line I3C-NMR spectra has to be camed out [7]. 
From this point of view the two methods complement each other very well. 

Cnrboxymethylntion of cellulose dissolved in UCVR, N-dimethylncetamide 

As listed in table I the carboxymethylation of cellulose dissolved in LiCI/N,N- 
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dimethylacetamide (DMAc) was carried out by reacting cellulose with a 2 to 5 molar
excess of monochloroacetate and with a 2 to to molar excess of NaOH powder which
were slurried in the reaction mixture usually at 70°C for 10 to 72 h. The reaction starts
as a homogeneous one and proceeds further in a highly swollen state.

Table 1. Degree of substitution and polymer content of CMC obtained by carboxymethylation
of spruce sulfite pulp dissolved in LiCIIDMAc (reaction temperature 70 ·C).

Molar ratio Reaction time Degree of substituion Polymer
AGU:CICH?COONa: Uranyl- HPLC content

NaOH (h) method (%)

1:2:4 10 0.24 0.33 92
1:2:4 48 0.90 1.13 66
1:2:6 27 0.60 0.68 84
1:3:6 48 1.44 1.67 82
1:4:2 67 0.65 0.92 72
1:4:8 24 0.99 1.29 91
1:4:8 48 1.47 1.88 73
1:4:8 72 1.60 1.84 69
1:5:10 48 1.62 2.07 73

• Glucose

a Mono-O.carboxymethyl glucases

o Oi- 0- carboxymethyl glucoses

• Trl- 0- carboxymethyl glucose

0.7

0.6

0.5

a 04
n
,g 0.]

.!!
o
% 0.2

0.1

o
15

OSIlPLC

2.0 2.5

Figure 4. The mole fractions of D-glucose, the mono-O-carboxymethyl D-glucoses, the di-O
carboxymethyl D-glucoses, and the 2,3,6-tri-O-carboxymethyl D-glucose in hydrolyzed CMC
samples (carboxymethylation of cellulose dissolved in LiCIIDMAc) as a function of the total
DSHPLC. The curves are calculated (see text).

In order to investigate the influence of this reaction condition on the substituent pattern,
we examined the CMC samples with the help of the HPLC method described. In
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comparison with the CMC synthesized under heterogeneous conditions a significant 
increase in the formation of tricarboxymethylated units occurs (figure 4). On the other 
hand, the mono- and di-0-carboxymethylated units are formed in a smaller amount. As 
a consequence, a higher content of unsubstituted units exists provided comparable DS 
values are considered. That means that the reaction conditions drastically influence the 
proportion of the mole fractions. The comparison of the substituent distribution within 
the AGU as revealed by 1 3 C - M  spectroscopy shows, however, no significant 
differences between samples obtained in heterogeneous and homogeneous 
carboxymethylation reactions. 

Cnrboxymethylntion of cellulose vin 6-0-tnphenylmethyl celldose 

For the synthesis of CMC with a uniform distribution of substituents within the AGU 
we therefore investigated carboxymethylation reactions of organo-soluble 6-0- 
triphenylmethyl cellulose (trityl cellulose, figure 5 ) .  
The tritylation of cellulose was carried out in LiCV DMAc at 70 "C using pyridine as a 
base according to [8]. The selectively 0-6 tritylated products were carboxymethylated 
in dimethyl sulfoxide in the presence of NaOH powder within 15 to 30 h at 70 O C .  

Under these reaction conditions the trityl ether bonds are stable. Subsequent 
detritylation with gaseous HC1 in methylene chloride within 45 min yields the 
corresponding carboxymethyl celluloses. The products obtained are soluble in dilute 
aqueous sodium hydroxide yielding the corresponding sodium salts which are water- 
soluble. 
The mixed ethers (carboxymethyl trityl celluloses) are insoluble in water as well as in 
the common organic solvents, but swell strong in ethanol. in the FTIR spectra they 
show the typical peaks at 1610 and 1410 cm-I of the carboxylate group as well as at 
3085,3055 and 1500 cm-1 of the aromatics. In the detritylated product the peaks of the 
aromatics do not exist any more. Furthermore, the detritylation yields to the conversion 
of the carboxylate group to the free carboxylic acid form shifting its IR adsorption from 
1610 cm-1 to 1720 cm-l. 

Figure 5. Reaction scheme of the carboxymethylation via 6-0-triphenylmethyl cellulose. 
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In order to get information on the substituent pattern using the HPLC method described 
a detritylation is not necessary. During hydrolysis of the polymer chain with sulfbric 
acid a simultaneous removal of the trityl ether group takes place. 
Figure 6 shows examples of the elution pattern obtained. It can be concluded that the 
carboxymethylation of trityl cellulose yields to a preferred formation of disubstituted 
units as observed at the high intensity of peak 2. A remarkable presence of 
tricarboxymethylated units can be detected if the DST~~,,,~ is smaller than 1. In the case 
of a complete protection of the primary OH-group only a very small amount of 
trisubstituted units of 1.5 mol % according to a DScMc at the 0-6 atom of 0.01 can be 
observed. It should be mentioned that the HPLC analysis is suitable for the 
determination of very small contents of substituents. 

2 

li 
I I I ;I .r 

- I 2,3,6-tri-O-carboxy- 
methyl 0-glucose - 2 di-0-carboxymethyl 
D-glucoses 

- 3 mono-0-carboxy- 
methyl D-glucoses 

4 D-glucose 

Chromatographic 
conditions: 
65 OC 
0.01 HpSO4 
0.5 mllmin 

Figure 6. Examples of the HPLC analysis of 0-carboxymethyl-6-0-triphenylmethyl celluloses. 

In the 13C-NMR spectrum of the water-soluble sodium salt of the CMC two signals in 
the range of the C=O signals at about 178 ppm occur (figure 7). In addition, a down- 
field shift of both the C-2 and the C-3 atoms takes place. It can be concluded that a 
preferred 2,3-0  carboxymethylation was achieved. The additional very small peak in the 
C=O double bond region may indicate a small 6-0 carboxymethylation in agreement 
with the results of the HPLC analysis. So, a 2,3-di-O-carboxymethyl cellulose is 
available for the first time. 
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1 l , l , l , l ,  
179.38 176.95 100 90 80 70 60 6/ppm 

Figure 7. 3C-NMR spectrum of a 2,3-di-O-carboxyme!hyl cellulose sample in D20 recorded 
on a VARIAN Unity 400 spectrometer (accumulation number: 4000). 
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22 Preparation of new unsaturated 
polysaccharide derivatives and investigation of 
crosslinking reactions 
D Klemm and S Vogt - Friedrich Schiller University of Jena, 
D-07743 Jena, Germany 

ABSTRACT 
Soluble unsaturated polysaccharide esters and ethers have been prepared 
by homogeneous acylation of cellulose acetate and amylose with alkylhalf 
esters of maleic acid in presence of tosyl chloride as well as by addition of 
acetylenedicarboxylic acid methyl ester onto cellulose and amylose dis- 
solved in DMAcLiCl. The acylation of sodium carboxymethyl cellulose 
was carried out with maleic anhydride in a swelling system of p-toluene- 
sulfonic acid and aprotic dipolar solvents. Layers and gels of the 
unsaturated polysaccharide derivatives are crosslinkable by radical 
initiation as well as by UV irradiation. 

INTRODUCTION 
Cellulose esters and ethers are important polymer materials in lacquers, 
biocompatible coating compositions, separation membranes and thin films 
for sensor applications. To modifL typical properties of these materials we 
are interested in the synthesis and characterization of unsaturated soluble 
and film-forming polysaccharide esters and ethers crosslinkable by 
chemical reactions or irradiation. As unsaturated units in polysaccharide 
modification we used especially furanes, sorbates, acrylates and maleates. 
The presence of a second carboxyl function in the maleic acid 
derivativesis of importance in view of the modification of the polymer 
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properties by introduction of further substituents as well as by subsequent 
reactions. 
The present paper reports synthesis pathways to maleic acid derivatives of 
common polysaccharides and initial investigations of their crosslinking 
behaviour. As shown briefly in figure 1 new unsaturated esters and ethers 
of cellulose, celluloseacetate, carboxymethyl cellulose and amylose have 
been prepared under homogeneous conditions or in a high swollen state 
starting from maleic acid half esters, maleic anhydride and acetylenedi- 
carboxylic acid methyl ester. 
To obtain analytical information by conventional NMR spectroscopy 
polysaccharides with low DP-values in the range of 120 to 300 have been 
preferably used. 

A 0 

H$OH 
,,+O-R 

n 
U 

H3COOC-C C-COOCH, 

I 
I 

Cellulose acetate, Na-CMC 
amylase / 

I 
Cellulose, 
amylose 

Ester Ether 

Figure 1. Synthesis pathways and types of prepared unsaturated 
polyglucan derivatives. 

CELLULOSE AND AMY LOSE ESTERS OF MALEIC ACID HALF 
ESTERS 

Commercial cellulose acetate (DS 0.96) dissolved in DMF ( 1  g in 13 mi) 
reacts in the presence of tosyl chloride with the free carboxyl groups of 
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maleic acid half esters prepared from maleic anhydride and aliphatic 
alcohols with different length of the alkyl groups. The esterification 
reactions were carried out with 2 mole equivalents of maleic esters per 
anhydroglucose unit at 60 OC (figure 2). 
The products were isolated by precipitation in ethanol, purified by 
washing with ethanol, reprecipitated from DMSO in ethanol and dried at 
25 "C in vacuum. They are soluble in organic solvents like DMF, DMSO, 
DMAc and acetone (except benzyl ester). The acetate groups of the mixed 
cellulose esters are essential for the solubility. 
The IR spectra show the typical signals of the C=C and the C=O bonds. A 
wide signal is formed by the acetate (1740 cm-') and maleate (1720 cm-') 
ester groups. From the C-NMR spectra we conclude - in comparison 
with the starting cellulose acetate - that the additional unsaturated groups 
are preferably located in position 3 and 6 of the anhydroglucose unit. The 
'H-NMR spectra show a signal in the range of 6.7 ppm typical for a high 
content of fumarate structural units in the polymers. 

13 

TOS - CI 
DMF 
- Cell-OH+ HO OR 

1 
OCOCH3 5 h ,  6OoC 

I 
OCOCH3 - C H ~ + C H ~ ) S C H ~  0.7 

0.7 

0.8 

Figure 2. Synthesis of unsaturated derivatives of cellulose acetate starting 
from maleic acid half esters. 

The acylation reaction used represents an effective synthesis of cellulose 
esters by esterification with free carboxylic acids. Basic work in this field 
was published by Shimizu and Hayashi in 1989 [I]. In low molecular 

�� �� �� �� ��



172 Derivatives of cellulose and their properties 

chemistry the esterification of hydroxy groups with carboxylic acids in the 
presence oftosyl chloride has been known since 1955 [2]. The authors 
describe the mixed anhydride of the carboxylic and p-toluenesulfonic acid 
as the acylation reagent. 
Starting from commercial amylose (from potato starch, DP 900) and the 
described maleic acid half esters we combine the well known DMAcLiCI 
solvent system with the tosyl chloride esterification method. Within I h at 
60 OC the corresponding amylose esters were formed (DS 0.2 - 0.4) 
soluble in DMF, DMSO and DMAc. 

WATER-SOLUBLE MALEATES OF SODIUM CARBOXY- 
METHYL CELLULOSE IN THE SWELLING SYSTEM 
P-TOLUENESULFONIC ACID / N,N-DIMETHY LACETAMIDE 

Sodium carboxymethyl cellulose (Na-CMC) is insoluble or low-swellable 
in most organic solvents useful for acylation. To prepare water-soluble 
CMC-maleates we developed a new swelling system to activate Na-CMC. 
This swelling system consists of a mixture of water-free p-toluenesulfonic 
acid (Tos-OH) and a dipolar aprotic solvent like DMAc, DMF or DMSO 
(1 g in 15 ml). In this system Na-CMC forms a stirrable suspension of 
high swollen gel particles. We assume an interaction between the 
carboxylate groups of Na-CMC and the H0,S-groups of the sulfonic acid 
with a rapid exchange of the acidic hydrogen as well as an interaction 

of the lipophilic toluene unit of the p-toluenesulfonic acid with the 
solvent. The model system sodium acetate and Tos-OH/DMSO forms a 
clear solution in a molar ratio of 1: 1. The 'H-NMR spectrum of this 
system shows no signal of the acidic hydrogen of the sulfonic acid and 
no signal of the hydrogen of possibly formed acetic acid. 

~ - 11- 4 
I 

A 

1 1 I I I I l I . I  I I  I I  I 1  1 1  1 1  

Figure 3. 'H-NMR spectra of the model system CH,COONa and Tos-OH 
(DMSO-d,) in a molar ratio of 0:l (A), 1:l (B) m d  1 :2 (C). 

10 8 6 4 2 6/ppm10 8 6 4 2 
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In a molar ratio of 1:2 the signal of the acidic hydrogen appears once 
again (figure 3). 
The described swelling system has been used to prepare CMC-maleates. 
The acylation of Na-CMC (DP 310, DS 0.76 and DP 120, DS 1.28) took 
place in DMAc at 60 O C  in the presence of 2 mole equivalents of p-tolu- 
enesulfonic acid and maleic anhydride as the reagent. After a work-up 
procedure with NaHCO, the corresponding sodium salts resulted (figure 
4). The water soluble polymers form spherical gels by addition of 
aluminium salt solutions, well known from unmodified sodium 
carboxymethyl cellulose [3,4]. 

0 0 1. TOS - OH / DMAc 

Cell - 0 U o N a  
0.5h,60°C 

Cell - OH 
I 
0 CH2CO 0 Na 2 . O e O  , 6OoC OC I H 2COONa 

3 .NaHC03,  H20 

Na-CMC Reaction conditions CMC maleates 
reagent /AGU ti me solubility in 

DS mol h DS H20 

1. 20 4 4 0.3 + 
1. 20 0 4 0.4 + 

0.76 2 4 0.3 + 
0.76 4 4 0.3 +, 

0.76 6 14 0.9 - 
Figure 4. Reaction conditions and properties of CMC-maleates. 

CELLULOSE AND AMY LOSE ETHERS PREPARED FROM 
ACETY LENEDICARBOXY LIC ACID METHYL ESTER 

A second type of maleate/fiimarate-containing polysaccharides has been 
prepared by nucleophilic addition of cellulose onto the dimethyl ester of 
acetylenedicarboxylic acid. The synthesis took place as a honiogeneous 
reaction of cellulose (Avicel, DP 150) rsp. amylose (from potato starch, 
DP 900) in DMAcLiCl at 40 OC using tertiary amines like pyridine as a 
catalyst. 
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HYc00cH3 1. DMAc I LiCl 
2. H3COOC-C=C-COOCH3 

Cell-OH Cell-0 COOCH3 
(pyridine) LO O C  
0.5 - 18 h 

Reagent/ AGU Cellulose ether a)  
solubility in 

mol DS b, DMF DMSO HzO 

0.5 + + + 

0.9 + + - 
1 .1  + t - 

"Work-up procedure: Precipitating in ethanol, washing with ethanovacetic acid at 

b)DS-detetmination: Saponification with 0.5 N N a O w O  (16 h, 60"Cand 25 h, 
25°C). 

25"C, extraction with boiling acetone, drying at 25°C in vacuum. 

Addition of an excess of 0.5 N HCVH,O. Titration with 0.5 N NaOWH,O. 

Figure 5. Unsaturated cellulose ethers from acetylenedicarboxylic acid 
methyl ester. 

Under the reaction conditions the DS-values did not depend on the 
reaction temperature. At 70 "C and 90 "C DS-values in the same interval 
have been obtained. The final values have been reached within 30 min. 
Figure 5 demonstrates the reaction conditions and properties of the 
unsaturated cellulose ethers. 
The IR spectra of the purified polymers show typical signals of the ester 
(v C=O 1710-1730 cm-') and the alkene (v C=C 1630-1640 cm") units. 
In the presence of 0.5 N sodium hydroxide in water (25 O C ,  48 h)  the 
dimethyl ester groups of the unsaturated cellulose ethers are saponified 
forming water soluble sodium salts of the corresponding carboxy 
group-containing polymers. 
Starting from amylose and acetylenedicarboxylic acid methyl ester we 
prepared unsaturated amylose ethers in a DS-range of 0.3 to 1.3 under the 
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same conditions. These polymers are soluble in DMF, DMSO and water 
(DS 0.3-0.4). Further investigations by NMR spectroscopy are directed to 
the content of maleate and fumarate units as well as on the substituent 
distribution in the polymers. 

INITIAL INVESTIGATIONS OF THE CROSSLINKING BEHA- 
VIOUR 

The synthesized soluble esters of cellulose acetate resp. amylose and 
maleic acid half esters form layers crosslinkable by W-irradiation and 
radical initiation. In the same way a mixture of these polymers in organic 
solvents leads to thin layers and crosslinked insoluble films (figure 6). 

0 0 
Cell- 0 -OR -t Amylose-0 =OR 

I R =  
I 

layers from dioxane / DMF 

2 S o C ,  

I Insoluble films I 

l 4 h  

~ 

Extraction (DMF , 25OC ,2h)  : 
10% of the polymers 

Figure 6. Crosslinking of layers of the synthesized unsaturated cellulose 
and amylose esters. 

Further details of the crosslinking reactions as well as of the properties of 
the films formed are under investigation. 
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ABSTRACT 

Sedimentation velocity data obtained for mono-su bs t i tu ted 
carboxymethyl cellulose (CMC) samples with molecular 
weights from 1 . 2 ~ 1 0 ~  to 3.8~10~ were used to evaluate the 
heterogeneity parameters. Linear dependence has been 
established for the x-spectrum standard deviation of the 
macromolecules distribution in ultracentrifugal field, as 
a function of the sedimenting boundary shift. Using the 
recent method for the elimination of diffusion and con- 
centration effectss, parameters #z/Mw for different poly- 
mer samples were determined to lie in the range from 1.8 
to 3.5. Data are compared with the similar properties of 
acetate hydroxypropyl cellulose (AHOPC) samples. 

RESULTS RND DISCUSSION 

Determination of the inhomogeneity of cellulose and cellu- 
lose derivatives samples is an important question which 
can be solved most reliably by an analytical ultracentri- 
fugation method, when an appropriate solvent is found. Re- 
cently, the aqueous cadoxen (AC)  (waterlcadoxen mixture, 
10:l) was shown to be the most suitable solvent for sedi- 
mentation analysis of molecular heterogeneity of CMC 111 
with D5=0.9f0.1. In &his solvent, sufficient values of the 
buoyancy factor, Cl-vp,) =0.52, refractive index increment 
0.15 mL/g, and practical absence of charge effects and 
noticeable complexation, provide reliable sedimentation 
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data su i tab le  f o r  general s t a t i s t i c a l  treatment. 
However, i n  t h i s  system CMC-CIC, there are s i g n i f i c a n t  

concentrat ion e f fec ts  shown i n  Fig.1, where 5 i s  the sedi- 

Fig. 1 
0.1 0.3 

mentation coef f i c ien t ,  c concentration, and numbers on the 
curves correspond t o  CMC sample numbers. This s(c) func t i -  
on m a y  be described by eq. l / s  = ( l / s o ) x f l + k s c )  wi th  so=s 
a t  c+Q. The kS  parameter was re la ted  t o  so by k5 = 1.3Cs0x 
1013)2'2 mL/g w i th  coef f ic ients  c lose t o  tha t  o f  other ce- 
l l u l o s e  der ivat ives C23.The r e l a t i o n  so = 2 . 8 ~ 1 0 ~ ~  ZomQi s 
wi th  Z as degree o f  polymerization was dl50 obtained 111. 

I a2 x ~ ~ 4 5  cmzJ CMC i n  AC, z0 

10 

5 

Fig.2 

O.OSO=c, g/dL 
I 

I.. 

0.150 

Time. min 

100 150 
I 

I.. 

50 

Table 1 l i s t s  values o f  5, d i f f u s i o n  c o e f f i c i e n t  D mea- 
sured by the conventional method, and mol.wt MsD by Sved- 
berg equation. 

For CMC i n  ACg the sedimentation curve (l/co)dc/dx (c, 
i n i t i a l  concentration, x distance from r o t a t i o n  ax is )  was 
s t rongly  af fected by concentration e f fec ts .  The second ce- 
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Table 1. CMC (DS=0.9) in aaueous c a d s x e n  26g 
L M Q ~  (au/ax I o / s o  M / M  

kS  m-Q-spz -w- 
~ a m o i e  t+* -,1:-? 3 s , x 1 ~ + 3  5D" 

1 380 5.66 686 0.71 0.66 0.63 3.50 
2 260 4.76 452 0.89 0.39 0.37 1.86 
4 230 4.88 415 1.00 0.38 0.36 1.81 
6 120 3.28 221 1.36 0.50 0.47 2.39 

Fig. 3 

Fig. 4 

I x cm 
I 

m I 

6.2 6 .4  

0.1 

CMC i n  ACr 26O 

4 - Sample, No. 

- 9 

- 
- 

2 - 
I 

2 4 
n t r a l  moment Uz fd ispers ion) 'o f  the sedimentation bounda- 
r y  i n  solut ions at t 3 0.07 g/dL (Fig.21 l i e s  lower even 
than the same value o f  d i f f us ion  process, (3; . Hence, po- 
lymolecular i ty and d i f f us ion  spreading are both suppres- 
sed by concentration ef fects ,  and experimental data cannot 
be treated by the Gralen-Eriksson' method C31 a t  these c 
values. Another method proposed recent ly  [4] was used. 
Fig.3 shows 0 (1st moment o f  the boundary curve) vs x f o r  
the same data as i n  Fig.2. Each of  dependences i n  Fig?3 i s  
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0 .3  

well approximated by a straight line with 510pe d m x m  
which was then extrapolated linearly to infinite dilution 
(Fig.4). and the intercept faO/axm. lD was determined relia- 
bly. 

Inhomogeneity with respect to so was evaluated by C41: 
02/s: = U . P S ( ~ ( S / U X ~ ) ~  - Z ) / ( O ~ S ~ ) ~  and parameter M ~ / M ~  was 

then calculated by (MZ/Mw)-I = (l-b.l-’ </sz with ( I - b )  

a s  coefficient in = K d-b, equal to 0.41. Results are 
listed in Table 1. 

However, linearity of 0 on x being a major requisite 
for applicability of the methodm:ised, may be particular 
for the polymer in such specific solvent a s  cadoxen is. 
Really, during centrifugation of cadoxen, sedimentation 
pattern (Fig.5) is continuously deforming. This reflects a 

5 

s 
0 

Fig. 9 
re-distribution of the species of cadoxen being a complex 
solvent. Hence. the noticeable composition solvent gradi- 
ent is forming in the ultracentrifuge cell. That is why 
the other cellulose ether, in organic solvent? was also 
examined by means of the same treatment. 

Sedimentation properties of acetate hydroxypropyl cel- 
lulose fr4HOFC.l in N,,#-dimethylacetamide (J?MA.l are also 
subjected to strong concentration effects. Fig.6 shows f/s 
vs c for three AHOFC fractions studied at hiqher c a s  far 
as dn/dc  here is lower, 0.042 mL/g, with ( I - v p , ?  = 0.229. 

Fc\r FIHOPC in DMA, the relations kS = 10(sox10  J mL/g, 

and so = 1.84~10-’~ s were obtained CSI. Data are 
listed in Table 2. 

13 2.9 

I.. 

I 
c . g/dL 

CIHOPC in DMCI, 26O -13 -1 l/a x 1 0  , s 
0 . 7 **- 

Fig.6 
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Table 2. AHOPC (DF~2.25) i n  DMCI, 26O 

m-0's-o-z-w- 
-3 

Fr-act. MsDxio s o x i o a 3  k5 ~ ~ 1 0 7  (8a/8x a I S  M / M  

1 202 2.7 150 1.45 1.0 0.96 7 f2 
2 152 2.3 112 1.65 0.8 0.76 4 -+1 
4 99 2.1 95 2.30 0.65 0.60 321 

a 

30 

10 

20 

10 

b 

20 

10 

C 

Fig. 7 

01 ~ 1 0 4 ,  cma AHOPC i n  DMA, 26O 
/0.39 Fr. No.1 

I , T i m e ,  m i n  
I I 

50 150 

Fr. No.2 
/a;= mt 

Fr. No.4 

Time , m i n  

50 100 
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Fig.7 shows that, l i k e  CMC i n  AC, concentrat ion e f -  
f ec ts  i n  the svstem AHOPC-DMA are very strong. This i s  
t rue  f o r  both, the most inhomogeneous f rac t i on  No.1 (Fig. 
7.a) where the experimental Oz(t .J  curves l i e  above the 
curve U2(tl, and most homogeneous f rac t i on  No.4 (F ig .7 ,~ )  
where D a l l  the Oz(tl curves are below the dependences 
Uz'tl. This was very important tha t  f o r  a l l  f ract ions,  the 
dependences O ( x m ?  could be we l l  approximated (Fig.8) by 
s t r a i g h t  l i n e s  t o  extrapolate the slope &/ax t o  i n f i -  
n i t e  d i l u t i o n  (Fig.9) , and,hence, t o  evaluate thg  i n t e r -  
cept ( 6 ' 0 / 6 ~ ~ ) ~  . A s u f f i c i e n t l y  wide co l l ec t i on  o f  experi- 
mental data i s  represented here i n  graphical form i n  
Figs.7 and 8 spec ia l l y  ( the f i r s t  time, f o r  CIHOFC) t o  
i l l u s t r a t e  the l i nea r  dependence o f  U on x . The compari- 
son o f  experimental points w i th  s t r a i g h t  z o l i d  l i n e s  i n  
Figs.8 and 9 enables anyone t o  judge the degree o f  re- 
l i a b i l i t y  o f  both the proposed method [4J and the inhomo- 
geneity parameters based on them. 

The treatment o f  experimental sedimentation data, obta- 
ined f o r  AHOPC i n  DMA, s im i l a r  t o  tha t  used above f o r  CMC, 
leads t o  inhomogeneity parameters 0 / s o  and MZ/Mw l i s t e d  
i n  Table 2. The M /M values seem t o  be too high. F'ro- 
bably, no t  only polymoleculari ty (inhomogeneity i n  M )  
must be taken i n t o  account but a lso s i g n i f i c a n t  inhomoge- 
n e i t y  i n  DS and s t ruc tu ra l  inhomogeneity. Hence, only 
parameter 0 / s o  may be considered t o  be r e l i a b l y  determi- 
ned,and trai?sformation to M /# t o  be very questionable. 

n e i t y  o f  the f rac t ions  i s  very desirable a t  f rac t ionat ion  
data treatment. For instance, f o r  two i n i t i a l  AHQFC samp- 
l es  (No. I and I 1  i n  Fig.10) M W D  curves were determined by 
means o f  f rac t ionat ion  ( p a r t i a l  p rec ip i t a t i on )  data trea- 
ted by both (1) adopted Schulz' method neglect ing the ove- 
r lapping o f  the f rac t ions  MWDs (dotted curves i n  Fig.10) 
and (2)  by summarizing the p a r t i a l  MWDs curves f o r  f r a c t i -  
ons ( s o l i d  curves). 

Fig.10 c l e a r l y  shows tha t  neglect ing the overlap- 
ping o f  the f rac t ions  MWDs d i s t o r t s  s i g n i f i c a n t l y  the 
MWD curve f o r  the i n i t i a l  (unfract ionated) sample, and no- 
t iceably  (few times) lowers the (MZ/Mw)- l  and (MW/Prn)-l 
parameters o f  inhomogeneity. 

F ina l l y ,  we can conclude tha t  sedimentation propert ies 
of CMC i n  CIC are s im i la r  t o  tha t  o f  other ce l lu lose  der i -  
vat ives studied i n  organic solvents, and novel method fo r  
the sedimentation data treatment may be successful ly 
appl ied t o  character izat ion o f  the CMC samples inhomoge- 
ne i ty .  

S 

z w  

z w  On other hand, the knowledge o f  a molecular inhomoge- 
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AHOPC 

0.65=c, g/dL 

c m  
I m '  K 

6 .5  6.7 

0.18 

, Fr. No.1 

y o -  0.55 

0.31 Fr. No.4 

c m  m '  ," K 

6.0 6.1 
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1.0 

0 .5  

0.1 

Fig.9 

1 .0 

0.5 

F ig .  10 

ao/axm 0.5  1 .0 

..I 

=\ 
\ 

- 

I - 
0.5 1.5 

ao/axm 0.5  1 .0 

..I 

=\ 
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- 

I 
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Compounds of microcrystalline cellulose and 
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SUMMARY 

Potassium derivatives of cellulose were prepared by treating microcrystalline cellulose 
(MCC) with complexes of potassium (K) with ethylene dlamlne (EDA) and K and 
hexamethylphosphoric trlamlde (HMPT). The reaction products were characterized by X-ray 
diffraction, '3C NMR and FTIR spectroscopy as well as by SEM and EDXA. 

INTRODUCTION 

The search for preparation methods of new cellulose derivatives Is often complicated by the 
morphology and the supramolecular structure of cellulose. In recent years new types of 
cellulose derivatives were prepared under heterogeneous conditions using the destabilizing 
action of various solvents on the cellulose structure (1.3). These studies resulted in cellulose 
derivatives which contain alkali metals such as lithium and sodium (4, 5). In the present 
contribution the synthesis of cellulose derivatives with potassium In organic solvents was 
studied. Microcrystalline cellulose (MCC) was chosen as the starting materlal. 

Cellulose Is known to form crystal-like molecular complexes with varlous solvents such as 
water, bases, alcohols, monoamines and polyamlnes (6). Ethylene dlamlne (EDA) and 
hexamethylphosphoric triamlde (HMPT) were used as solvents for the synthesis of 
modifications of MCC. The former can form Inclusion compounds with MCC whereas the 
Interaction between the latter and cellulose has not yet been studied. 

185 
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RESULTS AND DISCUSSION 

The reaction of MCC with potasslum takes place using the previously prepared complex of the 
solvent and potassium. The kinetics of the heterogeneous reaction of MCC with the K-EDA 
complex (Fig. la) reveals the insertion of potassium into the cellulose molecule reaching a limit 
of about 14 wt.% or 0.7 mole K/glucose unit almost independent of the molar ratio K : MCC 
applied for the reaction (Fig.1 b). 

The resulting compound shows the crystal lattice of cellulose 111 with a crystallinity index of 
0.50 according to X-ray dlffractlon (Flg. 2a). The specific feature of the diffraction pattern Is the 
appearance of 4 additional peaks belonging to the crystalline complex of K and EDA. 
Comparable complexes containing EDA and other metals are assumed to possess a rhombic 
lattice (7). Previously It was found that small amounts of EDA are retained by MCC after 
treating MCC with EDA (3). The amount of EDA is 0.1 mole per glucose unit in the case of the 
ceiiuiose-potassium compound. Its total formula can be given as: 

The 13C NMR spectra indicate that the steric environment of all carbon atoms in the K 
containing reaction product differs from that In the original MCC (Fig. 3a). This effect is 
particularly remarkable for the C(4) and C(6) atoms. The chemical shift of the C(4) atoms Is 
caused by the rotatlon of the unlts around the C(4)-0(1) bond whereas that of the C(6) atom 
is induced by the rotameric variation of the oxymethyi groups (8). it is also of interest that the 
signals of C(4) almost disappear which Is characteristlc of amorphous cellulose such as 
cellulose recovered from solution. 

The IR spectra of the K derivative of MCC reveal some new bands compared to the spectrum 
of MCC (Fig. 4). Some of these bands are connected with deformation vibrations of N-H 
groups (700, 830 cm"), Stretching vibrations N-H groups (1600 - 1700 cm") and deformation 
vibrations of C-N groups (9, 10). After deconvoluting the OH vaiency range (11) a band at 
2730 cm" appears which is characteristic of the stretching vibrations of the N-H groups In the 
form of cations (9). The doublet In the range of 2870 - 2930 cm-' is obviously connected with 
the reaction at the C(6)OH group. The smoothening within the range of the OH valency 
vibrations (3000-3600 cm") indicates a decrease in crystallinity. The change of the band 
positions compared to the original MCC reveals a variation of the H bond system In cellulose. 

Valuable Information was obtained by scanning electron microscopy (SEM). The K derivative 
of cellulose shows considerable changes in fibre structure compared to the original MCC. No 
fibrils can be observed at the surface of the fibres (Fig. 6). The diameter of the fibres increases 
1.5 times. The ends of the fibres look swollen and small particles belonging to the fibres 
appear at the surfaces. The potasslum distribution along the fibres is completely uniform as 
indicated by X-ray analysis (EDXA). 

In contrast to the results obtained with K-EDA the treatment of MCC with K-HMPT complex 
does not change the crystal lattice of cellulose 1. At a low K content (-4 wt.96) the crystallinity 
is not reduced whereas with a K content of 13.7 wt.% the cellulose Is amorphized (Fig. 2b). 
The l3 C NMR spectra indicate a reduction in crystallinity by the decrease In the C(4) signal 
and a change in the C(6) signal range as a result of the reaction at the OH group in this 
position (Fig. 3b). The latter finding Is confirmed by the IR spectra In the range of 2800-3000 
cm" (Fig. 5). According to the kinetic studies a maximum uptake of K of 0.7 mole/giucose unit 
can be reached (Fig. 1 b). HMPT is not retained by cellulose during this reaction. 
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a) 

a) 

lime, hours 
0 5 10 
Molar ratio K l M C C  

Fig. 1. Kinetics of the reaction of MCC with complexes 
of K and EDA or K and HMPT 

1-MCC 111 
2- 13.2%1 
3- lb.6'10K 

20.30' q 
2 

31 A, 3 b  10 26 22 *l 18 14 10 

1- MCC 1 A 2-13.2V.K 

28, degree 

20, degree 
Fig. 2. 
X-ray diffractograms of K derivatives 
of cellulose prepared In EDA (a) and 
HMPT (b), compared with MCC of different 
lattlce rnodlficatlons 

A .  1 

160 " 120 100 10 60 LO ppm 

Fig. 3 
Solld state 13C NMR spectra 
of K derivatives pf cellulose 
prepared In EDA (a) and HMPT (b), 
compared with the orlglnal MCC 
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Y ” 
5 
n o 

b 
0 
n 0 
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I 
I 3500 3000 cm-1 2500 I 

Warrnumbrrr Wairnumbrra 

Fig. 4. FTlR spectra of K derivatives of cellulose prepared in EDA, compared with the original 
MCC. Fingerprint range (450 - 1900 cm”) and deconvoluted CHJOH range (2500- 
3700 cm”) 

1 
3100 3500 3000 cm-1 2 

Warrnumbrrr 

,- W 
1900 IS00 I000 cm-1 I 0 

Warrnumbrrr 

Fig. 5. FTlR spectra of K derlvatlves of cellulose prepared In HMPT, compared with the 
original MCC. Fingerprint range (450-1 900 cm”) and deconvoluted CHJOH range 
(2500-3700 cm.’) 
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Fig. 6. Fibre of K derivathre of cellulose prepared in EDA contalning 14.6 % K. 
SEM micrograph 

Fig. 7. Fibre of K derlvathre of cellulose prepared in HMPT, contalning 13.7 % K. 
SEM rnlcrograph 
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SEM studies show (t beginning swelllng of the fibres at low K content. At high K content ern 
Irregular swelling combined wlth a deforrnatlon of the fibre surfaces indicate the amorphlzation 
of the cellulose (Fig. 7). EDXA results In a uniform distributlon of potasslum at tho flbre 
surface. 

CONCLUSION 

The lntroductlon of potasdurn into the cellulose molecule results In a chemical, supramdecular 
and rnorphologlcal change of the flbree. Udng EDA as solvent a change in the cryetal httkx 
and a reductlon In crystallin#y k obmved. In thls case EDA neema to be invohred In the 
cellulose-K compound. Udng HMPT the lattlce modntcatlon d the orlglnal MCC ta malntalned 
whereas the crysteitintty Is greatly reduced. WIth both klnds of treatment a preferred mctlon 
at the C(6)OH group of cdluioae seem8 very likely. 
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25 Structure of cellulose-polyacrylamide 
graft copolymers 
S I Klenin, E N Bykova, S F Petrova, V A Molotkov - Institute of 
Macromolecular Compounds, Russian Academy of Sciences, Bol’shoi 
Prospect 3 1, St Petersburg, 199004, Russia 

ABSTRACT 
The molecular structure of graft copolymers were 

determined by the seldom applied but the most informative 
and the most reliable approach consisting of the 
comparative study of molecular parameters (diffusion and 
sedimentation coefficients, intrinsic viscosity, and MW) 
of the main and side chains and those of the final 
product. 

The small number of grafted chains per cellulose 
derivatives molecule was explained by the degradation of 

ions the backbones occurring on exposure to Co 
simultaneously with their initiation. The possible 
degradation types are discussed. 

INTRODUCTION 
Water-soluble graft copolymers based on acrylamide are 

of interest as highly effective flocculants, in oil 
production, drag reduction and others. It should be noted 
that one of the main conditions of high polymer 
efficiency in these technological processes is the high 
molecular weight (MW) of polymers, and graft 
polymerisation is one of the methods available to attain 
it. On the other hand, investigating the structure of 

3+ 
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192 Derivatives of cellulose and their properties 

graft copolymers based on cellulose (C) and its 
derivatives (CD) can give additional information about 
the features of the C macromolecular structure. 

EXPERIMENTAL 
3+ The polymerization of acrylamide initiated by Co 

salts conducted in the presence of C or CD results in the 
formation o f  graft copolymers. We used carboxymethyl 
(CMC), hydroxyethyl (HEC), and hydroxypropyl (HPC) 
celluloses as backbones and isolated grafted chains by 
acidic hydrolysis. These processes have been discussed in 
greater detail in Refs.[l-31. To prepare the solutions, 
distilled water was used for HEC and HPC, and 10% NaCl 
was employed for other samples. The diffusion Do and 
sedimentation S o  coefficients, the intrinsic viscosity 
[ h l ,  light scattering and flow birefringence of the 
samples were measured as described in [2-51. Mainly, the 
MW values of samples were calculated using equations : 

(1) M =  (2) 
SoR T 2 1 3  o0 [r)]”3SoR 

A. (1 - ;pol  M S D =  Do(l - vp0) 
where R is the universal gas constant , Ao= (3.4 
t -0.2) g ~ m ~ s e c - ~ d e g - ~ m o l - ~ ’ ~  is the hydrodynamic 
invariant [ 6 ] .  T = 293’K , po and qo are the solvent 
density and viscosity respectively, and is the specific 
partial volume. 

The average number of grafted chains per CD molecule 
was calculated on the basis of comparison of MW of the 
main and the side chains and of the graft copolymer: 

RESULTS AND DISCUSSION 
The data obtained (Table 1) shows that: ( 1) the molecular 

structures of the graft copolymers synthesized do not 
depend on the nature of CD and one can use the 
star-shaped model to describe them, (2) the average 

glucoside units, (3) an increase in MW of main chains 
(CMC,HEC), other conditions being equal, does not lead to 

minimum distance between branching points is - 200 
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Cellulose-polyacrylamide graft copolymers 193 

Table 1. Molecular parameters of graft 
copolymers synthesized and their components. 

Sample 

CMC-1 
PAM- 1 
GC-1 
CMC-2 
PAM- 2 
GC-2 
HEC-1 
PAM-El 
GC-3 
HEC-2 
PAM-E2 
GC-4 
PAM-E22 
GC- 5 
HEC-3 
PAM-E3 
G C - 6  
HEC-4 
PAM-E4 
GC-7 

[qi D ~ * ~ O '  s ; ~ o * ~  M ii 
S D  

c m 2 / n  1 1 s  d l / g  

3.5 
7.0 

1 4 . 4  
8.8 
9.3 
19.0 
1.4 
9.8 
11.3 
6.9 
10.2 
14.4 
5.7 
14.6 
8.5 
12.4 
14.5 
12.2 

8 . 0  
113.5 

13.0 
3.2 
2.1 
7.9 
2.6 
1.4 
22.6 
2.9 
2 . 2  
8.9 
3.0 
2.0 
3.3 

7.4 
2.4 
1 . 4 5  
6.4 
3.2 
1.75 

1.4 

2.65 
6.1 
8.7 
3.85 
9.0 
9.1 
2.15 
7.7 
10.5 
2.75 
6.7 
10.0 
6.2 
16.7 
4.2 
8.0 
15.4 
4.65 
5.8 
11.8 

0.15 
2.0 
4 . 4  
0.37 
3.7 
7.0 
0.08 
2.8 
6.1 
0.25 
2.4 
5.3 
2.2 
12.8 
0.45 
3.5 
11.3 
0.65 
1.9 
7.2 

- 
2.1 

1.8 

- 
1.8 

- 
2.2 

6.0 - 
3.2 - 
3.8 

10 

-0- 

2 - 
0 100 min 70 80 h t i m e  

Figure 1 Time dependencies of the specific viscosity 
of CMC-1 (1) and CMC-2 (2) in the process of oxidation 
with trivalent cobalt salts. The polymer concentration 
0.12% . 
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Table 2. Molecular parameters of water-soluble cellulose 
derivatives (CMC, HEC, and HPC), initial and 
oxidized with trivalent cobalt salts ( a  - d) 

sample reaction t [ql  D ~ * ~ O '  sO*10l3 M*I~? ~ ~ 1 6 ~  
-1 SD sr) time, min OC dl/g cm sec -' sec 

CMC- 1 
CMC-la 
CMC-2 
CMC-2d 
HEC-1 
HEC-la 
HEC-lb 
HEC - 2 
HEC- 3 
HEC-3a 
HEC-4 
HEC-4a 
HEC-4b 
HEC-4c 
HEC-4d 
HPC 
HPCa 

120 

120 
120 
15 
15 

120 

-- 3.5 13.0 
12 1 . 0  30.0 

8 . 8  7.9 
1 2  1.0 30.0 
- -  1.4 22.6 
12 0.63 31.0 
0 1.1 29.0 

6.9 8.9 
8.5 7.4 

12 1.5 
12.2 6.4 

20 3.0 16.0 
0 5.0 12.4 

20 3 . 3  
0 5.2 

3.2 
0 1.6 

-- 

- -  
-- 

---- 
-- 

---- 
- - - -  
- - - -  -- 
---- 

2.65 
1.6 
3.85 
1.7 
2.25 
1.9 
2.9 
2.75 
4.2 
1.5 
4.65 
1 . 3  
3.6 - - -_ 
- _ _ _  
2.8 
1.5 

-- 150 
40 
370 

40 
80 70 
50 40 
80  90 

250 240 
450 490 

40 
6 50 690 
60 50 
235 290 

-- -- -- 

-- 

--- - - -  
- - -  --- 

160 
50 

--- 
--- 

a proportional increase in the average number of grafted 
chains [ 2 , 3 ]  . 

One can suggest that the reason for  this behaviour is 
the degradation of the backbones proceeding under the 
influence of c O 3 +  ions. As a result of the special 
experiments ( F i g u r e  1, T a b l e  2 1 ,  i t  was established that: 

3+ (1) the degradation of CD proceeds on exposure to Co 
ions. The time dependence of specific viscosity of CMC 
indicates that the dramatic decrease in the degree of 
polymerization (DPI of the samples occurs during the 
first 15 minutes, ( 2 )  when CMC, HEC, and HPC of different 
MW interact with Co3+iOnS at 12 or 2OoC, their fragments 
are formed a t  approximately the same degree of 
polymerization, LODP = 200 (3) i f  CD interacts with 
Co3+ions at 0 C (conditions of graft polymerization 
reaction) LODP depends on the initial DP and is higher 
than 200. The second conclusion confirms the hypothetiis 
about regularly located weak bonds in C. There are no 
common opinions about the nature of "weak bonds" [7-91, 
and frequency of their location along c macromolecules 
[ l o ,  111, but this concept sucessfully explains the 
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two-stage process of chemical degradation of C and C D .  

39,79,159 2 

39,79,159 
2 

1 

0 .  

0. 4 8Lfc 0 79 

2 4E 
0 50 100 

time , min 
0 50 100 time, min 

Figure 2. Time dependencies of the number-average MW 
N W 

n= 1 n= 1 
Mn(t) = 1 n Y(n,t) / c Y(n,t), the weight - average MW 

W W 

n =  1 n =  1 
i,(t) = c n2Y(n,t) / c nY(n,t), the polydispersity para- 
meter u = iw(t)/ Mn(t)-lf C [rtnY(n,t)/ c nY(n,t), 
and the number of scissions per one molecule K(t)= 

= 1 (Y(n,t)-Y(n,~)) / 1 Y(n,O) for molecules o f  equal 

initial lengths degraded regularly ( * : N-1-3, K = 

0,031 and randomly (N-1 = 39 or 79 or 159, x=lO-: 5*10-: 
2.5*10-', respectively). 

N W 

no 1 no 1 

W W 

nu 1 no 1 

Let us consider a molecule consisting of n units of 
equal length and degraded irreversibly at each (n - 1) 
bond with equal probability. This process may be 
described by a kinetic equation [121: 
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HEC-1 
I 

HPC 
A 

\ 
\ 

/ \  

4 1 
I -' 

0 

4 

0 

HEC-3 
I 
I 
I - \ 

1 a 
I I 
I I 
I I 

10 100 2 0 0  400 
MW 

Figure 3 .  Differential MWD of CMC, HEC, and HPC, 
oxidized with trivalent cobalt salts (b). The MWD M 
of the initial samples are shown by broken lines. 

N 
dY(n,t)/dt = - x(n-1) Y(n,t) + 2x Y(i,t) ( 4 )  

n =  1 
where Y(n,t) is the concentration of molecules consisting 
of n units at the time moment t, x is a constant f o r  bond 
breaking rate, and (N-1) is the number of bonds in the 
longest molecule of the given ensemble at the initial 
time moment. 

Numerical differentiation of equation system ( 4 )  was 
carried by the prediction and subsequent correction 
method. This approach has been discussed in greater 
detail in Ref.[l31. 

T o  solve the problem about the degradation type of CD, 
oxidizing with trivalent cobalt salts allows one more 
precisely to compare random (distance between "weak 
bonds" Z < <  LODP) and regular (Z=LODP) degradations to 
show their characteristic features. F i g u r e  2 shows that: 
(1) the change in M ,wM , n  and [ q ]  with variations in t is 
sharper for the molecul.es, degraded regularly ( 2 )  if 
K(t) is small, U(t) value virtually does not depend 
on tne degradation type, ( 3 )  there is such range,of K(t) 
in which U(t) - >  0 for regular degradation and U(t) - >  1 
for random degradation. 

Hence, to determine the degradation type actually 
occuring, we estimated the MW distribution (MWD) of 
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200 

1 1 > 
100 0 50 100 t ,days 

0 4 0  120 130 
Figure 4 .  Plot of lrll (a) and optical anisotropy (b) 

versus time of a cellulose in cado. en; (1) initial and 
(2) regenerated from trifluoroacetic acid. 

the samples. To determine MWD of 
velocity sedimentation was used [51 

It was established that when CD's 

CMC, HEC, and HPC, 
F i g u r e  .3 1 
of different MW and 

different MWD interact with Co3+ions, their fragments are 
formed at approximately the same degree of polymerization 
LODP - 20% and, which is especially important, at narrow 
MWD 8*/ Mn= 1.1-1.2. This is in agreement with the 
hypothesis about regularly located weak bonds in C. 

Another corroboration of structural periodicity of C 
macromolecules is provided by experiments fixing the 
intramolecular organization of C during its dissolution. 
When C interacts with trifluoroacetic acid, the values of 
[ql and optical anisotropy [nl / [q] decrease 
considerably with time although MW is retained invariably 
[ 4 1 ,  F i g u r e  4 .  This may be interpreted as the dissolution 
of some elements of the C native structure retained in 
the macromolecule. This fact may be considered as a 
confirmation of the folded chain model of native C [ a ]  
and, hence, of the periodicity of its structure. 

�� �� �� �� ��



198 Derivatives of cellulose and their properties 

References 

1. Kurlyankina V.I., Molotkov V.A., Klenin S.J., Lubina 

2. Klenin S.J., Bartoshevich S.F., Revelskaya L.G., 
S.Ya., J Polym.Sci. Polym.Chem.Ed. 10, 3369 (1980). 

Kurlyankina V.I., Vysokomol.Soed.(in Russ.) 28 B, 
534 (1986). 

Klenin S.J., Vysokomol.Soed.(in Russ.), 31 B, 
747 (1989). 

Bezrukova M.A., Bykova E.N., Chemistry of Wood 
(in Russ.) N 6, 8 (1986). 

Macromolecular structures in solution - (in 
Russ.), Nauka, Moscow (1964). 

6. Tsvetkov V.N., Klenin S.J., Dokl.Akad.Nauk SSSR 
(in Russ) 88, 49 (1953). 

7. Cellulose Chemistry and its Applications / Ed. 
by Nevel T.P. Wiley, N.Y. (1985). 

8 .  Chang M., J.Polym.Sci. Part C , N 36, 343 (1971). 
9. Simon I., Sheraga H.A. and Manley R.St.J., 

10. Marx-Figini M., Macromol. Chem. Macromol.Symp. , 

11. Yachi T., Hayashi J., Takai M., Shimisu Y., 

12, Montroll E.W., Simha R.J., J.Polym.Phys. 8 ,  721, 
(1940). 

13. Bartoshevich S.F., Nemchinov I.A., Molotkov 
V.A., Klenin S.J. , Vysokomol.Soed.(in Russ.) 
33 A ,  1639 (1991). 

3. Bartoshevich S.F., Bykova E.N., Molotkov V.A., 

4. Klenin S.J., Lyubina S.Ya., Chripunov A.K., 

5. Tsvetkov V.N., Eskin V.Ye., Frenkel S.Ya., 

Macromolecules. 21, 983 (1988). 

89 , (1986). 

J.of Appl.Polym.Sci. 37, 325 (1983). 

�� �� �� �� ��



26 Hydrogels of carboxymethylcellulose and 
bischloroformiate diethylene glycol 
R Pernikis and B Lazdina - Latvian State Institute of Wood 
Chemistry, 27 Dzerbenes Str, LV- 1006, Riga, Latvia 

The great  prac t ica l  i n t e r e s t  shown worldwide i n  t h e  

production and inves t iga t ion  of t he  propert ies  of 

hi gh-hydrophi 1 i c mat eri a1 s has resul ted i n  in tens i fy ing  

t h e  research a c t i v i t i e s  ca r r i ed  out i n  t h i s  direct ion.  The 

ana lys i s  of t h e  research shows t h a t  t he re  are two major 
methods f o r  t h e  production of polymeric mater ia ls  

exhibi t ing an enhanced wetting ab i l i t y :  p a r t i a l  

cross-linkage of ce l lu lose  and its derivat ives ,  a s  w e l l  as 

t h e  react ions of gra f t ing  t o  s tarch,  ce l lu lose  and other  

polysaccharides of non-saturated monomers. 

P rac t i ca l ly  a l l  t he  e the r s  of ce l lu lose  may be 

cross-linked. Oligomeric and polymeric compounds may be 

used as cross-linking agents C l ,  2 1 .  

Carboxymethylcellulose CCMCI may be subjected to  

cross-linkage both a t  t h e  expense of t h e  ex i s t ing  

hydroxylic and carboxylic groups, and t h e i r  i n t e r a c t i o n  

with d i f f e ren t  bifunctional compounds. Such a 

cross-linkage r e s u l t s  i n  a change of CMC properties,  which 

enables its use as a supersorbent i n  biology, medicine, 

199 
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and ag r i cu l tu re .  

The present  work is dedica ted  t o  t h e  s tudy  of 

chemically cross -1 inking CMC wi th  b i sch lo r f  ormi a t e  

d i e t  hylene glycol  C BCFD) . 
The r e a c t i o n  between CMC and BCFD is performed a t  t h e  

expense of t h e  hydroxylic groups of c e l l u l o s e  according t o  

t h e  scheme: 

C e l  -OH + C 1  -CC 0) -0-CH2-CH2-0-CH2-CHZ-O-CC 0) -C1 + HO-Cel 4 

-. Cel-0-CC 0)  -0-CH2-CH2- 0-CH2-CH2-0-CC 0) -0-Cel + 2 HCl 

Since Na-CMC is i n so lub le  i n  organic  so lvents ,  an  at tempt  

has been made t o  perform t h e  r e a c t i o n  a t  t h e  

water-methylchloride i n t e r f a c e .  Na-CMC with MM 89000, 

C3-75 Cbrand 70-450) and degraded Na-CMC with MM 30000 
w e r e  used f o r  t h e  reac t ion ;  sodium hydroxide or 

t r ie thylamine  w e r e  used as HC1 acceptor .  The r e a c t i o n  w a s  

performed a t  t h e  r a t i o  of t h e  i n i t i a l  r eagen t s  

Na-CMC: BCFD: NaOH = 1 : 1 : 2: 0.66: 2 C moles). 

For example, 4.8 g Na-CMC and 3.5 ml BCFD w e r e  

d i sso lved  i n  160 ml w a t e r  and 100 m l  CH C 1  r e spec t ive ly .  

After i n t e n s i v e  mixing, 1.68 ml of a 10% NaOH s o l u t i o n  

w e r e  g radual ly  added. I n  1 0  minutes, a homogeneous 

emulsion w a s  formed, which w a s  l e f t  f o r  1 hour; dur ing  

t h i s  per iod of t i m e  t h e  pH dropped from 10 t o  8.5. 

2 2’ 

To p u r i f y  t h e  product, i t  w a s  p r e c i p i t a t e d  i n  80% 

ethanol .  To o b t a i n  a powder-like product, i t  w a s  

p r e c i p i t a t e d  i n  i sopropyl  a lcohol  and washed thoroughly 

with methanol . 
The de termina t ion  of t h e  molecular weight per  

cross- l inked unit i n  cross- l inked CMC C M d  w a s  performed 

by a1 kal  i ne hydro1 ymi s chemical 1 y. 

The degree of swe l l ing  w a s  determined according t o  the 

formula: 
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/m - 1) p / p  
Q = + c m s w e l .  dry 2 P  

where: 

m m - weight of swollen and dry cross-linked s w e l . ’  dry 

- sol vent d e n s i t y  
p P  

Na-CMC; p2 - product density;  

Table 1 lists t h e  y i e l d  and p r o p e r t i e s  of t h e  products 

obtained, depending on t h e  r a t i o  of t h e  i n i t i a l  reagents.  

Table 1 

Conditions of t h e  production and t h e  p r o p e r t i e s  of 

cross-linked Na-CMC * 

Solubi lit y Q-x Mole ra t io  Yield, 

Na-CMC: BCFD: NaOH x i n  w a t e r ,  X 

1:l.S: 1.6 44.5 25.70 17. a 
1:l .  0:1.6 43.3 25.26 27.9 
1: 0.75: 1.5 46.0 28.26 80.0 
1.0.9: 1.0 42.7 64.80 91.0 

1 : 1 : 2.00 
1 : 1: 1.32 
1 : 1 : 0.66 

45.3 16. a7 16.1 
47.1 39.25 46.6 
42.7 57.00 44.0 

A s  can be seen  from t h e  d a t a  obtained, t h e  inc rease  i n  

t h e  quan t i ty  of BCFD from 0.5 t o  1.5 m o l e s  does not 

a c t u a l l y  a f f e c t  t h e  y i e l d  of t h e  f i n a l  product, however 

t h e  degree of its swel l ing  as w e l l  as s o l u b i l i t y  i n  w a t e r  

decrease. A t  a decrease of t h e  amount of BCFD below 0.5 

moles, no hydrogel formation is observed, but t h e  

v i s c o s i t y  of w a t e r  s o l u t i o n  i n c r e a s e s  which is, obviously, 

connected wi th  t h e  formation of cross-linked CMC 

macromolecules still s o l u b l e  i n  w a t e r .  The same s i t u a t i o n  

�� �� �� �� ��



202 Derivatives of cellulose and their properties 

is observed when degraded CMC with MM 30,000 is used. 

Tlme.  h 

Fig. 1. Variations i n  swelling degree C l 3  and hydrogel 

yield C2) depending on t h e  reac t ion  t i m e  

An increase i n  t h e  reac t ion  t i m e  CFig. 1) r e s u l t s  i n  a 

gradual decrease i n  the  product y ie ld  and an increase i n  

the  swelling degree, which is connected with t h e  

hydrolysis of t h e  carbonate l inkages formed during t h e  

react ion with BCFD. The ana lys i s  of cross-linked Na-CMC 

showed a 0.2 - 0.4% C1 content i n  t h e  samples, which is 

ind ica t ive  of t h e  presence of t h e  C1-CO-C groups remaining 

from the  non-reacted BCFD. The s t a b i l i t y  of cross-linked 

Na-CMC was determined i n  w a t e r  and phosphate buffer CTable 

23. The s o l u b i l i t y  of gel  i n  w a t e r  a t  t h e  beginning of 

swelling w a s  conditioned by non-reacted Na-CMC 

Capproximately 20x3 and that with l o w  densi ty  of cross 

-linkage. The increase i n  t h e  s o l u b i l i t y  of gel  i n  w a t e r  

and phosphate buffer, conditioned by t h e  hydrolysis of 

carbonate groups w a s  observed in 3 days of enduring t h e  

gel  i n  these media. I n  7-10 days of enduring t h e  gel  i n  

phosphate buffer, its complete decomposition t o o k  place. 
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Table 2

St.abilit.y of cross-link.ed Na-CMC depending on t.he

endurance t.ime in wat.er and phosphat.e buffer (pH 7.4) at.

31 OaK

Solubi lit.y. "

Medium

day 1 3 5 7 10 92

36.5 decompo
sit.ion

Wat.er

Phosphat.e
buffer

27.5

4.5

0.4

30.1

12.5

35.7

22.4
decompo
sition

47.8

100.0

100.0

• Q in wat.er 17.5; .. Q in wat.er 64.5max max

1

.. 0.. '

. ..

..........". 2

........
.............

•:,..-

1;:1",
m·., .m.... ·.m·······

25

70'-r-e------------------------,

65

60

66-1
I

5O-j
cr 451

40

35

2O-'----..-------r-----,-----....,...------4
o 10 16

Tllne. h
20 26

Fig. 2. Swelling kinet.ics of hydrogels wit.h swelling

degree Q • 65 (1) and Q • 39 (2).
max max

It. is known that. t.he swelling of hydrogel is direct.ly

connect.ed wit.h t.he degree of cross-linking. The st.udy of

t.he swelling kinet.ics of cross-linked CMC in wat.er (Fig.2)
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enables  c h a r a c t e r i z a t i o n  of thO cross- l inkage  parameter 

Mc . 
A s  can be seen from Fig. 2, maximum swel l ing  C Q  > is 

reached i n  24 hours of enduring t h e  sample i n  water, 

depending on Mc. 

M X  

The s t r u c t u r e  of t h e  g e l s  formed i s  cha rac t e r i zed  using 

t h e  Flory-Huggins equat ion  [ 31. 

Table 3 

C h a r a c t e r i s t i c s  of t h e  g e l  s t r u c t u r e  of c ross - l inked  

Na-CMC 

Parameters Samples 

I I1 I11 IV 
.......................................................... 
Equi 1 i b r i  urn 72.7 27.9 20.5 6.2 
swel l ing  degree, Q,, 

Polymer f r a c t i o n  0.014 0.037 0.047 0.161 
i n  swollen gel ,  

Molecular weight 
per c ross - l ink  un i t ,  Mc 

i n  terms of swel l ing  548.890 56.372 34.679 5.012 

t h e  chemical method - - 17.990 5.980 

C r o s s  -1 ink densi  t y, 

mol/cm 

v2 

2. oXi o - ~  2. oX1 o - ~  3. O ~ I O - ~  3. gX1 o - ~  3 

.......................................................... 
As can be seen  from Table 3, t h e  l a c k  of coincidence of 

t h e  q u a l i t a t i v e  c h a r a c t e r i s t i c s  of M c  c a l c u l a t e d  i n  terms 

of swel l ing  and obtained exper imenta l ly  is accounted f o r  

by t h e  f a c t  t h a t ,  f i r s t l y ,  t h e  add i t ion  of t h e  

b i func t iona l  reagent  t a k e s  p l a c e  mainly t o  high molecular 

f r a c t i o n s  t 3 1 ,  and t h e  he t e rogene i ty  of t h e  r e s u l t a n t  

product arises f o r  t h e  c e l l u l o s e  e t h e r  i n  terms of 

molecular weight, and secondly, hydro lys i s  of t h e  BFCD 

reg ions  connected by one end t o  t h e  CMC chain  t a k e s  place.  

The equi l ibr ium degree of g e l  swel l ing,  exceeding 20 
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confirm t h a t  t h e  cross-linked CMC obtained has t h e  

qua1 it  ies of a superabsorbent. 

4 Fig. 3. Dependence of t h e  degree of gel  co l lapse  and CuSO 

concentration i n  so lu t ion  outs ide the  hydrogel a f t e r  t h e  

in t e rac t ion  hydrogel - sal t  so lu t ion  depending on t h e  

ini t ia l  concentration of salt: 1, l a  - Qmax 24.5; 2, 2a - 
Qmax 6.2 

It is known t h a t  i n  s a l t  so lu t ions  t h e  w a t e r  absorption 

of ion ic  polyesters  decreases dramatically. A t  t h e  same 
t i m e ,  t h e  study of t he  mutual influence of hydrogels and 

aqueous so lu t ions  of bivalent metal salts presents  a 

considerable i n t e r e s t  both from t he  s c i e n t i f i c  and 

p rac t i ca l  po in ts  of view C41, s ince  t h e  r e g u l a r i t i e s  which 

t a k e  place in t h i s  case may serve  as a base, for example, 

f o r  pu r i f i ca t ion  or enrichnmnt technologies. I n  t h e  

present work w e  have s tudied t h e  behaviour of t h e  ge l s  

obtained with a degree of swelling of 24.5 and 6.2 i n  

c u p r u m  rulphate  so lu t ions  C i n  concentrations from 0. OOlM 

t o  O.SM) ,  for which the  gel  co l lapse  degree C d  C i . e .  t h e  

ra t io  between t h e  sample volume i n  sa l t  solution and its 
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volume i n  d i s t i l l e d  water i n  t h e  equilibrium s t a t e )  a s  a 

funct ion of t h e  i n i t i a l  concentration of t h e  s a l t  so lu t ion  

c is determined CFig. 3 ) .  
0 

The concentration of C S 0 4  C c l )  i n  the  so lu t ion  outside 
t he  gel a f t e r  t he  in te rac t ion  hydrogel - sal t  solut ion,  

depending on c has been studied, and, a s  can be seen i n  

Fig. 3, a l i nea r  dependence has been obtained. Already a t  

a CuS04 concentration of 0.01 mole/litre, an abrupt 

col lapse of t he  gel  takes place, however t h e  maximum 

concentration of cuprum i n  t h e  gel  is i n  O . 1 M  CuSO4 

solution. 

0 
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27 Some aspects of cellulose carbamate 
H Struszczyk and A Urbanowski - Institute of Chemical Fibres, 
ul M C Sklodowska 19/27, 90-570 Lodz, Poland 

ABSTRACT 

An entirely new method for the production of cellulose 
carbamate (CC) has been developed at the Institute of 
Chemical Fibres, EbdS, Poland. The method allowed 
manufacture of CC suitable for further processing into 
useful commodities such as fibres, film, beads, binding 
agents and microcrystalline cellulose and cellulose 
carbamate. Fibres obtained from CC resemble viscose 
fibres; other products made of CC proved to be useful in a 
number of applications. 

1. Cellulose carbamate (CC) . 

To replace the hazardous viscose technology new processes 
are proposed by some leading companies 11-21. One of the 
possible new routes is the CC technology. Cellulose 
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carbamate is formed in the reaction of cellulose and urea 
at about 135-14OOC. 
To accomplish the synthesis the average degree of 
polymerization (DP) of cellulose should be lowered to 
about 400. Furthermore the cellulose should be activated. 
Even distribution of the carbamate groups along the 
cellulose chain is desirable. 
In the eighties Neste Oy of Finland introduced the 
cellulosic fibre made from CC under a name of Cellca 
[3-141. In that process, liquid ammonia were employed for 
activation and irradiation for lowering the DP. After some 
time Neste withdrew from the process. 

2. A new route for the manufacture of CC. 

At the Institute of Chemical Fibres, Lodz, Poland a new 
method for the manufacture of CC has been developed. The 
new process entirely eliminates the inconvenience of 
liquid ammonia and irradiation, as proposed by Neste. 
Chemical treatment provides both for activation and for 
lowering of the DP and consequently for a homogeneous 
intercalation of urea in cellulose. The new process allows 
the manufacture of CC with both good yield and quality 
[151. Characteristics of the CC produced are given in 
Table 1. 

3. Possible application of CC. 

Cellulose carbamate can be used to manufacture of products 
made by coagulation and/or regeneration processes (Fig. 1) 
The main target of cellulose carbamate use is to make 
fibres. Spinning trials are being run in cooperation with 
viscose mills both in Poland and abroad. 
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Table 1. Properties of CC form pilot scale industrial 
manufacture . 

Property Parameter 

Form 
Colour 

Pulp 
white to light beige 

Nitrogen content, % 2.0 - 3.0 
Moisture content, % 7.9 - 9.0 
Solubility in 9 % w/w NaOH ver good with concen- 
in - 5  OC trarion up to 7 - 9 wt% 
KW* about 10 
Stabilit of KC solution up to 120 h 

Decomposition temp., OC 365 
Stability of dry cellulose stable 
carbama t e 

in t; oc 

Products made of 
ted from CC 

Products made of CC cellulose regenera- 

- fibres - fibres 
- beads for slow-release - film 

- binding a ent for chemicals 
- microcrystalline form lulose 

fertilizers and chemi- - beads for slow-release 
cals of fertilizers and 
papers an% non-wovens 
of cc 

- microcrystalline cel- 

~- 

Figure 1. Scheme of products made on a base of 
cellulose carbamate. 
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Table 2 .  The properties of fibres made from cellulose 
carbamate. 

Property Pa rame t e r 

Tit re , dtex 1.5 - 2.0 

Tenacity, cN/tex 15 - 20 

Elongation, % 16 - 22 
Loop tenacity, cN/tex 3 . 8  - 5.5 
Nitrogen cant.,% 1.0 - 1.2* 

or 0.3 - 0.5** 

* - cellulose carbamate 
* *  - cellulose 

CONCLUSIONS 

The new procedure allows for the manufacture of cellulose 
carbamate. An industrial pilot plant has been put on 
stream with an output of about 10 tons of CC per month. 
The product is stable, has good quality and dissolves well 
in sodium hydroxide. The alkaline solution can easily be 
converted into useful products such as fibres, film, 
beads. 
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28 Investigations of amidation of C-6- 
carboxy cellulose 
K Rahn, T Heinze* and D Klemm - Friedrich Schiller University of 
Jena, HumboldtstraBe 10, D-07743 Jena, Germany 

ABSTRACT 

C-6-Carboxycellulose (COC, degree of oxidation 0.52) a glucoglucuronan, 
which can be activated by the precipitation of an aqueous polymer solution 
in DMF yielding a highly swollen gel, reacts with SOClz to the 
corresponding acid chloride with a nearly complete conversion of 91 I. The 
subsequent reaction with benzyl amine/ pyridine yields COC benzyl amides 
with additional glucuronic acid and glucose residues in the polymer 
backbone. The cellulose derivatives are characterized by IR- and 13C-NMR 
spectroscopy. 

INTRODUCTION 

The oxidation of cotton linters with NaNOz/ H3P04 yields C-6-carboxy- 
cellulose with a degree of polymerization of about 80 (1, 21. These ionic 
lignocellulosics are interesting materials for further modifications both of 
the COOH-groups and of the remaining OH-groups. In a previous paper we 
have reported the sulphation reaction of the OH-groups yielding a 
polyelectrolyte with two different ionic groups [3]. Now we want to report 
on our first results on amidation reactions of the COOH-groups. 

EXPERIMENTAL 

C-6-Carboxycellulose was prepared by adding finely powdered NiiNOz to a 

* Correspondence author 
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solution of cotton linters in aqueous 85%H,P04 and a subsequent treatment 
with NaBH4 acording to [2]. 

Mthods o f c-at10 n . .  

Infrared spectra were recorded in KBr disks with a M 80 spectrophotometer 
(CARL ZEISS JENA). The 13C-NMR spectra were recorded on a BRUKER 
MSL 400 spectrometer operating at 100.63MHz in the pulsed Fourier- 
transfom mode with proton decoupling after dissolving in 0.5M NaOH/ 
D20 at 20°C. 12000- 3oooO scans were accumulated. 

Carboxyce llulose aci 'd chlorides fCOCC IJ 

The sodium salt of the C-6-carboxycellulose (l.Og, 5.5mmol) was dissolved 
in distilled H20 and precipitated into DMF followed by distillative removal 
of H20  from the highly swollen gel under reduced pressure. To a stirred 
suspension of the activated polymer in ice-cooled pyridine (25m1, 313mmol) 
was added SOC12 dropwise (15m1, 207mmol). The mixture reacted for lh at 
O'C, 2h at room temperature and a further 6h at 70°C. The 
carboxycellulose acid chlorides (COCCl) formed can be isolated by 
precipitation into acetone and drying in vacuum at 40°C (method A) or used 
without isolation (method B) for the following amidation reactions. The 
halogen contents of the COCCl samples are given in Table 1. 
IR (KBr): 1744cm-1 (COCI), 752cm-1 and 680cm-1 (ccl) 

Carboxvc - ellulose be nzyl ami'des fCOC BA) 

The isolated COCCl prepared according to method A was suspended in 
pyridine (26m1, 325mmol), and then benzyl amine (3.lm1, 28mmol) was 
added under stimng. After a reaction time of 6 h at 70°C the resulting 
solution was evaporated approximately to a half of the key volume. After 
acidification with diluted HC1 the carboxycellulose benzyl amide (COCBA) 
was precipitated into distilled H20, washed with distilled H20 and dried in 
vacuum at 40°C. 
If the COCCI was not isolated (method B), the synthesis was carried out as 
follows: To the stirred COCCl solution pyridine (10m1, 125mmol) and 
then a mixture of benzyl amine (4.1m1, 37mmol) in pyridine (10m1, 
125mmol) was added. The reaction mixture was heated for 6h at 70°C and 
the formed carboxycellulose benzyl amide (COCBA) was isolated by 
precipitation into distilled H20. After washing with distilled H20 the 
COCBA samples were dried in vacuum at 40°C. The nitrogen contents of 
the COCBA samples are given in Table 2. IR (KBr): 3288cm-1 (NH), 
3080-3030cm-1 (ar-CH), 1656cm-* and 1528cm-I (NC=O), 700cm-l (NH) 
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RESULTS AND DISCUSSION 

The amidation of the C-6-carboxycellulose (COC) is impossible without 
activation of the COOH-group. For this reason we investigate the activation 
of the carboxy groups of COC by the well-known acid chloride formation 
with chlorinating agents like SOC12 in DMF/ pyridine mixtures according to 
a procedure used for carboxymethyl cellulose (CMC) [4]. 

COOH 

Figure 1. Reaction scheme 

After a suitable pretreatment consisting of the precipitation of an aqueous 
sodium COC solution in DMF and the removal of H20 from the highly 
swollen gel by distillation under reduced pressure the chlorination of the 
carboxy group with SOCl2 in a DMF/ pyridine mixture yields the easily 
hydrolyzable carboxy cellulose acid chloride (COCCl, Figure 1 .). 
Upon addition of SOCl2 to the mixtures of carboxycellulose and pyridine 
solution an exothermal reaction takes place and the mixture gradually 
darkens. This color change increases with increasing temperature from 0°C 
(yellow) to 70°C (red-brown). It was found that a molar ratio of NaCOC : 
SOCl2 : pyridine = 1 : 38 : 57 is the most effective one investigated for a 
nearly complete conversion of the COONa-groups into the corresponding 
acid chloride (Table 1.). It is remarkable that a high conversion up to - 91 % of the total amount of the COONa-groups is reached, if the polymer 
dissolves in the reaction mixture during the reaction. 
It is known that the reaction of cellulose with SOC12 yields chlorodeoxy 
cellulose. For that reason we examined the possibility of this side reaction 
for the acyl chloride formation of COC by the following experiment. The 
isolated COCCl samples were hydrolyzed with H20 for 48h at room 
temperature and characterized by the subsequent determination of the 
residual chlorine content. Under these conditions a complete hydrolysis of 
acyl chlorides takes place, but the deoxychloride bonds are stable. The 
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residual amount reaches values of 0.41 to 2.7%Cl according to degree of
substitution of the replacement of OH by a Cl atom of 0.02 to 0.15
(Table 2.).

Formation of the carboxycellulose acid chlorides (COCCI) in
dependence on the molar ratio anhydro glucose unit (AGU):
SOCI idi17: pyn me.

COCCl- Molar ratio Cl- content Conversion of the
sample AGU: SOCI2: pyridine (%)a COONa- group (%)
(method A)
1 1 : 15 : 23 12.29 62.0
2 I : 25 : 37 14.27 72.0
3 1 : 38 : 57 18.03 91.0

Table I.

a Determined by elemental analysis ( 19.81% Cl = l00%converslon).

Figure 2. IR spectra of sodium carboxycellulose (a), carboxycellulose
acid chloride (COCCI, b) and carboxycellulose benzyl amide
(COCBA, c)

Figure 2. shows the IR spectra of the COCCI obtained (e.g. sample 2, curve
b) in comparison with that of the starting COC in the sodium salt form
(curve a). For the COCCI samples a new absorption appears in the "c=o
region at 1744cm-1 indicating the conversion of COONa- into COCI
groups. Furthermore, two new signals can be observed at 752cm-1 and
68Ocm-1, respectively. These adsorptions are due to "C-CI vibrations
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whereby the adsorption at 752cm-1 can be assigned to chlorodeoxy
carboxycelluloses according to the results obtained by hydrolysis. As
concluded from the work of Sakamoto [5J, the chlorination takes place
especially at the OH-group in the C-6 position. The peak at 68Ocm- t can be
assigned to the C-Cl valence vibration at the COCl-group. After amidation
(see curve c) this signal is not detectable as result of the reaction of the acyl
chloride with the amine.
The COC-chlorides are decomposed in the presence of humidity yielding a
black gum-like product. The decomposition of COCCI samples occurs
significantly faster than that of the CMC-chlorides.
The amidation of the COCCI samples with benzyl amine was carried out
both with the isolated COCCI (preparation according to method A - see
Experimental) and without isolation (method B) for 6h at 70°C in pyridine.
The carboxy cellulose benzyl amides (COCBA) formed can be isolated by
precipitation with distilled H20 after evaporation to a half of the key
volume and acidification with diluted HCl.
In Table 2. all COCBA samples synthesized are summarized. A high
conversion up to 92% of all COCI-groups (sample 6) takes place, as a
homogeneous reaction mixture is formed. In this case water-insoluble
products are isolated in accordance to a high content of amide groups
(Table 2.). The products isolated were soluble in DMF as well as DMSO,
but insoluble in H20 .

Amidation of COC-chlorides with benzyl amine (BA) in
idi fi 6h 70°C

Table 2.
pyn me or at

COCBA- COCl- Molar Precipi- N-content Conversion Residual
sample prepn. ratio tant (%)8 of the CI-

method BA: COCl- content
pyridine aroups (%) (%)

I A 1: 11.6 H?O 5.12 78.8 _D

2 A 1: 11.6 acetone 0.60 9.2 0.41
3 A 1: 11.6 acetone 2.73 42.0 2.22
4 B 1: 6.8 H?O 4.36 67.1 2.74
5 B 1: 6.8 U)O 3.08 47.4 2.04
6 B 1: 6.8 H?O 5.98 92.0 1.15

a
b

Determined by elemental analysis (6.5%N = 100% conversion).
Not determinated.

It is obvious that the amidation reaction without isolation of the COCCi
yields a higher conversion (homogeneous reaction) in comparison with that
carried out with isolated COCCI samples. Therefore the following reactions
should be carried out preferably without isolation of the COCCI derivatives.
Figure 2. shows a typical IR-spectra of COCBA (e.g. sample 1, curve c).
The absorptions at 3288cm-t (IINH) , 3080-303Ocm-1 (llar-CH) , 1656cm-1
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(vcz0 amide I) and 1528cm-I ( ~ N - H  amide 11) indicate the presence of 
amide groups. 
In the I3C-NMR spectra of COCBA the typical peaks of COC occurs and, 
in addition, signals which can be assigned to the benzyl amide structure. 
The signals at 175.5 (C-6') and 149.U 149.6ppm (C-6") may be attributed 
to C-6 carbon atoms of the anhydroglucose unit bearing a carboxy- and an 
amide group, resp. (Figure 3.). Peaks at 125.2, 127.5, 129.6 and 138.4ppm 
can be assigned to the carbon atoms C-(8-11) of the aromatics. From 13C- 
NMR it can be concluded that the polymer consists of 3 different repeating 
units: glucose, C-6-carboxyglucose, and C-6-carboxyglucose benzyl amide. 

c-8-11 

Figure 3. * 3C-NMR spectra of C-6-carboxycellulose benzyl amide 
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29 Effects of solvent addition to acetylation 
medium on cellulose triacetate prepared from 
low-grade dissolving pulp 
S Saka and T Takahashi - Department of Wood & Paper Science, 
Faculty of Agriculture, Kyoto University, Kyoto, Japan 606-0 1 
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ABSTRACT 

As cellulose triacetate is prepared from low-grade dissolving pulp, a 
considerable amount of the insoluble residue is present in the acetylation 
medium of the acetic acid / acetic anhydride / sulfuric acid system. As one of 
the remedies for reducing the insoluble residue, a solvent was added to the 
acetylation medium and the effects of the solvent addition on the amount of 
insoluble residue formed were studied. To do so, 17 different solvents were 
selected so as to cover a wide range of solubility parameters. The obtained 
results clearly indicated that the addition of the solvent affects the amount 
of insoluble residue and that nitromethane, nitroethane, dichloroacetic acid 
and methylene chloride were very effective for its reduction. A new 
acetylation system with such an appropriate solvent would provide a clue as to 
an industrial usage of the low-grade dissolving pulps for cellulose acetate 
product ion. 

INTRODUCNON 

Cellulose triacetate being important in the fiber and textile industries 
requires high quality cellulose as a starting material. ') This is because the 
low-grade dissolving pulps contain more hemicel luloses and the formation of 
hemicellulose acetates such as xylan acetate and glucomannan acetate, results 
in industrial problems such as filterability, turbidity (haze) and false 
viscosity. Although a considerable effort has been made since the mid-1950s 
to explain the relationships between the solution properties of the cellulose 
acetate and contaminated hemicel lulose acetate, 2-8) viscose grade wood pulps 
with an a-cellulose content of less than 90% still cannot be used for 
manufacturing cellulose acetate. 

219 

�� �� �� �� ��



220 Derivatives of cellulose and their properties 

In our previous work, '* l o )  we have studied cellulose triacetate prepared from 
softwood sulfite dissolving pulps with an a-cellulose content of 87.5%. The 
first problem faced was a substantial amount of insoluble residue present in 
the acetylation medium of the acetic acid / acetic anhydride / sulfuric acid 
system. This insoluble residue retained a fiber structure of swollen form, 
resulting in one of the industrial problems, filterability. 
Characterization of the insoluble residue9) showed that it was composed of 
cellulose triacetate (CTA) and glucomannan triacetate (GTA) in aggregate with 
each other in the acetylation medium due to their compatible nature. In 
addition to such chemical effects of the molecular interactions, 
ultrastructural effects of glucomannan distribution in pulp fibers were found 
to be involved in the formation of insoluble residues. Therefore, the amount 
of insoluble residue can be expected to be reduced if chemical effects and/or 
ultrastructural effects are decreased during acetylation. 
As one of remedies, the pretreatment of low-grade dissolving pulps with 
mixtures of acetic acid and sulfuric acid was Found to reduce both the 
chemical and ultrastructural effects of pulp fibers in the following 
acetylation, resulting in reducing the amount of the insoluble residue. l o )  The 
use of higher amounts of sulfuric acid as a catalyst was also found t o  reduce 
the insoluble residue formed. ") 
In this study, a solvent was added to the acetylation medium of acetic acid / 
acetic anhydride / sulfuric acid system and the effects of' the solvent 
addition on the amount of the insoluble residue formed were studied. To do so, 
seventeen different solvents were selected to cover a wide range of solubility 
parameters of the solvents. 

EXPERIMENTAL 

Sulfite softwood dissolving pulp with an a-cellulose content of 87.5% was used 
for preparing cellulose triacetate as described in the previous paper. ') As 
cellulose triacetate was prepared from this pulp, a large amount of insoluble 
residue was present in the acetylation medium of an acetic acid / acetic 
anhydride / sulfuric acid system.') Therefore, in this work, a solvent was 
added to this acetylation medium to study the effects of the solvent on the 
amount of insoluble residue formed. The solvents used in this study are given 
in Table 1. 
The low-grade dissolving pulps (1 part) were thus acetylated with a solution 
of acetic acid (160 parts). acetic anhydride (7parts) and sulfuric acid (0.1 
part) with a solvent (51 parts) for 3 h at 40 C. followed by stirring 
overnight at 20 C. The solutions were then spun in a centrifuge at 7000 rpm 
for 30 min. After the tubes were removed carefully, the supernatants pipetted 
away and precipitated substances were washed repeatedly with mixtures of fresh 
acetic acid and the solvent used in the system (160:51 in a weight ratio) by 
centrifugation to obtain the insoluble portions. The supernatants collected 
were, on the other hand, concentrated and poured into deionized water to 
precipitate the soluble portions. The insoluble and w!uble portions were 
washed as doscribed previously. 
The degree of substitution (DS) of these samples was determined by a titration 
method, I I )  while neutral sugar compositions were determined by an 
alditol-acetate procedure'2' using conditions described in a previous paper. ') 
For structural observations, some micrographs of the insoluble residues were 
taken in an acetylation system with a different solvent. 

�� �� �� �� ��



Effects of solvent additiofi 221 

RESULTS AND DISCUSSION 

It has been known in our previous work"' that, when cellulose triacetate is 
prepared from low-grade sulfite dissolving pulp, a substantial amount of 
insoluble residue is present in the acetylation medium of the acetic acid / 
acetic anhydride / sulfuric acid system. Therefore, in this study, a solvent 
was added to the above acetylation medium with 1:3 weight ratio of solvent to 
acetic acid to study the effects of the solvent addition on the reduction of 
the insoluble residue content in the acetylation medium. 
Table 1 shows selected solvents excluding the alkaline, unstable and reactive 
solvents in the reaction medium. The acetylation system with acetic acid 
(No.10 in Table 1) was also included just for comparison as a control reaction 
system without any addition of the solvent. Compared with acetic acid, 20.7 
(MPa)i'2 in its solubility parameter (SP), the selected solvents could cover a 
wide range of the SP values from 16.6 to 26.0 (MPa)'/'. Also included in Table 
1 is the insoluble residue content in the acetylation medium with a designated 
so 1 vent. 
Figure 1 shows a relationship between the amount of insoluble residue and the 
SP of the solvent added to the acetylation medium. Numbers correspond to 
solvents as in Table 1. It is very apparent that compared with 15.1% in a 
control reaction system (acetic acid, No.10). the results are varied from 0.6% 
to 36.2% in insoluble residue contents, indicating that large effects of the 
solvent addition exist on the amount of the insoluble residue in the 
acetylation medium. Furthermore, it is noted that with an increase in the SP 

Table 1 The insoluble residue content in the acetylation medium with a solvent added 
and its chemical compositions. 

Solubility Insoluble Chemical Compositions ( mol% ) 

((MPa)"') ( wtX ) Glucose Mannose Xylose 
Solvent parameter residue 

- 
1. R-Butyl chloride 16.6 36. 2 80.0 18. 9 1.1 
2. 4-Chlorotol uene 18.0 28.1 79.4 20. 6 
3. 1.2-Dichloroethane 18.2 9. 2 55.2 44.8 
4. Methylcellosolve 18.8 29. 3 78. 7 21. 3 

5. Ethylbromide 19.6 19.9 66. 5 33. 5 
6. Methylene chloride 19.8 4.8 58. 2 29. 9 11.9 

71.8 28.2 - 7. 2-Ni tropropane 20.3 9. 1 
8. Bromobenzene 20.3 17.2 73. 6 25. 3 1. 1 
9. Ni trobenzene 20. 5 7.4 57. 9 42.1 

10. Acetic acid 20.7 15. 1 71. 1 20. 2 0 . 7  
11. 1-N i t ropropane 21. 1 7.1 70. 3 29. 7 
12. Methylbenzoate 21. 5 24.1 80.1 19. 9 
13. 1-Bromonaphtalene 21. 7 20. 2 68.3 26.8 4.9 
14. Dimethyl phthalate 21. 9 15. 6 70. 5 29. 5 
15. Dichloroacetic acid 22. 5 0.8 
16. Nitroethane 22. 7 3.0 69. 2 30. 8 
17. Nitromethane 26.0 0. 6 42. 6 57.4 

- 
- 
- 

acetate 
- 

- 

- 
- 

- 
- - - 

- 
- 
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0 '  I 1 I 0 
16 18 20 22 24 2G 27 

Solubility parameter (( MPa)'l2) 
Fig. 1 The soluble residue content vs. solubility parameter of the solvent 

added to the acetylation medium. Numbers correspond to the solvents 
as in Table 1. 

I 

I ,-. I I I 

10 20 30 40 U 

Insoluble residue content (%) 
Fig. 2 The sugar content vs. insoluble residue content for acetylation 

medium with a solvent added. Numbers correspond to solvents as in 
Table 1. 
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values, the amount of insoluble residue has a tendency to decrease. 
The effective solvents for reducing the insoluble residue are, therefore, 
nitromethane (0.6%). dichloroacetic acid (0.8%). nitroethane (3.0%), methylene 
chloride (4.8%), 1-nitropropane (7.1%), nitrobenzene (7.4%), 2-nitropropane 
(9.1%) and 1.2-dichloroethane (9.2%). 
The chemical compositions of the insoluble residue in each reaction system are 
also given in Table 1. It is apparent that, in addition to glucose, the 
insoluble residue contains a high proportion of mannose, with a limited amount 
of xylose except for the reaction system with methylene chloride. This result 
is in g o d  agreement with the findings of our previous worke' that the 
insoluble residue is composed of cellulose triacetate (CTA) and glucomannan 
triacetate (GTA) in aggregate with each other at the molecular level by their 
mutual interactions. Therefore, GTA is involved in the formation of the 
insoluble residue for all acetylation systems studied. 
However, a closer inspection of the results in Table 1 shows a large variation 
in mannose content from a maximum of 57.4% to a minimum of 18.9%. Therefore, a 
relationship between the insoluble residue content and its sugar content for 
glucose and mannose was studied (Fig.2). From Fig. 2, it is apparent that the 
glucose content decreases with a decrease in the insoluble residue content, 
whereas the mannose content increases. 
Based on a study on the chemical compositions of the isolated glucomannan from 
the low-grade pulp used in this study, the molar ratio of mannose to glucose 
is known to be 3.2:1.@' With the value of 3.2, therefore, the contents of the 
GTA and CTA can be computed. Figure 3 shows the obtained ratio of CTA to GTA 
against the insoluble residue content. It is apparent that with a decrease in 
the insoluble residue content, the ratio of CTA to GTA decreases. 
Comparative studies of acetylation in the model experiments"' indicated that 
the insoluble residue from the low-grade dissolving pulp is formed by 

5 

4 -  

3 -  0 

2 -  

1 -  
0 @@ @ @  

@@ 

@@ @ @  2l 1 @@ 

I I 1 

0 10 20 30 40 
Insoluble residue content (%) 

Fig. 3 The ratio of the CTA to GTA content in the insoluble residue vs. 
insoluble residue content. Numbers correspond to solvents as in 
Table 1. 
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4 - Cliloro t ol uene 

28.1 96 

ultrastructural effects of the pulp fibers and the chemical effects of the 
molecular interactions of CTA and GTA. The former effects originate from the 
ul trastructural distribution of residual glucornannan in the dissolving pulp, 
whereas the latter effects are due to molecular aggregation of CTA and GTA by 
their compatible nature. It is , therefore, possible to get a reduction in the 
amount of insoluble residue if chemical effects and/or ultrastructural effects 
are decreased during acetylation. Furthermore, our previous study' O )  indicated 
that as the ultrastructural effects are decreased, the ratio of CTA to GTA 
content in the insoluble residue is decreased. Therefore, the results in Fig. 3 
suggest the reduction of the ultrastructural effects as the insoluble residue 
content decreases. 
Figure 4 shows the light micrographs of the insoluble residue after 
acetylation. The structural changes are evident as the insoluble residue 
content decreases; the residues in the acetylation system with 4-chlorotoluene 
with the residual content of 28.1% are more likely to be original pulp fibers 
with a limited swelling. However, fiber residues in the control acetylation 
system with acetic acid (15.1%) are greatly swollen with retaining the fiber 
structure. In the acetylation system with 2-nitropropane with the lower 
residual content of 9.1%. the acetylated fibers are reduced to fiber fractions 
and finally such fiber fractions disappear in the reaction system with 
nitromethane (0.6%). Such changes of the fiber structure would make the pulp 
fibers swell wre readily during acetylation and allow them t o  solubilize 
greater to the acetylation medium. These lines of evidence seem to be parallel 
to a process to reduce the ultrastructural effects of the pulp fibers, thus 
supporting the suggestion above from Fig.3. 

A cct, jc n ci tl 2- N i 1 ropropane 

15.1 o/o 9.1 %I 0.G % 

Nit  roinet liane 

Fig. 4 Light micrographs of the insoluble residue after acetylation with a 
solvent designated. The value shows the insoluble residue content. 
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Insoluble residue content (%) 
Fig. 5 Insoluble residue content vs. mannose content of the original pulp 

(7.0%) divided into soluble and insoluble portions. 

Based on these results, it may be concluded that, in the reaction system with 
a small insoluble residue content, the great reduction of the insoluble 
residue is not only due to the ultrastructural effects reduced as proved above 
but also due to the chemical effects reduced in which the solubilities of CTA 
and GTA are improved with mixtures of the acetylation medium with the solvent 
added. 
The determination of the chemical compositions of the original pulps used in 
this. study indicated that it contains 7.0% mannose. Thus, the proportions of 
the total mannose in the soluble portion and insoluble residue were computed 
as shown in Fig. 5. It is apparent from Fig. 5 that as the insoluble residue 
decreases in content, the proportion of the mannose in the insoluble portion 
decreases, whereas that in the soluble portion, in turn, increases. This 
implies that some of the GTA which has formed the insoluble residue in the 
acetylation medium is no longer involved in its formation and moved to the 
soluble portion. Therefore, the addition of the appropriate solvent to the 
acetylation medium could solve a problem on the formation of the insoluble 
residue as the low-grade dissolving pulps are used for cellulose acetate 
preparation. 
In conclusion, a new acetylation system with an appropriate solvent can 
provide a clue as to an industrial usage of the low-grade dissolving pulps for 
cellulose acetate production. 
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Abstract 

As photofunctional materials, cellulose stilbene-4-carboxylate (SB-cellulose) 
and cellulose 2-methylstilbene-5-carboxylate ( MSB-cellulose) were prepared and 
photoregulation of functions of the derivatives under irradiation with UV lights was 
investigated. Stilbene moieties in the SB-cellulose were found t o  undergo only 
irreversible isomerization from the trans t o  cis form under irradiation with UV 
light. However, 2-methylstilbene moieties in the MSB-cellulose do reversible 
isomerizations from the trans t o  cis form under irradiation with UV light above 
290nm and the cis t o  trans form with about 250nm, although the cis t o  trans 
isomerization was not complete. Regulation of swelling abilities of MSH-cellulose 
in water and in benzene was examined under irradiation with UV light. The swelling 
ability in water was found t o  increase under irradiation with UV light above 290nm 
and decrease with about 250nm. On the other hand, that in benzene decreased under 
irradiation with UV light above 290nm and increased with about 250nm. Width of 
changes in the swelling ability under alternate irradiations with UV light was found 
t o  decrease only slightly even after 5 times of repeated alternate irradiation. 

Introduction 

Photoregulation of functions of polymers containing photochromic moieties, such 
as azobenzene, spiropyran, stilbene, and fulgides has been the subject of many 
investigations""). In the present paper, we report on the preparation of cellulose 

227 

�� �� �� �� ��



228 Derivatives of cellulose and their properties 

derivatives containing stilbene and 2-methylstilbene moieties, and on the 
photoregulation of swelling abilities of the derivatives obtained. Stilbene is known 
t o  undergo a photo-induced trans-cis isomerization resulting in a change in the 
dipole moment: 

Photoregulation of the polarity of the stilbene moieties in the cellulose derivatives 
under irradiation with UV l ight was expected t o  make possible the reversible 
regulation of swelling ability of  the derivatives. In this case, however, the 
isomerization of trans-stilbene is known t o  be accompanied by side reactions such as 
formation of dihydrophenanthrene. Thus we prepared a cellulose derivative 
containing the 2-methylstilbene moiety, which was expected t o  prevent the side 
reaction, as well as that containing the simple stilbene moiety. 

Experimental 

Microcrystalline cellulose(DP= 1 20) was dissolved in copper(l1) hydroxide- 
ethylenediamine aqueous solution and then poured into an excess volume of 
ammonium sulfate aqueous solution t o  be regenerated, and used as cellulose. 

The cellulose was reacted with stilbene carbonyl chloride or 2-methyl-stilbene 
carbonyl chloride in pyridine-dichlorobenzene( 1 : 1 by volume) mixture at 1 20 O C  

t o  produce the corresponding cellulose derivatives. The derivatives are called as 
SB-cellulose and MSB-cellulose, respectively. 

Reaction scheme for the preparation of  SB- and MSB-cellulose are shown below: 

Cellulose 

O C H = C H O C O C I  - + (Cell-OH) 

Cellulose stilbene-4-carboxylate 

( S B -cel I u lose) 

COCl 
\ 

CH, 

COO-Cell \ 

Cellulose 2-me t h y Is  t i  I bene-5- 

carboxylate (MSB-cellulose) 
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Degree of substitution(DS) of the derivatives was determined by elemental 
analysis. 

Swelling ability was determined as follows: Cellulose derivative was suspended in 
water or in benzene and irradiated with UV light for a given time, and then filtered 
and pressed in a sintered glass filter t o  obtain a wet mat. Swelling ability was 
caluculated from the weights of the mat before and after drying. 

Results and Discussion 

Typical changes in DS of SB-cellulose and MSB-cellulose with the reaction time 
are shown in Fig. 1 .  The DS.s are found to  increase with the reaction time, but they 
show a tendency t o  level-off a t  about 1.9 for SB-cellulose and at 1.7 for MSB- 
cellulose, respectively. The MSB-cellulose with DS of 1.7 was insoluble in all 
solvents. Repeating the same reaction to  the cellulose once more increased the DSs 
t o  2.4 for SB-cellulose and t o  2.2 for MSB-cellulose, respectively. They were 
soluble in some organic solvents. 

I 1 

Repeated { 4 -1 

0 10 20 30 40 

I 1 

al 
V 
C 
m 

E 
4.4 U .- 
E 
E 
I- 

I I ‘ I  
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Reaction time, h Wave number, cm-’ 

Fig. 1 Typical changes in degree F i g . 2  IR absorption spectra of 
o f  substitution(DS) w i t h  reaction microcrystall ine cellulose(A) , SB- 
time. [cellulose] O.OlZmol/l as and MSB-celluloses( B and C) w i t h  
AGU. [ sti lbenecarbonyl chloride] DS of  1.7 a n d  1.9 
0.039mol I I 

Fig2 shows IR absorption spectra of the cellulose derivatives together with that of 
original cellulose. In the spectra of the derivatives, specific absorption peaks 
assigned t o  ester bonds, alkenyl double bonds, and benzene derivatives are found, and 
the products are confirmed t o  be SB-cellulose and MSB-cellulose, respectively. 

Fig.3 shows changes in the UV absorption spectrum of SB-cellulose dissolved in 
chloroform after irradiation with UV light above 290nm. An absorption peak a t  
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around 250nm, which is assigned t o  the cis form, increases. These changes suggest 
that the trans stilbene moieties in SB-cellulose are isomerized under irradiation 
with UV light t o  the cis form. Lack of an isosbestic point for the spectrum in the 
figure is thought to  be due to  the coexistence of side reactions. lsomerization of the 
cis stilbene moiety t o  the trans form was also examined under irradiation with UV 
light of around 250nm. However, the absorption spectrum was not changed. Thus 
the isomerization of the trans stilbene moiety in SB-cellulose t o  the cis form was 
supposed to  be irreversible. 

al 
C 

! 
2 
s 

250 300 350 400 
Wavelength, nm 

Fig.3 Changes in U V  absorption 
spectrum o f  SB-cellulose (DS=l .8)  
dissolved in chloroform under ir- 
radiation w i t h  U V  light above 290 
nrn. Numbers in f igure indicate 
the irradiat ion time in minutes 

Wavelength, n m  

Fig.4 Changes in UV absorption 
spectrum of MSB-cellulose(DS=Z. 2) 
dissolved in 1,2-dichIoroethane 
under  irradiat ion w i t h  U V  light 
above 290nm(above) and subsequ- 
ent irradiat ion w i t h  that o f  about 
2 SOnm( below ) 

Fig.4 shows the changes in UV absorption spectrum of MSB-cellulose dissolved in 
1,2-dichloromethane after irradiation with UV light. In the above group of the 
spectra, an absorption peak at around 300nm, which is assigned to  the trans form of 
the 2-methylstilbene moiety, is found t o  decrease under irradiation with UV light 
above 290nm, with the irradiation time. This change indicates the isornerization of 
the trans 2-methylstilbene moieties in MSB-cellulose t o  the cis form. The MSB- 
cellulose irradiated with UV light above 290nm for 5 minutes was then irradiated 
with that of around 250nm. The change in the spectrum is shown below in the 
figure. The peak a t  around 300nm in the spectrum is found t o  increase with the 
irradiation time, indicating that the cis 2-methylstilbene moieties are isomerized t o  
the trans form with the irradiation, although the isomerization is not complete 
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compared with the original peak height of the trans form. 
Fig.5 shows the photo-induced reversible changes in an absorption peak a t  around 

300nm in the UV spectrum of MSB-cellulose under alternate irradiations with UV 
light above 290nm and of around 250nrn. The peak height is found to  be changed 
reversibly with alternate irradiation, but the width of the changes in the absorption 
peak decreases. 

I w l t h  around 250nm 

Repetition times 

w i t h  above 290nm 

un i r rad ia ted  

01 a 
100 - - 

0 1 2 
D S  

Fig.5 Photo-induced reversible Fig.6 Changes in degree o f  swell- 
changes in an absorption peak a t  ing of  MSB-cellulose in water w i t h  
about 300nm in UV spectrum o f  MSB increasing degree of  substi tut ion 
-cellulose under  alternate irradia- (DS),  and under  irradiat ion w i t h  
tions w i t h  UV l ights  above 290nm UV lights above 290nm for 60 min.  
and o f  around 250nm and o f  around 250nm for 120 min. 

Photoregulation of swelling abilities of MSB-cellulose in water and in benzene was 
examined. Fig.6 shows the changes in degree of swelling of MSB-cellulose in water 
with increasing DS of MSB-cellulose and under irradiation with UV light. The 
degree of swelling is found t o  decrease considerably with increasing DS, due t o  
substitution of hydrophilic hydroxyl group by 2-methylstilbenecarboxylate. The 
degree of swelling increases after irradiation with UV light above 290nm and 
decreases after subsequent irradiation with that of around 250nm. These changes 
are believed t o  result from the changes in polarity of the 2-methylstilbene moieties 
in the MSB-cellulose, due to  the isomerizations. 

Fig.7 shows the changes in degree of swelling of MSB-cellulose in benzene with 
increasing DS and under irradiation with UV light. The degree of swelling in 
benzene is found t o  increase considerably with the increasing DS. This increase is 
also explained by the substitution of hydroxyl group by the hydrophobic 2-methyl- 
stilbenecarboxylate group. The degree of swelling decreases after irradiation with 
UV light above 290nm and increases after subsequent irradiation with that around 
250nm. These changes again result from the changes in polarity of the 2-methyl- 
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stilbene moieties in MSB-cellulose, due to  the isomerizations. 

& 
0 1 

D S  
Fig.7 Changes in degree o f  swell- 
ing o f  MSB-cellulose in benzene w i t h  
increasing DS, and under irradia- 
t ion w i t h  UV lights above 290nm for 
60min. and around 250nm for 120min. 

DS 1 . 5  

m 
C 

al with  250nm( 120min) 

.- 

(c- 

0 

0 1 2 3 4 5  

Fig. 8 Photo-induced reversible 
changes in degree o f  swelling o f  
MSB-cellulose in benzene under  
alternate irradiat ions w i t h  UV 
lights above 290nm and around 250 
nm 

Repetit ion times 

Fig.8 shows the photo-induced reversible changes in degree of swelling of MSB- 
cellulose in benzene after alternate irradiations with UV light above 290nm and 
around 250nm. The degree of swelling is found to  be changed reversibly with the 
alternate irradiations and the width of the change in the degree of swelling decreases 
only slightly even after 5 times of the repeated alternate irradiations. Also for 
swelling ability of MSB-cellulose in water, similar, but less changes were found 
with the alternate irradiations. 
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various thiols in lithium bromide” 
N-dimet hy lacet amide 
N Aoki, K Furuhata and M Sakamoto - Department of Organic and 
Polymeric Materials, Tokyo Institute of Technology, 0-okayama, 
Meguro-ku, Tokyo, 152 Japan 

Abstract 
6-Bromod-deoxycelluloses of a high degree of substitution were treated 
with various thiols under homogeneous conditions in lithium 
bromidelN, N-dimethylacetamide in the presence of triethylamine. At high 
temperatures, appreciable unfavorable side reaction, dehydrobromination 
yielding 3,danhydroglucose and/or 5,6-glucosene units took place. Under 
favorable conditions, more than 50% of bromine was substituted with thiols. 
Thiols used in this work include 2-hydroxyethanethiol, 2-aminoethanethiol, 
4-aminobenzenethiol, 3-mercapto-propionic acid, 2-mercaptosuccinic acid, 
2-mercaptobenzoic acid and cysteine. Solubilities of the products containing 
carboxyl, amino and/or hydroxyl groups were studied. Aminophenylthio- 
deoxycellulose was treated with nitrous acid followed by diazo coupling with 
N,N -dimethylaniline to yield a cellulosic dye. 

Introduction 
Chlorodeoxycellulose (Cell-CI) has been used for the syntheses of various 
deoxycellulose derivatives by nucleophilic substitution reactions [ 1, 21. 
Bromodeoxycellulose (Cell-Br) could be a better starting material for the 
preparation of exotic cellulose derivatives than Cell-C1 because in general 
bromine is a better leaving group than chlorine in nucleophilic substitution. 
However, only a few studies have been reported for the cellulose derivatization 
via Cell-Br and this is probably because no easy synthetic method had been 
proposed for Cell-Br until recently. In previous papers [3,4], we reported 
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the bromination of cellulose in LiBrlNJV-dimethylacetamide (DMA) with 
N-bromosuccinimide and triphenylphosphine. The reaction proceeded under 
homogeneous conditions and Cell-Br with degree of substitution (DS) by 
bromine up to 0.9 was easily obtained. The substitution by bromine selectively 
took place at C-6 positions. The reactions of Cell-Br with various inorganic 
nucleophiles were compared under homogeneous conditions with those of 
Cell-CI [3,5]. The reactions of Cell-Br with thiols and amines were studied 
under heterogeneous conditions in aqueous alkali [3]. Cell-Br was more 
reactive towards those organic nucleophiles than Cell-CI and thiols were 
more reactive than amines. The substitutions of Cell-Br with the thiols were 
not high, however, and the low reactivity was considered to be due to the 
heterogeneous reaction conditions employed. 
In this paper, we report the reactions of Cell-Br with thiols in LiBrlDMA in 
the presence of a tertiary amine as catalyst. The reactions proceeded under 
homogeneous conditions. Thiols used contained carboxyl, amine and/or 
hydroxyl groups. Solubilities of cellulose derivatives thus obtained were 
studied in water at various pH. 

Experimental 
Preparation of Cell-Br: Microcrystalline cellulose was brominated [4], and 
was treated with dilute alkali, dialyzed against water, and freeze-dried. 
Reactions of Cell-Br with Thwls: Cell-Br samples were dissolved by stirring 
in 220 g/L solution of LiBr in DMA at 70 "C for 1 h. The solution was set 
at a prescribed temperature, and a thiol, and triethylamine when necessary, 
were added to the solution. After the treatment, the solution was poured into 
a large excess of acetone and precipitates obtained were washed with acetone, 
dialyzed against water, and freeze-dried. The reaction product with cysteine 
(Cys), because of poor solubility of Cys, was dialyzed firstly against dilute 
sodium carbonate before the usual treatments for other reaction products. 
Diazotization: The reaction product of Cell-Br with 4-aminobenzenethiol 
was treated with NaNO, and HCI [6]. The diazotized sample was put into a 
pH 9.0 buffer and to  the mixture was added N,N-dimethylaniline. The 
suspension was stirred for a few minutes at 0 "C and filtered. The colored 
material was washed with water and ethanol and dried under reduced pressure. 
Analyses: Analyses were made as reported previously [4]. 

Results and Discussion 
Cell-Br samples with DS by bromine (DS,,,) of 0.52 - 0.87 were prepared at 
70 "C and purified by the treatment with dilute alkali according to the method 
reported earlier [4]. These Cell-Br samples were found soluble in 220 g/L 
solution of LiBr in DMA with triethylamine (TEA) (0 - 40 v/v% of DMA). 
Reactions of Cell-Br with various thiols were studied in the LiBr/DMA solution 
in the presence or  absence of TEA. 
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Reaction with Cysteine
Cys was not soluble in OMA but soluble in LiBrlDMA with or without TEA.
The reaction of Cell-Br (OSo"o' 0.70 ""' 0.86) with Cys in LiBr/OMA in the
presence of TEA ( 20 v/v% of OMA) was studied at different temperatures
(Fig. 1).

30·C

70·C

SO·C

2S 30S 10 lS 20

Time (h)

Fig. 1 Time course of the reaction in the presence of TEA (20 v/v% of
OMA): e, OSB/DSor,o; 0, OS/DSBr,o: !:J., (OSnr+OSg)/OSBr,o'

Thiol group in Cys selectively reacts with Cell-Br and carboxyl and amino
groups do not react. From the sulfur and bromine contents of the product,
the degrees ofsubstitution by bromine (OSOr) and by Cys (OSs) were calculated
as follows:

DSBr = (MOle -~:;O x DSBr,O)- Ms x Br%/I00
Ms)( (MBr - MHBr x Br%/I(0)- Mar)( Me)'s x S%/I00

DSs = (MOle -~:;O x DSBr,O)-MBr)( S%/I00
Ms x (MBr - MHor)( Br%/IOO)- MBr x Meys x S%/I00
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where MGk, MmO, M,,, Mmr, M, and M,, are atomic or molecular weights of 
glucose unit, H,O,bromine, hydrogen bromide, sulfur and Cys, respectively. 
The possible side reaction is the elimination of hydrogen bromide from Cell-Br 
to yield 3,6-anhydroglucose and/or 5,6-glucosene units. Fig. 1 shows that 
the rate of introduction of sulfur increases with increasing reaction temperature. 
However, the reaction reaches an equilibrium in 10 to 20 h and the final 
conversion to the thio derivativatives is between 55 and 60%. The plot of 
(DS,, + DSJDS,,, shows that the value decreases only slowly at 30 "C but 
very rapidly at 70 "C, where the side reaction (elimination of HBr) takes 
place as much as the nucleophilic substitution. 
The effect of TEA was studied at  30 "C (Table 1). Without TEA, the 
nucleophilic substitution takes place only a little and the addition of TEA (10 
v/v% of DMA) causes much increase in the efficiency of the nucleophilic 
substitution. 

Table 1 Effect of triethylamine on the substitution at 30 "C 
TEA/DMA Cell-Br Recovery DS 
(V/V%) DSBr,o (Wt%) DS, DS, DS,/DSB,,o 

0 0.70 39 0.03 0 .45  0 .04  

10 0.86 59 0.44 0.20 0.51  

20 0.86 78 0.53 0.27 0.62 

30 0.86 98 0.40 0.13 0 .47  

Reactions with Other Thiols 
Reactions of Cell-Br with 2-aminoethanethiol (AET), Qaminobenzenethiol 
(ABT), 2-hydroxyethanethiol (HET), 3-mercaptopropionic acid (MPA), 
2-mercaptobenzoic acid (MBA) and 2-mercaptosuccinic acid (MSA) were 
studied at 30 "C (Table 2). Functional groups present in the thiols effect the 
catalytic action of TEA. AET reacts with Cell-Br easily even in the absence 
of TEA. Aliphatic thiols with carboxyl group(s) d o  not react much with 
Cell-Br in the absence or presence of TEA (20 v/v% of Dh4A). 
The reactivities of various thiols were compared under identical conditions in 
the presence of a fixed amount of TEA at 30 "C for 24 h. Fig. 2 shows plots 
of DSs/DSBr,, versus pKa of mercapto groups in the thiols. The DS,/DS,,, 
value decreases linearly with increasing pKa of the mercapto groups. 
Gas chromatographic-mass spectrometric analysis of the hydrolyzate 
(hydrolyzed with sulfuric acid) of the reaction products after being converted 
into (methyl ester of) trifluoroacetyl derivatives showed that the nucleophilic 
substitution at C-6 position actually took place in all cases. Infrared spectra 
of the reaction products also showed that the expected functional groups such 
as carboxyl were incorporated in the reaction products. 
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Table 2 Reactions of Cell-Br with various thiols at 30°C 
C e l l - B r  TEA/DMA Product 

T h i o l  DSBr,o [SH]/[Br ' ]  (v/v%) DSs DSB, DSs/DSm 
MPA 0.87 29 40 0.51 0.11 0.59 

0.86 29 20 0.09 0.64 0.11 
0.83 2.0 20 0.06 0.85 0.0 

AET 0.87 2.1 20 0.57 0.10 0.66 
0.86 21 20 0.93 0.09 - 
0.83 8.0 20 0.53 0.33 0.64 
0.83 2.0 0 0.66 0.27 0.80 

HET 0.86 36 20 0.64 0.12 0.74 
0.83 2.0 20 0.36 0.49 0.43 

MSA 0.83 2.0 20 0.08 0.76 0.10 
0.83 2.0 40 0.48 0.24 0.58 

MBA 0.83 2.0 20 0.60 0.26 0.72 
0.83 2.0 40 0.55 0.26 0.66 

ABT 0.83 2.0 20 0.77 0.10 0.93 
0.52 3.9 20 0.39 0.04 0.75 
0.52 9.9 20 0.43 0.03 0.83 

"7 8 9 10 11 

pKa of SH 

Fig.2 Relation between pKa [6] and DS,/DS,,,: Samples were obtained in 
the presence of TEA (20 v/v% of DMA) in LiBrlDMA at 30 "C for 24 h. 

Solubilities 
Solubilities of the thio derivatives of cellulose in aqueous media were studied 
(Table 3). The reaction products with MSA and MBA are the most soluble 
and only insoluble in a strongly acidic medium while the reaction product 
with MPA is only partially soluble in a strongly alkaline medium. The 
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reaction products with AET, ABT and HET are insoluble in all the media but 
the product with Cys which contains both carboxyl and amino groups are 
partially soluble in both strongly acidic and alkaline media. 

Table 3 Solubilitiesa of the reaction products with various thiols 
T h i o l  group 1 N HC1 pH 5.0 H 2 0  pH 9.0 1 N NaOH 

f - - - - MPA COOH 

MSA 2COOH - + + + + 
MBA COOH - + + + + 

f - - - COOH f 
cys NH2 

a +, Soluble; f, partially soluble; -, insoluble. 

Diazo Coupling of p-Aminophenylthiodeoxycellulose 
The reaction product of Cell-Br with ABT was treated with nitrous acid and 
the resulting diazo compound was treated with N, N-dimethylaniline. The 
product, which contains pendant groups of Methyl Orange structure, shows a 
reversible change in color with pH: black at pH=1.7, brown at pH=4.0 and 
orange at pH 6.9. This material is insoluble in water at pH 1.7 - 9.0. 
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32 Investigation of cellulose derivatives. 
Method of obtaining the whole molecular 
characteristics by velocity ultracentrifugation 
E B Tarabukina, G M Pavlov and S Ya Frenkel - Institute of 
Macromolecular Compounds, St Petersburg State University, 
St Petersburg, Russia 

ABSTRACT 

Macromolecular propertles of nltrocellulose with a degree 
of substitution of ~=2.7 in acetone and butylacetate and 
of methylcellulose wlth ~=1.65 in water have been ana- 
lyzed. Velocity ultracentrifugation without prellminary 
fractionation of the polymer samples and without use of 
any additional methods was employed. 

INTRODUCTION 

Molecular characteristics of polymers can be studied by 
means of velocity sedimentation without any additional 
methods or calibration of apparatus and without prelimi- 
nary fractionation of polymer sample. Such an approach Is 
based on the analysis of two hydrodynamic characteristics 
which can be obtained from a series of velocity sedimen- 
tation experiments f o r  solutions of different concentra- 
tions. Those characteristics are the sedimentation con- 
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stant So and concentratlon Gralen's coefflclent ks [ 1 1  

S belng a sedlmentation coefflclent corresponding to con- 
centration c. So and k, depend differently on size, and 
shape, and molecular weight of a macromolecule. Direct 
comparlson of So and ks glves an opportunlty to determlne 
molecular weight M. The relatlonshlp f o r  the determina- 
tlon of M by means of So and ks was suggested by Wales 
and van Holde [21. Recently Frenkel and Pavlov [31 
suggested a general equation connectlng So and ks wlth M. 
They introduced a sedlmentation parameter 
ps=Na [ S 1 ks 1/3M-2/3 of a slmilar type to the Flory- Man- 
delkern invariant [41, N, being the Avogadro's number, 
IS1 a characteristic sedimentation constant. 

The analysls of a large amount of experimantal data 
permltted authors to establlsh an invariance of thelr pa- 
rameter ps with respect to the contour length of the 
macromolecule (1.e. M) and the structure of the repeating 
chain unlt [3,5,61. For cellulose, its derivatives and 

obtalned from the semlemplrical equation S-l =So -1 ( 1  +ksc) , 

some polysaccharides an average value of 
ps=(l.00+0.18)*10 7 mole'/3 was obtained. 

- 

Furthermore, taking into account the fractlonation 
(molecular-mass-spectrometrlc) effect of the ultracentri- 
fuge and using the parameter ps one can obtaln not only 
the average hydrodynamlc M of a polymer sample, but as 
well M of "graphic" fractions obtalned by means of trans- 
formation of the spectrum of shifts (which is the start- 
ing information from the ultracentrifuge) to the spectrum 
of sedimentation constants (spectrum of masses). 
"Graphlc" fractions, first proposed by Klnell and Rhby 
"71 can be obtalned using the extrapolatlon procedure of 
the sedlmentatlon coefficients dlstributlons to zero con- 
centration. Each "graphic" fract Ion can be characterlzed 

of "graphic" fractions one can receive the whole quantl- 
by so, ks and COnSeqUently Mks. COmparlng so, k, and Mks 
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tative information for macromolecules, such as the para- 
meters K', K", b, ae of the Kuhn-Mark-Houwink equations 
f o r  So and ks, So=K'MI-b (1 ),  ks=K*9Sox (2), the KL&I seg- 
ment length A ,  the effective hydrodynamic diameter d. A 
and d can be calculated by the application of the theori- 
es of the translatlonal frlctlon of macromolecules to the 
set of the "graphic" fractions. 

EXPERIMENTAL 

An unfractlonated sample of nitrocellulose (NC) with 
y=2.7 in acetone (Ac) was investigated by the smested 
method. Velocity sedimentation experiments were carried 
out in the analytical MOM 3170 ultracentrifuge with an A 1  
cell of length h=3Omm. The use of a thick rotor and cell 
enabled the study of the sedimentation in the low concen- 
tration range (c=0.098.. .0.030 g/l OOcm3). The rotor speed 
was 40000rev./min. The sedimentation boundary was fixed 
by the Philpot-Svensson optical system. The average 
temperature of experiments was ( 1 8.6fO. 8 ) OC . 

RESULTS AND DISCUSSION 

Integral distrlbutlons of the sedlmentatlon coefficients 
G(S,t) depending on time t were calculated from the diff- 
erential distributions of shifts taking into account a 
sectorial dllution. Diffusion effects were eliminated by 
the extrapolation of G(S,t) to t-'=0. G ( S )  corresponding 
to different concentrations at t-'=0 were extrapolated to 
G(So) correspondlng to zero concentration by means of the 
"graphic" fractlonation, and then So, ks and Mks of "pa- 
phic" fractions, and consequently the molecular weight 
distribution G ( M )  were calculated. 

The parameters of equatlons ( 1 )  and (2) were calcul- 
ated from the logarithmic dependencies of ks vs So and So 
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vs Mks shown In Flg.l. Both dependencies exhlblt a def- 
lnlte tendency towards a change of slope on passing Into 
the range of low M. The character of thls c h q e  cor- 
responds to the case of dralning macromolecules in the 
absence of volume effects. The parameters K', K", b and ae 
of eqs.(l) and (2) f o r  NC In Ac were estimated f o r  two 
ranges of So: So<S* and So>S*, S*-13 Svedberg units (see 
table 1 ) .  

The conformational characterlst.1cs of NC may be cal- 
culated by the use or the theory of the translatlonal 
friction of perslstent chains in the absence of volume 
effects [81. The dependence correspondlng to thls theory 
Is shown In Flg.2. In addition to the data obtalned for 
'*graphic** fractions the data obtalned by different 
authors f o r  real fractions of NC wlth 7 close to 7=2.7 
were reconsldered (F1gs.l ,2). Data f o r  graphlc and real 
fractlons were proceeded separately. The results express- 
ed In Angstr6m units are: A=360+_13, d=4.8+_0.4 f o r  "gra- 
phlc" frac t Ions and A=410?60, d=3.5fl. 4 f o r  real frac t- 
Ions. (from the publlshed data). The results for both sys- 

1.4 

1.0 

1.0 1.2 I .4 logs, 

Flg.1. Logarithmic dependencies of k vs .So and So v s  M 
for NC in Ac: 1 - "gra hic" fractions, 2 - real fractions 
Irom publlshed data 19 P . 
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*sd 
Mks 
pS*10-7m~1e1/3 
A ,  8 
d, f l  

Table 1. H drodynamic and molecular characteristics of 
ce Y; lulose derivatives. 
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cems are in fair agreement. 

The same sample of NC in butylacetate (BAC) and also 
an unfractionated sample of methylcellulose (MC, -y=1.65) 

20 

I 
0 500 lo00 M "2 

Fig.2. The dependence of So vs 
tions, 2 - real fractions 

1 - ttgraphicll frac- 
from the published data [93. 
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in water were studled by the suggested method. The re- 
sults obtalned f o r  these polymers are listed In Table 1. 
C(M) calculated for NC in Ac and BAC practically coin- 
cide. This fact confirms the validity of the obtained re- 
sults. The agreement with the available publlshed data Is 
also to be polnted out. 

CONCLUSIONS 
A new approach to obtain a whole molecular characteriza- 
tlon of polymer in solution based on the study of the 
concentratlon dependence of the sedimentation coefficient 
is suggested. Investigation of cellulose derlvatlves by 
this method shows rather satlsfactory results, confirming 
the increased rigidity of cellulose derlvatives. 
Thls study was carried out under the support of the RLW- 
Ian Foundatlon for fundamental studies (93-03-5731 F)@GM). 
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33 The degradation of cellulose nitrate in 
composite museum artefacts: isolation, replica 
cellulose replacement and regular inspection 
in storage and on display 
M A Robson - Studio, 29 Park Avenue, Birmingham B18 5ND, UK 

ABSTRACT 

During the nineteenth century conipositr imisciiiii arldacts circa 1850's 
contained cellulose nitrate which will cause serious probleins to the conservator 
and curator. A case study of an imitation tortoiseshell and ostrich feather fan 
c. 1850 demonstrates the rapid degradation of the substantial damage to the 
ostrich feather. An infra-red reflectance with ATR attachment provided a non- 
destructive method for identifying the plastic as cellulose nitrate and the white 
surface deposit as a plasticiser froin within the plastic. The latter was removed 
froin the surface with swabs of cotton wool nioistened in distilled water. The 
metal pin was replaced with an acrylic plaslic suhstitute. The ostrich feathers 
were detached from the cellulosc nitrirle spines and where possible housed 
separately to safeguard risk of contamination 10 other plastics in close proximity 
both in storage and on display. Replica blank spines were manufactured in 
wood to replace the degraded plastic. Regular inspection of such collections 
is vital to ensure the long term preservation of  this soiiiewliat relatively modern 
aspect of our heritage. 

HISTORICAL BACKGROUND 

Through the ages, froin as far back as Primitive man, wood has been a readily 
available resource for the shaping of both utilitarian and decorative artefacts. 
Less readily available (and therefore luxury items) were products like 

245 

�� �� �� �� ��



246 Derivatives of cellulose and their properties 

tortoiseshell and horn which reached the peak of their popularity during the 
Victorian era. With the development of the plastics industry, cellulose nitrate 
emerged as a cheaper substitute. It often occiirs i n  coiiiposite niiiseuiii artefacts 
circa 1850’s and will cause serious problems to the conservator and curator. 
Such a problem is illustrated in a case study of an imitation tortoiseshell and 
ostrich feather fan ~ 1 8 5 0 .  

INTRODUCTION 

A recent examination of this composite artefact revealed the presence of a white 
deposit sinelling strongly of camphor on the resin spines. At only a slight 
touch, the ostrich feather was degrading into strands. These are classic 
symptoms of the degradation perception of cellulose nitrate as largely 
experienced i n  the film industry. I n  addition. an iron pin attaching all the 
spines had corroded, producing a phial of corrosion dust, and which had 
subsequently caused spinal dainage as seen in hairline cracks i n  the resin spines 
around the pin. 

EXAMINATION 

An infra red spectroscopic exainination Imduced a characteristic pattern for a 
cellulose nitrate compound. In additioii the corrosion dust was identified as 
ferric oxide. A siiiall saniple of the resin d u s t  was put  into the saniple 
preparation to compress i t  to a disc tli in enough to allow infra red radiation to 
pass through i t .  I t  exploded characteristically mid provides a warning for its 
immediate isolation/disposal (?) from the collections i n  storage and on display 
in the Birmingham Museums & Art Gallery. 

An infra red spectroscopic examination of both spines and feather confirmed 
the presence of cellulose nitrate. This is but one example of a problein which 
is becoming increasingly coininon in  recent Social History and Applied Art 
collections where the cellulose nitrate i n  several composite artefacts is reaching 
the end of its useful life. 

ENVIROh3mNTAL CONTROL 

There are however, various methods for the long term preservation of such 
materials. 
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isolation of the artefact in airtight flameproof containers will inhibit further 
contamination of the collections in storage and on display, but will accentuate 
the degradation of the confined artefact due to the build up of harmful 
contaminating vapours in an enclosed space. If the artefact is displayed on 
open shelving in a well ventilated storage/display area the emitting pollutants 
may harm other materials within its vicinity. Removal of the affected 
component part and its replacement with a more suitable and stable material 
may be the only choice to encourage the long term preservation of the 
composite artefact. 

REPLICA CELLULOSE REPLACEMENT 

With the degradation of celltilose nitrntc. a white deposit (presumably a 
plasticiser from within the plastic) had oozed to the surface and siiielt strongly 
of camphor. Nitric acid vapour is released and will seriously hariii organic 
materials eg feather. In order to niaintain the condition of the artefact in the 
long term, replica cellulose replacement was considcred a viable solution. I t  
fillfils those criteria which may be considered to have governed the choice of 
cellulose nitrate by the Victorians. I t  is commercially available. light i n  weight 
and will easily colour match. Indeed. a recent development is the use of 
modern stains and varnishes (polymeric surface finishes) to imitate any desired 
surface appearance. Duplicate spines were reproduced from a suitable wood 
eg bamboo, sandalwood and stained to a neiir colour match to that of the 
original. 

CONSERVATION 

The white surface deposits on the resin spines were removed with swabs of 
cotton wool moistened in distilled water. The feather was detached and 
stabilised by application of a fine iiiist of deiotiised water and allowed to dry 
in ambient temperatures. The feather was attached to the cellulose replacement 
spines with Paraloid B72 (an acrylic polymer) avoiding HMG (celldose nitrate 
adhesive) as this may eventually give rise to similar problems. Cellulose nitrate 
lacquers eg Incralac for the protection of  the metal pin is also to be avoided. 
A protective acrylic lacquer or a replacement acrylic pin is preferred. 

DISCUSSION 

Cellulose nitrate from the 1850’s to 1920’s has indeed contributed significantly 
to our heritage today. Its life span is now perceived to be relatively short and 
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precautionary measures are essential if the artefxt is to survive in its physical 
form. Replica cellulose replacciiient will elistire that the artefact is safely 
preserved and can be maintained i n  the long term under suitable environmental 
conditions. As far as the artefact is concerned i t  makes the difference between 
"life or death". This does provide the curator with the choice of either 
retraining the exhibit or its subsequent disposal. 

Coinpiiterised documentation will enstire its fiiture knowledge providing the 
plastic discs are not manufactured from cellulose nitrate. Photographic film 
made froin cellulose nitrate is, at present. at risk aiid such documentation 
requires urgent transfer to a inore suitable photographic format to survive in the 
long term. A shared dialogue between the conservator, curator. private 
collector, technologist, cheinist and industrialist will provide an opportunity of 
exchanging current ideas and findings on both the cellulose science and 
technology, and the plastics industry which will eiisilre an early diagnosis and 
a suitable up-to-date long term preserviition of such collections which will 
provide important social stateinents for our hcritage today and in  the fiiture. 
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34 Water sorption by sulfonic and carboxylic 
cellulose derivatives as a function of 
counterions and relative humidity 
J Berthold*, J Desbrikres**, M Rinaudo** and L SalmCn* - * STFI, 
Box 5604, S-114 86 Stockholm, Sweden; ** CERMAV-CNRS, BP 
53X, F-38041 Grenoble Cedex, France 

INTRODUCTION 

It is well known that water sorption has a great influence on the physical properties of 
ligno-cellulosic materials affecting both swelling and softening of the material. The 
water sorption is also affected by the number of ionic groups in the materials as well as 
the nature of these ionic groups and the type of counterions. Water sorption has been 
studied for some cellulosic derivatives in order to shed more light on the role of the 
ionic groups and their counterions on the amount and type of water adsorbed. 

EXPERIMENTAL 

Materials 
Carboxymethylcellulose fibres (CMC-fibres, Buckeye, USA) with a degree of 
substitution (DS) of 0.7, carboxymethylcellulose powder (CMC) DS = 1.6 and 
cellulose sulphate (CS) (KELCO, USA), DS = 2.1 were used. These cellulose 
derivatives were ionexchanged into their sodium, calcium and protonated forms by 0.1 
M NaOH, Ca(OH)2 and HCI respectively. 

Procedures 
The cellulose derivatives were ionexchanged, thoroughly washed and partially dried 
before being placed in desiccators with different atmospheres (98%, 92%, 76%, 44%, 
22% and 0% for CMC-fibres; 98%, 92%, 76%, 56%, 35% and 0% for CMC and CS, 
established by saturated salt solutions (1)). The materials were conditioned until 
equilibrium was established (ca. 3 weeks). Samples of 5-15 mg were used for the 
analyses. The total amount of adsorbed water in the cellulosic systems was analysed 
with a Thermogravimetric Analyser (TGA). The amount of freezing water was 
determined by Differential Scanning Calorimetery (DSC) and the level of adsorbed non- 
freezing water was determined as the difference in adsorption between the total and the 
freezing bound water (2). 
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All DSC analyses were performed during heating with a heating speed of 1 or 2"C/min.. 
Samples were cooled down to the starting temperature at a rate of 200 "C/min.. TGA 
samples were held at 130 "C until the second derivative of the weight loss curve 
equalled zero. All water was then considered evaporated. 

RESULTS 

Water sorption isotherms 
The total water adsorption isotherms for CMC fibres under different ionic environments 
(H+, Na+, Ca2+) are shown in Figure 1. The nature of the counterion appears to have 
little influence on the moisture content when the relative humidity is less than about 
80%. Above this RH the counterion has a large influence on the total water adsorbed. 
counterions favour water adsorption at high RH for CMC fibres in the following order: 
Na+ > Ca2+ > H+. 
Figure 2 shows the total water adsorption isotherms for CS. The influence of the 
counterions Na+ and Ca2+ is insignificant for RH less than about 80%. The protonated 
form, however, adsorbed more water throughout the whole RH range tested. The order 
in which the counterions favour water adsorption at high levels of RH is different from 
that of the CMC-fibres. 
For the CS it is seen that the protonated form gives a higher level of adsorption than 
does the sodium form. The opposite was the case for the CMC-fibres. The calcium 
form does in all cases give poor adsorption. The following sequence of counterions 
favouring water adsorption was obtained for CS: H+ > Na+ > Ca2+. It is interesting to 
see that the sequences here found for water adsorption in the gas phase are the same as 
those in the liquid water phase (3). 

Freezing water 
Water that freezes can be observed with DSC. In Figure 3 the development of this 
freezing water for a CMC-Na+ sample may be followed over relative humidities 
between 76% to 98%. As a reference the melting peak for bulk water has been added. 
The total water content (Wc, obtained from TGA) is given for each sample. At 76% 
RH no peak is observed when the temperature is increased from -45°C to 25°C. At 
92% RH, two peaks are observed, peak I (T, -20 "C) and peak I1 (T, z-9 "C). Peak 
I is still detectable at -20 "C for 98% RH while the size of peak I1 has increased and its 
maximum moved closer to that of bulk water. 

DISCUSSION 

Water adsorption 
The two different cellulose derivatives that have been examined differ mainly in the 
nature of their ionic groups, in one case (CMC) we have weak carboxylic acid groups 
and in the other (CS) we have strong sulfonic acid groups. The nature of the ionic site 
is known to have a large influence on swelling and other physical properties (4) for ion 
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Figure 1 The total wateradsorption isotherms for carboxymethylceUulose fibres as a
function of relative humidity and counterion type.
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exchangers. These effects are however less evident at moisture contents lower than 
100% relative humidity. 

CMC-Na+ 

76% 

_- 

W,= I .87 glg 

w,= I .oo g/g 

w,=o.47 glg 

-40 -31) -20 -10 0 10 20 

Ternperatwe ("c) 
Figure 3. DSC-curves for carboxymethylcellulose powder in the sodium form (CMC-Na'). 

The effect on the freezing water as a function of the relative humidity between 76 to 
98% is shown. The effect on the total water content (W,) determined by TGA is 
indicated for each RH. 

The observed sequence favouring total water adsorption for CMC-fibres i.e Na+ > 
Ca2+ > H+, is however the same as for a weak acid polymer in an electrolyte (4). The 
protonated form adsorbs little water due to the low degree of dissociation. The 
opposite is true for the CS case due to the strong acid group giving a high degree of 
dissociation in the protonated form (5 ) .  This explains the high levels of swelling or 
water sorption for the protonated form. The bivalent calcium ion can interact with more 
than one ionic site per ion. The effect of the ionic sites on the surrounding water 
molecules is reduced thereby (6). 

Types of water 
At 76% RH CMC-fibres adsorbs 0.47 g water/g dry gel (Figure 3), this water being 
non-detectable by DSC. The DSC detects different types of phase transitions in a 
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system. In this case it is the melting of solid water, The non detectable water molecules 
are the first water molecules adsorbed on hydroxyl groups and ionic groups and their 
counterions. The water molecules experience attractive forces that are strong enough to 
reduce their mobility to such an extent that they do not undergo any phase transition 
although the molecules are still mobile as detected by JWR (1). This type of water is 
commonly called non-freezing water (2). 
At about 80% relative humidity the occurrence of peaks I and I1 in Figure 3 indicates 
that freezing water appears. This type of water only occurs in the presence of ionic 
groups at high degrees of relative humidity (7). In the cases where non modified 
cellulose has been tested no freezing water was detected at levels of relative humidity 
less than 99% (7). 
Peak I could indicate water that has a structure, less organised than the ice-type 
structure, due to the influence of the ionic group and the counterions. The influence of 
the ionic groups with counterions on the interacting water molecules should decrease as 
the distance between these ionic groups and the adsorbed water molecules increases. 
This could then explain why peak I1 appears closer to O O C ,  indicating a water structure 
that is less disordered due to less influence from the ionic sites. As the RH increases 
more water molecules are added to the system. These new water molecules will have a 
successively larger distance to the ionic groups and the counterions, thus will 
experience weaker attractive forces. This may explain why the difference between 92 
and 98% RH is seen as an increase in the size of peak I1 and a shift of the maximum of 
peak I1 towards that of normal ice (Tm = O O C ) .  The last molecules sorbed have 
thermodynamic parameters closer to those of bulk water. These different types of water 
are discussed fhrther in (7) 

CONCLUSIONS 

It may be concluded that water adsorption and the type of water adsorbed is influenced 
by the nature of the ionic groups and their counterions already at moisture levels less 
than 100% relative humidity. The presence of ionic groups with counterions is 
necessary for freezing water to appear when RH is less than 100%. 
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ABSTRACT 

This paper describes the main rheological characteristics of 
polysaccharide solutions. When there is no specific interaction in 
solution, they behave as synthetic polymers. The main 
characteristic concerns their stiffness which causes a large 
hydrodynamic volume. The ionic charges also induce an increase in 
viscosity and in the chain dimensions. 

INTRODUCTION 

The rheological properties of polysaccharide solutions are unique 
in some respect compared to synthetic polymers due to their 
wormlike chain behaviour. Their usual properties concern mainly 
their thickening effect as additives in aqueous solution depending 
on the experimental conditions. 

This paper concerns the water soluble polysaccharides and 
especially cellulose and cellulose derivatives in  comparison with 
some microbial polysaccharides. Due to their structural regularity 
these polymers may be considered as good models for a 
fundamental approach and were used in our previous work. From 
their behaviour, one is able to draw predictions on the behaviour 
of other polysaccharides in solution. 

257 

�� �� �� �� ��



258 Association thickening and gellation of cellulosics 

The viscosity of an aqueous solution is directly related with the 
polymer stiffness, its molar mass and concentration, temperature, 
ionic strength and pH, and shear rate adopted for measurements. 
Whatever the polymer is, one observes a Newtonian behaviour 
followed by a pseudoplastic regime when the viscosity is tested as 
a function of shear rate; this transition will be discussed as well as 
the comparison between dynamic and flow determination of 
viscosity. 

The viscosity in the Newtonian regime is directly related to the 
hydrodynamic parameter [q]  (the intrinsic viscosity) and to the 
overlap parameter C[q 1; the persistence length of the molecule 
(taking into account the electrostatic contribution for ionic 
derivatives) directly controls the intrinsic viscosity. 

The role of ionic charges (i.e. in  carboxymethylcellulose) is 
important first to bring about good solubility in water but also to 
induce stretching of the molecule at least in moderate ionic 
strength and then an increase of the viscosity. 

When there are no secondary intermolecular interactions in 
solution, the behaviour of cellulose and cellulose derivatives is the 
same as other polymers. If H-bonds or hydrophobic interactions 
exist in solution, then the behaviour will especially depend on 
temperature and external salt concentration. 

RESULTS AND DISCUSSION 

General viscometric behaviour of cellulosics. 

The increase of viscosity of a fluid (i.e water) is directly related 
to the concentration of polymer dissolved (C), to the molecular 
weight of this polymer (M) and to the experimental conditions for 
the measurements (ionic concentration, pH, shear rate, 
temperature, .. .). 

Influence of Dolvmer concentration 

The specific viscosity q s p  determined at zero shear rate (qsp = 

with q o  the viscosity of the solvent and q the viscosity at a q-qo 
r10 
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given polymer concentration) is usually expressed by the relation : 

qsPy-90 = C[ql + k'(C[q1)2 + B(C[qI)" (1) 
in which [q] is the intrinsic viscosity. The product c[q]  is the 
overlap parameter. For polymeric solutions, the critical overlap 
concentration is approximated by C* - [q]-1 and C* separates the 
dilute regime (C < C*) where the molecules are well dispersed and 
separated in the solvent from the semi-dilute regime where they 
begin to form entanglements. This value of C* is higher than that 
determined from the radius of gyration. The relation (1) indicates 
that one must obtain a unique curve when log q s p  is plotted as a 
function of log C[q]  for different polymer concentrations and 
different molecular weights (or [q] which is directly connected) as 
soon as k', the Huggins constant, remains the same for all the 
samples (then for a series of polymer of the same chemical 
structure in the same solvent). This curve was previously 
discussed for xanthan (1,2) and for hyaluronic acid sodium salt 
form (3,4). In the dilute regime, q s p  is controlled by the product 
c [ q ]  but in the semi-dilute regime for the domain of higher 
concentrations it seems that q s p  follows the variation of (C Ml3.7-4  
at least when C[q]  is larger than 10. With polysaccharides, the 
exponents found exceeded the value of 3-3.4 usually predicted for 
flexible polymers in concentrated solutions or in the melt. With 
interacting polymers the exponent increases as well as the gel like 
behaviour character. 

Influence of the molecular weight 

For polysaccharides, the intrinsic viscosity is usually relatively 
high for a given molecular weight then C* is low. This is the first 
characteristic of cellulosic derivatives; the equation of Mark 
Houwink relating [q] to the molecular weight : 

is characterized by an "a" exponent which is always larger than 
0.5- 0.6 <even for neutral polysaccharides) as usually found for 
flexible synthetic polymers; some data are given in Table 1. This 
point was discussed for different polysaccharides in our last 
papers (5-7); it was attributed to their wormlike chain character. 

[q] = KMa (2) 
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Table 1 - Some Mark-Howink "a" parameters determined on
cellulose and cellulose derivatives.

Polysaccharide Solvent a Reference

Cellulose cadoxen 0.77 (9)

Cellulose triacetate acetone 0.82 ~ 1 (9)

Cellulose trinitrate acetone 0.78 ~ 1 (9)

Hydroxyethyl cellulose water 0.87 (9)

Xanthan NaCI 1-1.14 ( 1.0)

The exponent "a" depends directly on the reduced length Lr =
L/2 Lp with L the contour length and Lp the persistence length. In
fact Lr equals the number of Kuhn segments. Considering the
theoretical model of Yamakawa-Fujii (8), one can predict the
intrinsic viscosity of a given polymer in a-conditions following the
relation

[ll]a= ep (Lr, dr) (MLr 3/2 M (3)
2Lp

ep is a function which takes into account the draining effects; dr is
the reduced diameter with dr = dH/2 Lp (dH is the hydrodynamic
radius); M is the molecular weight and ML the mass per unit
length.
The exponent "a" in a-conditions is calculated from the derivative

d log [ll]a/d log M (4)
for each Lp. The function ep (Lr, dr) is also very sensitive to Lr and

usually lower than the Flory constant ep - 2.5 x 102 3 only valid
when Lr ~ 00.

This model justifies the higher "a" exponent found with cellulosics
based on the semi-flexible character of the [31 ~4 D- glucan chains.
From the literature the persistence length found on different
derivatives is often in the range of 50 A (Table 2); this value was
also very recently determined for the D-glucosamine chain of'
chitosan (I 1). In Figure I, the prediction of In l (M) is given for CMC
with OS = 0.5 and 1 respectively assuming Lp = 50 A.
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Table 2 - Persistence length (Lp) of cellulose and cellulose
derivatives.

30 to 80

Polysaccharide

Different cellulose

deri vati ves

eM:: 10-3 g/rnl

2.57 x 10-2 g/ml
~ 47.6

~ 27.7

Reference

(12)

(13 )

eM::
Cellulose acetate

Chitosan

54 (Cs ~ 00)

80 (depending on solvent)

50

(14)

(15)
(11)

Influence of the shear rate

For low shear rate, at low concentration and moderate
molecular weight, a Newtonian behaviour is observed. Then over a
critical value of "("(r) the viscosity decreases when "( continues to

increase. This viscoelastic regime is characterized by the slope n
which depends in first approach on the product C[n] (2); the value
of n decreases and goes to -0.8 when C[n] increases.

10000

---- 08=0.5

--08=1

1000

100

M

Figure 1. Prediction of the dependence of [1'\] with the molecular
weight for Na-CMC DS = 0.5 and I (relation 3)
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Behaviour of ionic derivatives

Ionic derivatives such as CMC behave as polyelectrolytes and
they follow the usual behaviour of charged molecules just
depending mainly on their charge density (proportional to the
number of ionic sites per unit length of the main chain), of the
counter ions and external salt concentrations.
Comparative behaviour of CMC and xanthan was developed
previously; due to the large stiffness of xanthan, the sensitivity of
viscosity is lower in the presence of salt excess for monovalent as
well as divalent electrolytes (16). The dependence of [11 lcs with the
external salt concentration (Cs) is reflected by the relation

[l1]cs = [11]00 + S Cs-l/2 (5)

The slope of the linear dependence of [11] with Cs-l/2 is directly
related to the screening effect of salt on the intrachain electrostatic
repulsion; [11]00 is the value of the intrinsic viscosity extrapolated to

infinite Cs and may be assumed as representative of the a
conditions (6). Particularly the persistence length, which
characterizes the stiffness of the molecule, decreases in the
presence of external salt which screens the electrostatic interaction
(17).

For semi-flexible chains, with moderate persistence length, the
decrease of the viscosity is more important when divalent
electrolyte (i.e. CaCI2) is added than when monovalent is (i.e. NaCI).

Steady and dynamic shear properties

The steady shear viscosity 11 (y) and the complex dynamic
viscosity 11 *( oi) were compared on semi-dilute solutions of xanthan
in excess salt to screen the electrostatic interaction. The agreement
was found to be good. The dynamic experiments determine the
storage modulus (G') and the loss modulus (Gil) with :

l1*(ro) = [(G'2 + a"2]1/2/ro (6)

G' and GOO intercept for a frequency co which decreases when the
polymer concentration increases following the same dependence as
Yr the critical shear rate for the transition from the Newtonian to
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viscoelastic domain. 
This value depends on the molecular weight and polymer 

concentration; yr is usually related to the longest relaxation time of 
the Rouse spectrum for a polymeric solution. Recently the 
calculated values were compared with the experimental one for 
hyaluronic acid (4) as previously performed for xanthan (2). 

The following relations were considered : 

(yr)-' -. Zr,O = 6 T O  [q] M/n' R T  C<C* 
Zr = 6 ( T - ~ O )  M/.R' C RT C>C* (7) 

It is usually found that yr is independent of C in the dilute 
regime and then decreases following a dependency in C-3 for large 
polymer concentrations in agreement with the reptation concept. 

The reduced values G'/C and G"-oqo/C can be represented as a 
function of the generalized frequency OZr. All the points for 
xanthan are on two curves with slope values 2 and 1 respectively 
in the range of lower concentration values corresponding to the 
Newtonian regime. Above the crossover frequency, the two slopes 
decrease (2). This is a general behaviour observed on semi-dilute 
solutions. 

CONCLUSION 

This paper describes the main rheological properties of 
polysaccharides in  solution. The aqueous solvent is mainly 
considered in which electrostatic interactions take a large 
importance. 

Some characteristics were pointed out taking as reference 
xanthan and hyaluronan. The cellulose derivatives a re  
characterized by a persistence length around 50 8, in 0-conditions;  
they behave as semi-flexible chain. Their contribution to the 
viscosity of a fluid will be larger than with usual synthetic 
polymers causing also the Mark Houwink parameter a to be > 0.5. 
The important parameters to control the intrinsic viscosity are the 
contour length and the mass per unit  length ML. 
The chemical modifications which introduce ionic charge usually 
cause an increase of the viscosity but also of the salt sensitivity. 
The viscometric behaviour of these polysaccharides just looks like 
that of synthetic polymer controlled by C[q] parameter. 
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AaSTRACT 

Xanthan exists under most conditions in an extended double-stranded conformation, 
but may dissociate into disordered, single strands. The influence of both the chemical 
structure and the conformational state on properties such as solubility, viscosity, salt 
tolerance, stability towards chemical degradation, depolymerization kinetics and gel 
formation. are briefly discussed. 

INTRODUCTION 

Xanthan (Figure 1) is a cellulose 
derivative in the sense that it consists 
of a 1.4-linked P-D-glucan (i.e. cellu- 
losic) backbone with side-chains 
linked to it. Unlike the semisynthetic 
cellulose derivatives, where native 
cellulose is chemically modified, 
xanthan is a natural product produced 
by bacteria of the genus Xanfho- 
monas. A further difference is that 
xanthan is not synthesized by modifi- 
cation of cellulosic chains. Instead, 
the xanthan-producing bacteria pro- 
duce a lipid-linked intermediate 

Man 

Man 

Ngure 1 Pentasaccharide repeating unit of xanthan 

containing the pentasaccharide repeating unit. This unit is subsequently added to the 
growing xanthan chain with a concomitant release of the lipid. As a result of the 
biosynthetic pathway, the side chains of xanthan are distributed along the backbone in 
a strictly regular pattern, substituting 0 - 3  of every second glucose residue. The regu- 
larity of xanthan is in contrast to derivatized cellulose, where all of the three vacant 
hydroxyl groups (0-2, 0-3 and 0-6) in all glucose residues in principle may be 
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substituted. This suggests that the substituents are distributed in a simple statistical 
pattern, and that the relative content of all possible sequences, e.g. regions devoid of 
substituents, can be calculated directly from the degree of substitution in each of the 
three positions. However, analysis of unsubstituted glucose residues in carboxymethyl- 
cellulose (CMC) gives lower values than those calculated on a statistical basis 111. 

The side chains of xanthan can be truncated to yield xanthan variants. Through 
genetic modification of xanthan-producing cells it has been 
reported that xanthan variants can be produced where each 
of the sugars in the side chains are successively removed 
[Z]. The resulting variants, from the poly-pentamer to the 
poly-trimer (Figure 2, A-C), are therefore novel types of 
cellulose derivatives. In addition to the variants shown in 
Figure 2, variations with respect to pyruvate and acetate 
substitution may be produced. It is assumed, but not yet 
proven, that all side chains are identical and that they are 
regularly distributed along the backbone. However, except 
for the extensive genetic work which has been successfully 
carried out, little is so far known regarding the physical 
properties of these variants. An exception is the X-ray 
fibre diffraction study of the poly-tetramer, suggesting that 
its helical structure does not differ from native xanthan - _ -  

me 
lmc 

131. Figure 2 Xanthan variants 
Another and fundamentally different way to produce which may be produced 

changes in the side chains is by partial acid hydrolysis through genetic engineering. 
[4,5]. Following rapid removal of pyruvate and acetate, Symbols: ': .: Man; 

A :  GlcA. the terminal /3-D-mannose is preferentially removed, in 
addition to a slow hydrolysis of the inner a-D-mannose (with concomitant loss of the 
entire side chain) and the cellulosic backbone. Such changes give rise to a continuous 
series of xanthan variants with different chemical compositions. In particular, both the 
regularity in the composition and in the lateral distribution of the side chains are per- 
turbed. The resulting properties of these variants will be discussed in some detail later 
in this chapter. Finally, enzymes ~-D-mannosidases and /3-D-glucuronidases) may 
potentially be employed to produce controlled removal of individual sugars from the 
side chains [ 6 ] ,  although such techniques have apparently not yet been fully developed.' 

XANTHAN IN AQUEOUS SOLUTIONS. 

As in most cellulose derivatives, the presence of side chains in xanthan ensures a high 
solubility in water. Xanthan may be precipitated from aqueous solutions by adding 
organic solvents (alcohols, acetone etc.), but is not precipitated by monovalent or di- 
valent cations which are known to induce precipitation or gelation in other charged 
polysaccharides. Trivalent cations like C?+, A13+ or Fe3+ do, on the other hand, lead 
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I
I

t

I ,

I

FIgure 3 Electronmicrographof xanth8l1 prepared under ordering (a) anddisordering (b) conditions.
Scale bar: 200 nm.

to precipitation or gelation (see below). Unlike many acidic polysaccharides. including
CMC. xanthan is water soluble also in its acidic form (pH < 3). The ionization of the
glucuronic acid (or. if present. the pyruvate) is therefore not required to obtain
solubility in water. It seems therefore that the solubility is mainly linked to the ability
of the side chains to prevent packing of the chains in crystals. Modifications of the
side chains such as removal of acetate and pyruvate. removal of the terminal
{3-n-mannose. or even removal of at least up to 40% of the side chains. all have minor
effects on the solubility in water. At present. it is not known whether or not it is pos
sible to induce precipitation from aqueous solutions by forming long unsubstituted
sequences along the cellulosic backbone, corresponding to that seen in some cellulose
derivatives.

A certain degree of slow self-association in xanthan solution has been. identified
through dynamic light scattering studies [7]. However. the resulting aggregates are still
water soluble, but may lead to a significant overestimation of the molecular weight.
The aggregation is apparently prevented by the addition of urea.

As a water-soluble polymer. xanthan possesses many technologically useful physical
properties such as:

- High viscosifying ability of aqueous solutions and 'weak gel' properties
- High stability towards chemical and biological degradation
- Low sensitivity towards pH and added salts
- Shear thinning (pseudoplasticity)
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These, and other f e a w ,  am consequences of essentially two molecular features. 
First, xanthan molecules are stiff and extendsd molecules, with persistence lengths in 
the range of 100 nm, ”his is about five times the values found for oellulose detivatives 
(see below). seoondly, the molecular weight of most commercial xanthans is well 
above 106. In the following, the conformational properties of anthan will be discussed 
somewhat more in detail. 

DOUBLJWFRANDED XANTHAN (ORDERED STATE) 

At moderate temperaturea and ionic stn?ngttrs xanthan exists in an ordered structure, 
givillg rise to most of the observed physical properties. The nature of the ordered state 
has been much debated, but the double-stranded model has in recent years been most 
widely accepted, although some results am more adequately explained in terms of 
single-stranded confornations [8,91. 

The most direct evidence for the double-stranded structure comes from electron 
micrographs of heavy-metal shadowed replicas made fmm aqueous solutions containing 
glycerol. This techntque, which also has provided valuable information about the shape 
and conformation of other biopolymers such as collagen and scleroglucan [lo], makes 
it possible to investigate a large number of individual molecules. For xanthan replicas 
prepared under under@ conditions (Figure 3a) the molecules appear as ‘wormlike 
chains’ of uniform thickness. Polydispersity in contour lengths is generally observed. 
The double-stmnded nature of xanthan can be directly visualized under conditions of 
partial strand sepamtion as seen in Figure 3b. Quantitative evidence for a double- 
stranded Structure comes from estimation of the mass per unit length, ML, which is 
obtained from the ratio between the molecular weight (Mw) and the contour length 
(Lw). All xanthans Investigated under odering Conditions by this method have yielded 
values of ML in the range of 1800-2000 nm-’. For a fully extended single chain ML 
should be around lo00 nm”, since the five-sugar repeating unit of xanthan has an 
equivalent weight of 850-970 (depending on the content of pyruvate and acetate), and 
the axial translation of one repeating unit is 0.94 nm (as determined by X-ray 
diffraction). Therefore, experimental values of 2000 nm“ are in agreement with a 
double-strartded model. 

For stiff and extended macromolecules like xanthan ML can also be obtained by 
indepen&nt methods such BS light scattering by investigating the scattering behaviour 
in the high-angle asymptotic domain. Results from such investigations have indeed 
yielded ML-values near 2000 nm-I [l 1 123, in agreement with the results from electron 
microscopy. 

X-ray diffraction studies of oriented xanthan fibres were originally interpreted in 
favour of a 51 single helix f131. Later X-ray studies have led to the conclusion that 
xanthan has a double-helical conformation [14,151, with a pitch of 4.7 nm, which 
corresponds to 0.47 nm per glucose residue. Sat0 el al. then used light scattering data 
in combination with a rigid-rod model (&-M relationship) to obtain linear mass 
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densities which corresponded to the same pitch [ 161. On this basis they concluded that 
the same double-helical conformation of xanthan exists both in oriented fibres and in 
solution. Even though results from electron microscopy indicate that xanthan is double- 
stranded, the resolution of the method is not sufficient to distinguish between various 
types of double-strands, e.g double-helices or side-by-side dimers. 

The stiffness of double-stranded xanthan chains is usually expressed by means of 
the persistence length, q. This parameter can be determined in several ways, the most 
common being the use of the wormlike chain model for analysing the relationship 
between the intrinsic viscosity [q] (at zero shear rate) and the molecular weight, or 
between the radius of gyration (R,) and the molecular weight [171. Results from such 
analyses have yielded q-values of 120 f 20 nm [18]. 

The persistence length can alternatively be estimated from electron micrographs by 
statistical analysis of the local tangent-direction followed by correction for the 
dimensionality [19]. Values thus obtained for xanthan are in fair agreement with values 
obtained by other methods. 

In comparison with q-values obtained for other polysaccharides xanthan belongs to 
the stiffest polysaccharides known, almost as stiff as triple-stranded P-D-glucans like 
scleroglucan and schizophyllan [19-221. Cellulose derivatives are, on the other hand, 
more flexible than double-stranded xanthan, with q-values near 20 nm [12]. 

A direct comparison of chain stiffness in different polymers is also possible in terms 
of the parameters in the Mark-Houwink-Sakurada equation, linking [q] to M through 
the exponent a: 

[q3 = K M ~  (1) 

For solid spheres a = 0, and for rigid rods a = 1.8. Random coils give values 
between 0.5 and 0.8. For flexible polymers a also depends on factors which may 
affect the extension and flexibility. For xanthan I231 the rodlike behaviour for 
M, < 2.50 lo5 results in an a-value of 1.5, at higher molecular weights a gradually 
more coil-like character leads to values closer to 1.0. 

The increased chain stiffness of xanthan compared to cellulose derivatives is also 
well reflected in the salt tolerance, which expresses the flexibility changes and, hence, 
intrinsic viscosity changes, when varying the ionic strength (I). For coil-like poly- 
electrolytes, the salt tolerance is quantitatively expressed as the B-parameter [24] ac- 
cording to Equation 2: 

The term [ql, = o,l (intrinsic viscosity at an ionic strength of 0.1 M) is incorporated to 
cancel out effects due to different molecular weights, and the exponent Y is between 
1.2-1.4. B is directly related to the Kuhn statistical length, A,,,, (for a chain under 
&conditions), which for infinitely long chains is twice the persistence length. Figure 4 
shows the B-A,,, relationship for a series of biopolymers. The chain stiffness of CMC 
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is close to that of alginate, which 
also contains 1,4 diequatorial link- 
ages, whereas double-stranded xan- 
than is much less flexible. The intrin- 
sic viscosity of xanthan is almost 
independent of the salt concentration, 
except at very low ionic strengths, 
and in particular at elevated tempera- 
tures, where xanthan undergoes a 
conformational transition (see below). 
For many carboxyl-containing 

polysaccharides the same intrinsic 
viscosity is obtained at 'infinite' ionic 
strength and in the acid form. In both 
cases the polymer is effectively neu- 
tralized. Xanthan, on the other hand, 
shows a characteristic and reversible 
decrease in [q] when pH decreases 

I 

L 

f 

E 
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i 

L 

1 10 

A,,, (nm) I 
Figure 4 Relationship between the Kuhn statistical 
length (A,,,) and the salt tolerance parameter (B) 

below pK, ( - 3 )  [251.-A concomitant decrease in & and reduction in persistence 
length (from 120 to 68 nm) indicates an increase in chain flexibility. At the same time 
the molecular weight remains constant, suggesting that the double-stranded structure 
is not affected. A detailed explanation of this behaviour in terms of the conformation 
of the glucan backbone and the role of the side chains, has so far not been presented. 

The conformation of double-stranded xanthan also gives rise to a range of 
rheological properties which are of particular interest in many industrial uses. In 
addition to a high low-shear viscosity xanthan displays pronounced non-Newtonian 
behaviour, or shear-thinning. Typically, the relative viscosity of a 0.1% (w/v) xanthan 
solution in sea water may decrease from 110 at a shear rate of 1 s" to 10 at 100 s-' 
[26]. The intrinsic viscosity shows a corresponding dependence upon the shear rate, 
and the Newtonian plateau is normally reached below 1-3 s" for xanthans with [q] up 
to 10.000 ml/g. The shear-thinning properties, which are ascribed to the partial 
alignment of the rodlike polymers upon shear, are of relevance during processing and 
pumping of polymer solutions. Once low shear conditions prevail, such as in oil 
bearing formations, the pumped solutions instantaneously regain their high viscosities. 
It may be noted that CMC may be tailored to give similar rheological properties [27]. 
This is apparently obtained through a more blockwise distribution of substituents 
where the unsubstituted regions associate to form multistranded CMC colloidal fibres. 

THE CONFORMATIONAL TRANSITION 

Xanthan undergoes a cooperative conformational transition upon heating and/or low- 
ering the ionic strength. The transition is easily detected by chiroptical methods such 
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as optical rotation or circular di
chroism I or by differential scanning
calorimetry (DSC). An example is
given in Figure 5. The temperature at {" -50

the midpoint of the transition is ~

usually termed the melting tempera
ture, Tm. As in most polyelectrolytes,
Tm depends strongly upon both the
ionic strength (Figure 6) and pH,
since screening of the fixed charges
by adding salt or lowering the pH
(around pKa) stabilizes the ordered
conformation which has the highest
charge density. In addition, the con-
tent of pyruvate (containing a charge) Figure 5 Temperature-driven conformational change of
and acetate influences the transition a xanthan sample in 10 mM NaCI.

by destabilizing or stabilizing the ordered conformation, respectively. It may be noted
that heterogeneity in the distribution of pyruvate broadens the transition. Samples
apparently displaying more than one
transition are probably mixtures of
xanthans with quite different
pyruvate contents [28].

More drastic changes in the side
chains such as complete removal of
the terminal {3-D-mannose or partial
(up to 40%) removal of the entire 60g
side chains have relatively small
effects on the conformational prop
erties [5]. In particular, Tmand the
ionic strength dependence of Tmare
only marginally affected by such
changes. However, the difference in
optical rotation between the disorder-
ed and ordered state decreases linear-
ly with a decrease in the content of
{3-o-mannose. Also, the transition Figure 6 Ionic strength dependence of the transition
enthalpy (AHcat) decreases in the temperature (Tm) .

same way. This indicates that optical rotation and DSC mainly reflects conformational
changes in the side chains rather than in the backbone. Nevertheless, it seems that the
double helix of xanthan is quite robust, and is not affected by the mentioned changes
in the side chains [3]. Further, electron micrographs of the partially hydrolyzed
xanthans demonstrate that the basic conformational properties are largely unaffected,
with an exception for an increase in the flexibility of the double-strands [29].
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SINGLE-STRANDED XANTHAN (DISORDERED STATE) 

Exposure of xanthan to low ionic strengths and high temperatures induces the co- 
operative transition from the ordered to the disordered state (Figure 5). Chiroptical 
methods give primarily information about local conformational changes, i.e. on the 
level of individual monosaccharide residues and glycosidic linkages. Strand separation, 
on the other hand, requires that all interchain segment-segment (non-covalent) bonds 
must be inactivated. It has consequently been quite difficult to obtain completely 
dispersed single chains in aqueous solutions within the range of polymer concentrations 
and temperatures which correspond to common experimental conditions. Even well 
above (typically 10-20°C) the chiroptically defined T, a small fraction of the residues 
in the glucan backbone are in the ordered state. Consequently, xanthan may pass 
through the chiroptically defined transition without the expected decrease in molecular 
weight [30-321. It has actually been proposed that the dynamic equilibrium existing 
near T,,, will lead to the formation of clusters consisting of more than two chains, thus 
explaining the observed increase in M, and & with increasing temperature [311. 
Characteristically, from the temperature-dependence of the second virial coefficient 
(A'J, a second transition temperature (T',,,) is observed which lies 10°C above the 
optically determined T, for a xanthan with M, = 2. lo5 [311. Liu et al. [321 propose 
that the disordered conformation can be represented as a star-shaped, partially 
dissociated double chain under these conditions. A larger degree of chain dissociation 
(70%) has been reported in salt-free solutions at 95°C [331. 

The difficulties in obtaining complete strand separation in water can apparently be 
circumvented by the use of cadoxen [tris(ethylenediamine) cadmium dihydroxide] 
[16,18.34,35]. In cadoxen, M, values of nearly monodisperse xanthan fractions 
(M,/M, = 1.1) are very close to one-half of the values obtained in water. Further, a 
Mark-Houwink-Sakurada exponent of 0.87 is close to the values observed for CMC 
[36,37]. The use of cadoxen to determine strandedness of xanthan has been questioned, 
since degradation of the polymer can occur [381. The latter authors also found 
M,(O. 1 M NaCI)/M,(cadoxen)-values of 1.13-1.6 for enzymatically depolymerized 
samples. It should be noted, however, that the latter samples were depolymerized in 
the disordered conformation and then renatured to the ordered form. The renaturation 
of xanthan is apparently a complex process, as discussed below. 

More conclusive results on single-stranded xanthan have in our opinion been 
obtained by electron microscopy, where it is possible to operate at very low polymer 
concentrations. This results in correspondingly low ionic strengths, with estimated T,,, 
values well below 0". Consequently, a large number of completely dissociated chains 
are observed, in addition to partially dissociated chains as well as various types of 
aggregates [39]. 
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RENATURATION FROM THE DISORDERED STATE 

A typical feature of xanthan solutions is the chiroptically detected hysteresis that is 
observed when heating above T, followed by cooling [231. More pronounced 
hysteresis is observed in viscosity measurements. At high concentrations (2%) re- 
natured xanthans even form highly viscoelastic solutions [40]. The latter has been 
interpreted in terms of the double-stranded model, where the partly dissociated single 
chains upon rapid cooling are prevented from returning to perfectly matched double- 
strands. Instead, the system becomes ‘kinetically trapped’ in a network where each 
chain can form several shorter double-stranded junctions with neighbouring chains. 

An electron microscopic study [39] of more carefully renatured (ionic strength 
10’’ M, polymer conc. 0.2 mg/ml, no heating) xanthans showed, on the other hand, 
that apparently perfectly matched double-strands could indeed reform, albeit slowly. 
Moreover, such treatment appeared to reduce the degree of aggregation found in the 
undenatured or native samples. 

STABILITY 

l h e  salt tolerance of xanthan is an example of the physical stability of xanthan 
solutions. The double-stranded structure is quite robust, and the wormlike character 
of xanthan is maintained under most conditions, except at low ionic strength or at very 
high temperatures. 

This picture is also reflected in the stability towards chemical degradation. When 
exposed to polymer degrading conditions (e.g. oxygen radicals, acids), double-stranded 
xanthan displays properties which are 
very different from single-stranded 
polymers such as cellulose deriva- 
tives. When passing above T,, either 
by increasing the temperature or de- 
creasing the ionic strength, the degra- 
dation rate increases rapidly. The 
degradation kinetics of ordered xan- 
than is incompatible with the single- 
chain model, for which a linear 
relationship between 1/M and the 
degradation time, t, is predicted for a 
random depolymerization process. 
This has been verified for several 
single-stranded polysaccharides, 
including hydroxyethylcellulose 
(HEC) as seen in Figure 7. Xanthan, 

igure 7 Degradation of xanthan (A ) and HEC (0 ) by on the other hand, shows an initial 
H20, in the presence of Fe2+. 
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phase with marginal changes in M,, followed by a transition to a second time domain, 
where more rapid degradation apparently takes place. This is in qualitative accordance 
with the behaviour found in double-helical DNA. 

In order to develop a quantitative model for the degradation of multiple-stranded 
polymers in general, a Monte Carlo analysis has been performed [411. The key feature 
which determines the molecular weight decay is, in addition to the rate of cleavage of 
glycosidic bonds in the backbone, the cooperative character of the conformational 
transition. According to the theory, a minimum chain length (DP,,, in terms of sugar 
residues in the backbone) is needed to stabilize the ordered, double-stranded conforma- 
tion. Quantitatively, DP,,, depends on AH,, and the cooperativity parameter, u [421. .~ - 

The simulation is 

ing random breaks (at a 
def ied rate) between 
adjacent backbone resi- 
dues (glycosidic link- 
ages). The structure 
remains intact if breaks 
in the same chain are 
separated by a distance 

carried out by introduc- A C D 

larger than DP,,. (Fig- Figure 8 Schematic illustration of the consequences of cleaving 
ure 8A). A break in the linkages (arrow) in a double-stranded polymer 
total structure only 
occurs if both of the involved strands are broken in positions not separated by a dis- 
tance larger than DP,, (Figure 8B). In addition, oligomers with DP less than DP,, 
may be released as shown in Figure 8C. Oligomers larger than DP,, may be released 
under quite special circumstances, as shown in Figure 8D. The degradation thus 
generates a complex distribution of macromolecular species. From the entire 
distribution, the relevant parameters (e.g. M,) are calculated. By this method a time 
domain, occurring when M,,JM,, c 0.1, was identified, where M, varied with time 
according to Equation 3: 

The parameter E was found to be 2.3 (kO.1) for a triple-stranded polymer, 
1.66 (-10.06) in the double-stranded case, and 1 (as expected) for single-strands, pro- 
vided that (DP,,) was below 15. 

When xanthan was subjected to partial acid hydrolysis, the results obtained with 
respect to E were in fair agreement with the double-stranded model 1291. A main 
problem was to obtain enough data for M,,JM,, < 0.1. since an increasing amount 
of single-stranded oligomers are released in this time domain. These oligomers are 
probably more rapidly degraded, and the &-value is expected to differ from those 
above. 
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The release of oligomers is conveniently monitored by HPLC or gel filtration.
Figure 8 shows the gel filtration elution profile for a sample degraded to M, =67000.
The sample consists of two distinct fractions. The high Mw·fraction (I) was isolated,
and it was subsequently shown by optical rotation that the fraction was in the ordered
conformation, whereas fraction II indeed was disordered [29].

The amount of disordered oligomers released depends also on DPmin' and may be
calculated by the Monte Carlo analysis for various values of DPmin' Comparison to
experimental data for a series of hydrolysed xanthans suggested that DPmin correspon
ded to 10-15 glucose residues [29].

In degradation experiments such as those described above, changes occur also in
the side chains. In acid hydrolysis, the terminal (3-D-mannose is rapidly cleaved due
to intramolecular catalysis by the glucuronic acid [4]. In the sample shown in Figure 9
all of the (3-D-mannose and about 40% of the remaining side chains are hydrolysed.
Nevertheless, the double-stranded form of xanthan is so robust that the conformational
properties (except for the released oligomers) are largely retained [5,29].

As a biopolymer xanthan is biodegradable. However, under laboratory conditions,
xanthan is unusually stable as long as it is maintained in the ordered form, In contrast,
aqueous solutions of single-stranded polysaccharides easily become contaminated by
microorganisms with polysaccharide
degrading enzymes. The use of stan
dard microbiological enrichment
techniques has, however, provided
bacterial cultures capable of produc
ing 'xanthanases' which cleave link
ages both in the side chains and in

ti
the backbone of xanthan [43]. c:

8The cellulosic backbone of single-
stranded xanthan may be degraded by
cellulases [43,44,47], yielding a
mixture of oligomers and, in some
cases, a cellulase-resistant high-M,
fraction. This reaction is inhibited by
salt, which induces the ordered,
double-stranded conformation. It has Eluted volume (mL)

been speculated that regions of the Figure 9 Gel filtration of a xanthan samplehydrolyzed
backbone that are devoid of side to Mw = 67000.
chains are the main targets for cellulases [43]. This view is supported by recent
observations using xanthans where the side chains have been partly removed
(unpublished results).
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GELATION 

In the presence of metal ions C$t,  AI3' and Fe3+, xanthan may produce firm gels 
[45,46]. Cr-xanthan gels have been investigated in some detail because of their 
potential to block the water flooding of unproductive permeable zones in stratified oil 
reservoirs. An important property of such gels is that the gelation kinetics can be 
controlled by varying the concentration of Cr(II1). For oil field operations, delayed 
gelation is a prerequisite, since gels should start to form once they are placed in the 
proper subterranean formation, but not during pumping and transport in the 
formations. 

The mechanisms for the formation of Cr-xanthan gels are not known in detail. One 
reason is that Cr(II1) forms oleates, i.e. inorganic oligomers, which may have different 
cross-linking properties. In the pH-range where the strongest gels are formed (pH - 51, 
the major Cr-species is the dimer, and it is believed that this component is the primary 
cross-linker [461. 

The nature of the junction, i.e. the xanthan-Cr(II1) 'bond', is thought to be of the 
ligand type. The Cr-species bind ligands, including water, strongly. Ligand exchange 
is also a slow process and the use of competing ligands such as acetate may therefore 
be used as an additional means to obtain delayed gelation. 

The major polymer alternatives to Cr-xanthan gels in oil production are gels formed 
between Cr(II1) or AI(II1) and partially hydrolysed polyacrylamide (PAM). However, 
PAM or other single-stranded polymers are not as stable as double-stranded xanthan 
in saline formation water. 

Although xanthan is commonly used in many food products, Cr-xanthan gels are 
obviously not suitable as food ingredients. Instead, the synergism between xanthan and 
certain galactomannans can be utilized [471. The nature of these gels, e.g. the junction 
type, is not fully understood. It is believed that unsubstituted regions in the mannan 
backbone interact with xanthan, but is seems to be less clear whether it is the ordered 
or disordered form of xanthan that is involved in cross-linking. 
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ABSTRACT 

High methoxyl pectin (HMP) gelation was investigated by small amplitude 
oscillatory experiments. The system studied was 1 %HMP + 60%sucrose 
(citrate buffer, pH 3). Time sweep experiments and mechanical spectra 
were performed at different temperatures between 5'C and 60°C. The gel 
time and the shear modulus have a complex dependence on temperature, 
which could be explained by the opposing effects of increasing 
temperature on both types of interactions that stabilise the HMP gels. The 
"final" viscoelastic behaviour of the HMP gels also changes with the ageing 
temperature at which the system has been submitted. Between 15-50°C 
the behaviour is typical of a t rue  gel, but for lower and higher 
temperatures, the behaviour changes to that of weak gels, with higher 
dependence on frequency for the dynamic moduli. 

INTRODUCTION 

Pectins are anionic structural polysaccharides extracted from the primary 
plant cell wall. They consist of a linear backbone of randomly connected 
( 1 -+ 4)- a-D-galacturonic acid residues partially esterified with methoxyl 
groups. Neutral sugars are also present, as side-chains bound to the 
galacturonate chain or inserted into the main chain (rhamnose). usually in 
amounts of about 5-10% of the galacturonic acid. Pectins with degrees of 
methylation (DM) (molar ratio of methoxyl groups to galacturonic acid) 
higher than 50%, or high-methoxyl pectins, form gels at pH lower than 
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about 3.5 and when the water activity is reduced by addition of a 
cosolute, typically sucrose, at a concentration higher than 55% by weight. 

The properties of HMP gels have been extensively studied, mainly by 
using empir ical  methods based on internal s t rength/breaking 
measurements and SAG techniques (Crandall & Wicker, 1986), and also 
some fundamental measurements by static viscoelastic methods, like 
creep compliance (Kawabata, 1977; Plashchina et al., 1979; Dahme, 1985) 
and stress relaxation (Comby et al., 1986). In comparison to the studies 
that have been done on fully set gels, only a few measurements have been 
reported during the HMP sol-gel transition, including small amplitude 
oscillatory rheological tests (Ikkala, 1986; Beveridge & Timbers, 1989; 
Dahme, 1992; Rao et al., 1993). 

High-methoxyl pectin gelation is quite a complex process, in which 
several kinds of intermolecular interactions are involved. Complications 
arise also from polyelectrolyte effects. The available results suggest that 
in gels of high methoxyl pectins the junction zones are stabilised by 
hydrogen bonds and also by hydrophobic interactions between the ester 
methyl groups (Walkinshaw & Arnott, 1981; Oakenfull & Scott, 1984). 

The role of hydrophobic interactions in stabilizing polysaccharide 
networks has been studied by different techniques: the relative effects of 
organic solvents (Oakenfull & Scott, 1984), temperature effects (Oakenfull 
& Scott, 1984, 1986), and the relative influence of the lyotropic series of 
salts (Case et al., 1992). 

In this study we investigated the influence of temperature on the 
viscoelastic properties of HMP gels, near the gelation point and after 
maturation of the gels, by using dynamic rheological methods. Our 
purpose was to use the variation on temperature as a tool to know the 
relative influence of hydrophobic interactions and hydrogen bonds on the 
evolution of the viscoelastic properties of HMP gels. 

MATERIALS & METHODS 

Pectin sample 

The pectin sample used was a commercial citrus pectin obtained from 
Bulmer (England). The DM was 64% as determined by gas chromatography 
and the percentage of anhydrogalacturonic acid (AGA) was 82% as 
determined colorimetrically. The intrinsic viscosity was 4.8 dl/g in 0.1M 
NaCl at 25°C. Details of the analytical procedures have been described 
elsewhere (da Silva et al., 1992). 

Preparation of the gels 

The pectin was previously dispersed overnight in 0.1M citrate buffer (pH 
3.0) at room temperature, and then centrifuged for 1 hour at 28000 g. The 
dispersion was heated at 105OC in a paraffin bath for 3 min. and then the 
required amount of sucrose was added under stirring. The heating was 
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continued for 7 min., the lost water was replaced and the sample was 
transferred to the instrument plate at the desired test temperature. The 
time elapsed from the beginning of the heating process (total of 10 min at 
105rt2OC) to the commencement of the test was exactly 15 min. 

Rheological experiments 

Dynamic rheological measurements were performed using a Carri-Med CS- 
50 controlled-stress rheometer with a temperature-regulated cone-plate 
device (radius 25 mm, cone-plate angle 4'). 

After the sample was transferred to the instrument plate, the exposed 
surface of the sample was covered with a thin layer of low viscosity 
paraffin oil to avoid solvent evaporation. The kinetics of gel formation at 
different temperatures were monitored by measuring the storage (G') and 
the loss (G") moduli at 0.5 Hz at a low deformation of 0.03, for about 48 h. 
Mechanical spectra were recorded in a constant strain mode with the 
same low deformation of 0.03 maintained over the frequency range 
explored, between 0.005 and 5 Hz. 

RESULTS & DISCUSSION 

Gel cure experiments have been performed on the HMP+sucrose systems 
(1% HMP, 60% sucrose, citrate buffer pH 3.0) at several ageing 
temperatures. Some of the cure curves obtained are shown in Figure 1. 
The general behaviour is typical of biopolymer gel systems. Both moduli 
increase as a result of the increasing junction zones density, with the 
elastic component (storage modulus, G ' )  rising more sharply than the 
viscous component (loss modulus, G"), rapidly at first and then more 
slowly reaching an apparent plateau. 

l o 4 ; .  . . I a a 1 .  a . . I . . a .  I . . I 
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a, 
b 

0 10 20 30 40 50 
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Figure 1. Storage modulus (G') vs. time for a 1%HMP sol/gel 
(pH 3.0, 60%(w/w) sucrose), at several ageing temperatures. 
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The particular behaviour at low temperatures should be noted. In the 
beginning of the cure experiment at 5OC, G' is higher than G". Aggregation 
phenomena, possibly controlled by hydrogen bonding, must be 
responsible for the high values of G' in  this initial phase of the gelation 
process. However, the ageing process evolves slowly and monotonously. 
After the 48 h ageing period, the gel modulus reached a lower value than 
at higher temperatures, and the difference between the  dynamic moduli 
was smaller. The storage modulus continued to increase as a function of 
time for all the temperatures studied, but this was more evident at 5OC. 

The gel time (tg) was determined for each ageing temperature (Fig. 2a). 
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Figure 2. Sol-gel transition for 1 %  HMP (pH 3.0, ~ O % ( W / W )  sucrose), at 
2OoC and 0.5 Hz: (a) cross-over of the storage (G') and loss (G") moduli, 
defining a gel time (tg) of 36 min; (b) mechanical spectra measured at 
t=28-31 min, and ( c )  measured at t=39-42 min. 
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The gel time was considered as the time elapsed from the moment 
when the sample reached the study temperature until the cross-over of 
the storage (GI) and loss (0") moduli, 

For temperatures lower than 10°C or higher than 70°C. important 
macromolecular aggregation occurred in our systems, and the gel times 
could not be estimated because they were shorter than the time elapsed 
before the beginning of the cure experiments. 

Frequency sweeps were performed at different stages of the pectin 
network formation. Frequency sweeps performed in the vicinity of the gel 
point are shown in Figures 2b and 2c. Shortly before tg the system is still 
a liquid, with G' and G" having about the same slope of 0.58, but with G' 
tending to a limiting value at low frequencies. The tendency to an elastic 
plateau at low frequencies is more evident shortly after tg, with G'>G" at 
low frequencies and G and G" superimposed at higher frequencies. 

Some frequency sweeps recorded for aged gels are shown in Figure 3. 

0.01 0.1 I 10 100 
o (rad/s) 

Figure 3. Mechanical spectra for a l%HMP gel (pH 3.0, 6O%(w/w) sucrose) 
measured at 36 h ageing time, for different ageing temperatures: (a) 5"C, 
(b) 20"C, (c) 3OoC, and (d) 50°C. Open squares - storage modulus (GI); filled 
squares - loss modulus (G"). 
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The "final" viscoelastic behaviour of the HMP gels changes with thc 
ageing temperature at which the system has been submitted. Between 15- 
50°C the behaviour is characteristic of a biopolymer gel: no molecular 
rearrangements take place within the network on time scales in the range 
of 0.003 to 32 seconds, G' is higher than G" throughout the frequency 
range, and is almost independent of frequency (w), and a power law 
dependence of the complex viscosity upon w is observed. For lower and 
higher temperatures, the behaviour changes to that of weak gels, with 
higher dependence on frequency for the dynamic moduli. An increase of 
the loss modulus can be seen at higher frequencies, possibly related to the 
effect of dynamic entanglements (Clark & Ross-Murphy, 1987). 

The gelation rate and the shear modulus have a complex dependence on 
temperature (Figure 4). This was also observed by Oakenfull and Scott 
(1986) for the gelation rate of similar systems. The differences we found, 
especially in the lower and higher temperature ranges, could be explained 
in terms of the different method used by those authors to describe the gel 
point. 

Usually, for disordered biopolymers, the aggregation process leading to 
the building of the gelled network shows a different temperature 
dependence, with the storage modulus and the rate of gelation decreasing 
when the temperature increases. Some examples are tRe studies on gelatin 
gelation of te Nijenhuis (1981), where the mechanism is regulated by 
intermolecular triple helix formation, and t h e  work of Durand and 
coworkers ( 1990) on low-methoxyl pectin gelation mediated by ionic 
complexation with calcium cations. 
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Figure 4. Effect of the ageing temperature on the gelation 
rate and on the storage modulus measured at 0.005 Hz for a 
36 h aged 1%HMP gel (pH 3.0, 6O%(w/w) sucrose). 
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The different behaviour of the HMP-sucrose systems could be explained 
by the opposing effccts of temperature on both types of interactions that 
stabilise these kind of gels. Hydrophobic interactions increases when the 
temperature increases (Oakenfull & Fenwick, 1977). whereas hydrogen 
bonds decrease with increasing temperature. Hydrogen bonding at low 
temperatures or hydrophobic interactions at high temperatures could be 
responsible for important aggregation phenomena, but alone they are not 
strong enough to build up a stable HMP network. 
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ABSTRACT 

The interaction of a hydrophobically modified cationic cellulose polymer with 
an anionic surfactant (SDS) has been studied by means of phase diagrams and 
viscometry. Over a wide range of compositions, an 'associative' phase separation 
occurs, resulting in the formation of two isotropic phases in equilibrium, one dilute 
and one concentrated in both surfactant and polyelectrolyte. Since the polymer 
charges are located at its hydrophobic side chains, a delicate balance between 
electrostatic and hydrophobic interactions is expected. A strong sensitivity to added 
salt was also detected. 

INTRODUCTION 

Water soluble polymers containing a small number of hydrophobic 
substituents are often referred to as hydrophobically modified polymers (HM 
polymers)'. The contact between the hydrophobic groups and water is energetically 
unfavourable2, so that these polymers have a strong tendency to associate. Because of 
this amphiphilic behaviour, HM polymers are also called 'polymeric surfactants' or 
'associative thickeners'. Since they may act as powerful rheology modifiers, even at 
low concentration, they can be used in various industrial applications such as 
enhanced oil recovery, paints, foods, etcetera ... 

HM polymers are also of considerable interest owing to their strong 
interaction with surfactants3. Indeed, upon surfactant addition, a dramatic increase in 
viscosity is observed, due to the cross-linking of the polymer chains by the surfactant 
rnicelles. The formation of the cross-links is facilitated by the presence of strongly 
hydrophobic groups on the polymer backbone. At higher surfactant concentrations, 
the number of polymer groups per micelle decreases until the cross-links vanish. This 
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phenomenon is quite general and has been encountered in solutions of non-ionic4 or 
ionic5 HM polymers with different types of surfactants. However, the strongest 
interaction has been observed in mixtures of HM polyelectrolytes with oppositely 
charged surfactants, where both hydrophobic and electrostatic interactions promote 
the association. While for an uncharged polymer, the binding of the surfactant leads 
to a charging up of the polymer6, surfactant binding to an oppositely charged 
polyelectrolyte leads to a reduction of the overall charge of the resulting complex7, so 
that phase separation may be expected. Much work has been carried out on this 
'associative' phase separation in mixtures of oppositely charged polymer and 
surfactants. However, less attention has been focused on systems with HM polymers. 

The present study investigates the interactions between a cationic 
hydrophobically modified cellulose polymer and an oppositely charged surfactant. 
Phase separation occurs in a wide range of compositions. For sufficiently high 
polymer concentrations, two 'gel' regions of very high viscosity are encounteredg. One 
of these 'gel' regions is located at low surfactant concentrations, just before the phase 
separation. The other is observed at high surfactant concentrations, immediately after 
the two-phase region. Less emphasis has been given in this work to the study of these 
gels. Rather, attention has been centered on viscometry in the dilute regime and also 
on phase diagrams. Since the polymer charges are located at its hydrophobic side 
chains, a delicate balance between electrostatic and hydrophobic interactions was 
expected and effects of added salt have also been investigated. 

EXPERIMENTAL SECTION 

Materials. Quatrisoft LM200, supplied by Union Carbide Chemicals and Plastics 
Company, Inc., is a weakly charged polyelectrolytelO. It is the chloride salt of a N,N- 
dimethyl-N-dodecyl derivative of Hydroxy Ethyl Cellulose (figure 1). The molecular 
weight is about 100 000 g/mol. The degree of side chain substitution is 3 per 100 
glucose units, as determined by chloride titration. The anionic surfactant, sodium 
dodecyl sulphate (SDS) was obtained from BDH. 

Figure I .  Chemical struciure of LM200. R = C12H2~ 

Procedures. The polymer was first dialysed against pure water and then freeze dried. 
Sample preparation, equilibration and analysis were performed at room temperature 
(22-25OC). The samples prepared for the phase diagrams were mixed by turning end 
over end during several days and were then left to phase separate. In order to enhance 
the rate of this process, centrifugation was carried out. Finally, samples were again 
left to equilibrate for a few days. After this treatment, all phase separated samples 
showed two neatly separated isotropic phases. The supernatant phases had a viscosity 
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close to that of pure water, while the bottom phases were highly viscous and 
sometimes hazy. 

The concentration of polymer in the supernatant phase was determined by a 
colorimetric method11 using a UV-Visible Perkin-Elmer spectrophotometer. The total 
amount of polymer and surfactant in the bottom phase was obtained by weighing after 
freeze drying. Then, it was possible to calculate the concentrations of polymer and 
surfactant in both phases. 

The viscometric measurements were performed at 25OC with an Ostwald 
capillary viscometer (the flow time of water was about 130 s in a 0.7 mm diameter 
tube). The samples were mixed for one day and not centrifuged. 

RESULTS AND DISCUSSION 

Figure 2 illustrates the phase diagram of the pseudo-ternary LM200-SDS- 
water system. A droplet shaped two-phase region is located in the water corner, with 
two isotropic phases in equilibrium. The supernatant phase is of low viscosity and the 
bottom phase is rich in both polymer and surfactant. Since the charge density of the 
polymer is low, the two-phase region exhibits a strong asymmetry with respect to the 
bisector of the water corner. Addition of small amounts of SDS to a polymer solution 
causes coacervation (liquid-liquid phase separation) while some polymer can still be 
soluble in a more concentrated micellar solution. 

WATER 

SDS 1 2 3 4 LM200 

Figure 2. Experimental pseudo three-component phase diagram for the LM200-SDS-water system. The 
dashed part of the phase boundary indicates uncertainty in this region. The composilion (in wt%) of 
two samples located in the two-phase region is indicated. Open squares refer to initial sample 
compositions. andfilled squares connected by the tie lines refer to the compositions of the two phases 
in equilibrium. 

Figure 3 is another representation of the phase diagram for the LM200-SDS- 
Water system, without salt and with 10 mM NaC1. The two-phase region is delineated 
by two boundaries, one at low surfactant concentrations, referred to as the 
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coacervation line, and the other at high surfactant concentrations, referred to as the 
resolubilization line. The coacervation line is in good agreement with the charge 
neutralisation line, which corresponds to systems containing equal amounts of 
polymer and surfactant charges. With salt addition, the coacervation line is shifted to 
lower surfactant concentrations but retains its shape, while the resolubilization line is 
moved to higher surfactant concentrations. It is interesting to notice the very low 
surfactant concentration needed to induce the phase separation. 

Polymer 
Concontrollon 

w v.1 
1 

0.8 

0.6 

0.4 

0.2 

0 

c 10 mM NaCl 

1 0 ' ~  1 0 - ~  1 0 . ~  IO-* 10'' 
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Figure 3. Phase diagram of (he system LM200-SDS-Water8 wirhour salt (- ) and with 10 mM 
NaCI (- . -). The charge neurralisation line (- - - - - - ) corresponds to an equal amount of 
polymer and surfacrant charges. 

Coucervution. Upon surfactant addition, the surfactant molecules bind to the cationic 
hydrophobic side chains of LM200, forming a complex with a reduced overall charge 
and a higher hydrophobicity. The tendency toward association can be explained both 
by the electrostatic attraction12 and the formation of hydrophobic 'bonds' between the 
surfactant and the polymer alkyl chains5. Due to the decrease in the electrostatic 
repulsions and in the hydrophilicity, the complex starts to aggregate at a certain 
degree of surfactant binding. The solution becomes opalescent and, if the polymer 
concentration is high enough, a macroscopic phase separation occurs. For polymer 
concentrations lower than 0.2 wt%. the solutions turn opalescent and are stable over 
several weeks or even months. However, centrifugation of these samples induces a 
macroscopic phase separation, with a neat boundary between the two phases. The 
near coincidence of the coacervation and the charge neutralisation lines indicates that 
phase separation may be expected at a binding ratio close to one surfactant ion per 
charged polymer segment. 
Resolubilization. With excess of surfactant, the polymer-surfactant complex becomes 
negatively charged so that electrostatic repulsions lead to a resolubilization of the 
complex. However, the detail of this mechanism has to be clarified. A certain part of 
the added surfactant molecules may not adsorb on the hydrophobic polymer side 
chains and then act as free ions in the solution. Thereby, the ionic strength of the 
solution increases and the electrostatic repulsions needed to resolubilize the complex 
are screened. This may explain why the resolubilization occurs at surfactant 
concentrations much higher than the concentration corresponding to the 
stoichiomemc charge reversal of the complex. 
Salt effect. A striking features occurs in these mixtures of HM polymer with 
oppositely charged surfactant : in the presence of NaCl the two-phase region becomes 
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larger. The opposite trend is observed in mixtures of oppositely charged water soluble 
polyelectrolytes. Thalberg et al.13 have reported a suppression of the two-phase region 
when sufficiently high salt amounts were added in mixtures of hyaluronan and 
oppositely charged surfactants. As is evident from figure 4, LM200 derives its 
solubility from the presence of charges. For a 0.1 wt% polymer solution, the polymer 
chain exhibits a more compact conformation at salt concentrations as low as M 
NaCl and is not soluble any more above 15 mM NaC1. Therefore, LM200 is an 
intrinsically water insoluble polymer (in the absence of charges). Salt addition 
decreases its solubility and hence phase separation occurs at lower surfactant 
concentrations. The resolubilization in the presence of salt requires higher surfactant 
concentrations. Again, this can be ascribed to the screening by the salt of the 
electrostatic repulsions responsible for the resolubilization of the polymer-surfactant 
complex. 

Specific 
viscosity 

0.6 

0.5 

0.4 
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0.1 

Figure 4. Specific viscosity of a 0.1 wf% solution of LM200 versus NaCl concentration QI 25 OC. In the 
two-phase region, fhe viscosity of fhe supernatant phase has been measured. 

o I O - ~  10.' lo-* lo-' 
1SDSl In M 

Figure 5. Specific viscosity versus SDS concen fration. at 25 "c. for different polymer concentrations, 
without salt (open symbols) and with lOmM NaCl (filled symbols). The arrows correspond to the onset 
of phase separation as determined independently (cfjig. 3). 
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Viscosity. Figure 5 shows the viscosity of different polymer solutions versus 
surfactant concentration with and without salt. In all cases, a drop in the viscosity 
near the coacetvation line is observed, corresponding to the onset of phase separation. 
It has to be noted that these samples, which had not been centrifuged, represent 
metastable dispersions. Nevertheless, these hazy samples can be stable for weeks or 
months, without appearance of a macroscopic phase separation. 

At surfactant concentrations above the resolubi!ization line, the viscosity 
increases slightly. The elevation in viscosity is larger than the expected contribution 
from free micelles in solution. Hence this effect may result from a polyelectrolyte 
swelling of the complex, due to a continuous binding of the surfactant molecules to 
the polymer chains. 

The lowering of the viscosity upon salt addition indicates a reinforcement of 
intramolecular interactions. The salt screens the repulsion between the polymer 
charges and promotes hydrophobic intramolecular association14. The polymer chains 
exhibit a more compact conformation. 

For the salt free solutions containing more than 0.1 wt% LM200, 
intermolecular associations occur around 10-5M SDS, giving an increase in  viscosity. 
With salt addition, this rise vanishes. The formation of cross-links between the 
polymer chains is promoted by both hydrophobic interaction and electrostatic 
attraction between SDS molecules and the cationic alkyl tails of LM200 (at higher 
polymer concentration, 2 0.5 wt%, very viscous solutions are observed in this range 
of SDS concentrations). On the one hand, salt addition screens the favourable 
electrostatic interaction between SDS and LM200. On the other hand, the polymer 
chain exhibits a more compact conformation, which may lead to a transition from the 
overlap to the dilute regime15 (the overlap concentration, c*, of the LM200 + 10 mM 
NaCl system was determined to 0.2 wt% by viscornetry). 

CONCLUSIONS 

An 'associative' phase separation occurs i n  mixtures of cationic 
hydrophobically modified cellulose polymer and oppositely charged surfactant. This 
coacervation results from the binding of surfactant molecules to the hydrophobic side 
chains of the polymer, leading to the formation of an uncharged water insoluble 
complex. With excess of surfactant, electrostatic repulsions lead to the 
resolubilization of the complex. Salt addition induces an increase of the two-phase 
region. This has been attributed to the intrinsically water-insoluble character of the 
HM polyelectrolyte. Finally, it has been shown that salt addition could modulate the 
inter- and intra-molecular association of polymer chains in the  presence of surfactant. 
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39 The interaction of amphiphiles with 
polysaccharides 
K Shirahama, S Sato, L Yang and N Takisawa - Department of 
Chemistry, Faculty of Science and Engineering, Saga University, 
Saga 480, Japan 

ABSTRACT 

Amphiphiles such as surfactants, drugs, and dyes interact 
with polysaccharides. Such interactions were studied 
using binding isotherms obtained by means of amphiphile- 
sensitive electrodes. It was found that the amphiphiles 
were strongly bound to polysaccharides with electrical 
charge opposite to the amphiphiles implying the importance 
of electrostatic effects. On the other hand, amylose and 
some modified celluloses showed affinity to some amphi- 
philes. Thus polysaccharides provide an interesting field 
where a variety of interactions occur. 
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INTRODUCTION 

Amphiphiles are a class of compound having both hydro- 
philic and hydrophobic groups. Thus biomolecules such as 
amino acids, lipids, and others fall into this category. 
Furthermore surfactants also belong to this class, and may 
be the most interesting not only because of their use as 
detergents in daily life and surface-treatment agents i n  
industry but because of their typical amphiphilic charac- 
ter, on which a tremendous amount of academic research has 
been carried out(l.21. I t  is noteworthy to point out that 
drugs and dyes are also classified as amphiphiles. 
Amphiphiles show intriguing phenomena: self-aggregation, 
adsorption, and interaction with other entities. 
There are many papers on  the interaction of amphiphiles 

with polymers both synthetic and natural, and ionic and 
non-ionic[3-6]. 

In this paper, we report some aspects of interactions 
of amphiphiles with polysaccharides. Polysaccharides 
might not be thought to interact with amphiphiles, be- 
cause of  their apparent hydrophilicity. but actually show 
affinity toward amphiphilic compounds under certain cir- 
cumstances. 
The interaction is best described using binding iso- 

therms, which are conveniently obtained by amphiphile- 
selective electrodes developed in our laboratory. 

EXPERIMENTAL SECTION 

Amphiphile-selective electrodes 
We have been developing various types of electrode for 

sensing amphiphiles, and we will describe here the most 
recent version of them. Our electrode is based upon the 
concentration cell: 
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Ag/AgCllSat.KC11 agar salt bridge(Co(MICs( 
agar salt bridge(sat.KCl(AgCl/Ag 

where Co 
a concentration of standard solution, and Cs that of 
sample solution. The electrode membrane has to be hydro- 
phobic enough and to contain a small amount of charged 
group opposite to the amphiphilic ion in question. For 
this purpose, poly(viny1 chloride) is used together with 
an appropriate plasticizer which is either low molecular 
weight or polymer. A small amount of negative charge is 
implanted in the electrode membrane by either copolymeriz- 
ing a monomer with a sulfonate group, or using persulfate 
as a polymerization catalyst which automatically intro- 
duces negative charge to the hydrophobic membrane[7]. In 
contrast with cationic amphiphile electrodes, it is usual- 
ly difficult to produce an electrode sensitive to anionic 
amphiphiles. but we found that a tr icresy lphosphate-plas-  
ticized copoly(VC, VAc(5%)) membrane containing 0 .7% 
hexadecyltrimethylammonium dodecyl sulfate as an ion- 
exchanger was useful for sensing sodium dodecyl 
sulfate[8). 
A typical electrode performance is shown in Figure 1, 

where electromotive force(Em) is plotted against logarithm 
of dodecylpyridinium bromide concentration(C,). In the 
absence of polymer, the electrode shows a response in 
accordance with the Nernst equation, 

M is  a membrane sensitive to an amphiphilic ion, 

Em = (RT/zF]ln(Cs/Co) 111 

When sodium dextran sulfate(Cp 0.1 mM sulfate residue) 
is present, a deviation appears which i s  caused by a 
partial uptake of surfactant by the polymer. By following 
the arrows, an equilibrium surfactant concentration, Cf 
and an amount of bound surfactant(AC = Cs-Cf) are easily 
obtained, and, in turn, are used for constructing a bind- 
ing isotherm(AC/Cp vs. Cf). 
All polysaccharides were dialyzed before use. 
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RESULTS AND DISCUSSION 

Binding of s u r f a c t a n t s  t o  charged p o l y s a c c h a r i d e s  
Ionic polysaccharides strongly interact with oppositely 
charged surfactants. Examples are shown in Figure 2 ,  
where two binding isotherms are shown; one for the dode- 
cylpyridinium bromide-sodium dextran sulfate system, and 
the other for the sodium dodecyl sulfate-N-meth- 
ylglycolchitosan system. 
Both systems are characteristic of cooperative binding: 
there is  actually no binding at low surfactant concentra- 
tion, and with increase in equilibrium concentration, 
there is a sudden occurrence of surfactant take-up, which 
is soon saturated within a very narrow surfactant concen- 
tration. The highly cooperative nature is brought about 
by interaction between alkyl chains of bound surfactants. 
It is noted that a cationic surfactant is strongly bound 
to a anionic polyelectrolyte and vice versa. It is seen 
that there is  a symmetry with respect to the signs elec- 
tric charges of the interaction systems. This symmetry 
is, however, broken when polymers are neutral. Methylcel- 
lulose is markedly interactive with sodium dodecyl sul- 
fate, but not with dodecyltrimethylammonium nor with 
dodecylpyridinium bromides. This asymmetry is still to be 
studied[3]. Ethylhydroxyethylcellulose(EHEC) binds excep- 
tionally, although very weakly, tetradecylpyridinium 
bromide, a cationic surfactant as seen in Figure 3 [ 9 ] .  
The binding seems to proceed i n  a very weakly cooperative 
manner, but soon is suppressed by onset of ordinary mi- 
celle formation. Amylose is another exception from the 
above mentioned asymmetry. Amylose, although neutral, 
binds cationic surfactants as seen in Figure 4 [ l o ] .  The 
binding mode is not cooperative, but of the Langmuir type. 
Amylose forms helical cavities which form the binding 
sites. In contrast although anionic surfactants are also 
bound to amylose, the binding mechanism seems to depend 
strongly on both alkyl chain-length of surfactant and 
molecular weight of amylose[ll]. 
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Figure 1. A potentiogram for dodecylpyridinium bromide- 
25'C. sodium dextran sulfate system in 20 mM NaBr at 

polymer concentration, C, = 0.1 mM sulfate residue. 

.L o g 1 C / ( m m o  1 / d m  ) 1 

Figure 2. Binding isotherms. A :  the same as in Figure 
B: N-methylglycolchitosan chloride system in 20 
NaCl at 25°C. 
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Figure 1 .  Bjnding isotherms f o r  amylose-tetradecyl- 
pyridiniiim bromide system in 5 mmo/dm3 NaBr. 
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Bind ing  o f  d r u g s  t o  d e x t r a n  s u l f a t e  
Most drugs are amphiphilic ions, and so it is interesting 
to see how they interact with polysaccharides. Among many 
drugs, local anesthetics(LA) are chosen, since their 
solution properties are very similar to surfactants. the 
model amphiphiles: e.g., they form micelles. Local anes- 
thetics are cations with aromatic hydrophobic groups con- 
nected to ternary ammonium groups through a polar(amide or 
ester)group. The molecular structures of LA used are 
listed in Figure 5. The surface activity (and anesthetic 

procaine ( P C H )  

I ,c. CII, 

I I  c11, 
,N-fi>- COOCI.12CI-I,N~ 

t e t r a  c a  i n e ( TCH ) 

clibucaine (DCH)  

Figure 5 .  The Chemical structures of local anesthetics(LA) 
All the ternary amines are protonated to be ammonium 
cations in a neutral pH medium. 

potency) increases in the order of procaine(PCH), tetra- 
caine(TCH), and dibucaine(DCH). The binding isotherms for 
LA-sodium dextran sulfate systems are shown in Figure 6 .  
The interaction is characterized with a cooperative bind- 
ing for a more surface active LA(DCH) to a comparable 
extent with the systems including ionic surfactants. The 
cooperativity originates from the interaction between 
aromatic groups of bound anesthetic molecules, which is 
very similar to the surfactant systems. 
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Figure 6 .  Binding isotherms for local anesthetics- 
sodium dextran sulfate systems. Salt not added, 
temperature 25  * C . 

Furthermore there is additional binding before the cooper- 
ative binding starts. This primary binding is more marked 
with a less surface active LA(PCH). This interaction is 
not found in the ionic surfactant systems with a simple 
hydrophobic group. In contrast, LA has a little more 
complex chemical structure which a simple hydrocarbon 
group in surfactant lacks, interacting with hydroxyl, 
sulfate groups , and other parts of dextran sulfate. T h i s  
two-step binding mechanism can be seen transitionally in 
the present systems[l2]. 
G e l l a n  gum 
Pseudomonas elodea, a kind of bacteria produces a poly- 

saccharide with a very unfamiliar(t0 u s )  chemical struc- 
ture; a repeat unit of D-glucose, D-glucuronic acid, D- 
glucose, and L-rhamnose with average molecular weight of 
90,0OOt2,000(Figure 7). It is reported to form a left- 
hand double helix[l3]. This polymer is called “gellan 
gum” named after its effective gelling property. S o  we 
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-(-p&JP@o$-Jo- 
OH HO OH OH OH OH 

Figure 7 .  The chemical structure of gellan gum. 

looked at the interaction of a cationic surfactant with 
this polysaccharide in solution. A binding isotherm of 
the dodecylpyridinium chloride-gellan gum system is shown 
in Figure 8 ,  where the logarithm of amount of bound sur- 
factant per carboxyl group in gellan gum is plotted 
against the logarithm of equilibrium concentration. It is 
noted that there are at least two binding modes. 

0 

\ 
X 

-3 

Figure 8 .  Binding isotherm for the gellan gum- 
dodecylpyridinium chloride system at 25 'C .  
Cp = 4 . 7  mmol/dm3 C O O - ,  pH = 7 . 7  
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Actually a Scatchard plot in the lower surfactant region 
gives a straight line producing a binding constant = 
3.65~(mmoldm~)-~, and a saturation of 0.0158 surfactant 
molecules/tetrasaccharide unit. It is not clear at the 
moment whether the helical structure accommodates the 
surfactant molecule, or whether some other binding sites 
are provided. In the higher concentration region, bind- 
ing tends to X = l  indicating that the carboxyl group is  a 
binding site. 
Pho t o s u r f a c t a n  t 
An azo-compound, 4-ethyl-azobenzene-4’-oxyethyltrimethyl 
ammonium bromide(Figure 9 )  undergoes a trans/cis isomeri- 
zation on UV/vis light irradiation in aqueous solution. 

Me 

Me 

Figure 9 .  The chemical structure of  photosurfactant. 

Interestingly this compound forms micelles. The electric 
conductivity of the photosurfactant shows a break at a 
certain concentration. The break point appears to in- 
crease on UV irradiation implying that the cis form is 
less cohesive because of its stereostructure. Binding 
isotherms are shown for sodium dextran sulfate- 
photosurfactant (both irradiated and nonirradiated) in 
Figure 1 0 .  The isotherm for dodecyltrimethylammonium 
bromide is added for comparison. The irradiated cis- 
surfactant should have a little less affinity to the 
polysaccharide. This result means that light may be used 
to control binding affinity in addition to well known 
parameters such as temperature, pressure, added salts and 
organic compounds. It is also noted that the photo- 
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Figure 10. Binding isotherms of photosurfactant to sodium 
dextran sulfate at 25'C. 

control of binding should be very effective because of the 
highly cooperative nature of the interaction. 

CONCLUSIONS 

Charged polysaccharides bind amphiphiles with electric 
charge opposite to the polysaccharides. When polysaccha- 
rides are not charged, the interactions are usually very 
weak or none. Amylose is an exception: its helical struc- 
ture accommodates amphiphiles. Since there are various 
kinds of polysaccharides and even more number of amphi- 
philes. the interactions between the two classes of mate- 
rials will show a great diversity, which may be interest- 
ing and useful. 
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Sweden; ** Astra Draco AB, Box 34,22100 Lund, Sweden 

ABSTRACT 
The interactions between a nonionic surfactant, octa-ethylene glycol dodecyl ether 
(C12E8). or polyethylene oxide (PEO) and ethylhydroxyethyl cellulose (EHEC) have 
been studied by measuring the C12E8 and PEO self-diffusion coefficients in EHEC 
solutions at different temperatures. Two types of EHEC, one which is hydrophobic and 
the other hydrophilic, were used. It is shown that the self-diffusion approach can 
provide useful insights into the structure of the cellulose ether solutions as well as the 
interaction between the cosolutes and the cellulose ether. 

INTRODUCTION 

A deep understanding of the self-diffusion of cosolutes in macromolecular solutions is 
of fundamental importance in relation to many applications in biology and medicine as 
well as in technology. The self-diffusion coefficient of cosolutes is mainly modified by 
two effects. The first one is the so-called obstruction effect, which originates from the 
excluded volume of impenetrable particles leading to a lengthening of the diffusing 
paths. This effect is determined generally by the size and the geometry of the cosolute, 
the polymer concentration and the geometrical arrangement of the polymer chains. The 
second one is related to direct specific interactions between the cosolute and the 
polymer, which normally leads to a further retardation of the diffusion. Over the past 
few years, a fair amount of studies [l-51, both experimental and theoretical, on the 
characterisation of the diffusion process in macromolecular solutions have been 

307 

�� �� �� �� ��



308 Association thickening and gellation of cellulosics 

performed. i t  is established that investigations of the self-diffusion of cosolutes in 
macromolecular solutions can provide valuable information concerning the solution 
structure, i.e., the geometrical arrangement of the polymer chains, as well as its 
variations as a function of temperature or concentration. Such investigations may also 
give direct insights into the specific interactions between the cosolute and the polymer. 

In this report, we investigate the self-diffusion of Cl2Eg and PEO in EHEC solutions. 
EHEC is ethylhydroxyethyl cellulose, C12E8 octa-ethylene glycol dodecyl ether and 
PEO polyethylene oxide, respectively. Two  EHEC polymers differing strongly in 
polarity are used. 

EXPERIMENTAL 

Materials 
CI2ES of high quality (>98%) was obtained from Nikko Chemicals, Tokyo, Japan and 
used as received. PEO of different molecular weights, 4000 (PE04). 20000 (PEO20) 
and 40000 (PEO40), respectively, were obtained from Merck and used as received. 
Samples of ethylhydroxyethyl cellulose, EHEC, with different hydrophobicities were 
supplied by Berol Nobel AB, Sweden. One is hydrophobic EHEC (Bermocoll CST 
103, below referred to as EHEC”) with a cloud point of about 30OC; the other is 
hydrophilic (Bermocoll E230G. below referred to as EHEC,) with a cloud point of 
about 62OC. EHEC is a water-soluble polymer at room temperature. The  number 
average molecular weight is 80,000 and 100,000 for EHEC, and EHEC,. respectively 
(given by the manufacturer). Dilute EHEC solutions were dialysed against pure water 
(Millipore water, USA) for at least 5 days to remove salt (impurity from the 
manufacture) which was followed by freeze-drying. 2 H 2 0  (99.7 atom% 2H) was 
obtained from Norsk Hydro, Norway. 

Self-diffusion measurements 

Samples were prepared by mixing bulk solutions of the components in standard 5 mm 
NMR tubes. All the samples were made up with 2H2O. The proton self-diffusion 
studies were performed at 60 MHz on a modified JEOL FX-60 FT NMR spectrometer 
equipped with a home made pulsed field gradient unit. The 2H20 signal was used to 
lock the magnetic field externally. The temperature was determined to within 0.5 OC by 
a calibrated copper constantan thermocouple and measured immediately before and 
after the experiments. All samples were equilibrated in the NMR probe for at least 5 
minutes before the measurements. For ;I comple tc description of the experimental 
technique, see Ref. 6. 

�� �� �� �� ��



Nonionic polymers and ethylhydroxyethylcellulose 309 

0 

0 

0 

1 

0.8 

0.6 

0.4 

0.2 A 

Figure 1. The relative self- 
diffusion, DID,,-,, for 1.0 
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RESULTS AND DISCUSSION 

I )  Self-diffusion of C I ~ E ~  in EHEC solutioits at 25 "C 
In Figure 1 we present the relative self-diffusion coefficient, D/Daq, for a constant 
C l 2 E ~  concentration ( 1  .O wt%) in solutions of two different EHEC polymers, one 
hydrophilic, EHEC,, and one hydrophobic, EHECU, as a function of the polymer 
concentration. Daq is the self-diffusion coefficient of C12E8 measured in polymer-free 
solution at the same temperature. As may be inferred, the self-diffusion in EHEC, 
solutions is more rapid than that in EHECu solutions. Due to their very similar 
molecular structure, the obstruction effect from the two polymers is assumed to be the 
same. Therefore, the different rates of diffusion with the two polymers is caused 
mainly by a difference in the interactions between the surfactant and the polymers. 
Usually there is no or very weak interaction between hydrophilic nonionic polymers, 
such as EHEC,, and nonionic surfactants at normal temperatures [7]. In this case, the 
reduction of the surfactant mobility is attributed to the obstruction effect. However, 
when the hydrophobicity of the polymer is sufficiently large, for instance in the case of 
EHEC,,, a strong attraction between the polymer and the surfactant may occur, leading 
to a further decrease of the surfactant mobility. Thus, the additional retardation of the 
surfactant mobility in the EHECu solutions gives a clear demonstration of significant 
associative interaction between C12E8 and EHEC,,, which is consistent with previous 
phase diagram findings 181. 
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In order to get a closer examination of the interaction between C12Eg and EHEC", we 
need to quantify the obstruction effects from both the polymer chains and from other 
micelles. 

Spherical micelles are formed in the binary C12E8/water solutions over wide 
temperature and concentration ranges [9]. The reduced mobility due to obstruction 
between spherical nonionic micelles is well expressed by the relationship [ 1.21 

Daq = Do( 1-24s) (1) 

where Daq is the micellar self-diffusion coefficient in the absence of the polymer, 4s  
the volume fraction of the micelles including the water of hydration and Do the self- 
diffusion coefficient at infinite dilution. 

The obstruction effect from the polymer chains, which is represented by the reduction 
of the surfactant mobility in the EHEC, solutions, can be described by a model 
developed by Johansson et al. [ 101 

where a = $p(Rs + a)2/a2, is the volume fraction of the polymer, Rs is the surfactant 
micellar radius, a is the polymer radius and El is the exponential integral, i.e. 
El(x)=/F e-Vu du. 

The micellar radius, Rs = 33.4 A. including the water of hydration, is taken directly 
from the literature [lo]. The value of the polymer radius, a = 4.5 A, is obtained by 
fitting Eq. (2) to the data in Figure 1 for EHEC, solutions (solid line in the Figure). 
The polymer radius obtained here is larger than that of K+-K-CaKageenan, which has a 
similar molecular backbone as EHEC, in coil conformation (a = 3.3 8) but smaller 
than that of double helix conformation (a = 5.1 A) [ 10,111. Taking account of the fact 
that the EHEC molecule has large branched groups, a = 4.5 A is reasonable. 

D/D, = e-a + 012 ea El (2a) (2) 

Assuming a distribution of the surfactant only between free micelles and micelles 
bound to the polymer chains, the observed self-diffusion coefficient, in the EHECu 
solutions. Dabs. can be described with a simple two site model: 

Dobs = Df (1 - pb) + PbDh 

Combining with Eqs.(l) and (2), we obtain 
(3) 

Dabs = [Do( 1-2gS)(e-a + ai2 ea E1(2ai))]( 1 - Pb) + PbDb (4) 
where Pb is the fraction of the surfactant micelles bound to the polymer, Db the self- 
diffusion coefficients of the polymer-surfactant complex, Df the diffusion coefficient 
of free micelles, and Do the micellar self-diffusion coefficient at infinite dilution, 
which is 6.6 10-1' m2s-1. The self-diffusion coefficient of the polymer-surfactant 
complex, Db, may be assumed to be negligible compared to Dohs (the EHECu self- 
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Figure 2. The relative self- 
diffusion, D/Daq. for 1.0 wt% 
PEO in solutions of EHECp as a 
function of the EHEC 
concentration (~01%) at two 
different temperatures. The 
volume fraction of the polymer 
was calculated from the partial 
specific volume v = 0.75 mL/g. 

diffusion coefficient was recently determined by an improved FT-NMR-PGSE 
technique to 6.0.10-13 rn2s-l [12]). With the values of a, Rs and Db at hand, the binding 
isotherm of C12E8 to EHECu can be calculated by using Eq. (4). It is found that the 
interaction can be described in terms of a Langmuir isotherm [ 131. 

It is worth noting that Eq. (4) holds under conditions that the presence of the nonionic 
polymer does not significantly affect the nonionic micellar size. As noted, C&g 
micelles, in contrast to C12E6 micelles, have little tendency to grow [9,10]. 

II )  Serf-diffusion of PEO in EHECp solutions at different temperatures. 
As noted, EHEC has a reduced solubility in water at higher temperatures. Above the 
critical point (cloud point), polymer molecules are aggregated and form a separated 
phase. We have reasons to expect that with increasing temperature, even well below 
the cloud point, polymer chains are associating leading to an increase in the available 
space for the diffusion of solutes in the solution [14]. Consequently, a significant 
increase in D/D,, is expected as the temperature is raised, provided the size of the 
cosolute is comparable to the mesh size formed by the EHEC chains (the EHEC 
solutions investigated are in the semi-dilute regime and we can picture the system as a 
three-dimensional lattice with a mesh size 6).  In order to examine this assumption we 
measured the self-diffusion of PEO of different molecular weights in EHEC, solutions 
at different temperatures. The reason for choosing PEO instead of C12Eg, is that C12Eg 
micelles may grow beyond a certain temperature range [9]. PEO of different molecular 
weights was chosen in order to observe the size effect of the diffusing species on 
D / D q  
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Figure 3. The relative self- 
diffusion, DIDaq. for 1.0 wt% 
PEO in solutions of EHECp as a 
function of temperature. The 
concentrations of EHECp are 
1.32 vol% for the PEO4 system 
and 1.08 vol% for the PEO40 

system. 
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In Figure 2, we show D/D,, for a constant concentration of PEO in EHEC, solutions 
as a function of the EHEC, Concentration at two different temperatures. As noticed, 
raising the temperature from 25 to 4 5 T  indeed induces a slight increase in D/Daq. In 
Figure 3, D/Daq is presented as a function of temperature. For PEO of low molecular 
weight (PEO4) a slight decrease in D/Daq is observed. Interestingly, for PEO of high 
molecular weight (PE040), however, D/Daq passes through a maximum with 
increasing temperature. 

Before analysing these data, it is necessary to examine if the hydrodynamic size of 
PEO keeps constant within the temperature range investigated or if there is some self- 
association. A variation of PEO size with temperature will be reflected in the 
temperature dependence of the diffusion, which is described by the relationship 

D= D, exp(-AdRT) (5  1 
where AD is the activation energy of diffusion and D, the diffusion coefficient at 
infinitely high temperature. In Figure 4, In Daq is presented versus 1/T for different 
PEO solutions. The linear relationship between In Daq and 1/T demonstrates clearly 
that no variation of size is indicated. In other words, no appreciable aggregation 
between PEO molecules occurs. Furthermore, a common activation energy of the 
diffusion of AD = 21 kJ/mole was obtained for the three PEO solutions. 

It is thus clear that the temperature dependence of D/Daq mainly reflects the 
obstruction effect from the EHEC chains and a specific interaction between PEO and 
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Figure 4. T e m p e r a t u r e  
dependence of the self-diffusion 
coefficient of aqueous PEO 
solutions for different molecular 
weights of PEO (4000, 20000 
and 40000). The PEO 
concentration is 1.0 wt%. 
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EHEC,. With increasing temperature, more EHECp chains are bound together 
resulting in an increase in the available space. Moreover, at the same time the 
hydrophobicity of both PEO and EHECp increases rendering an associative interaction 
between PEO and EHEC,. Obviously, the maximum of D/Daq with temperature for a 
high molecular weight PEO is the result of an interplay between these two effects. At 
increasing the temperature the former effect is at first dominating leading to an 
increase in D/Daq; at higher temperatures, however, the interaction between PEO and 
EHECp becomes stronger leading to the reduction in D/Daq. For a lower molecular 
weight PEO, probably because of its significantly smaller molecular size (the radius of 
gyration is 26 and 90 A for PE04 and PEO40, respectively) [ 151 compared to the mesh 
size, the variation of the available space exerts no drastic influence on D/D,. Thus, the 
associative interaction is dominant within the temperature range investigated. 
Moreover, this interaction is expected to be slightly weaker than that of PEO40. 

�� �� �� �� ��



3 14 Association thickening and gellation of cellulosics 

CONCLUDING REMARKS 

The present study shows that the self-diffusion approach can provide useful insights 
into the structure of polymer solutions as well as the interaction between a cosolute and 
the polymer. Usually there is no significant associative interaction between nonionic 
surfactants and nonionic polymers. However, when the hydrophobicity of the polymer 
is sufficiently large, an associative interaction may become dominant. 
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41 Formation of hydrogen-bonding polymer 
complex gels from carboxymethylcellulose 
and poly(methacry1ic acid) 
M Sakamoto, H J Kim, K Mimura, Y J Lee and T Inoue - 
Department of Organic and Polymeric Materials, Faculty of 
Engineering, Tokyo Institute of Technology, 0-okayama, Meguro-ku, 
Tokyo, 152 Japan 

Abstract: Polymer complex gel films in "modulated structure" were 
prepared by placing a thin liquid film of an aqueous solution of the sodium 
salt of poly(methacry1ic acid) (PMAA) or carboxymethylcellulose (CMC; 
degree of substitution, 1.16) and poly(ethy1ene oxide) (PEO) or poly(N-vinyl- 
pyrrolidone) (PVP) in dilute hydrochloric acid. Time-resolved light scattering 
profiles were measured for the gel formation and the dried films, obtained 
from the gel films by slow evaporation of the solvent, were observed by 
scanning electron microscopy. Except for PMAA-PEO system, it could be 
demonstrated that hydrogen-bonding polymer complex gels were formed via 
spinodal decomposition. 

Introduction: 

The importance of spinodal decomposition in phase separation of polymer 
blends [ 11 and polymer solutions [Z] has been much demonstrated in recent 
years. Spinodal decomposition leads to a "modulated structure", i.e. a phase- 
separated structure with unique co-continuity and periodicity. In a previous 
paper [3], we reported that a soft, bulky, cotton-ball-like precipitate obtained 
by the freeze-defreeze method from a very dilute mixed solution of PMAA 
and poly(acry1amide) showed an interconnecting lacy structure similar to that 
[4] observed for a film made by drying a hydrogel film in the modulated 
structure. 
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In this work, gel formation by immersing thin films of the sodium salt of 
carboxymethylcellulose (CMC) or PMAA and poly(ethy1ene oxide) (PEO) or 
poly(N-vinylpyrrolidone) (PVP) in dilute hydrochloric acid was studied. 
Hydrogen ions are supposed to diffuse into the thin film, and to convert the 
sodium salt into the acid form. Polymer complexes will be formed at this stage 
and phase separation will take place via a spinodal decomposition mechanism 
to yield gels with modulated structure. 

Experimental 

Polymer samples: Sodium salt of CMC was obtained from Daicel Chem. Ind. 
Ltd., with degree of substitution of 1.16, and with viscosity of 47 cps (1% 
solution at 27°C at 60 rpm). PMMA was prepared by radical polymerization of 
methacrylic acid in methyl ethyl ketone; its viscosity average molecular mass 
(Mv) was 180x10'. PEO (Mv, 6x10') and PVP (Mv, 10x10' and 360x10') were 
obtained from Tokyo Kasei Kogyo Co. Ltd. PVP of lower molecular mass was 
used for complex formation with CMC and that of the higher one was for 
complex formation with PMAA. Most of the experiments were carried out at 
22 or 25°C. Gel formation: An optical cell with a water jacket to maintain 
the temperature was filled with dilute hydrochloric acid pH 0.6. An aqueous 
solution of an acceptor polymer and sodium salt of a donor polymer was 
placed in a shallow cell (depth, 0.25 mm) made of a plate of cover glass and a 
PET film and the cell was sunk in the hydrochloric acid in the optical cell. 
Light scattering experiments: Time-resolved light scattering data were 
obtained with a goniometer-type apparatus (the sweep time, 3 sec; the angular 
range, 45 degrees.) or with a detector-array type apparatus (50 channels; the 
angular range, 30 degree; the time slice, 1/30 sec), both being equipped with 
Ar-Ne laser sources. 

Results and Discussion 

Early stage of spinodal decomposition (CMC complexes) 
Spinodal decomposition proceeds in three stages. According to the Cahn's 
linear theory [S] ,  the intensity of scattered light (I) in the early stage is 
described by: 

where q is the wavenumber of concentration fluctuation calculated from the 
scattering angle, t is the time after the initiation of spinodal decompostion, and 
R(q) is the growth rate of cencentration fluctuation. q is given by: 

q = 4n sin(8/2)/h (2) 

where 8 is the scattering angle and h is the wavelength of irradiated laser 
light. R(q) is given by: 
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R(q) = -Mq2 ( aY/ + 2 ~ q * )  (3) 

where M is the mobility, c is the concentration and xis the concentration- 
gradient energy coefficient. Then, the apparent difusion coefficient (Dw) is 
given by: 

Dw = -Mq' ( aY/ acl) (4) 

And, e, the wavenumber of the most probable concentration fluctuation, is 
given by: 

q, = 27~ /Am (5) 
where A, is the most probable wavelength of the periodic structure. When a 
solution of sodium salt of CMC and PEO was placed into the acid solution, a 
pale blue gel film was soon formed. The structure, when observed through an 
optical microscope, looked like the modulated structure. When laser light was 
passed onto the gel film, a ring pattern was observed. It is the so-called 
"spinodal ring" [6]. These results suggest that phase separation takes place via 
spinodal decomposition. The early stage of spinodal decomposition for the 
CMC/PE0(6/4) system was studied (Unit molar ratio of the two components 
based on their polymer recurring units is given in the parenthesis.). The total 
polymer concentration (TPC) was 0.2 mol/L* . 

Ikec 

-- 20 
I I ,o 
10 20 30 

8 Ideg. 
Fig. 1. Scattered light intensity versus scattering angle for phase separation of 
CMC/PEO(6/4) (TPC, 0.20 mol/L). 

* Polymer molar concentration (mol/L) is based on the (average) mass of the 
polymer reccuring unit. 
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3 18 Association thickening and gellation of cellulosics 

Fig. 1 shows the time-resolved light scattering profile for this system. At 
earlier times, the concentration fluctuations are too small to be measured. 
After 40 sec, a scattering angle with the maximum scattered light intensity 
appears in the profile. The peak position does not change while the intensity 
increases with time. After 80 sec, the scattering angle with the maximum 
intensity starts to shift to a smaller angle and the intensity continues to 
increase with time. Fig. 2 shows that the scattered intensity increases 
exponentially with time. Plots of R(q)/q' vs q* in Fig. 3 show that Cahn's 
linear theory stands for this system. From the intercept, the apparent 
diffusion coefficient is calculated to be -16 x 10'/cm'sec". CMC/PEO 
systems with various compositions were studied in a similar way (Table 1). 
For a wide range of CMCIPEO ratios (from 1010 to 4/6), similar phase 
separation was found to take place. Note that CMC alone underwent spinodal 
decomposition from its sodium salt. 

Intermediate and Late Stages (CMC complexes) 
Coarsening of the structure begins at the intermediate stage with self- 
similarity. The amplitude of concentration fluctuation still increases with 
time as in the early stage. At the late stage of spinodal decomposition, the 
amplitude reaches the equilibrium composition difference so that it does not 
increase any more, but the coarsening is still going on at this stage also in a 
self-similar manner. Intermediate and late stages of spinodal decomposition 

I q x 1 o%m" 
5.1 
4.8 
4.4 

3.8 
3.3 

2.4 

1 Li I I I I I 

30 40 50 60 70 80 90 
Wsec 

Fig. 2. Semilogarithmic plots of scattered light intensity for phase separation 
of CMCIPEO(6I4) (TIT, 0.20 mol/L). 
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I 

0 20 40 

q2 x lOalcm-2 

Fig. 3. RJq’ versus q’ for phase separation of CMC/PE0(6/4) (TPC, 0.20 
mol/L). 

Table 1 The early stage of spinodal decomposition of CMClPEO 
CMC/ PEO* 10/0 9/1 8/2 7/3 6/4 5/5 4/6 

Rq x 103/sec-l 7.0 7.5 14 12 17 21 23 

-DaPp X1012/~m2sec-1 7.0 10 10 12 16 21 28 

A m  /tun 1.3 1.2 1.1 1.2 1.5 1.6 1.7 

* U n i t  molar ra t io  

have been treated with a dynamical scaling hypothesis [7]. The applicability 
of the scaling hypothesis can be tested by plotting scaled structure factor, 
F(x,t) E %’(t) I (x,t) vs reduced wavenumber (q/q ) for different times. The 
structure factor increases with time and convergeiin the intermediate stage. 
In the late stage, the plot becomes independent of time. 

Fig. 4 shows how the plot of the structural factor converges for the 
CMC/PE0(6/4) system. It is clear that spinodal decomposition proceeds 
from intermediate stage into late stage at 500 sec after the initiation of 
spinodal decomposition. Spinodal decomposition of both the CMC and 
CMC/PVP(6/4) systems also proceeded into the late stage. Analysis of power 
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law growths of 
late stage of spinodal decompositm. 

PMAA Complexes 
Light scattering experiments were done for P W W P  samples uf the molar 
ratios of PMAA to W P  between 911 and 35. Rqm in this system decreased 
with increasing molar fraction of PVP at the early stage. I, stopped to 
increase as early as after 95 sec and the analysis showed that pinning took 
place in the intermediate stage. The phase separation of PMAAlPEO took 
place too fast to be followed. 

and I, (I at qS showed the characteristic feature [T7] of the 

Fig. 5. A SEM picture of the surface (air) side of dried film made from 
CMCIPEo(218) (TPC, 0.20 mol1L) gel film. 

Morphology of Dried Gel Films 
Fig. 5 shows the surface side or air side of the film made from CMC/PEO 
(U8) gel film. An interconnecting lacy structure is clearly observed. The 
back side, or glass side of the same dried film was covered with a thin film 
and through holes in the film, the lacy structure was observed. Dried films of 
CMClwP could not show the lacy structure because they were covered with 
thin films without holes. The surface view of a dried film of PMAA/PEO 
( 9 5  ) (TPC, 0.24 mol/L) was somehow different from those of other samples 
and looked microporous (Fig. 6). 

Conclusion: 

Although the current system for gel formation is a complex process composed 
of diffusion of hydrogen ions, conversion of carboxylate to carboxylic acid, 
formation of hydrogen-bonding polymer complex, and phase separation, it 
was clearly demonstrated by time-resolved light scattering experiments that 
the phase separation in the system proceeds via spinodal decomposition 
mechanism, except for PMAAIPEO. 
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Fig. 6. A SEM picture of the surface (air) aide of dried film made from 
PMAAIPEO(Y5) (Tpc, 0.24 d / L )  gcl film. 
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42 Effects on phase behaviour and viscosity 
of hydrophobic modification of a nonionic 
cellulose ether. Influence of cosolutes 
K Thuresson, S Nilsson and B Lindman - Physical Chemistry 1, 
Chemical Center, University of Lund, PO Box 124, S-221 00 Lund, 
Sweden 

Abstract 

The phase behaviour and the viscosity have been studied as a function of added cosolutes for the two non- 
ionic polymersethyl(hydroxyethyl)cellulose(EHEC),anda hydrophobically modifiedanalogue (HMEHEC). 
Thecosolutes usedarerangingfrom ordinary saltsandalcohols toan anionic surfactant. Only minor changes 
were seen in phase behaviour on hydrophobic modification of EHEC, while a major impact on the viscosity 
was observed. A qualitative discussion of cosolute effects relates the observations to the distribution of 
cosolute molecules between bulk solution and polymer surface. 

Introduction 

In the last decade hydrophobically modified polymers have received a great interest' . These polymers 
typically consist of a hydrophilic part to wh c small amounts of hydrophobic groups are grafted. The 

polymers are interesting for their rheological properties. They can, for example, be used as thickeners in 
paints or food. Another application is enhanced oil-recovery. Scientifically they have received interest for 
their associative behaviour (both polymer-polymer and polymer-cosolute association) in aqueous solutions. 
In this study, we have focused on a non-ionic associative thickener based on cellulose, i.e. hydrophobically 
modified ethyl(hydroxyethyl)cellulose (HMEHEC). For comparison its unmodified analogue (EHEC) has 
also been investigated. The hydrophobic modification consists of branched nonylphenol groups grafted to 
the polymer backbone. The polymers have been investigated with respect to effects on phase behaviour and 
viscosity of addition of cosolutes. Despite a very low degree of hydrophobic modification of HMEHEC, the 
side groups affect the viscosity dramatically and, to a lower extent, also the phase behaviour. 
These polymers show a reversed temperature depende ce: upon increasing temperature the polymers 
become insoluble in water. and a phase separation occurs! Apart from the binary polymer/water solutions, 
threeand four component systems havealso been studied(e.g. addition of salt, alcohol, surfactant or salt and 
surfactant in combination). 
In aqueous solutions of HMEHEC, the various cosolutes have been found to have a major effect on the 
viscosity. For instance, depending on surfactant concentration, the viscosity can increase by two orders of 

hydrophilic part of the polymer can be ionicig (anionic or cationic) or nonionic 4 . Commercially these 
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mol%. Each polymer molecule contains ca. 5 hydrophobic rails. I whv% polymer c-> 0.4 mmolal 
nonylphenol. 

rnagnitudc. Another finding is h a t ,  even though the hydrophobically modificd polymer is uncharged, 
addition of salt can cithcr incrcase or tlecrcase the viscosity, depending on the nature of the anion of the salt 
used. 
In contrast. the viscosity ol‘EHEC solutions shows only minor or ncgligiblechanges on addition of various 
cosolutes. 

Experimental 

Materials 
The polymers used are comincrcial thickeners supplied by Berol Nobel AB, Stenungsund, Sweden. The 
unmodified polymer is an cUiyl(hydroxyethyl)cllulose (EHEC). The hydrophobically modified polymer 
(HMEHEC) is cquivalcnt to thc EHEC sample but with approximately one mole percent branched 
nonylphcnol covalently bonded to the polymer (fig. 1). The degree of nonylphenol substitution was 
measured by UV absorbance at 275 n m  with a Pcrkin-Elmer UV-Vis spccvophotometer. Both polymers 
have thc same rnolccular weight (approximately 100,000 Daltons) and degree of substitution ofethyl- and 
hytiroxycthyl-groups (DScthyl = 0.6-0.7 and MSEO = 1.8). The molecular weight, DS and MS were given 
by diemanufacturer. Prior to use, HMEHEC was rinsed from unrcacted nonylphcnol by extensiveexuaction 
with acctone scvcral titncs. Small amounts of f ree  nonylphenol would have the same effects on the phase 
behaviour and the viscosity of HMEHEC as added alcohols (see bclow). After extraction, the polymer 
sample was dricd from acetone and dissolved in water (ca. 1 w/w% of polymer). High molecular weight 
impurities not soluble in water were centrifuged off, leaving a clear supernatant phase. Low molecular 
weight impurities. such as salt, in the supernatant wcre removed by dialysis against Millipore water in a 
Filtron lJltrasetteTh~ devise. Thc conductivity of the cxpclled water was measured and when no decrease in 
theconductivity wasobkiincd thcdialysis wasstoppcd. Thisoccurredafterca. 70hoursandataconductivity 
of ca. 2 pS/cm. The remaining polymer samplc was freezc dricd. NaCl was of pro analysi quality and 
obmined from Mcrck, NaBr and NaSCN were of analytical rcagcnt quality and obtaincd from Mallinckrodt 
Chemical Works. Tlic alcoliols (mcthanol, ethanol, propanol. pentanol and hexanol) were all of pro analysi 
quality and supplied by Mcrck. The surfaciant (SDS) was of spccially purc grade and obtained from BDH. 
All cosolutcs were used as rcceivcd. Thc watcr used was of Millipore quality. 
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Methods 
The samples were prepared from stock solutions of a concentration twice, with respect to polymer and 
cosolute, respectively.of that desired in the final samples.Thesainp1e.s werecarefully mixed, by turning end 
over end for at least 24 hours in room temperature (22-25 "C). before any measurements wen: performed. 
The temperature where phase separation occurred was measured both in increasing and decreasing runs with 
visual detection. The average value was taken to represent the phase separation temperature. 
All viscosity experiments werecarriedouton a Bohlin VOR rheometer in theoscillatory mode. The viscosity 
values presented are all obtained at 0.1 Hz. For measurements on EHJX a double gap concentric cylinder 
was used, while for the measurementsof HMEHECan ordinary concentric measuring system (cup and bob) 
was chosen. 

Results and Discussion 

Phase behaviour 
EHEC and HMEHEC show an anomalous solution behaviour; when the temperature is increased the 
solubility of the polymers decreases and the solution demixes into one phase rich and one phase poor in 
polymer. T ' is a behaviour HMEHEC and EHEC have in common with several other nonionic 
polymers6J! The temperature wherephaseseparationoccursis referred toasthecloudpoint (CP). In order 
to determine a suitable concentration of the polymer for the following investigations the CP was determined 
as a function of polymer concentration (fig 2). At low concentrations CP changes strongly as the polymer 
concentration is altered. At higher concentrations of polymer CP flattens out at approximately 50 OC. The 
concentration chosen for further study was 1 w/w% where only a minor concentration dependence in CP 

9 
exists. 
Phase diagrams were investigated in the presence of electrolyte, or alcohols, for EHEC and HMEHEC . 
These phase diagrams are similar in appearance for the two polymers. Th uends in behaviour arc what one 
would expect according to investigations on cellulose ethers in the past". but differences exist and can be 
related to the hydrophobic modification of HMEHEC. The major, and trivial, difference in phase behaviour 
observed between the two polymers is that CP is shifted downwards by approximately fifteen degrees. This 
can be ascribed to the inwduction of hydrophobic side groups on HMEHEC, making it less water soluble. 
Phase diagrams were also obtained in the presence of SDS (fig. 3). The differences between modified and 
unmodified polymer were now found to be more pronounced. This can again be related to the hydrophobic 
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Fig. 2. CP as a funclion of HMEHEC concentralion. I wIw% polyiner was chosen for further 
investigations. 
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modification of HMEHEC.
Addition of salts.
On addition of salt to the polymer/water solution, CP is decreased or increased depending on which salt is
added. If the added salt has an anion with a small molecular radius (e.g. chloride) a decrease in CP is seen
while a salt with a large anion (thiocyanate) rather will increase CPoThis can beexplained in~.wo ways. I.
Adding NaCI to the polymer/water solution results in a solvent with higher effective polarity .or 2. There
can either be a positive or negative excess at the polsmir/water interface when a cosotute, as salt, is added
to the solution. This will affect the interfacial energy ,I . NaCI is depleted from the interface giving a force
to minimise the polymer-solvent contact. The polymer molecules cluster together and a phase separation
occurs at a lower temperature. SCN- enriches at the polymer surface. This leads to a decrease in interfacial
energy between the polymer and solvent, resulting in a higher solubility of the polymer and an increase in
CPo
Addition ofalcohols.
The effect of alcohols on the solubility of the polymers depends to a high degree on the length of the aliphatic
chain. On addition of an alcohol with a short aliphatic chain the solubility increases slightly, while an alcohol
with a longer hydrocarbon chain decreases CP. The large drop in CP on addition of long chain alcohols is
referred to the binding of alcohol molecules to the hydrophobic parts of the polymers, making the polymer/
alcohol complex more hydrophobic. As shortchained alcohols have a polarity in-between those of water and
EHEC, they can either enrich at the polymer surface (the polymer/alcohol complex becomes more polar) or
they can lowerthe polarity of the solvent (water/alcoh~I). In both models the difference in polarity between
polymer and solvent will decrease, and CP increases .
Addition ofsurfactant.
On adding an ionic surfactant (in this case SDS), CP is decreased at low concentrations, but increased to
above 100 "C at higher surfactant concentrations (fig. 3). The initial drop in CP is larger in the case of
HMEHEC and starts at a lower surfactant concentration than in the case of EllEC. When surfactant
molecules bind to the polymer molecule they introduce one hydrophobic part (the tails) and one hydrophilic
part (the head groups). As Ihe surfactant head group is charged the polymer/surfactant complex will act as
a polyelectrolyte. The balance between these contributions determines if CP is decreased or increased. We
believe that for HMEHEC no critical aggregation concentration (cac), where the surfactant molecules start
to bind to the polymer molecule, exists (or it is very low). The binding of surfactant molecules is more or
less nonco~peiative. This is possible as the hydrophobic tails can act as hydrophob~c binding sites for
surfactants ,I .This isdifferent from solutions ofEHEC where the cac isca. 5 mmolal l .The cac for EHEC
is dependent on type of surfactant, polymer structure, temperature and electrolyte concentration.
As argu~d previously the phase behavior of ionic systems is strongly influenced by general electrostatic
effects I . The phase separation should be suppressed in mixtures of a nonionic polymer and an ionic

100 100

2~ If80 Sal/free ~ 80

)/1; 0C 6060
°C

40 Q' I / 6 mmoJal NaCI
40

ci ~ 1<1> J mmolal
20 j 20 NaCI

J mmoJal NaCI

o0~"""""4!-'-"""'-:8~"""''-:1~2........-'-:1~6.......'"""::'!20

SDS/ mmolal
Fig. 3a. CP as a function ofSDS and salt
concentration for HMEHEC.

o 0~"""'''''''''4..............~8..............\:":'2.......,........\:-':6:-'-......7
20

.

SDS/mmolal
Fig. 3b. Same asfig. Sa.for EHEC.
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surfactant in the absence of salt, because of the resulting loss of entropy of mixing of the surfactant 
counterions. Furthermore, a strong salt dependence is expected, where added salt could result in either 
segregative or associative phase separation. These systems are of the associative type and the tendency 
towards phase separation then increases (cloud point decreases) in the presence of salt. The associative 
interaction is stronger for HMEHEC than for EHEC explaining the quantitative differences. It should be 
noted that the amount of salt needed to get a shift in CP is three orders of magnitude larger in the system 
polymer/water than in the system polymer/water/surfactant, illustrating the significanceof general electrostatic 
effects. 

Viscosity 
Thephasediagrams wereused to find theproper mixtures for viscosity investigations. WhenEHEC becomes 
hydrophobically modified, the viscosity of a 1 w/w% polymer solution increases by approximately a factor 
of ten. Thehydrophobic tails tend tocluster together,formingcross links between polymerchainsandaloose 
three dimensional network is built up in the solution. 
On addition of different cosolutes, the viscosity of H HEC solutions changes dramatically while the 

Addition of surfacranr. 
When SDS is added to a solution of HMEHEC the viscosity starts to increase at concentrations as low as 

molal (fig. 4) which should be compared with the cmc for SDS which is ca. 8 mM. The viscosity then 
increases strongly on furthcr SDS addition. Again it seems that the surfactant binds to HMEHEC in a 
noncooperative way. At ca. 4 mmolal of SDS, the viscosity passes through a maximum and on further SDS 
addition a levelling off to a value well below the initial viscosity is seen. This is explained in terms of 
formation of mixed micelles, consisting of SDS molecules and hydrophobic tails of the polymers. At the 
viscosity maximum the ratiobetweensurfactant moleculesand hydrophobic tailsisoptimal for strengthening 
the existing network. At higher surfactant concentrations, there is on average only one hydro h bic tail (or 

In fig. 4 it can be noted that the viscosity for EHEC is increased on addition of SDSEi', but the increase 
starts at a higher SDS concentration than in the case of HMEHEC and is much weaker. This reflects the fact 
that also EHEC (without nonylphenol groups) is a polymer with hydrophilic and hydrophobic parts and the 
surfactant molecules can interact with the latter. It also reflects the higher cac of EHEC compared to 
HMEHEC. 

viscosity of EHEC solutions is left almost unchanged P (fig. 4). 

less) per micelle and the intermolecular cross links disappear and the viscosity is d r sed $8 , 

6 
1 a 

0 

Fig. 4. The viscosity us 

0 20 40 60 80 100 
SDS 1 mmolal 

a function of surfactani concenrraiion for H M E H C  and EHEC. 
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It is interesting to note that at high 50S concentrations, where the intermolecular network is disrupted, the
viscosity for EHEC and HMEHEC solutions is roughly equal. The hydrophobic tails of HMEHEC do not
affect the viscosity under these conditions.
Addition ofalcohols.
If we add alcohols with different chain lengths we oBserve a viscosity increase with the longer chained
alcohols (pentanol, hexanol) in the case of HMEHEC ,which is, however, an order of magnitude smaller
than that observed with 50S. The alcohol molecules preferentially adsorb at the hydrophobic moieties and
strengthen the preexisting network, but the hydrophobic interaction is weaker, than with 50S, due to the
shorter hydrocarbon chains of the alcohols. Another difference compared to SDS is that there is no viscosity
maximum present. This is so because the alcohol molecules are unable to form micelles and hence can not
break up the interpolymer association. Rather, as the hydrophilic contribution is weaker from alcohols than
for 50S, a phase separation occurs at higher alcohol concentrations.
The short chained alcohols have a higher polarity and they do not adsorb extensively to the polymer
molecules. The difference in polarity between poly~er and solvent decreases, the hydrophobic junction
zones are weakened and hence the viscosity lowered .
Addition of salts.
When salt is added, the viscosity changes in a way dependenton ~eanionofthe salt used. Viscosity increases
when NaCI is added while with NaSCN a decrease is observed . The effects are qualitatively the same for
both EHEC and HMEHEC but more pronounced for the latter. These observations parallel those of
numerous aqueous systems associated with the so-called lyotropic series. CI- ions have an unfavourable
interaction with nonpolar or weakly polar groups while for SCN" a weak adsorption is expected. Therefore,
Cl: promotes but SCN" opposes polymer-polymer association. which explains the observed viscosity
effects. As the hydrophobic parts of HMEHEC are larger than for EHEC, viscosity effects are larger.

Conclusions

We demonstrate that the association of hydrophobically modified polymers is strongly affected by a wide
range ofcosolutes, including surfactants, alcohols and simple electrolytes, which dramatically influence the
phase behaviour and the viscosity. The findings directly reflect the distribution of cosolutes between the
polymer chains and the bulk solution.
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Abstract 
We investigated the solution behavior and the macroscopic properties of samples of 

hydroxyethyl cellulose (HEC) which were modified by cationic groups (cat-HEC) and 

perfluoro chains (F-HMHEC). The systems were characterized with rheological, electric 

birefringence and scanning electron microscopic measurements. 

A solution of 1% HEC (MG 5.105) had a viscosity of about 100 mPas. The chemical 

modification caused an increase of the viscosity up to 1000 mPas. The solutions showed 

shear thinning behavior. With the addition of surfactant the viscosity of the cat-HEC and F- 

HMHEC solutions increased even more. Such solutions showed viscoelastic behavior and a 

yield stress value. The results are interpreted in terms of associations of the modified groups 

with the surfactant molecules by forming a three-dimensional network structure. These 

network structures could be made visible by freeze-fracture scanning electron microscopy 

(FFSEM). 

Introduction 
Water soluble cellulose derivatives are large scale commercial products. The compounds 

are used in  many industrial applications. Because of their compatibility hydroxyethyl 

cellulose (HEC) and cationically modified HEC (cat-HEC) are used in food chemistry and 

33 1 
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cosmetics as thickeners. The hydrophobically modified perfluoro compound (F-HMHEC) is, 

because of its resistancc to degradation by bacteria and enzymes, of particular interest for 

water based paints and varnish colours. 

The chemical modification of the HEC causes an  increase in viscosity. During the last 

few years it was shown by several that the efficiency of HEC as a thickener can 
be improved considerably by hydrophobic modification. The degree of hydrophobic 

substitution has lo be kept low. Otherwise the polymers become insoluble in water. The 

thickening behavior of these polymers are due to intra- and intermolecular crosslinking of 

their hydrophobic side chains. The addition of small amounts of surfactant increases and 

strengthens these crosslink points and optimizes the macroscopic properties of the 

compounds. 

Solutions with similar properties as described can be obtained with cationically modified 

HEC by the addition of anionic surfactants as investigated over recent  year^^)'^). The 

anionic surfactants bind to the cationic charges of the polymer and the tails of the 

surfactants act again as crosslinks between different polymer backbones. 

Materials and Methods 
Both derivatives of HEC were kindly obtained from HOECHST AG (Kalle-Albert; 6200 

Wiesbaden 1, Germany) and used as supplied. 

Four cationically modified HEC compounds with different molecular weights and 

different degrees of molar substitution of hydroxyethyl and the cationic substituent glycidyl- 

trimethyl-ammonium-chloride were used (see table 1). 

The four hydrophobically modified samples and the unmodified HEC had the same 

molecular weight and degree of molar substitution of hydroxyethyl. The degree of perfluoro 

substitution is very low (see table 1). 

For the electric birefringence measurements we placed the solution in a cell between 

crossed polarizer and analyser, passed a light beam (He/Ne laser) through this system and 

measured the light intensity that was transmitted when an  electric field was applied to the 

solution. 

All oscillatory measurements were recorded using a Bohlin CS-rheometer (measuring 

geometry: double gap or cone/plate). 

The visualization of the expected network structure was achieved using a scanning 

electron microscopy (electron microscope: JEM 840-A (Jeol)). The samples are prepared by 

the freeze-fracture method using liquid propane as cryogen. 
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Results and Discussion

The HEC and cat-HEC compounds were water-soluble. The solubility of the

hydrophobically modified hydroxyethyl cellulose (F-HMHEC) depended on the degree of

hydrophobic substitution. For up to 4 perfluoroalkyl groups per cellulosic chain the samples

were soluble in water. The presence of water soluble polymer backbones and water insoluble

side chains renders the F-HMHEC a macromolecular surfactant molecule. We found a

strong increase of the viscosity at a concentration, c*, of F-HMHEC which was much lower

than c* for the HEC solution. This thickening behavior of the F-HMHEC solutions is due to

intermolecular crosslinking of the polymers through hydrophobic bonds of the

perfluoroalkyl groups. For the cat-HEC solutions we observed, at very low polymer

concentrations, an increasing viscosity as for typical poly-electrolytes where the viscosity

follows a scaling law of (c/c*)1/2. The concentration c* and the measured zero shear

viscosity at a polymer concentration of I% per weight are given in table 1.

sample Mw Zs c* 11° Lk I('t)

[g/mol) [%) [mPas) [nm) [nm]

HEC . 0,4 120 all 82

F-HMHEC I)
all samples

I 0,1 210
samples

82
F-HMHEC 2)

500000
4 0,1 723

1200
82

F·HMHEC 3) 6 0,1 I 132* -
F-HMHEC 4) 8 0,1 I 290* -

cat-HEC I) 33000 37 0,2 260 72 80
cat-HEC 2) 43000 41 0,2 360 102 115
cat·HEC 3) 120000 48 0,2 615 260 160
cat-HEC 4) 150000 63 0,2 2900 300 185

Table 1: Some characteristic parameters of the various modified hydroxyethyl cellulose
samples. Mw is determined from light scattering experiments. ZJ means the number of side
chains per polymer backbone unit. c* is the critical concentration where the zero shear
viscosity begins to rise abruptly. 11° is the zero shear viscosity at a polymer concentration
of 1% by weight. The contour length (Lk) is determined from the molecular weight and I('r)
is the coil dimension determined from the relaxation times of electric birefringence
measurements.
'"Measured zero shear viscosity after homogenization of the phase separated systems.

The time constants which were obtained from the electric birefringence decay were used

to determine a length for the molecules. This length agreed for the HEC sample with that

measured by light scattering. Thus it seems that the birefringence monitors the rotation of

the hydrodynamic coil. For the unmodified and the hydrophobically modified HEC the
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contour length L k  which is based on the molecular weight and a length of 0,63 nm for a 

monomer unit, is 15 times longer than the length determined from the electric birefringence 

decay (l(z)). Thcse polymers are present in the solution in a coiled conformation. 

In spite of the low charge density of only one cationic group per four to ten ccllulosic 

units the cat-HEC compounds show behavior which is typical for poly-electrolytes. This can 

be concluded from the comparison of the contour length (Lk) for the molecules. For the cat- 

HEC samples 1) and 2) the dimension which is determined from the birefringence decay I(r) 

is about the same as L k .  For the two samples with the highest molecular weight the contour 

length is somewhat larger than the length determined from the birefringence data. The 

difference is, however, less than a factor of two. This shows that the molecules are present 

in the solution in a more or less extended conformation and are not coiled. The calculated 

parameters Lk and I(r) are also included in table 1. 

We studied further the influence of surfactants on the modified HEC solutions. The 

higher modified F-HMHEC sample 3) became water soluble with small amounts of added 

hydrocarbon surfactant, the sample with 8 hydrophobic side chains became only soluble 

with perfluoroalkyl surfactants. It was found that the properties of the cat-HEC and F- 

HMHEC solutions became similar in the presence of anionic surfactants while the HEC 

solution was not influenced by the addition of surfactants. I t  is shown that the viscosity and 

the storage (G') and loss modulus (G") of the cat-HEC and F-HMHEC solutions pass over a 

maximum with an increasing concentration of surfactant. This maximum occurs at a 

surfactant concentration which is considerable less than the critical micellar concentration 

(cmc). At the maximum the solutions showed viscoelastic behavior. 

Figure 1 shows the measured viscosity data against the relative concentration 

(c(surfactant)/cmc) for two samples of cat-HEC with added SDS, the unmodified HEC 

sample and a solution of F-HMHEC 3 )  with various anionic and cationic surfactants. Figure 

2 shows the storage moduli G' at a constant frequency of 10 Hz (G'-Go) for the same 

samples with various anionic surfactants. 

The cat-HEC samples show a strong increase of the viscosity and the storage moduli with 

increasing charge compensation. The maximum is reached at 90% neutralization. After the 

maximum the solutions phase separate because the surfactant concentration is large enough 

to compensate the charge of the polymers. The two phases separated macroscopically and a 

sharp phase boundary was observed between them. The two phase system changed again to a 

single phase solution when more surfactant is added than is necessary for charge 

neutralization. It is likely that the excess surfactants bind on the surfactant-polymer 
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complexes and reverse the charge. The strongest hydrogel we found was for the highest 

modified sample, cat-HEC 4), which shows a yield stress value at the maximum. 

, I I 1  I I I 1  I I 1  lo lo5  I I I I I I I I 

1.2 1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1 1.2 
ckationic surfactantllcrnc c(anionic surfactantkmc 

Figure I :  The viscosity at a constant shear rate of 0.5 s-] as a Junction of the relative 
concenfration of various anionic and cationic surfactants. The snmples nre 1% solutions 
oJ - ( x) HEC with CaF1 ,co2Li and c8Fl 7cIH8N(cHd31; 

- (a) F-HMHEC 3) with C12H,5S04Na and C,,H,,N(CH$,Br; 
- (e) F-HMHEC 3) with C14H2$04Na; 
- (m) F-HMHEC 3) wifh CaF1 ,C02Li and CaF1 ,c4H8N(cHd31; 
- ( A )  cat-HEC 2) and (0) cat-HEC 4) with added CI,H,,S04Na. 

The plots of the viscosity and the storage moduli of the F-HMHEC solutions against the 

concentration of several cationic and anionic surfactants are not symmetrical. Anionic 

surfactants influence the properties of the F-HMHEC solutions much stronger than cationic 

surfactants. This observation might have its origin in the weak complexation of metal ions 
by ethylenoxide (EO) groups. The F-HMHEC samples also have EO groups which could 

bind a few sodium ions and thus support the binding of the anionic but not the cationic 

surfactants. This complexation might also be the reason that we could observe interactions 
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between the perfluoro polymers and hydrocarbon surfactants. The influence of anionic 

hydrocarbon surfactants increases with the length of the alkyl group of the surfactant (from 

dodecyl to tetradecyl). Longer chains of cationic hydrocarbon surfactants did not interact. 

However the strongest hydrogels were observed for F-HMHEC with pcrfluoroalkyl 

surfactants. 

100 r X HEC + C#&Oki 
A cat-HEC 2) + CuHBSO4Na 

cat-HEC 4) + CuHZSO4Na 
0 F-HMHEC 31 + CuHsSO4Na 

m F-HMHEC 3) + CBF17C02Li 
F-HMHEC 3) + CI~H&O~NR 

.f . - .  . x . .  . - x - . .  

I I I I I I I I 

0.2 0.4 0.6 0.8 1 1.2 1.4 
chrfactantkmc 

Figure 2 7he storage rnoduli G' at a constant frequenzy of 10 Hz (plateau) against the 
relative concentration of vnrious anionic surfactnnts. The saniples are 1% solutions 

The behavior of both polymer types with added surfactant can be understood on the basis 

of associations between the polymeric side chains and the surfactant molecules. For the 

hydrophobically modified samples F-HMHEC the surfactant molecules are binding to the 

hydrophobic crosslinks. The number of association points increases with the level of added 

surfactant. For the cat-HEC samples the anionic surfactant molecules associate with the 

cationic groups of the polymer. Because of their hydrophobic tails the polymers become 

hydrophobic and can interact like the F-HMHEC-surfactant-systems. 

These three-dimensional network structures were observed by freeze-fracture scanning 

electron microscopy (FFSEM). Figure 3 shows the pictures of a cat-HEC sample 4) (3a) and 

a F-HMHEC sample 2) (3b) at their maximum viscosity. Both network structures occur as  
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connected spherical particles. The size of the P-HMHBC coils corresponds to the size 
determined from light scattering and electric birefringence measurements. The diameter of 
the cat-HEC globules 8re about 50 nm. It thus seems that the increasing charge 

compensation leads to a now more coiled conformation of this compounds. 

Figure 30: FFSEM picture of a 1% 
cat-HEC 4) sample w l d  4 tntnol SDS; - = Iptn. 

Figure 3b: FFSElklplcture o f a  1% 
F-HMHEC 2) sample with 4 tntnol 
CeF17CO&i; - = lpm. 

Conclusions 
Both polymer types showed different behavior of thcir pure solutions above c*. The P- 

HMHEC samples interacted through their hydrophobic side chains and formed spherical 
aggregates. The cat-HEC samples behaved like poly-electrolytes. Due to the electrostatic 
repulsion the chains were more or less in a stretched conformation. These chains formed 

above c* interacting polymeric domains. 

By the addition of surfactants the differences between the two systems disappeared. For 

both polymer types we found a maximum in the viscosity and the storage modulus with an 
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increasing surfactant concentration. It is assumed that the polymers form spherical 

aggregates which are connected to a three-dimensional network. 

The structure of the hydrophobically modified hydroxyethyl cellulose on the addition of 

surfactant is interpreted a8 an arrociation between the hydrophobic tails of the surfactant 

and the hydrophobic ride chains of the polymer. Counting the junction points which form 
the elastic network we found that only a few percent of the hydrophobic side chains bullt up 
the network structure. It ir likely that the main part of the hydrophobic ride chains form 

intramolecular arooclrtioas and form the globules as seen in the PPSEM picture. 

The structure for the cationically modified hydroxyethyl cellulose with added anionic 

surfactant is intsrpreted in interactions between the charged head groups of the rurfactants 

and the cationic subatituentr of the polymer. The hydrophobic tails of the aurfactant 
molecules form the junction points of the network structure. The number of these junction 

points was very low while the charge neutralization was about 90%. In this case the polymer 

has a strong hydrophobic cbarakter and we suggest that the hydrophobic parts (the tails of 
the surfactanta) interact in the way of forming intramolecular associations. This would 

cause a more coiled conformation of the polymeric backbones as seen in the FPSEM picture. 
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Hydrophobically-associating water-soluble polymers are receiving increasing 
attention owing to  their peculiar physico-chemical properties in aqueous solution, 

both at low concentration and in the semi-dilute regime. Above a certain critical 

concentration, the chains interact intermolecularly to  form aggregates of large 
hydrodynamic volume and accordingly very high viscosity, whereas below this 
critical concentration, the chains interact intramolecularly, leading to  shrinked 
conformations of the coil. 

We report our preliminary results on the introduction of hydrophobic side- 

chains on a derivative of sodium alginate. This study has the ambition to  go beyond the 

mere observation of uncommon physico-chemical properties of aqueous solutions, 
shared by many other amphiphilic derivatives, most frequently prepared from 
hydroxyethyl cellulose (HMHEC)(l) or acrylic monomers (2). As a matter of fact, 
the alginate salts exhibit a sol-gel transition when simply submitted to  modifications 
of their ionic environment, e.g. substitution of Na+ by divalent cations such as Ca2+. 
This property provides an additional motivation for the preparation of amphiphilic 

macromolecules and their study, not only in solution but, in the near future,. also in 
the gel state. 
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SYNTHESIS 

The reaction consisted of a nucleophilic displacement of a propylene glycol ester 
of alginate (PGA), by a long chain aliphatic amine (in the present study 
dodecylamine), a t  room temperature in DMF. The final composition (moles %) of the 
amphiphilic polysaccharide (PGA-Ciz) is given in the following figure : 

m: 
PGA-1;=_: 

R I O'Na+ (#30%); Propylene glycol (# 70%). 
R I O-Na+(#30%); Propylene glycol (#6 1 %); 

NH-(CH2)11CH3 (#9%). 

RHEOLOGICALMEASUREMENTS 

Fig. 1 shows the concentration dependence of the solution viscosity, for PGA and 
PGA-Ci2 in pure water. PGA exhibits a slow increase of its viscosity, in agreement 

with typical polyelectrolyte behavior when concentration is sufficiently high so that 
electrostatic repulsions are screened. In opposition, the viscosity of PGA-C 1 2 
sharply increases with the concentration, to reach values two orders of magnitude 

higher than those of the precursor. 

The hydrophobic nature of the phenomena observed is clearly evidenced by the 
effect of ionic strength on the respective viscosities of PGA and PGA-Cl2. In the 
presence of salts (Fig. 2) the viscosity of PGA-Cl2 is strongly enhanced, whereas 

the unmodified polysaccharide remains totally unaffected. 

These results can be interpreted in terms of intermolecular hydrophobic 

interactions between the dodecyl chains immobilized on PGA. As the polymer 

concentration increases, hydrophobic domain ordering becomes important and may 
ultimately result in a "pseudo-reticulated'' structure. 
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FIG. 1 : Viscosity of PGA and : Viscosity of PGA and 
PGA-Cq 3 vs polvrner concentration. PGA-CI 2 vs NaCl concentration (Cs) .-  . -  
11) DUre water (shear rate : o,06 s- 1) (polymer concentration : 1.2 gldl; 

shear rate : 0.06 s- 1. 

VISCOMETRY AT HIGH DILUTION 

The measurement of the intrinsic viscosity [q], corresponding, for neutral 

polymers, to the extrapolation to infinite dilution of the Flory-Huggins equation (3) 
llsp/c = [lll+kH [qI2 c 

(where c is the polymer concentration and qsp the specific viscosity of the 

solution) reflects the actual geometry of the coil, free from intermolecular 

interactions. 

In dilute aqueous solution (polymer concentration < 0.2 g/dl), the dimension of 
an amphiphilic polyelectrolyte chain and accordingly its viscosity, is the resultant of 
two opposing effects : the coulombic repulsive forces between ionic charges borne by 
the macromolecule and the attractive interactions between its hydrophobic segments. 

The effect of increasing ionic strength on PGA is limited to  a progressive 

screening of the repulsions, leading, as expected, to a more and more compact coil. 
For PGA-CI 2, in superposition to  this effect on repulsive charges, the ionic strength 

plays a favorable role on the establishment or the reinforcement of hydrophobic 
interactions between dodecyl groups. The consequence for PGA-C12 is that the 

expansion of its conformation, compared to that of PGA, is still more restricted and 
its viscosity further decreased (Fig. 3). 
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: Intrinsic viscosity [q] of 
PGA and PGA-C1 2 at various NaCl 
(Cs) concentrations. 

0.01 0.1 I 10 

Cs (g/W 

Since the higher the ionic strength, the stronger is the hydrophobic effect, it is 
not surprising to  observe that the difference, A[q], between the two macromolecules 

is larger and larger as the salt concentration increases. 

The values of the Huggins coefficient are also significantly different for PGA and 
f f i A - C ~  2 in the whole range of ionic strength considered. For PGA, the values remain 

within the 0.3-0.5 range generally observed for non-associating polymers. In 
opposition, the high values (kH>l) obtained for ffiA-C12 are a qualitative indication 

that polymer-polymer interactions are more favored than those between the coil and 

the solvent. This observation is consistent with the hypothesis involving the 
formation of hydrophobic microdomains through intramolecular associations. In 
addition, the possibility of residual intermolecular interactions may as well be 
considered. 

FLUORESCENCE 

Pyrene is a hydrophobic probe with very low solubility (about 3.10-7 M) in 
water. Its fluorescence spectrum at low concentration possesses a fine structure 
whose relative peak intensities are highly sensitive t o  the polarity of the 
microenvironment. The ratio of the intensity of the highest energy vibrational band 
(11) to  that of the third highest energy vibrational band (13) has proved to  correlate 
with solvent polarity. In hydrocarbon solvents, the ratio 11/13 is around 0.6. It is 

close to  1.1 in ethanol and around 1.6 in water. This polyaromatic hydrocarbon can 
be used to probe the formation of hydrophobic microdomains in microheterogeneous 
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aqueous systems (4) and is therefore well adapted t o  the study of PGA-Ci2, and 

appears as a complementary technique to viscometry. 

2t 
L 

P 

0.001 0.01 0.1 1 

C (gldl) 

: I,! 13 ratio of pyrene (C = 1.1 1 0  M) in 
the presence of PGA or PGA-C,,, vs polymer 
concentration, in Dure was. 

a NaCl 10.0% 
1.2 I I 

0,001 0.01 0. I 

C (@dl) 

FIG. 5 : Variation of I,/ 13 ratio of 
pyrene in the presence of PGA-Ct2 vs 
polymer concentration, gt v a r i w  

Fig. 4 shows the variation of the I1 /I3 value vs polymer concentration, in pure 

water, for PGA and PGA-Ci2. 

The fluorescence spectrum of pyrene is hardly affected by the presence of PGA, 
in the whole concentration range tested. The value of 11/13 stays above 1.8, 

indicating the aqueous nature of the environment probed. In contrast, in the presence 
of PGA-Cl2 and for polymer concentrations as low as 0.02%, 11/13 values 
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continuously decrease to  reach finally a plateau around 1.25, i.e. rather close to  that 

experienced with SDS micelles above their CMC (1.1). These results suggest that 
hydrophobic microdomains already exist in pure water for PGA-C 12. Considering the 

low amount of carboxylic groups available in ionized form on this polymer, it is not 

so surprising that the balance between electrostatic repulsions and hydrophobic 

attractions can tend so readily towards the formation of such hydrophobic 

microdomains. 
The effect of increasing ionic strength on the variation of 11/13 vs PGA-C1 2 

concentration is shown in Fig. 5. One observes that the higher the ionic strength, the 

lower the polymer concentration necessary for the chain to  start organizing in 
hydrophobic microdomains. Furthermore, the I1 /I3 value a t  high polymer 

concentration (0.1% and beyond) is lower as the salt concentration is raised, 
indicating, as expected, that the environment probed by pyrene is increasingly 

hydrophobic with the ionic strength. These results are consistent with the 

conclusions drawn f rom the viscometric experiments. 

CONCLUSION 

The covalent immobilization (# 9%) of an aliphatic long chain amine 

(dodecylamine) onto a partially esterified derivative of alginate (PGA) affords an 
amphiphilic polyelectrolyte. In aqueous solution, this compound exhibits peculiar 
physico-chemical properties resulting from intra- or intermolecular hydrophobic 

associations, depending on the concentration range concerned. These properties are 

evidenced by viscometric, rheological and fluorescence measurements. 

Before approaching studies related t o  the gel state, physico-chemical 
properties of derivatives differing from PGA-C 1 2 both in the sustitution ratio and 
the length of the immobilized alkyl chain will be investigated. 
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ABSTRACT 

Cellulose ethers are often soluble in cold water, but when their solutions are 

heated above a critical temperature, the cloud point, they separate into two 

phases. Detailed aspects of this phase transition have been investigated by 

fluorescence studies of pyrene- and fluorene-labelled hydroxypropyl cellulose 

samples. The spectroscopy of labelled hydroxypropyl cellulose films is 

described for films cast from cold aqueous solutions and from solutions heated 

above their cloud point. 

INTRODUCTION 

Cellulose ethers are widely used in industry, for example as rheology modifiers 

in fluids or as components of composites and coatings where they help in 

modulating adhesion to various surfaces.' Most cellulose ethers are soluble 

in organic solvents, but they also exhibit appreciable solubility in water, at least 

within specific temperature and concentration domains. Given the recent trend 

towards replacing solvent-based industrial processes with techniques using 

345 

�� �� �� �� ��



346 Association thickening and gellation of cellulosics 

water-borne fluids, It can be foreseen that the applications of cellulose ethers 

will increase rapidly in number and diversity. In order to design materials with 

improved performances it is important to understand in detail the interactions 

taking place in aqueous solutions of cellulose ethers and how they are affected 

by external stimuli. In previous investigations we have demonstrated how 

fluorescence spectroscopy can be employed to explore the solution properties 

of cellulose ethers in These studies have led us to undertake a study 

of the morphology of polymer films prepared under various conditions. Initial 
results of this study are presented here. After a brief review of the structural 

features of the polymers studied and of the spectroscopic tools employed, 

experiments are described which provide information on the properties of 

aqueous solutions of cellulose ethers and on the morphology of films cast from 

these solutions. Preliminary results of measurements by Total Internal 

Reflectance fluorescence are described. 

THE POLYMERS 

The study focuses on hydroxypropyl cellulose (HPC), a commercial polymer 

prepared by reaction of propylene oxide with cellulose. This reaction requires 

the diffusion of reactants into the cellulose fibres. It leads to a structurally 

inhomogeneous polymer with blocks of fully substituted glucose units 
interspaced by more lightly di- or mono-substituted units? The chemical 
structure of HPC is characterized by the degree of substitution (DS >2.8) which 

represents the average number of oxygens of the glucose units bearing a 

substituent and by the molar substitution (MS ca 5.8), which is the average 
number of hydroxypropyl groups linked to the glucose units. Fluorescently 

labelled HPC samples were prepared from a commercial material by attaching 

dyes to the hydroxyl groups of the polymer via ether linkages randomly 

distributed along the polymer chain (Figure 1): 
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HPC: X = H, HPC-Py: X = (CH,),- Py, HPC-Flu: X = CH,- Flu; 

R = CH,CH(OH)CH, 

Flgure 1: Idealized structures of hydroxypropyl cellulose and of the 

labelled polymers 

EXPERIMENTAL 

Materials. Two samples of Pyrene-labelled HPC (HPC-Py) were prepared 
from HPC (Klucel-L, Mw 100,000, Aldrich Chemicals Co.) as described 
previously? The sample used in the pyrene excimer studies contains 5.33 x 

mol of Pylg of polymer or on average 1 Py for 56 glucose units. The 

sample used in the non-radiative energy transfer (NRET) experiments contains 
6.80 x lo-' mol of Pylg of polymer or on average 1 Py per 438 glucose units. 

The Fluorene-labelled HPC (HPC-Flu) contains 8.9 x mol of Flu/g of 

polymer or on average 1 Flu per 33 glucose units. 

Fluorescence measurements. The solution spectra were recorded on a SPEX 

Fluorolog 21 2 spectrometer equipped with a DM3000F data system. 
Measurements of the fluorescence of films were performed with a home-built 

spectrophotometer described in detail elsewhere.' For TIR experiments the 

incident angle of the excitation light was set at 68". The excitation wavelength 

was set at 330 nm for the pyrene excimer experiments and at 310 or 290 nm 

for the NRET experiments. 

Sample Preparation. Solutions for analysis were prepared by allowing each 

polymer to dissolve in water over 24 h. Solutions containing HPC-Py and 
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They were kept at room temperature for at least 2 hr prior to spectroscopic 

measurements. Polymer films (thickness ca 50 pm) were cast on sapphire 

(n = 1.81 at 310 nm) plates from a solution of labelled HPC in water (1 mL, 

polymer concentration: 2 g L-', [Flu]/[Py] = 2). They were dried at room 

temperature, then kept in vacuo at 25°C for 24 hr. The films obtained from 

phase-separated aqueous solutions were prepared by casting a preheated 

solution (1 hr at 50°C) onto sapphire plates kept at 50°C. The films were 

cooled to room temperature, dried, and evacuated for 24 hr. 

RESULTS AND DISCUSSION 

Solution properties. In dilute aqueous solution HPC exhibits a 

thermoreversible phase transition: it is soluble in cold water, but separates 

from solution upon heating above a critical temperature, the cloud point (CP, 

42"C).' The solubility of HPC in cold water can be attributed to the ability of 

the polymer to form H-bonds with water while inducing considerable ordering 

of the solvent through its apolar substituents. The enhancement of water 

structure takes place around the methyl and methylene groups of HPC and 

around the hydrophobic dyes of labelled HPC. This water structuring brings 

about large negative contributions to both the enthalpy AH,,, and the entropy 

A S M  of mixing. At a sufficiently high temperature the entropic term of the free 

energy of mixing will overcome the negative enthalpy of solution, resulting in 

a positive free energy. Thus at this temperature phase separation occurs. 

The phase separation phenomena of aqueous HPC have been studied in detail 

by light scattering and calorimetry,' as well as by spectroscopic tools, such as 

13C NMR' and fluorescence. In experiments with fluorescently labelled 

polymers it is possible to exploit the association of hydrophobic chromophores 

in water. For example one can probe short-range (4 to 5 A) interactions 

between identical chromophores capable of excimer emission, or one can 

monitor interactions between pairs of different dyes capable of undergoing 

non-radiative energy transfer." In this case the critical separation distance 

between chromophores undergoing this process is larger (20 to 50 A). 
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non-radiative energy transfer." In this case the critical separation distance 
between chromophores undergoing this process is larger (20 to 50 A). 
Pyrene excimer experiments in solutions. The fluorescence spectrum of 

HPC-Py in cold water exhibits an emission due to locally excited Py, with the 

(0,O) band located at 376 nm ('monomer' emission) and a broad featureless 

emission centred at 480 nm attributed to pyrene excimers. The latter 

originates from preformed Py dimers or higher aggregates." Upon warming 

a solution of HPC-Py from 10°C to 45"C, the intensity of excimer emission 

increases gradually to reach a maximum value at ca 38°C. It undergoes a 

sharp decrease as the solution reaches the cloud point temperature (Figure 2). 

Thus the pyrene excimer experiments reveal a disruption of the hydrophobic 

aggregates upon macroscopic phase separation. In the anisotropic phase 

formed above the cloud point the chromophores are accommodated as 

isolated entities within the polymer-rich phase. 

Py monomer emission 

Py excimer emission 

400 500 600 
Wavelength (nm) 

Figure 2: Fluorescence spectra of aqueous solutions of HPC-Py (0.15 g 

L-') at several temperatures. 
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I 1 AeX,=290 nm 250 

A HPC-PV + HPC-Flu 
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300 350 400 450 500 550 

vvrrveiengrn \nmj 

Figure 3. Fluorescence spectra of aqueous solutions of HPC-Py (0.15 

gL-'), HPC-Flu (0.05 gL-') and a mixture of the two polymers. 

Non-radiative energy transfer (NRET) experiments in solution. The NRET 

process is an extremely powerful tool to characterize distances between pairs 

of interacting chrornophores.'' Spectroscopically, the fluorene-pyrene pair is 

well suited for NRET experiments, since the emission spectrum of Flu (energy 

donor) overlaps well with the absorption of Py (energy acceptor) and there 

exists a window in the UV spectrum where absorption of Flu is much stronger 

than that of Py, thus allowing selective excitation of Flu in the presence of Py. 

Experiments were carried out with aqueous solutions of HPC-Py and HPC-Flu 

of varying total polymer concentration and at different temperatures. The 

emission spectra of cold aqueous solutions of HPC-Py, HPC-Flu, and a 
mixture of the two polymers at the same concentration are shown in Figure 3. 

The pyrene emission intensity is greatly enhanced in the presence of 

HPC-Flu, indicative of the occurrence of NRET between chromophores 
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dependence of the efficiency of NRET in this system revealed that 

interpolymeric association takes place at concentrations as low as 0.05 g L-' .3 

Upon heating a mixed polymer solution above its cloud point, the fluorene 

emission decreased while the Py emission increased, revealing a modest 

enhancement of NRET efficiency. This observation suggests that in the phase 

separated domains the chromophores are brought into closer proximity. 

However since the characteristic distance of the Flu-Py pair is 20 8, the 

process does not report on the changes in chromophore aggregation revealed 

so dramatically by the Py excimer experiments discussed in the previous 

section. 

Non-radiative energy transfer experiments in films. Next, a series of 

NRET measurements were performed with labelled-HPC films cast onto 

sapphire from aqueous solutions, below the cloud point and as phase 

separated mixtures (50°C). When light travelling in a material with higher 

refractive Index (n,) is incident upon an interface at an angle greater than the 

critical angle, although the light undergoes total reflection, there is some 

penetration of the excitation light into the material with the lower refractive 

index in the form of an evanescent wave.4 This evanescent wave can be used 

to excite selectively chromophores located in the vicinity of the interface (ca 

30 nm in these experiments). In films cast from solutions below their cloud 

point, the efficiency of energy transfer between Flu and Py labels was very 

high. Only little differences could be detected between the efficiency of NRET 

in the bulk of the film and at the substrate/polymer interface. However in films 

cast from solutions above their cloud point, significant differences were 

observed (Figure 4): the NRET efficiency measured at the interface FIR)  was 

weaker than that of the bulk of the film. Under both conditions, though, the 

NRET efficiency was estimated to be much weaker than in films cast at room 

temperature, implying a higher degree of segregation between polymer chains 

in films cast from phase-separated mixtures. The differences between 

interface and bulk interactions or to the existence of domains of liquid 

crystallinity formed during the drying process.'* 
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50' 

- TIR 
- -  NOR 

Wavelength (nm) 
Figure 4: Fluorescence spectra of a HPC-Py/HPC-Flu film cast at 50°C 

and measured under normal conditions (NOR) and (TIR). 
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polyelectrolyte adlayer by surfactant. 
Null ellipsometry and SFA study 
V Shubin* and P Petrov - Physical Chemistry I, Chemical Centre, 
University of Lund, PO Box 124, S-221 00 Lund, Sweden 

Abstract 

The effect of addition of anionic (SDS) and non ionic (C12E5) surfactants on the 
structure and composition of layers of cationic hydrophobically modified 
hydroxyethylcellulose QuatrisoftB LM 200, adsorbed on negatively charged surfaces 
(mica and Si02), was studied by surface force apparatus (SFA) and in situ null  
ellipsometry. It is shown that associative binding of surfactant to the polymer results 
in a variety of interfacial behaviour depending on the nature and concentration of 
added surfactant. 

Introduction 

Chemically modified, natural polysaccharides (starch, cellulose, etc.) are a large and 
important class of industrial polymers. Due to their unique rheological behaviour they 
are widely used as thickeners in a variety of water-based formulations, such as latex 
paints, building materials, drilling muds, etc. Being non toxic, they find increasingly 
wide application in foods and cosmetics. Adsorption of these polymers at solid - liquid 
interfaces is used to control stability of colloidal dispersions as well as other interfacial 
properties such as wettability and adhesion. In a number of applications, the polymers 
are used in combination with surfactants. It is well recognized that interaction between 
polymers and amphiphiles strongly affects phase behaviour, rheological and other bulk 

* On leave from: Department of Colloid Chemistry, Chemical Faculty, St. Petcrsburg University, St. 
Petersburg, Russia 
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properties of polymer solutions, as well as polymers' behaviour at interfaces (Goddard 
and Ananthapadmanabhan, 1993). 

I n  this paper we present an experimental study of interfacial behaviour of a 
cationic hydrophobically modified hydroxyethylcellulose QuatrisoftB LM 200 i n  the 
presence of anionic and non ionic surfactants. The influence of surfactant addition on 
the structure and composition of the adsorbed polymer layers as well as on the 
interaction between them was studied via surface force apparatus and in situ n u l l  
ellipsometry. 

Experimental 

Materials and clietnicals 
Water used in this study was purified by the following consecutive steps: distillation, 
percolation through a Millipore Water System and final double distillation in an all- 
Pyrex apparutus. The mica used in our SFA experiments was best quality, optically 
clear muscovite green mica, obtained from Mica Supplies Ltd.(England). SilSiOz 
plates for ellipsometry were prepared and cleaned as described elsewhere (Tiberg and 
Lattdgren, 1993). Sodium dodecyl sulfate (speciully pure, from B D H )  was purified by 
triple recrystallisation from pure water. Penta-ethyleneglycol mono n-dodecyl ether 
(Cl2 Es) was purchased from Nikko Chemicals (.lapun) and wns used us supplied 
QUATRISO F T @  LM 200 wus obtained from Union Carbide Chemicals and Plastics 
Co., Inc. I t  was purified by extensive dialysis and freeze-dried. The polymer is an N,N- 
dimethyl-N-dodecylamnionium derivative of hydroxyethylcellulose with molecular 
weight of approximately 100,000. 

Sitrface force measurements 
The forces between mica surfaces bearing adsorbed layers were measured using a 
Mark IV surface force apparatus (Parker et al., 1989). The technique allows an 
accurate determination of forces, F(D) ,  acting between two micu sheets, mounted in 
the apparatus in a crossed cylinder configuration, as a function of surface separation 
D (Israelachvili and Adams, 1978). The meusured f i n e s  were scaled with the mean 
local radius of curvature R ojthe curved mica sheets. 

At the beginning of each experiment mica surjaces were brought into contact in 
air and then in water to vcrvy the absence of debris and other types of surface 
contamination. Contact position, as mensurer1 in water, was used throughout 
subsequent experiments as a zero distance reference. An aliquot of concentrated 
polymer solution was then injected into [he apparatus with a springe to obtain a final 
polytner concentrution of 34ppm. The interuction forces between polymer layers were 
also measured in the presence of added surfactants. At least two reproducible runs 
were recorded for  each system composition. Force measurements were conducted both 
on approach (compression) and separation (decompression) and the separation was 
changed with a rate oj' 0.47nml.s. All  meusurertierits were performed at 22 "C in a 
thermostated room. 

Ellipsornetry 
An automated Rudolf Research thin-film null ellipsometer, type 43603 - 200E,  was 
used in this study. A detailed description of our experimental set-up can be found 
elsewhere (Landgren nnd Jonsson, 1993). The substrate (SilSiO2 plates) optical 
characteristics were determined at the beginning of each experiment by ellipsometric 
measurements i n  two nnibient media as discussed in (Landgren and Jonsson, 1993). 
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Then a certain amount of polymer was injected into the cuvette, which primarily 
contained Sml H20, and the ellipsometric angles Y and A were recorded continuously 
until an equilibrium was reached. Then the system composition was changed either by 
addition of a desired amount of surfactant or by pumping (20mNmin) preheated pure 
water through the cuvette (rinsing). All measurements were conducted at the 
wavelength A = 401 Snm and the angle of incidence 4 = 67.2 O in a thermostated 
cuvette at 2530.1 "C under continuous stirring by a magnetic stirrer at about 300rpm. 

The results of Yand A measurements were interpreted within the framework of 
an optical four layer model, assuming isotropic media and planar interfaces. The 
mean refractive index nf and the average thickness df of the adsorbed layer were 
calculuted using the numerical procedure described in (Tiberg and Landgren, 1993). 
The adsorbed amount (0 was calculated from nfand df according to (de Feijter et al., 
1978) using dnldc = 0.152cm31g. 

Results 

Fig. 1 shows the force-distance profiles measured after equilibration of mica surfaces 
with 34ppm aqueous solution of Quatrisoft alone and in the presence of 4.10-5M SDS. 
In the pure polymer case the measurable repulsive force extends to separation of about 
60nm. Upon compression the repulsion rises gradually and reaches F/R=lOmN/m at 
separation of about 14nm. The measured force-distance profile is in remarkable 
agreement with that reported by (Argillier et al., 1991). Both decay and the magnitude 
of the force are indicative of the nonelectrostatic nature of the repulsion, the latter 
being dominated, apparently, by osmotic and steric contributions. Under large applied 
load the adsorbed layer of Quatrisoft can be compressed down to 8nm but cannot be 
squeezed out. A shallow, but distinctive and reproducible, minimum was observed on 
separation (not shown). This attractive minimum can be attributed to non equilibrium 
effects induced by compression and interpenetration of adsorbed layers. 

* 
c 
t 

m : a - 34ppm Quatrisoft . 10' . I  b - " + 4.10-5M SDS 

Separation, nm Fig. 1 
Upon addition of 4.10-5M SDS to the system the force profile changes dramatically. 
On approach the onset of an increasing monotonic repulsion was observed when the 
surfaces were some 145nm from water contact, i.e. at separations substantially larger 
than in pure polymer case (60nm). With an applied force of about 10mN/m, a 

0 30 60 90 1 2 0  1 5 0  
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separation of D=43nm was reached, and under strong compression the 
polymer/surfactant layers could be squeezed down to 18nm. Thus, addition of small 
amounts of anionic surfactant changes considerably both the extent and 
compressibility of the adsorbed layers. The latter can result from an increase in the 
amount of material in the gap and/or in strength of intralayer repulsive interactions. In 
the insert we show comparison of forces measured on approach and separation in the 
presence of 4.10-5M SDS. A deep attractive minimum (F/R=-2.8mN/m at D=130nm) 
was observed on decompression in this case, indicative of a strong affinity between 
adsorbed layers. It is noteworthy that when more SDS was added to the system, giving 
a final concentration of 2.10-3M, a further increase of the repulsive interaction extent 
was observed with a long-range interaction setting in at ca. 250nm (see Fig. 2, curve 
b). 

200 

0 
5 0  

n ~ 
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P 0 out 
Q 

100 1 5 0  2 0 0  2 5 0  

Separation, nm 

a - one-sler> addltlon 
4 b - two-step addltlon 

Separatlon, nm Fig. 2 

In another experiment the polymer adsorption was followed by a single addition of 
SDS, giving a final concentration of 2.lO-3M. The force-distance profile measured 
after equilibration is shown in Fig. 2, curve a. At first sight, the force appears to be 
rather similar to that measured in  the presence of 4.10-5M SDS, at least in respect to 
the onset of repulsion (c.f. Fig. 1, curve b). However, a number of differences are 
evident. A less steep increase in  repulsion at distances below lOOnm results in  a 
shorter separation attained at F/R=lOmN/m, namely 31nm, compared to 43nm i n  the 
previous case. Further compression led to a 12nm thick bilayer, again thinner than at 
4.10-5M SDS. Furthermore, as can be seen from the insert, a purely repulsive 
interaction identical to the compression curve, was observed on decompression. This 
indicates an absence of any interlayer association at this relatively high surfactant 
concentration. All these features, together with the above mentioned expansion of the 
adsorbed layer, formed at cs~s=4.10-5M, upon addition of 2.10-3M of surfactant, give 
strong evidence that, although exhibiting the same range of repulsive interaction. the 
polymer/surfactant layers formed at low and high SDS concentration are substantially 
different. 

Force measurements in  systems containing non ionic surfactant showed that, 
unlike SDS, C12E5 does not cause dramatic changes i n  either the range or the 
magnitude of interaction between Quatrisoft adlayers. Even above the CMC 

,011 
0 5 0  100 1 5 0  2 0 0  2 5 0  
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4-10-5M 
2 . 1 0 - 3 ~  * 
1 . 1 0 - 4 ~  
2 . 1 0 - 4 ~  
2 . 1 0 - 3 ~  

(6.5.10-5M) addition of the surfactant causes on ly  a slight increase i n  the force 
magnitude. At concentrations far above CMC a somewhat stronger repulsion was 
observed with no major change in the interaction range. 

A summary of experimental results on the structure of an adsorbed layer, 
obtained via ellipsometry, is presented in the table below. 

4.0 36.5 1.359 
4.5 90 1.350 
2.8 25 1.359 
2.1 15 1.363 
1.8 57 1.347 

at equilibrium: 
r, mg/m2 I df, nm I nf 

5-10-4M 
2 . 1 0 - 3 ~  

.......... ..... 

3.2 11 1.386 
3.8 19 1.373 

1.343 

1.379 

.... .̂ ..." ...... ".......I.. " .... 

1 2 . 1 0 4 ~  I 2.5 1 1.396 

after rinsing: 
r, mg/m2 I df, nm [ nf 
1.6 

2.1 
2.8 1.361 
3.1 1.361 
2.3 1.363 
1.9 12 1.366 
1.5 7.5 1.372 

".... ............ 

......................... .............................................. i -  
---.l..-"r--,--Î ..._-. 
7 1.375 
I, I, 

I 1  II 

I, I, 

*addition on top of 4.10-5M 

We first point out that rinsing has no effect on the characteristics of the adsorbed 
Quatrisoft layer. This feature reveals irreversibility (or quasi irreversibility) of 
adsorption of the cationic polymer onto the negatively charged silica surface. As can 
be seen from the table, in the case of SDS the adsorbed amount is a nonmonotonic 
function of surfactant concentration with a maximum at around CSDS=~*~O-~M.  Up to 
about the CMC, r values exceed those measured in the absence of SDS, which means 
that upon addition of surfactant more material is brought into the interfacial region. 
This can be SDS alone or in combination with the polymer. The fact that r is maximal 
at rather low surfactant concentrations is strong evidence that at low CSDS the 
supplementary adsorption is dominated by the polymer. An analysis of the system 
behaviour upon rinsing gives further support to this idea. Indeed, rinsing after addition 
of 2.10-3M SDS brings the system back to its initial state, whereas at low surfactant 
levels only partial removal of supplementary adsorbed material was observed. Taking 
into account effective irreversibility of the polymer binding to the surface, this finding 
reveals that in the former case the increase in r upon surfactant addition is due to a 
reversible surfactant binding to the polymer, while in the latter one a substantial extra 
amount of polymer is adsorbed. Both at low and high SDS concentrations, addition of 
the surfactant leads to the increase in  the ellipsometrically measured adlayer thickness, 
that is to say to the layer expansion, which is in qualitative accordance with SFA 
findings. 
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Clearly different was the effect of addition of nonionic surfactant on the 
structure of adsorbed Quatrisoft layer. Up to concentration about ten times the CMC, 
addition of C12E5 results i n  a gradual increase in r, with no changes in df. For 
c>5. 10-4M adsorption is accompanied by an increase in the layer optical thickness. At 
all studied C12E5 concentrations (up to lO-2M) rinsing led to a quick removal of 
adsorbed material down to pure polymer level which indicates that neither 
supplementary polymer adsorption nor polymer displacement by surfactant was 
involved in this case. 

Discussion 

The results obtained in the present study show that Quatrisoft molecules adsorb 
strongly onto the negative surfaces in a rather expanded conformation. The adsorption 
is expected to be limited by steric and electrostatic repulsion between adsorbed 
molecules. Addition of surfactants causes substantial changes i n  the structure and 
composition of t h e  adsorbed layer. These changes can be interpreted in terms of 
associative binding of surfactant to the polymer. This model assumes formation of 
micellar-type surfactant aggregates on hydrophobic side chains of the polymer and has 
been successful in  explaining unusual rheological behaviour of hydrophobically 
modified polymers in the presence of surfactants (Magny et ai., 1992). 

Anionic surfactant association with cationic polymer starts at concentrations far 
below the CMC and is favoured by electrostatic forces. At low SDS concentrations 
when few "micelles" are formed on polymer chains, effective neutralisation of the 
polycation both in bulk and at the interface makes possible supplementary adsorption 
of the polymer/surfactant complex. The incorporation of additional macromolecules 
into the adsorbed layer can be promoted by formation of intermolecular micellar 
bridges. This bridge formation shows itself in the occurrence of a deep attractive 
minimum on decompression at c~~s=4.10-5M.  Expansion of the adsorbed layer at this 
concentration is caused mainly by steric intralayer repulsion. Upon increasing the SDS 
bulk concentration, progressive binding of surfactant aggregates leads to an increase of 
the macromolecule net negative charge and decrease of number of free cationic groups. 
This results in a drop of additional polymer adsorption down to zero at c s ~ s > 5 . 1 0 - ~ M .  
The adlayer expansion observed at cs~s=2.10-3M can be attributed to electrostatic 
repulsion between polymer molecules bearing bound SDS micellar aggregates. Note 
also the absence of an attractive minimum on the corresponding force profile. Beyond 
the CMC the anionic surfactant wins its competition with the surface for the polymer 
and highly negatively charged polymer/surfactant complex desorbs from the surface. 

Unlike SDS, non ionic amphiphile C12E5, does not cause visible changes i n  the 
configuration of adsorbed macromolecules, although i t  aggregates on Quatrisoft's 
hydrophobes. Up to a Cl2Es concentration of about 5.10-4M no changes in  adlayer 
thickness were detected by either SFA or ellipsometry. At higher surfactant 
concentrations ellipsometrically measured layer thickness increases, while interaction 
range is not affected. This inconsistency turns out to be rather misleading since the 
change in df, calculated without a true account of the density distribution in the surface 
film, can mean a qualitative change in the density profile at a constant total layer 
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extent. It is known that C12E5 has a tendency to form large nonspherical micelles at 
high concentrations. Thus, the feature observed can be rationalized by assuming 
formation of such large surfactant aggregates preferably in the outer part of the 
adsorbed polymer layer where steric constraints are less pronounced. 

The above example demonstrates that comparative interpretation of SFA and 
ellipsometric results should be undertaken with a proper account of the character of 
material distribution within the adlayer. Thus, for example, a simple analysis shows 
that df=7nm measured by ellipsometry in the case of pure Quatrisoft layer corresponds 
to the layer extension of ca. 27-30nm if an exponentially decreasing polymer density 
profile is assumed. This latter estimate is in good accord with the force onset, observed 
with SFA. An exact quantitative agreement, however, can hardly be expected due to 
the certain difference in the chemical nature and charging behaviour of the two 
substrate surfaces used. 
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47 Ellipsometry studies of the interfacial 
behaviour of ethyl(hydroxyethy1)cellulose 
F Tiberg and M Malmsten - Physical Chemistry I, Chemical Centre, 
University of Lund, PO Box 124, S-221 00 Lund, Sweden and The 
Institute for Surface Chemistry, PO Box 5607, S-114 86 Stockholm, 
Sweden 

ABSTRACT 
We report on the temperature-dependent adsorption of ethyl(hydroxyethy1)cellulose 
(EHEC) at the polystyrene-water interface revealed by ellipsometry. This technique 
allows separate deteiminations of the optical mean thickness, the average refractive index 
and the adsorbed amount of an adsorbed polymer film. The low optical contrast of the 
water-EHEC-polystyrene system makes measurements of these quantities difficult, but 
we show that they can be determined with sufficient accuracy by using a modern high 
precision ellipsometer. 
At room temperature, EHEC adsorbs sparsely on polystyrene surfaces (r=lmg/m2), 
forming layers with an optical mean thickness that slightly exceeds 30 nm. Raising the 
temperature results in increasing adsorption and a simultaneous contraction of the 
adsorbed layer. The conjunction of these opposing trends leads to a strong decrease of 
the ellipsometric thickness near the bulk phase separation temperature at this surface. 
The adsorbed layer contains a fraction highly extended but dilute tails, reflected by its 
large hydrodynamic extension, as observed by photon correlation spectroscopy 
measurements (6,=110 nm at 2OOC). This fraction, however, does not significantly 
affect the interaction forces between two EHEC coated surfaces. 

INTRODUCTION 
The phenomenon of polymer adsorption underlies many important processes. 
Frequently, the practical problem is to stabilise colloids or to avoid adsorption of 
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biopolymers or other unwanted material (c.f. Napper, 1983). Ethyl(hydroxy- 
ethy1)cellulose has proven very effective for these purposes and it is  of fundamental 
interest to corrclate this efficiency to the behaviour of this polymer a t  the solid/liquid 
interface (Malmsten et al., 1990; Malmsten e t  al., 1991a and b; Malmsten and Tiberg, 
1993). 
Numerous techniques are today available for studies of interfacial properties of polymers 
and the progress in the development of these have during the past few years indeed been 
tremendous. Ellipsometry is one among the techniques that appear increasingly 
promising. This is a consequence of the rapidness, flexibility and non-destructive 
character of this technique, as well as of recent instrumental and methodological 
improvements, which further has expanded its applicability (Azzam and Bashara, 1989; 
Tiberg and Landgren, 1993). The present work explores the possibility of using 
ellipsometry for separate measurements of the thickness and the adsorbed amount of 
adsorbed layers with low optical contrast to the surrounding media. This is a difficult 
task, since these parameters are very sensitive to errors in the applied optical model, as 
well as to those associated with the experimental set-up (Tiberg and Landgren, 1993). 
We hope to show, however, that such measurements can indeed be performed with a 
modern high-performance instrument and that the results obtained provide information 
that is of fundamental interest for the understanding of EHEC's efficiency as a protein 
rejecting and stabilising agent. 

EXPERIMENTAL, 
The ethyl(hydroxyethy1)cellulose (EHEC) used in this study was kindly provided by 
Berol Nobel AB, Sweden. The two fractions used have molecular weights of 250 000 
(EHEC 1) and 475 000 (EHEC 2), as determined by light scattering. The  cloud points 
(CP's) of EHEC 1 and EHEC 2 are 39OC and 35OC, respectively. The radii of gyration at 
20°C and 0.2 mM NaCl is 80 nm for EHEC 1 and 85 nm for EHEC 2. 

The  adsorption was monitored in situ by a high precision null ellipsometer. T h e  
instrument used was an automated Rudolf Research thin-film ellipsometer, type 43603- 
200E, equipped with Berger-Lahr stepper motors, and controlled by a personal 
computer. A xenon lamp filtered to 401.5 nm was used as a light source. The  optical 
contrast of the system is better at this wavelength than that at, say, 600 nm. The  set-up 
and measurement procedure has been described previously (Tiberg and Landgren, 
1993). To summarise, the average optical thickness and the amount adsorbed are 
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obtained after first determining the optical properties of the the bare substrate. The 
complex refractive index for a homogeneous substrate like polystyrene can easily be 
determined from a single set of ellipsometric angles, w and A ,  which in turn are derivcd 
directly from the ellipsometric polariser and analyser readings. The polymers are added 
to the temperature controlled cuvette after the substrate characterisation, and the 
ellipsometric angles w and A are then monitored continuously. The mean ellipsometric 
thickness (SJ and the average refractive index (na  are then calculated numerically (cf. 
Azzam and Bashara, 1989). The calculation of the adsorbed amount (r) from the latter 
parameters is then straight forward (de Feijters et al., 1978). 

RESULTS AND DISCUSSION. 
Figure 1 shows the time-evolution of the adsorption of EHEC 2 on polystyrene at 2OOC. 
The aasorption on polystyrene is rather fast and plateau values are generally reached 
within 1500 seconds. This feature is seen in both the mean optical thickness and the 
adsorbed amount. Small fluctuations on the order of a few procent are observed in r, 
while larger effects, with fluctuations up to _+15 %, are observed in se. This is a direct 
consequence of uncertainties in the determination of the ellipsometric angles (a(y, 
A)<(H.o02", &0.004")). These result in relatively large errors in thickness and refractive 
index, which due to covariance largely cancel out when the adsorbed amount is  
calculated (Tiberg and Landgren, 1993). 
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Figure 1. Time evolution of the adsorbed amount (r, open circles) and the average 
ellipsometric layer thickness (se, closed circles) for EHEC 2 at polystyrene at 2OoC. 

�� �� �� �� ��



366 Association thickening and gellation of cellulosics 

The magnitude of the fluctuations is enhanced by the low optical contrast betwecn lhc 

adsorbed layer and the polystyrene surface. The latter can be optirnised by using light of 
shorter wavelengths, but we found the precision in the measured parameters sufficient 
for our needs and did not go further into this problem. 

Figures 1 and 2 show that both EHEC fractions adsorb rather sparsely at polystyrene at 
low temperatures. The adsorbed amount on polystyrene is around 1 mg.rn-2 at room 
temperature. This is less than half the value observed on hydrophobised silica at the 
same temperature (Malrnsten and Tiberg, 1993). Raising the temperature towards the 
cloud point (CP), i. e. worsening the solvency conditions of the polymer, results in  
marked changes of the adsorbed layer properties, as can be seen in figures 2 and 3. 
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Adsorbed amount (r) of EHEC l(closed diamonds) and 2 (open circ.,s) at 
polystyrene as a function of temperature. Cloud points (CP's) are indicated by closcd 
and open arrows, respectively. 

The adsorbed amount increases strongly in the region just prior to the CP and then levels 
off and seems to reach more or less constant values around the CP. This increase of the 
adsorbed amount is conelated with the solvency conditions of the polymer. 

An explanation of the "plateau" region observed at higher temperatures is less straight 
forward, but involves the orientation of this copolymer at hydrophobic surfaces. Hence, 
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due to orientation, the segments of the outer region of the adsorbed layer may experience 
good solvency conditions, despite the overall solvency conditions being poor. The outer 
adsorbed layer region then acts as a steric barrier for further adsorption. The behaviour 
is somewhat unexpected, but agrees well with results obtained by means of the surface 
force technique, where the force between two EHEC layers remains monotonically 
repulsive even at temperatures above the bulk phase separation temperature (Malmsten et 
al., 1990). Flocculation studies performed with EHEC-stabilised polystyrene particles, 
showing that the dispersion remains stable at least 15 degrees above the CP. further 
confirm this notion (Malmsten and Tiberg, 1993). 
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Figure 3. Average ellipsometric layer thickness (SJ of EHEC l(c1osed diamonds) and 
2 (open circles) at polystyrene as a function of temperature. Cloud points (CP's) are 
indicated by closed and open arrows, respectively. 

The effect of temperature on the ellipsometric thickness is more complex, since 
increasing the temperature results in a concomitant tendency of increasing the adsorbed 
amount and contracting the adsorbed layer. The outcome of this competition depends on 
the conjunction of these events. A slight decrease of 6, and a moderate increase of r is 
initially observed as the temperature is raised. This is followed by a small increase of tj,, 
indicating that the contracting tendency is masked by the relatively strong increase of r 
observed in this region. As r finally levels off, contraction once more becomes the 
dominant effect. Note, however, that since the outcome of the competition depends on 
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the adsorbed amount, as well as on its temperature dependence, this will vary between 
surfaces. For example, at very hydrophobic surfaces, the increase in 1’ with temperature 
is  so strong, that a monotonic increase in the adsorbed layer thickness is  observed 
(Malmsten and Claesson, 199la). 

The average ellipsometric thickness (6,) is around 30 nm for both EHEC 1 and EHEC 2 
at 25OC. The hydrodynamic thickness (6,) observed by photon correlation spectroscopy 
is around 110 nm at the same temperature. The finding that 6e is much smaller than 6,, is 
in agreement with previous experimental and theoretical findings (cf., Takahashi and 
Kawaguchi, 1982; de Gennes, 1990). The  reason for this is that 6, pertains to a step-like 
segment density profile of the adsorbed layer. Thus, ellipsometry primarily monitors the 
dense loop and train fractions of the adsorbed layer, while the hydrodynamic thickness 
is sensitive to the often dilute tail fraction. This indicates that a region with extended but 
dilute tails is present in the adsorbed EHEC layer. The onset distance for repulsive 
interactions is much smaller than 26,,, but corresponds rather well with twice the average 
ellipsometric thickness (see Figure 4). 
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Figure 4. The ellipsometric (SJ and hydrodynamic (6,,) thickness obtained for EHEC 
2 at polystyrene (r=1 mg.m-2) and the interaction forces obtained at hydrophobised mica 
surfaces (r=5 mg.m-2). Shown also is the value of 6, at hydrophobised silica ( r z 2 . 7  
mg.m-2). All measurements were perfoimed at room temperature. 

This shows that the dilute tail region plays a limited roll for the steric stabilising forces 
induced by the adsorption of EHEC on hydrophobic surfaces. 
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J-F Revol, L Godbout, X-M Dong and D G Gray - Paprican and 
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University, Montreal, Canada 

ABSTRACT 

The phase separation of suspensions of anisotropic rod-like species such as tobacco 
mosaic virus, DNA fragments and collagen into fluids displaying nematic or chiral 
nematic order is a widely observed phenomenon. Suspensions of rod-like cellulose 
crystallites also can form a chiral nematic phase. The rodlets of crystalline cellulose 
were prepared by sulphuric acid hydrolysis of natural cellulose fibres from several 
sources. The suspensions are thought to be stabilized by the charged sulphate ester 
groups on the surface of the crystallites. Well-formed textures and disclinations 
characteristic of chiral nematic liquid crystals, readily formed by these dilute 
suspensions, are observed. Preliminary results indicate that the critical volume 
fraction for phase separation of salt-free suspensions can be as low as 0.03, with a 
relatively narrow biphasic region. The phase separation is sensitive to the ionic 
strength of the medium. Some effects of magnetic fields on the orientation of the 
ordered phase will also be described. 

INTRODUCTION 

Colloidal suspensions of certain rod-like species such as tobacco mosaic virus', 
DNA fragments*, and collagen3 form ordered phases above some critical 
concentration. The phase separations resemble those observed for stiff-chain 
polypeptide4 and poly~accharide~~~ macromolecules, and are essentially entropy- 
driven due to shape anisotropy7. Many of the species forming ordered phases are 
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optically active, and the resulting ordered phases display chiral nematic properties 
with a characteristic handedness. The species themselves are usually complex 
molecules, with the rod-like properties resulting from multiple helical conformation 
of the molecular chains. Recently, suspensions of acid-degraded crystallites of 
cellulose8 have also been found to form chiral nematic phases at low 
concentrations. The properties of the cellulose suspensions9 seem to depend on the 
source (which may be wood pulp, cotton, bacterial or algal cellulose) and on the 
hydrolysis conditions. The formation of highly ordered chiral nematic phases from 
these readily accessible materials seems noteworthy. These phases differ from the 
colloidal crystallization observed for charged spherical colloidal particles at low 
ionic strengths10 in that the particles are highly anisotropic and the order is 
orientational rather than positional. In this paper, experimental results on the 
characterization and phase separation of cellulose suspensions prepared from cotton 
filter paper are presented. 

EXPERIMENTAL 

As reported previously*, the suspensions are prepared by acid-catalysed hydrolysis 
of natural cellulose fibres. In this case, Whatman No. 1 filter paper was ground to 
<20 mesh in a Wiley mill. The powder (20 g) was mixed with 175 mL of 64% 
sulphuric acid and stirred at 45" C for 1 h. The acid was removed by prolonged 
dialysis with water, and then by treatment with a mixed-bed ion exchange resin. 
This removed all ionic material except the H+ counterions associated with the 
sulphate groups on the surface of the crystallites. The crystallites were dispersed by 
a brief ultrasonic treatment. The suspension was then fractionated by means of the 
observed phase separationll; for a biphasic sample, the crystallites with larger axial 
ratios preferentially migrate into the ordered phase. By continuous evaporation of 
an isotropic sample, the first anisotropic phase to separate was discarded, and the 
final isotropic phase was also discarded (110%). 

The sulphur content of the suspension was determined by elemental analysis as 
0.7% of the total dry weight of the suspension. If it is assumed that all the sulphur 
is in the form of sulphate groups, and that all these groups are on the surface of the 
crystallites, then the surface charge due to sulphate groups is about 0.36 e/nm2. 

RESULTS AND DISCUSSION 

For an ideal suspension of non-interacting rods of length L and diameter d, 
Onsager7 predicted that the critical concentrations for ordered phase formation 
would depend only on the axial ratio L/d of rods of length L and diameter d. For 
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volume fractions of rods c < ci, the solution is completely isotropic, for c > ca it is 
completely anisotropic, and for Ci < c < Ca, the solution separates into isotropic and 
anisotropic phases, where: 

Here, Ci and Ca are the concentrations in the isotropic and anisotropic phases, 
respectively, in volume fraction units. In the biphasic region, the concentration of 
rods in each phase remains constant with increasing overall concentration; the 
volume of the ordered phase increases relative to the total volume of ordered and 
disordered phases. The volume fraction of the ordered phase, @, thus increases 
linearly with total concentration of rods. 

Above a critical concentration Ci, suspensions of cellulose crystallites form a 
biphasic region, where the lower anisotropic phase shows optical properties 
characteristic of chiral nematic liquid crystah (Figure 1). 

Figure 1. Photomicrograph showing chiral nematic texture of a suspension of 
crystallites made from film paper. The spacing between the parallel lines (6.2 p) is 
equal to half the chiral nematic pitch. 
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Figure 2. Cellulose suspension in water. Concentration of isotropic and anisotropic 
phases in biphasic region against total concentration. 
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Figure 3. Cellulose suspension in water. Volume fraction of anisotropic phase in 
total sample volume as a function of total concentration. 
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As the total concentrntion of the suspension is increased, the volume fraction, 0, of 
the ordered phase (concentration q,) increases, while the volume fraction of the 
isotropic phase (1 a), of concentration ci decreases. The concentrations in both 
phases for a sample dialyzed extensively against p m  water are shown as a function 
of total concentration in Figure 2, and the relative volumes of the two phases arc 
shown in Figure 3. The situation differs from that predtctcd by the simple Onseger 
theory; the concentrations in the isotropic and anisotropic phases do not remain 
constant across the biphasic region, but increase with inmasing concentration, and 
the corresponding change in 0 with total concentration is not linear. Furthermm, 
the anisotropic phases form at volume fractions of around 0.03. From the 
dimensions of the crystallites ( 200-300 nm long and -7 nm wide), the anisotropic 
phase requires a concentration of more than 0.1, according to cq.1. However, the 
equations assume only hard-con repulsion between the rods, whereas the cellulose 
suspensions are stabilized by electrostatic repulsive forces. This may be viewed as 
causing an increase in the effective diameter and volume of the rods. The repulsive 
forces a x  particularly effective when no ions other than the counterions associated 
with the surface sulphate groups on the cellulose are present. Furthermore, the 
electrostatic screening due to these counterions will increase as the concentration of 
suspension increases, so that the effective rod diameter also changes with 
concentration. 
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Figure 4. Concentrations in each phase of biphasic region for cellulose suspensions 
at constant pH = 1.61. 
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As a qualitative test of the effects of ionic strength on the phase separation process, 
a sample of the suspension was dialyscd exhaustively against 0.01M HCl solution, 
and a range of concentrations was prepared by dilution with HC1 solutions to give 
the same final measured pH of 1.61. The measured concentrations of suspensions 
in the isotropic and anisotropic phases at increasing total concentrations is shown in 
Figure 4. In the presence of added elecrrolyte, more suspension is requind to form 
an ordered phase, and the difference in concentration between the isotropic and 
anisotropic phases is much larger than in the case where only counterions arc 
present (Figure 2). Although far from constant, the concentration in the two phases 
increases less statply than in the absence of addcd electrolyte. The reason for the 
observed increase is not certain yet, but it may well be an effect of polydispersity in 
the axial ratio or charge density of the cellulose crystallites. Based on a lattice 
theory for the phase separation of rod-like species, Moscicki and Williams12 
showed that increasing the width of the distribution of rod lengths causes a 
curvature in the relationship between total concentration of rods and volume 
fraction of anisotropic phase, and an increase in the concentrations in the isotropic 
and anisotropic phases with increasing total concentration. 

1 ,  I 

0 0.5 1 1.5 2 2.5 
Concentration of Added Electrolyte (mM) 

Figure 5. Effect of electrolyte Concentration on volume fraction of anisotropic phase 
in biphasic sample for a constant total concentration of cellulose (0.052 v/v). 

The effect of electrolyte concentration on the phase separation are also shown in 
Figure 5,  which presents the effect of added HCl, NaCl and KCl on phases formed 
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from a fixed total concentration of cellulose crystallites. The volume fraction of 
ordered phase in the biphasic sample decreases with increasing electrolyte 
concentration. The difference in cellulose concentration between the two phases 
remains fairly constant with electrolyte content, with the concentration in both 
phases increasing slightly with elcctrolytc content (Figure 6). The three electrolytes 
behave similarly, and the tendency to form a chiral nematic ordered phase is 
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Figure 6. Effect of electrolyte concentration (NaCI and KCI) on cellulose 
concentrations in both phases of samples with a constant total concentration of 
cellulose (0.052 v/v, dotted line). 

The chiral interaction between the crystallites are also sensitive to electrolyte 
content. Figure 7 shows that the chiral nematic pitch of the anisotropic phase at a 
fixed total cellulose content decreases markedly with electrolyte content. As the 
pitch decreases, the chiral twisting interactions between the crystallites increases. 
The chiral twisting power, defined as IP, wherc P is the pitch, doubles in value as 
the electrolyte content is increased. Evidently, the chiral interactions arc not 
screened by the increasing ionic strength, and it seems unlikely that the slight 
increase in concentration evident in Figure 6 is responsible for the effect. 

�� �� �� �� ��



380 Applications of cellulosics 
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FiFure 7. Effect of electrolyte concentration on ch id  nematic pitch for the 
anisotropic part of biphasic suspensions of fixed total cellulose content (0.052 v/v). 
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49 Novel results of structural investigations 
on crystalline and liquid crystalline cellulose 
derivatives and their potential application 
P Zugenmaier - Institute of Physical Chemistry, Technical University 
of Clausthal, D-38678 Clausthal-Zellerfeld, Germany 

ABSTRACT 

The crys ta l  and molecular  s t r u c t u r e  of homogeneously and  hetrogene-  
ously derived ce l lu lose  t r ibenzoate  (CTB) was  solved. The m o s t  pro- 
bable  s t r u c t u r e  f o r  two  d l f fe ren t ly  prepared  samples  appears  to be 
a t r igonal  uni t  ce l l ,  space  g roup  P 3,, a 3 b = 12.2 A, c (f iber  axis) = 
15.2 A ,  y = 120° with  one  chain passing th rough  t h e  uni t  ce l l .  A th ree-  
f o l d  helical  (3/2, lef thanded)  conformat ion  of t h e  chain Leads to  a n  
unusual  paral le l  chain a r rangement  also f o r  ea lu t lon  g rown  c rys t a l s .  
The morphology of the f ibr i l s  was  s imula t ed  by a s t a t i s t i c a l  method 
by computer  modeling, a probabi l i ty  parameter  in t roduced  by which 
t h e  t w o  limiting cases of ant ipara l le l  and para l le l  packing arrange-  
men t s ,  a s  wel l  as a l l  ca ses  of up  and down chalns  can be s tud led  f o r  
a t r igonal  la t t ice .  
An invest igat ion of  polymer-solvent  Interact ion,  m o s t  probably cau- 
s ing  t h e  unusual  chaln a r rangements  in ce l lu los ics  a n d  which may 
play an  impor t an t  ro l e  in appl icat ion,  h a s  been under taken  for t h e  
ce l lu lose  t r icarbani la te /methyl  acetoacetate sys t em in t h e  semi- 
d i lu t e  and l iquid c rys ta l l ine  state. 

0 
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I N T R O D U C T I O N  

T h e  chain polar i ty  in c e l l u l o s e  c r y s t a l l i n e  s t r u c t u r e s  have been  
c o n t r o v e r s i a l l y  d i s c u s s e d  f o r  more  t h e n  60 y e a r s  and  e x p e r i m e n t s  
p e r f o r m e d  inc ludlng  t h o s e  o n  c e l l u l o s e  der lva t lves  which s u g g e s t  a 
para l le l  a r r a n g e m e n t  of cha in  o n  o n e  slde a n d  a n t i p a r a l l e l  a r r a n g e -  
m e n t s  o n  t h e  o t h e r  slde f o r  t h e  s a m e  mater ia l .  B u t  I t  1s g e n e r a l l y  
a c c e p t e d  t h a t  t h e  c h a i n s  of s o l u t i o n  g r o w n  polymer ic  c r y s t a l s  a r r a n g e  
in a n  a n t i p a r a l l e l  f a s h l o n .  

C R Y S T A L  S T R U C T U R E  OF C E L L U L O S E  T R I B E N Z O A T E  ( C T B )  

T h e  s t a r t i n g  m a t e r i a l  f o r  a s t r u c t u r a l  inves t iga t ion  was  na t ive  c e l l u -  
lose (Ramie f i b e r s )  which w a s  der iva t ized  in a h e t e r o g e n e o u s  f a s h i o n  
w i t h o u t  d l s t o r s i o n  of t h e  or ig ina l  m o r p h o l o g y  o n  o n e  s lde  and  homo- 
geneous ly  produced  c o m p o u n d s ,  t o t a l l y  d isso lved ,  r e c r y s t a l l i z e d  as 

a f i l m  and  s t r e t c h e d  to  o b t a i n  f i b e r s  o n  t h e  o t h e r  side. X-ray f i b e r  
d i f f r a c t i o n  e x p e r i m e n t s  w i t h  a f l a t  f i l m  c a m e r a  l e a d s  to  e s s e n t i a l l y  
t h e  s a m e  d i f f r a c t i o n  p a t t e r n  w i t h  a t h i r d  o r d e r  meridional  r e f l e c t i o n  
for b o t h  d l f f e r e n t l y  p r e p a r e d  CTB s a m p l e s  C13 poin t ing  to t h e  s a m e  
c r y s t a l  s t r u c t u r e .  C o n f o r m a t i o n  a n a l y s i s  p r e f e r s  a l e f t h a n d e d  ( 3 1 2 )  

hel ical  c o n f o r m a t i o n .  Packing a n a l y s l s  p e r f o r m e d  o n  a var ie ty  of  u n l t  
c e l l  s i z e s ,  der ived f r o m  a basic t r i g o n a l  l a t t i c e  (a = b = 12.2 A, c 
( f i b e r  ax is )  = 15.2 1; y = 120') a n d  s y m m e t r i e s  w a s  u n d e r t a k e n  of  
which t h e  t w o  m o s t  f a v o r a b l e  packlng  a r r a n g e m e n t s  w i t h  p a r a l l e l  
( s p a c e  g r o u p  P 3,) a n d  a n t i p a r a l l e l  (space g r o u p  P 2,) neighbor ing  
cha ins  are d e p i c t e d  in Figs.  1-3. A close packing  of  t h e  chain requires 
t h e  b o n d  C6-06 g a u c h e  to CS-OS a n d  g a u c h e  t o  CS-C4 (gg). T h e  
gr id  in t h e  a ,  b-plane o n t o  which t h e  c h a i n s  are p laced  is t h e  s a m e  
in b o t h  f i g u r e s  1 a n d  2. Fig .  3 r e p r e s e n t s  t w o  c h a i n s  in  p a r a l l e l  a n d  
a n t i p a r a l l e l  a r r a n g e m e n t  of  which t h e  p a r a l l e l  packing i s  s l i g h t l y  
favored  in  c o n t a c t  energy .  X-ray r e f i n e m e n t  r e s u l t s  i n  t h e  l o w e s t  R 
value f o r  t h e  c r y s t a l  s t r u c t u r e  w i t h  t h e  t r lgonal ,  o n e  cha in  u n i t  c e l l  
of Fig. 2, s p a c e  g r o u p  P 3,,and t h i s  s o l u t i o n  i s  a l s o  s u p p o r t e d  b y  t h e  
f a c t  t h a t  t h e  X-ray p a t t e r n  c a n  c o m p l e t e l y  be indexed  w i t h  t h i s  s m a l l  
o n e  cha in  u n l t  c e l l .  A o n e  cha in  u n i t  c e l l  r e q u i r e s  p a r a l l e l  packing  

0 
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Fig .  I. Antlparallel packlng model for cel lulose tribenzoate viewed 
along the helix axes.  

Fig. 2. Parallel packlng model for cel lulose tribenzoate. viewed 
along the hellx axes.  
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a 

Fig. 3a. Representation of t w o  neigboring chains of an antiparallel  
packing model  viewed towards t h e  helix a x e s .  
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Fig. 3b. Representation of two  neigborlng chains of a parallel 
packing model viewed towards the helix axes. 
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Fig. 4a. Model f o r  c h a i n  p a c k i n g  w i t h  r = 0.0.  

0 :  u p  c h a i n s ,  In b e t w e e n  d o w n  c h a i n s  

a r r a n g e m e n t s  as a c o n s e q u e n c e  f o r  b o t h  h e t e r o g e n e o u s l y  a n d  h o m o -  
g e n e o u s l y  d e r i v e t i z e d  CTB.  T h e  c o o r d i n a t e s  o f  t h i s  s t r u c t u r e  a r e  
g iven  in r e f e r e n c e  2 a n d  w i l l  be p u b l i s h e d  e l s e w h e r e .  

CRYSTALLINE DOMAINS O F  C T B  

T h e  p a r a l l e l  c h a i n  a r r a n g e m e n t  of s o l u t i o n  g r o w n  c r y s t a l s  of C T B  
s e e m s  to c o n t r a d i c t  t h e  b a s i c  idea t h a t  a n  equal  n u m b e r  o f  c h a i n s  
s h o u l d  r u n  in e i t h e r  d i r e c t i o n  in  a s o l u t i o n  wh ich  t h e n  l e a d s  to a n  

a n t i p a r a l l e l  p a c k i n g  a r r a n g e m e n t  d u r i n g  c r y s t a l l i z a t i o n .  T h e r e f o r e ,  

a s t u d y  w a s  u n d e r t a k e n  to  s i m u l a t e  t h e  c r y s t a l l i z a t i o n  p r o c e d u r e  o n  
a very  b a s i c  s c a l e  w i t h  p o t e n t i a l  e n e r g y  c o n s i d e r a t i o n s ,  o m i t t i n g  a n y  
c o n s t r a i n t  i m p l i e d  by t h e  s y s t e m .  T h e  t r i g o n a l  l a t t i c e  e s t a b l t s h e d  f o r  
CTB w a s  u s e d  o n t o  w h i c h  t h e  c h a i n s  are p o s i t i o n e d .  If a n  a n t i p a r a l l e l  
c h a i n  a r r a n g e m e n t  i s  s t r o n g l y  p r e f e r r e d ,  u p  a n d  d o w n  c h a i n s  
c r y s t a l l i z e  in  a n  a l t e r n a t i n g  m a n n e r  o n t o  t h e  n u c l e u s .  F o r  a p r e f e r r e d  
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Fig.  4b-e.  Models for  chain packing, 0: up chains,  in between down 
chains (b: r = 0.25,  c: r = 0.5,  d: r = 0.75,  e: r = 0.85).  

Fig.5.  
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Fig. 8 .  Dependence  o f  t h e  g l a s s  t r a n s i t i o n  t e m p e r a t u r e  Tg  o n  CTC 
c o n c e n t r a t i o n  c of CTC/MAA s o l u t i o n s .  

pa ra l l e l  pack ing ,  o n l y  c h a i n s  w i t h  o n e  s i n g l e  d i r e c t i o n a l  s e n s e ,  wh ich  

is d e t e r m i n e d  by t h e  n u c l e u s ,  wil l  b e  c r y s t a l l i z e d  to  t h e  g r o w i n g  

domain .  However ,  if t h e  ene rgy  ga ined  by t h e  s y s t e m  i s  t h e  s a m e  f o r  
e i t h e r  an up  o r  a d o w n  cha in  i n d e p e n d e n t  of t h e  d i r e c t i o n  o f  a d j a c e n t  
c h a i n s  a s t a t i s t i c a l  a r r a y  of  up  a n d  d o w n  c h a i n s  wi l l  b e  e x p e c t e d .  

A p robab i l i t y  p a r a m e t e r  r w a s  i n t r o d u c e d  to d e s c r i b e  t h e  c h a i n  d i r ec -  
t i o n s  o n  t h e  two-d imens iona l  l a t t i c e  p e r p e n d i c u l a r  to  t h e  c h a i n  a x e s :  
r = 0 f o r  a n t i p a r a l l e l  pack ing ,  r = 1 f o r  p a r a l l e l  p a c k i n g  a n d  O e r  c 1 

f o r  s t a t i s t i c a l  pack ing  w i t h  inc reas ing  p r e f e r e n c e  f o r  p a r a l l e l  pack ing  
w i t h  g rowing  r v a l u e s .  ( F o r  f u r t h e r  d e t a i l s  see r e f .  2.) 

T h e  r e s u l t s  of  t h i s  s i m u l a t i o n  a r e  p r e s e n t e d  i n  F i g u r e s  4 ,  5 a n d  T a b l e  
1. Fig. 4 d e m o n s t r a t e s  t h a t  l a r g e  u n i f o r m  d o m a i n s  a p p e a r  w i t h  inc rea -  
s i n g  r con ta in ing  u p  a n d  d o w n  c h a i n s ,  r e s p e c t i v e l y .  An e q u a l  n u m b e r  

of c h a i n s  p o i n t i n g  in  e i t h e r  d i r e c t i o n  r e s u l t s  up  to r = 0.85 as c o n c l u -  
ded f r o m  t h e  c a l c u l a t e d  ove ra l l  p o l a r i t y  of  T a b l e  1. T h e  a v e r a g e  s i ze  
of d o m a i n s  of  p a r a l l e l  r u n n i n g  c h a i n s  D is p r e s e n t e d  in T a b l e  1 i n  
relative a n d  a b s o l u t e  va lues .  A cha in  d i a m e t e r  of 12.2 w a s  a s s u m e d  
accord ing  to t h e  cross s e c t i o n  o f  CTB a n d  D p l o t t e d  in Fig.  5 as a 
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f u n c t i o n  of t h e  r value.  A l t h o u g h  t h e  s i m u l a t i o n  w a s  carried o u t  for 
t h e  c r y s t a l l i z a t i o n  p r o c e s s ,  t h e  r e s u l t s  may be s i m i l a r  f o r  a t r e a t -  

m e n t  of  a f ib r i l l a r  m e t a s t a b l e  m o r p h o l o g y  dr iven t o w a r d s  t h e  equi l i -  
b r i u m  s t a t e .  

LIQUID CRYSTALLINE STATE 

T h e  morpho logy  of f i b r i l l a r  m a t e r i a l  d e p e n d s  s t r o n g l y  o n  t h e  i n t e r a c -  
t i o n  b e t w e e n  c h a i n s  a s  s h o w n  by t h e  s i m u l a t i o n  of  t h e  c r y s t a l l i z a t i o n  
p r o c e s s .  How can  t h i s  i n t e r a c t i o n  be c h a n g e d ?  E x p e r i m e n t s  w i t h  lyo- 
t r o p i c  c h o l e s t e r i c  c e l l u l o s i c s  r evea l  t h a t  t h e  po lymer  s o l v e n t  i n t e r -  
a c t i o n  p l a y s  a n  i m p o r t e n t  r o l e  i n  e s t a b l i s h i n g  t h e  s u p e r  m o l e c u l a r  

s t r u c t u r e .  

A t h e r m a l  ana lys i s  for t h e  s y s t e m  c e l l u l o s e  t r i p h e n y l c a r b a m a t e  (CTC) /  
m e t h y l  a c e t o a c e t a t e  (MAA) w a s  c a r r i e d  o u t  f r o m  t h e  d i l u t e  a n d  semi -  

d i l u t e  to  t h e  l iquid c r y s t a l l i n e  s ta te  w i t h  r e g a r d  to t h e  po lymer  sol- 

v e n t  i n t e rac t ion .  The r e s u l t s  are p r e s e n t e d  in  F i g u r e s  6-8 C31. Figure  
6 d e p i c t s  DSC e x p e r i m e n t s  o n  q u e n c h e d  CTC/MAA s o l u t i o n s  of vari-  
o u s  CTC c o n c e n t r a t i o n s  r a n g i n g  f r o m  0 to  44 .1  wt%.  P u r e  MAA shows 
a g l a s s  t r a n s i t i o n  a t  l l O ° C  f o l l o w e d  by a c r y s t a l l i z a t i o n  a n d  s u b -  

s e q u e n t  me l t ing .  A t  h ighe r  CTC c o n c e n t r a t i o n s  t h e  c r y s t a l l i z a t i o n  of 
t h e  s o l v e n t  d i s a p p e a r s  a s  d o e s  c o n s e q u e n t l y  t h e  m e l t i n g .  A p l o t  o f  
t h e  m e l t i n g  e n t h a l p y  A H CJ/gl v e r s u s  CTC c o n c e n t r a t i o n  e x h i b i t  s o m e  
u n e x p e c t e d  behav io r  of t h e  s y s t e m .  If only free s o l v e n t  is p r e s e n t  

t h e  no rma l i zed  A H ( p e r  g s o l u t i o n )  s h o u l d  f o l l o w  t h e  d a s h e d  l i n e  in 

F igu re  7. However ,  a s t r o n g  d r o p  in A H o c c u r s  a l r eady  a t  11 w t %  a n d  
A H d i s a p p e a r s  c o m p l e t e l y  a t  t h e  i s o t r o p i c  - l iquid c r y s t a l l i n e  p h a s e  
t r a n s i t i o n .  Tg  a s  a f u n c t i o n  of CTC c o n c e n t r a t i o n  c h a n g e s  its beha -  

vior a b r u p t l y  a t  t h i s  p h a s e  t r a n s i t i o n  o n l y  Fig. 8 ) .  T h i s  i n v e s t i g a t i o n s  

s h o w s  t h a t  acco rd ing  to  H a t a k e y a m a  e t . a l .  C41 s o m e  s o l v e n t  is b o u n d  
to  t h e  po lymer  cha in  a t  relative l o w  c o n c e n t r a t i o n  a n d  f r e e  s o l v e n t  
i s  n o  l o n g e r  p r e s e n t  a t  t h e  p h a s e  t r a n s i t i o n  i n t o  t h e  c h o l e s t e r i c  s t a t e .  
A s m a l l  b iphas i c  r eg ion  in  t h e  p h a s e  d i a g r a m  of t h e  s a m e  s y s t e m  CSI 
a n d  t h e  e x i s t e n c e  of c r y s t a l l i n e  s o l v e n t / c e l l u l o s i c  c o m p l e x e s  p o i n t  

a l s o  to  s t r o n g l y  b o u n d  s o l v e n t  by  t h e  c e l l u l o s i c  cha in .  I t  s e e m s  l ikely 

t h a t  t h e  i n t e r a c t i o n  of c e l l u l o s i c  c h a i n s  w i t h  d i f f e r e n t  b o u n d  s o l v e n t  
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may behave  d i f f e r e n t l y  d u r i n g  t h e  c r y s t a l l i z a t i o n  p r o c e s s  a n d  t h u s  

v a r i o u s  m o r p h o l o g i e s  o f  t h e  f i b r i l l a r  m a t e r i a l  a r e  o b t a i n e d .  

CONCLUSION AND POTENTIAL APPLICATION 

A s i m p l e  m o d e l  s i m u l a t i o n  is a b l e  t o  e x p l a i n  p a r a l l e l  a n d  a n t i p a r a l l e l  

c h a i n  p a c k i n g  a r r a n g e m e n t s  as  w e l l  as t h e  c o n v e r s i o n  f r o m  p a r a l l e l  
t o  a n t i p a r a l l e l  p a c k i n g  of c h a i n s  a n d  v ice  v e r s a ,  l o n g  d e b a t e d  in t h e  
m e r c e r i z a t i o n  p r o c e s s  f r o m  c e l l u l o s e  I to  c e l l u l o s e  11 o r  t h e  t r a n s f o r -  

m a t i o n  o f  c e l l u l o s e  t r i a c e t a t e  I to  c e l l u l o s e  t r i a c e t a t e  I1 t h r o u g h  t h e  

c e l l u l o s e  t r i a c e t a t e / n i t r o m e t h a n e  c o m p l e x ,  if a n  e q u a l  n u m b e r  o f  u p  

a n d  d o w n  c h a i n s  a r e  p r e s e n t .  

I t  is i m p o r t a n t  to n o t i c e  t h a t  d e p e n d i n g  o n  f i b e r  a n d  f i l m  f o r m i n g  

p r o c e s s e s  v a r i o u s  s t r u c t u r e s ,  p a r a l l e l ,  a n t i p a r a l l e l  o r  s t a t i s t i c a l  c h a i n  

a r r a n g e m e n t s ,  may e v o l v e  w i t h  d i f f e r e n t  p r o p e r t i e s  d r i v e n  by  e x t e r n a l  

a n d  i n t e r n a l  p a r a m e t e r s .  D o m a i n s  o f  various s i z e s  may p lay  a n  i m p o r -  

t a n t  r o l e  in w e t  s p i n n i n g  f r o m  d i l u t e  s o l u t i o n .  I t  i s  a l s o  e x p e c t e d  
t h a t  a d i f f e r e n t  m o r p h o l o g y  w i l l  be f o r m e d  by  t h e  s p i n n i n g  p r o c e s s  

f r o m  a l i q u i d  c r y s t a l l i n e  s o l u t i o n  o r  d r y  s p i n n i n g  d e p e n d e n t  o n  t h e  

c h a i n  i n t e r a c t i o n  a n d  c o n s t r a i n t s  i m p l i e d .  

T h i s  w o r k  w a s  s u p p o r t e d  in p a r t  b y  a g r a n t  f r o m  B u n d e s m i n i s t e r i u m  
f l i r  F o r s c h u n g  u n d  T e c h n o l o g i e .  
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50 Flow-induced structures in isotropic and 
anisotropic cellulose derivative blends 
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Ecole des Mines de Paris, Centre de Mise en Forme des MatCriaux 
BP207, 06904 Sophia-Antipolis, France 

ABSTRACT: 
The shear flow behaviour of cellulose derivative-based incompatible 
blends has been studied using rheological and rheo-optical (polarizing 
microscopy) methods. Two types of model systems were used, one with a 
high interfacial tension (hydroxypropylcellulose in water / 
polydimethylsiloxane) and one with a low interfacial tension (two 
cellulose derivatives in a common solvent). 
This study shows the importance of coupling rheological investigations 
with morphological observations in order to understand the behaviour 
during flow: 
- positive deviation of the viscosity from the ideal mixing law when the 

morphology is globular, 
- negative deviation of the viscosity with a fibrillar morphology. 
This final morphology clearly results from the competition between the 
interfacial and viscous forces (globular when the interfacial tension 
dominates, fibrillar for dominating viscous forces). 
Almost no effect is observed when changing the minor component from 
an isotropic to a liquid crystalline (anisotropic) phase. 

1 .  INTRODUCTION 

The field of cellulose and cellulose derivative blends is one of growing 
interest. In addition, to have a liquid crystalline polymer (LCP) in the 
blend can give improved mechanical properties compared with those of 
conventional blends [ I ]  and the LCP often acts as a processing aid by 
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lowering the bulk viscosity of the blend [2]. The purpose of this paper is 
to understand the rheology of isotropic and anisotropic cellulose 
derivative based blends i n  relation to their morphology by using rheo- 
optical techniques. The kind of morphology which can be attained and 
the importance of having an anisotropic phase are questions which will 
be addressed. 

2 .  EXPERIMENTAL 

M a t e r i a l s :  
Two kinds of systems will be studied: 
Svstem 1 : Solutions of hydroxypropylcellulose i n  water / Polydimethyl- 
siloxanes. 

Hydroxypropylcellulose (HPC): Type L (Mw=100000) from Aqualon 
50% by weight of HPCL in water: anisotropic solution (HPCLSO) 
30% by weight of HPCL in water: isotropic solution (HPQ30). 

Pol ydimeth ylsiloxanes (PDMS): Rhodorsil 48V175000 (PDMS 1 ) 
or Rhodorsil H47V1000000 (PDMS2) from Rhdne-Poulenc. 

The viscosity of the HPC solutions ( q ( H P c ~ 3 0 )  = 420 Pas ,  the viscosity 
curve of HPCLSO being presented i n  Ref 3) is in  between the two PDMS 
viscosities (q(PDMS 1) = 160 Pa.s and q(PDMS2) = 1100 Pa.s). 

Svstem 2: Mixtures of cellulose derivatives in  a common solvent. 
In each series the total polymer concentration was kept constant and 
the ratio of the polymers was varied. The composition and the total 
polymer concentration C are indicated below: 
2a. HPCE + EC in  acetic acid, C=35 wt% 
2b.  HPCE + EC in  acetic acid, C=25 wt% 
2c. HPCE + CA in acetone, C=29 wt% 
HPCE: hydroxypropylcellulose type E (Mw=60000) from Aqualon. 
EC: ethylcellulose, Ethocel from Fluka. 
CA: cellulose acetate from Rhodia. 
The solutions were prepared by mixing the three compounds at room 
temperature, followed by stirring over a few days. 
In case 2a., an anisotropic phase was observed for the phase rich in 
HPCE, coexisting with a n  isotropic phase rich in EC. In cases 2b. and 2c., 
two isotropic phases are present. 

Rheological measurements  a n d  rheo-opt ical  observa t ions :  
The observations of the morphology of all the blends during shear flow 
were made with the rheo-optical system described i n  detail elsewhere 
[ 3 ] .  The observations during shear were performed using an optical 
polarizing microscope. 
The viscosities were measured with an Instron 3250 rheometer and a 
Rheometrics Stress Rheometer (RSR) i n  the cone-and-plate geometry. 
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Because of the vapour pressure of acetone, measurements on system 2c. 
were performed in a couette fixture (RSR and a Haake RV2 rheometer). 
To allow an easy comparison of the results of different blends, the 
rheological measurements can be presented in terms of normalized 
viscosity (measured viscosity divided by the value calculated from the 
ideal mixing law). 

Measurement of the Interfacial tension: 
The interfacial tension was measured using a dynamic method called 
"the thread break-up method". This method is based on the observation 
of the time relaxation of a thread imbedded in another polymer. If the 
thread is long, sinusoidal distortions (Rayleigh instabilities) appear along 
the thread due to the interfacial tansion. They then grow up and lead to 
the break-up of the thread. Following the growth of the distortions as a 
function of time enable to determine the interfacial tension (theory of 
Tomotika [4]). An example of the different steps leading to the break-up 
of the thread is given in Figure 1. This method was first applied to 
molten polymers [ 5 ]  and extended to the case of polymer solutions by 
Tsakalos [6]. 

This method was applied to the system HPCL~O / PDMS (Rhodorsil 
47V600000). The interfacial tension for this system is equal to 12.2 f 1 
mN/m. This high value was expected as the two polymers of system 1 
are known to be incompatible. The interfacial tensions of system 2 were 
not measured, but their close chemical structure should lead to a low 
interfacial tension. 

3 .  RESULTS AND DISCUSSION 

The two blends show identical steady state morphology during shear, 
which is globular due to the high interfacial tension of the system. In 
both cases increasing the shear rate leads to a decrease in the average 
size of the inclusions up to a critical size (Figure 2). 

Looking at the time necessary to reach this stable morphology, it appears 
that this time is very different for the two blends. 
In the case where ~ ( H P C L ) / ~ ( P D M S ~ )  < 1, it takes up to 30 minutes to 
reach the steady state. Different stages are observed during the transient 
regime. At rest, the inclusions are large and spherical, but as soon as the 
shear is started they are elongated into fibres, over a period of 20 s. 
After this time the fibres start to break following the same mechanism 
as the  one observed at rest for the measurement of the interfacial 
tension (see Figure 1). After about 30 minutes there are very few fibres 
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t = O s  

t = 3.4 s 

t = 7.3s 

, 

Development of the Rayltigh instabilities for the system 
H P C L ~ O  / PDMS (initial diameter of  the thread = 21 v m ) .  

120 , 
' O 0 I  80 

+ 

0,o 1 ,o 2,o 

i.-% 
Fiyure 2; Average diameter of the inclusions as a function of 

l/shear rate (y-1)  for the systems: 1 0 % H P C ~ 5 0  / PDMS1 ( + ) 
1 0 % H P C ~ 5 0  / PDMS2 (+) 
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left and the morphology consists mainly of small droplets of HPC which 
are slightly deformed from perfect spheres by the flow field. 
For the system HPCL/PDMS 1 ,  where the matrix has a lower viscosity 
than the one of the inclusions, the elongation and break-up stages of the 
inclusions occur in 30 s. The average resulting size of the droplets is of 
course much larger than in the other system (Figure 2) (deformation and 
break-up being easier for system 2). 
This necessary time to reach a steady state morphology is also observed 
when measuring the viscosity of the blends, which means that it takes 
30 minutes to reach a stable measurement in the system HPCLIPDMS~ , 
whereas the establishment of the steady state viscosity for HPCJJPDMS 1 
is almost instantaneous. 

The viscosities of blends as a function of concentration were also 
investigated (Figure 3). The morphology being globular, these values 
were compared to Taylor model predictions [7] (model of spherical 
droplets (slightly deformed) of a Newtonian component in a Newtonian 
matrix). The comparison shows that the experimental measurements are 
i n  reasonably good agreement with the Taylor model predictions. 
I n  this figure, two experimental measurements are reported, one where 
both phases are isotropic, one where one phase is anisotropic. It appears 
that changing the minor component from an isotropic to an anisotropic 
phase has almost no effect on the blend viscosity. 

Svstem 2: 

The behaviour of the second type of systems, where the interfacial 
tension is low, is different. Two different types of morphology are 
observed during shear: - globular at low shear rates 

- fibrillar at high shear rates. 
In fact this clearly shows the competition between the viscous and the 
interfacial forces on the resulting morphology. At low shear rates, the 
viscous forces are weak and the interfacial tension is dominating, which 
results in a globular morphology. As the shear rate increases, the viscous 
forces become dominant, leading to the deformation of the inclusions in 
fibrils. 

This difference in morphology is clearly seen looking at the viscosity of 
the blends (Figure 4). When the morphology is globular, the viscosity is 
above the ideal law of mixing. As the shear rate is increased, the 
morphology becomes more and more elongated leading to a diminution 
in the viscosity of the blend. This morphological evolution during shear 
explains the appearance of a peak in the viscosity curves (Figure 4). 

In  the case where the morphology is always fibrillar (viscosity always 
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lower than the ideal mixing law), the normalized viscosities of blends as 
a function of concentration are reported for the systems 2a. and 2b. 
(Figure 5 ) .  These experimental values are compared with the layer 
model of Heitmiller (alternating layers of two components, parallel to the 
plate surface) [8]. In  agreement with the layer model, one finds a 
negative deviation of the experimental results from the ideal mixing law. 
The divergence can be explained by the imperfection of the developed 
layer structure (in our case, a fibrillar structure instead of layers). 

Comparing the two experimental curves (system 2a. where one phase is 
anisotropic, and system 2b. where the two phases are isotropic) shows 
that a negative deviation is obtained in both cases, but a stronger 
negative deviation is found for the blend where one phase is anisotropic. 

4 .  CONCLUSION 

We have examined two types of blend systems, both of which contain 
HPC blended with another immiscible polymer. The choice of the systems 
have enabled us to investigate the influence of: 

- the interfacial tension, 
- the viscosity ratio, 
- having an anisotropic phase, 

on the morphology of the blends. 

We have found that the two first parameters have a strong influence on 
the final morphology of the blends. In the first system, where the 
interfacial tension is high, a globular morphology is found, once the 
equilibrium has been reached during flow. With the second system, 
where the interfacial tension is low, a fibrillar structure is, at most shear 
rates, favoured during flow. 

The viscosity of the blends has been shown to depend strongly on the 
morphology present during flow. In the case of a globular morphology, 
the blend viscosity always shows a positive deviation from the viscosity 
given by the rule of mixtures. When the  morphology is fibrillar, a 
negative deviation from the ideal behaviour is found. The transition from 
a morphology of discrete inclusions to a fibrillar structure is 
accompanied by a decrease in the viscosity. 

We have also observed that in some cases, the time necessary to reach a 
steady state viscosity ,might be long (around 30 minutes), which was 
correlated to an evolution of the morphology. The variation of viscosity 
over long periods of time has important implications for viscosity 
measurements of blends especially at high temperatures (it is not always 
possible to shear for long times due to degradation of the polymer). 
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With the systems studied in  this paper, it appears that changing the 
minor component from an isotropic to an anisotropic phase (same 
viscosity range and assumed same interfacial tension with the matrix as 
the chemical structure did not change) has almost no effect on the blend 
behaviour.  
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51 Shear induced texture of lyotropic 
hydroxypropyl cellulose in flexible polyester 
resin 
M Mucha and Z Kotarski - Faculty of Process and Environmental 
Engineering, Technical University, 90-924 t o d i ,  Poland 

ABSTRACT 

A variety of morphological textures of the heterogeneous blends: HPCIAcA, 
HPC/polyester resin and (HPC/AcA) /polyester resin is presented. The graphs taken 
from thermooptical analysis and differential scanning calorimetry allow observation 
the phase behaviour of the samples. 

INTRODUCTION 

The study of cellulose and cellulose derivatives blends with synthetic polymers is now 
the subject of increasing investigation (Nishio et al., 1985a, 1989b; Paillet et al., 1993; 
Sakellariou et al., 1993; Wang et al., 1991) and has importance in relation to practical 
applications. The occurrence of the lyotropic phase with a cholesteric liquid-crystalline 
order in concentrated aqueous and acetic acid (AcA) solutions of hydroxypropyl 
cellulose (HPC) was reported (Mitchell et al., 1992; Schone et al., 1991; Werbowyj et 
at., 1976). The morphological textures and the thermal properties of HPC blends with 
flexible crosslinked polyester resin is presented here. The solid sheared and nonsheared 
heterogeneous blends were prepared by the photopolymerization of a liquid oligoester 
containing Iyotropic HPC prepared by dissolution in acetic acid. The critical 
concentration necessary for the formation of an anisotropic-lyotropic phase at room 
temperature has been investigated for HPC, the most investigated cellulose derivative, 
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varying in their molar mass and the nature of the solvent (Bheda et al., 1980). For 
example the value of 0.30 weight fraction as the minimum concentration of a HPC 
sample in acetic acid was found. The heterogeneous inclusions of lyotropic HPC in the 
oligoester tend to elongate under shear to form a variety of supermolecular fibrous 
honey-comb line textures, which can be stabilized by the fast polymerization of the 
polyester matrix. The resulting morphology and the phase behaviour of the blends is 
altered by the conditions of their preparation and applied shearing stress. 

I. 1 

t 
I I -  111. 
I 

/ 4 
c- 

J 

IV. 

Covering of the glass plates by the thin 
protective layer of the oligoester. 

Introduction of the liquid mixture of 
lyotropic HPC with liquid oligoester. 

Shearing of the liquid mixture to prepare 
lyotropic HPC semi-network in the 
oligoester. 

Fast UV irradiation of the mixture leading to 
the stabilization of the lyotropic HPC semi- 
network in crosslinked polyester resin. 

u l v  
Fig.1. Sample preparation by shear. 1.distance film, 130pm 2. sample, 3. protective 
layer, 4. glass plates, 5 .  screws for tightening 

EXPERMENTAL 

Components: 
Pure hydroxypropyl cellulose was taken from Scientific Polymer Production Inc, USA. 
UV cured oligoester resin was a three component commercial mixture with styrene and 
a cure agent. 

Blends: 
40 %[wt/wt] solution of HPC in acetic acid was prepared. Thin layers of the lyotropic 
HPC solution were birefringent in the quiescent state (Fig. 2a) and depending on the 
extent of shear stress applied presents a so called banded structure with a clear periodic 
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Fi4j.2.Crosspolatized light mimgraphs of! 8. and b. - thin 1yotropb layer of HPC (40 
wt!?? solution in acetic acid) in quiescent and shewing conditions, c. and d. - 20 
w f ?  of lyotropic HPC blended with polyester resin (m d. shean'ng is induced by 
fast mMng of liquid blend), e. and f - shear i n d u d  texauw of lyotropic HPC 
(40 wt% and 60 d?) in the blends with polyester resin- 0.1 mm 
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arrangement along the direction of shear (Fig. 2b) in crosspolarized light. The optical
anisotropy in the banded structure canbe interpreted (Nishio et at., 1985a)in termsofa
model in whieh optical axes are alternately tilted from band to band at an anglo to tho
shearing direction. The 40 % HPC solution in acetic acid was taken as a base to
prepare the blends with tho liquid oligoester resin in the following ratios: 20%
(HPC/AcA) / 80% resin and 40% (HPC/AcA) / 6()O!o resin. Lower than 20%
concentration of lyotropic (HPClAcA) in the resin does not create the semi~network of
lyotropic HPC,too high • concentration of liquid lyotropic HPCIAcA does not allowa
film of good quality with the photopolymerized polyester resin to be obtained. The
samples under study are presented in Table I. In Fig. 1 the method of sample
preparation by shear between glass plates and photopolymerization of the matrix is
presented. Also the methods of thestudies aredescribed.

Table I. Samples and methods

Nr Semmes wt%HPC DSC TOA Mech. Photo
I. ipureresin 0 + + + ~

2. ipureHPC 100 + + - -
3. HPCIreain 20 + + - +
4. HPCIAcA 40 + + - +
S. (HPCIAcA)/resin 16 + + + +

40/60
6. (HPCIAcA)/resin 8 + + + +

20180

Heating rate palO/min(DSC) and 7Imin (TOA)

RESULTS ANDDISCUSION

A variety of morphological textures of the heterogeneous blends: HPC with polyester
resin and (IDIC+AcA) with polyester is presented in the following micrographs (Fig.
Ie-f ) taken ftom the polarized optical microscope. Honey-comb like textures of
lyotropic HPC prepared in quiescent and under shear are observed. The graphs taken
from thermooptical analysis, and differential scanning calorimetry (Fig. 3 and 4) allow
the phase behaviour of thesamples to beobserved. The temperatures TI(-I SO C) and T2

(-200 C) are taken as the phase transition temperatures to mesomorphic and isotropic
phases of the pure HPC. The HPC introduced to polyester still exhibits both lyotropic
(with solvent) or thermotropic behaviour. After evaporating of AcA from the lyotropic
HPC (curve 4 in Fig. 3) in the vicinity of 120 C. both thermotropic and isotropic
transitions of pure cryatallized HPC are exhibited. The isotropisation of the lyotropic
HPC included in crosslinked polyester resin occurs at 170 C (curve 5 in Fig. 3). DSC
thermograms show the presence of a broad endotherm associated with the transitions
and attributed to evaporation of acetic acid with a maximum at around 120 C. Glass
transition temperature Tg of HPC in the same range 8Q..II 0 C was found elsewhere
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Fig.3.Thermooptical curves of HPC-polyester resin blends taken for: 1. and 2. pure 
HPC-first and second run, 3. 20% HPC in polyester resin, 4. 40% in acetic acid 
(AcA), 5 .  40% (HPC+AcA) in polyester resin, TI, Tz phase transition 
temperatures. 

150 200 loo T O C  
50 

Fig.4.DSC curves of HPC-polyester resin taken for: 1. and 1.- pure HPC first and 
second run after fast cooling, 2. 20% HPC in polyester resin, 3. 20% (HPC+AcA) 
in polyester resin, 4. 40% (HPC+AcA) in polyester resin, TI, T, phase transition 
temperatures. 
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Wals et al., 1988; Suto et al., 1986). from DSC and DMA studies. Here Tg was 
difficult to distinguish from the broad DSC peak of the first phase transition-TI. The 
mechanical properties of the shear induced blends of lyotropic HPC with polyester resin 
were investigated. The strain-stress behaviour and the Young's modulus values of the 
blends are varied in the comparison with the pure polyester resin. Additional work is 
planned to characterize more hlly the properties of these liquid crystalline HPC with 
photopolymerized polyester resin blends. 

CONCLUSIONS 

1. The two phase morphological structure of the blends of lyotropic HPC in oligoester 
and polyester is exhibited. 
2. The banded or semi-network, honey-comb like textures are produced by the shearing 
procedure between glass plates of the thin liquid layer of lyotropic HPC or blended with 
the liquid oligoester respectively. 
3. The shear induced structure of the blends is stabilized by the fast 
photopolymerization of the polyester matrix. 
4. The optical and thermal behaviour of the HPC blends differs from the pure polymer, 
but HPC included in polyester still exhibits both lyotropic (with solvent) and 
thermotropic behaviour. 
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52 Studies on membranes blended with 
cellulose cuoxamkasein 
L Zhang, G Yang and L Xiao - Department of Chemistry, Wuhan 
University, Wuhan 430072, China 

ABSTRACT 

Blend membranes of cellulose cuoxam with casein were prepared and 
characterized by SEM. X-ray diffraction, IR. solid-state NMR, element and 
amino-acid analysis. The blends were miscible, when the casein content was 
smaller than 15 % by weight. Young’s modulus, tensile strengths, right-angle 
tearing strengths and breaking elongations were measured, and these values of 
both the dry and wet blend membranes were superior to  that of regenerated 
cellulose membranes nonblended. Their mean pore diameters and permeabili- 
ties were improved. The interaction between the hydroxyl groups of cellulose 
and peptide bonds of casein in blend membranes was discussed. 

INTRODUCTION 

Regenerated cellulose membranes have been widely applied to  membrane 
separation techniques such as dialysis, ultrafiltration and fractionation of 
mixtures. Even now in some fields they are considered superior due to  their 
hydrophilicity and solute permeability. The permeation of solutes in aqueous 
solution is carried out in water swollen membranes. Therefore, the water 
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content in membranes is an important parameter concerning with permeability. 
However. the increase of water content usually causes a decrease in the 
mechanical strength of the membranes[']. In order to produce membranes 
having good permeability and excellent mechanical strengths, there have been 
many studies on blends of cellulose with e. g. polyacrylonitrile in N, N- 
dimethylacetamide-lithium chloride ( D M A C - I N )  ['I, poly (4-vinylpyridine) in 
dimethyl sulfoxide-paraformaldehyde (DMSO-PF) c33 and so on. Much attention 
has been focussed on the cellulose/synthetic polymers blends prepared using 
nonaqueous solvent systems, but there are few reports describing blends from 
cellulose cuoxam and other polymers. In previous work['], regenerated 
cellulose membranes blended from cuoxam/zincoxene have been made and 
their mechanical properties were significantly improved. In this work. 
regenerated cellulose membrane having outstanding mechanical strength in a 
water-swollen state, were prepared by blends of cellulose cuoxam with a 
natural polymer-casein. The miscibility of the binary blends, their mechanical 
properties and porosities have been studied. 

EXPERIMENTAL 

Prepartion of membranes 
The linters used were supplied by Hubei Chemical Fiber Manufacture. The  

viscosity average molecular weight Mq was determined to  be 1. 96 X lo5 from 
its intrinsic viscosity [q] in cadoxen solution at  25°C by [q]=3. 8 5 X  10-'Mw 
The  casein was purchased from Shanghai Chemical Reagent Factory , and its 
components analysed by amino acid analyzer (Waters PTCO. TAG) are shown 
in Table I. The average molecular weight was determined by electrophoresis 
and found to  be 1 .8  X 10'. 

The 8 wt% cellulose solution in cuoxam ( I ) was prepared according to 
our patentC6]. The casein was dissolved in aqueous ammonia solution to a 
concentration of 20 wt% ( I ).  A mixture of I and 1 was spread over a glass 
plate, and then placed in a coagulation ba.th. The clear blend membranes 
obtained were washed in running water for 10 minutes, followed by drying in 
air. By changing the weight ratio of 1 to H to 100: 1. 50: 1. 25: 1 and 5: 1. a 
series of blend membranes coded as RC-S1. RC-S2. RC-S3 and RC-S4 were 
prepared. T h e  membrane obtained from pure cellulose cuoxam was coded as 
RC-0. 
Characterization of membranes 

�� �� �� �� ��



Membranes blended with cellulose cuoxamkasein 409 

Membranes 
No. 

Casein 
RC-0 

RC-S1 
RC-SO 
RC-S3 
RC-S4 

The nitrogen contents in the membranes were determined by the model 
PE-240B elemental analyzer. IR spectra of the membranes were recorded with 
a Nicolet FT-IR Spectrometer. Solid-state NMR spectra were obtained with a 
Bruker MSL-400 instrument. Scanning-electron micrographs (SEM ) were 
made on a Jeol-JXA-840 microscope (Hitachi, Japan). The membranes were 
coated with carbon and gold. subsequently their surfaces were observed and 
photographed. The X-ray diffractions were measured with an X-ray 
diffractometer Rigaku 3015. The X-ray diffraction patterns with CuKa at 35 
kV and 25 mA were recorded in the region of 20 = 5-35". The degree of 
crystallinity (Xc) was calculated according to the usual methodC'1. 

Tensile strength (ub), right-angle tearing strength (a,,) and breaking 
elongation (Eb) of dry and wet membranes were measured by an electronic 
strength tester XLD-0. 1 according to the Chinese standard method (GB4456- 
84). Young's moduli (E3 were measured on a Instron 3710-016 at 25%. 

An improved Bruss osmometer. based on the flow rate method reported in 
our previous workC8'. was used for measuring the mean pore radius (2 i r ) ,  and 
ethanol permeabilities (G) through the membranes were evaluated by Kuhn's 
equa tionC91. 

Table I Analytical results of the casein components 

No. 1 2 3 4 5 6 7 8  9 
Component Asp Glu Ser Gly His Arg T h r  Ala Pro 

Content 
(wt. %, 

6.34 22.71 3.49 1.76 2.76 3.36 3.60 2.75 10.00 

No. 10 11 12 13 14 15 16 17 18 
Component NHI T y r  Val Met Cys Ile Leu Phe Lys 

3. 28 4. 91 6.54 2. 39 0.05 5. 18 9. 30 4. 76 7.28 
Con tent 
(wt. %, 

(Values calculated) 
N C H N C H 

W t  % W t  % W t  % wt % W t  % W t  % 
12. 24 48.53 7. 38 15. 1 45.1 4. 56 

0 38.57 6. 15 0 44. 4 6. 2 
0. 53 38.42 6. 25 0. 58 39.04 6. 21 
1.02 39.08 6. 26 1.11 39.48 6. 26 
2. 57 39.52 6. 34 2.04 40.23 6. 36 
3. 96 40.27 6. 43 4. 08 41.89 6. 56 
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casein 1 7 3 . 5  - - - - This work 

RC-0 - 105.0' - 75.0'  62 .0 '  This work 

'RC--S3 173. 0. 104. 0'. - 74. 5' 62.0' This work 
182. Ob. 

171. Ob 
181b. 

~RC--S4 173.5 .  104.5' - 74. 5' 63. 5, 60. Ob This work 

RESULTS AND DISCUSSION 

Analytical results of the nitrogen, hydrogen and arbon ontents of the 
casein, regenerated cellulose and their blend membranes are summarized in 
Table B . The experimental values of nitrogen in the blend membranes are in 
good agreement with calculations based on the components in the starting 
mixture solution. Figure 1 shows IR spectra of the membranes coded RC-0, 
RC-S4 and casein. N-H and C-N of peptide bonds in the casein have bending 
vibrations and stretching vibrations at 1550 cm-', and the strong stretching 
vibration of C = O  at 1640 cm-'. As shown in the IR spectrum of RC-S4 
membrane, absorbance occurs at 1530-1550 cm-' and is markedly enhanced at 

1650 cm-' indicating that the blend membranes consist of cellulose and casein. 
The slight shifting of the C=O vibration in RC-S4 is due to the effect of their 
strong inter- or intra- hydrogen bond between peptide bonds of casein and 
hydroxyl of cellulose. 

Figure 2 shows scanning electron micrographs of the membranes. The 
membranes of RC-0 and RC-S3 display smooth surfaces with homogeneous 
pore distribution. In contrast, the RC-S4 membrane shows a very rough surface 
with globules resulting from the phase separation on mixing. It implies that 
when the casein content of the blend was smaller than 15% by weight, the 
cellulose cuoxam with casein solution are miscible, giving homogeneous blend. 

Table Ui. NMR peak assignments for casein. regenerated cellulose 
and blend membranes 

peak position (ppm) 
samoles , source 

C, CC c* cs C6 CC I 
C ( - C - O )  

c101 
107. 3. 105. 4. 87. 9, 83. 8. 63. 1. 61. 0 . 

BRC-I - 7 5 . 1  ' 
97. 5 81. 7 6 0 . 0  

0 

~ ~~ 

a. denotes a broad peak; b. denotes the shoulder peak 
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Fig 1. IR spectra of 
the membranes 
and casein. 

Fig 2. Scanning electron micrographs of the 
surface of the membranes for RC-0 (A), 
RC--S3 (B). RC--S4 (0. 
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Casein 

Fig 3. CP-MAS 'C NMR spectra of the 
membranes and casein. 

Figure 3 shows the 
relevant portions of the 
CP-MAS NMR spectra for 
casein material and the 
membranes of RC-0. RC-S3 
and RC-S4. Assignment of the 
resonance peaks was made 
with the aid of published 
NMR spectraC10~'13, and is 
given in Table B. The peaks 
(C1. C,, Cs, C s )  of the 
cellulose portion for the blend 
membranes are shifted to the 
right. The broader peaks (C) 
of the casein portion, 
resulting from the suggested 
partial superposition of the 
carbon resonances for the 

interacting and noninteracting hydroxyl groups, are apparent on the spectra for 
the blends. It is noted, that the casein portion and Cs of cellulose of the 
spectrum for RC-S4 blend show peaks at 173. 5 ppm and 63. 5, 60.0 ppm 
respectively as was expected by recognizing that the portion of phase 
separation occurs between the cellulose and' casein. The results support the 
conclusions that were obtained by SEM. In the blends, the carbons which bear 
a hydroxyl group (CO CI. C,) and those that do not (CI. Cs) show the shift in 
their resonance peak. We think that it results from the induced electron 
withdrawing effect caused by the interaction of the hydrogen of their hydroxyl 
groups with the carboxylate groups of the casein, and by the action of peptide 
bonds. If enough functionalities of the respective blend components interact to 
produce homogeneous mixing on a molecular scale and cause the electron 
density around the carbons bearing the interacting groups to be perturbed, 
then the 'C resonance peak of these carbons will show changes in line shape or 
a chemical shiftc"'. Thus the good miscibility of the RC-S3 blend was 
understood by SEM and 'C CP-MAS NMR. 

The degrees of crystallinity described in Figure 4 and mechanical 
properties of the membranes are summarized in Table IV . It is clear that tensile 
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strengths (ab), right-angle tearing strengths (u,,) and breaking elongations 
(Eb) of both the dry and wet blend membranes are higher than those of the 
nonblends. The values of bb. u,, and Eb of RC-S4 are lower than that of other 
blends because of its inhomogeneity as seen from Figure 2. The degrees of 
crystallinity (Xc) and Young’s modulus (E’) of RC-S1. RC-S2 and RC-S3 
blend membranes are significantly higher than those of the nonblend. It implies 
that the molecules are arranged more compactly in the blend membranes. 

I 1 I I 

15 25 35 5 
2B/deg 

Fig 4. X-ray diffractograms of the membranes. 

The experimental 
results of the mean pore 
diameter ( 2rr ) and 
ethanol permeability 
( G ’) through the 
membranes are shown 
in table Iv. The values 
of 2rf and G for the 
blends are higher than 
that of the nonblend. It 
is possible to  produce 
the fine micro-phase 
separated structure of 
the nonpolar R group in 
the casein and increase 
the free volume, which 
provides it with 
correspondingly greater 
permeability and higher 
strength. 

CONCLUSIONS 

The membranes blended with cellulose cuoxam / casein were satisfactorily 
prepared. When the casein content of the mixture was smaller than 15%. the 
blend membranes were miscible. The good state of miscibility of the blends is 
due to  the chemical interactions between the hydroxyl groups of cellulose and 

peptide bonds of casein as examined by IR. 13C CP-MAS NMR. SEM. The 
strengths, Young’s modulus and degrees of crystallinity for the blend 
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membranes in both dry and wet state are markedly higher than that of the

nonblend. The permeability through the blend membranes are superior to the

regenerated non blended cellulose membrane.

Table IV. The experimental results of structure. porosities and mechanical

properties for the membranes

Membranes
ab (kg. em -2) Eb <Yo) a" (kg. em -2) E'X 10- 1• 2r, GX 1013 X,

-- -------
No.

dry dyne. cm " A. 3 -I Yodry wet dry wet wet em . sec. g

RC-O 1040 316 17 44 329 80 4.7 72 6. 7 32

RC-SI 1504 450 30 55 507 141 4.8 68 6. 1 42

RC-S2 1597 371 32 73 433 122 5.2 89 9. 6 46

RC-S3 1444 395 25 66 273 119 4.2 87 8. 1 44

RC-S4 1254 316 10 44 309 99 3. 9 101 11.3 35

ACKNOWLEDGMENTS

This project was supported by grants from Polymer Physics Laboratory.

Changchun Institute of Applied Chemistry. Academis Sinica. We thank Dr. N.

H. Young of Wuhan Institue of Physics. Academia Sinica, and Dr N. Yao of

Hubei Research Institute of Chemistry for their assistance in performing the

NMR and X-ray diffraction experiments.

REFERENCES

1. N. Nishioka. K. Watase. K. Arimura. K. Kosai, M. Uno. Polymer J. 16

(2), 867(984)

2. Y. Nishio. S. K. Roy. R. S. J. Manley. Polymer. 28. 1385(987)

3. ]. F. Masson and R. S.]. Manley. Macromolecules. 24, 5914. (1991)

4. L. Zhang. G. Yang. W. Fang. r. Membrane ss.. 56. 207(991)

5. W. Brown and R. Wikstrom. Eur. Polym, J.. 1. 1(965)

6. L. Zhang. G. Yang. S. Van and H. Liu. Chinese Patent. Application eN
93101825.0 . 14 . Feb. 1993.

7. ]. F. Rabek, Experimental Methods in Polymer Chemistry: Applications of

wide-angle x-ray diffraction (WAXS) to the study of the structure of

polymers. Wiley Interscince. Chichester. 1980. P.505

8. L. Zhang. G. Yang. Chinese J. Appl. Chern., 8 (3). 17 (991)

�� �� �� �� ��



Membranes blended with cellulose cuoxadcasein 41 5 

9. W. Kuhn. 2. Electrochem., Ber. Bunsenges. Physik. chem.,  55, 207 (1951) 

10. Sadtler Standard Carbon-13 NMR spectra, Vol. 18. 3491C. Researchers. 

11. K. Kamide. K. Okajima. T. Matsui. K. Kowsaka, Polymer J., 16 (12), 857 
USA, 1978. 

(1984). 
12. J. F. Masson and R. S. J. Manley. Macromolecules. 25. 589, (1992) 

�� �� �� �� ��



�� �� �� �� ��



53 On the use of clouding polymers for 
purifying chemical systems 
G Karlstrom*, H - 0  Johansson** and F Tjerneld** - * Department 
of Theoretical Chemistry, ** Department of Biochemistry, Chemical 
Centre, University of Lund, S-221 00 Lund, Sweden 

ABSTRACT 

The possibility of using clouding polymer - water systems for purification of chemical 
systems is investigated by both theoretical and experimental means. It is found that the 
most important parameter governing the purifying capacity of the polymer - water system 
with respect to the additive is the difference in interaction between the additive and the 
polymer and the additive and water. The importance of the degree of polymerization and 
the distance from the critical point in the phase diagram is also investigated. In particular 
it is shown that it is easier to remove high molecular weight compounds than low 
molecular weight compounds, and that it is optimal to work at a temperature well above 
the clouding temperature of the polymer water system. The theoretical results can be 
applied to experimental results from aqueous solutions of PEO (poly(ethy1ene oxide)), 
UCON (a random copolymer of ethylene oxide and propylene oxide) and EHEC (ethyl 
(hydroxyethyl) cellulose) as polymers, and different ionic and nonionic substances as 
additive. 

INTRODUCTION 

Aqueous polymer solutions have been used for purifying chemical systems for a long 
time, and a good introduction to the subject is given by Albertsson (Albertsson 1986). In 
that work the thermodynamical background for the partitioning of a substance between 
two polymer phases is given based on a phenomenological approach together with a set 
of empirical rules describing the partition of a substance between two phases. The 
theoretical background for these rules is not always fully understood. 

The main use of these systems are in biochemical applications and thus the solvent 
normally is water and frequently one of the two polymers used to create the two phase 
system contains ethylene oxide groups. Typical examples of such polymers are 
polyethylene oxide(PE0). copolymers of ethylene oxide and propylene oxide (WON 
and Pluronic) and substituted cellulose derivatives such as e.g. ethyl (hydroxyethy1)- 
cellulose (EHEC). Many of these ethylene oxide containing groups have the common 
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property of a decreasedsolubility in water at elevated temperatures. Thus at a certain
temperature (the clouding temperature)an aqueous polymer solution phase separates into
two isotropic phases. This process depends on addition of cosolutes to the water, and in
a recent work we showed (Zhang et al1992) that if the cosolute preferred to interact with
either the solvent or the polymer strong enough, then the cosolute induced phase
separation, whereas the opposite condition stabilized a one phase system. This property
actually makes the clouding polymer solutions a good tool to study effective
intermolecular interactions in aqueous solutions.

Unfortunately the fact that the additiveaffects the phase equilibrium, and thus the
length of the tielines,complicates the rationalization of the forces governing the purifying
process. In the next section we will first briefly discuss the relation between the phase
behaviour of a system consisting of water and a clouding polymer and the intermolecular
interactions in the system. That section will also deal with the partitioning of the additive
between the two phases in such systems above the clouding temperature. In the last
section the partitioningof an additive between the two phases in an "ordinary two
polymer system " will be discussed.

TIlEORETlCAL BACKGROUNDAND APPLICATlON FOR A ONE POLYMER
SOLVENT SYSTEM.

The purpose of this section is to present the necessary theoretical background for
analyzing how an additive is distributed between two phases. The starting point is the
Flory-Huggins polymer theory and a two conformational description of the polymer
(Karlstrom 1985).The basic assumption here is that each segment of the polymer may
exist either in a polar or a nonpolar conformation.The polar conformations are
energetically favored and the nonpolar are entropicallyfavored. The polar conformations
interact favorably with water whereas the nonpolar ones interact less favorably with
water. Using these assumptions it is possible to write the entropy and energy of the
system according to (Zhang et alI992)

m 1(1) m 1(1')

U = nL~,I PI,j I~"LP",( W u.r.r
I-I J- I I '- I I '- I

( 1)

( 2)

In these equations n equals the total number of moles in the system and R the gas
constant. The cl> is the mole fraction of the components and M the degree of
polymerization of the components, the P specifies the amount of different types of
conformations of each component, the F specifies the ratio of the abundance of different
types of conformations and finally w is the interactionparameter. The interested reader is
referred to the original work for more details. Assuming equations 1 and 2, the free
energy of the system can be calculated according to A = U - TS. Using these equations
one can derive the effect on the phase behaviourof an additive. This was previously
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done for a polymer with only one conformation and with infinite chain length. The 
following relation was obtained 

-0.5 RT > ( Wsa - wpa) > 1.5 RT (3) 

In equation 3 w is an interaction parameter and subscripts s, a and p stands for solvent, 
additive and polymer respectively. 

In figure 1 we show variation of the clouding temperature obtained for a typical 
clouding polymer with a degree of polymerization of 78 as a function of the interaction 
between the polymer and the additive and the solvent and the additive. The effect of 
doubling the degree of polymerization for the additive is also shown. For an infinite 
chain length on the additive one obtains a cloud point lowering for all differences 
between Wsa - Wpa except when the difference is 0.5RT. Formally there is one interac- 
tion parameter between the polar polymer conformation and the additive and one between 
the nonpolar polymer conformation and the additive. These are in all applications 
discussed in this work chosen to be the same. 

Figure 1. Cloud point in studied system as a function of interaction 
parameter and degree of polymerization of the additive. 

325 b4 

5- 
I!! 300 
E 
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The degree of polymerization of the polymer is 78. N is the 
degree of polymerization of the additive. The system composition 
is 72% water, 24% polymer and 4% additive (mol%). The 
clouding temperature of the pure polymer - water system is 323 K. 

We have now seen how the additive affects the phase equilibrium in the system and will 
now investigate the partitioning of an additive between two phases of different 
composition in terms of an entropic and an energetic contribution. It will be assumed 
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that the amount of the additive is infinitely small and that the additive has a degiee of 
polymerization of M,. Under these assumptions we may derive an apparent entropy of 
solvation in a phase which is independent of the conformational equilibrium in the 
system. 

and an apparent energy of solvation equal to 

dU 
dna 
- = -[g, gp ( P wsp + ( 1 - P ) W*J +g; ( 1 - P) ( P WP" + (1-P) w,,/2)l 

In equation 4 and 5, Q is the mole fraction. P in equation 5 is a measure of the probability 
of finding a polymer segment in a polar conformation and (l-P ) is the probability for 
finding it in a nonpolar conformation. The subscdpts p and u refer to these 
conformations. Similar expressions have been determined for the partition of a molecule 
between two polymer rich phases without internal degrees of freedom (Walter et al 
1985). From equation 4 we see that the additive piefers a phase consisting of monomeric 
species. This corresponds to what is often called the excluded volume effect. Equation 4 
indicates that there is no excluded volume, rather that the available volume is larger in a 
monomeric solvent than in a polymeric one. Phases where the dU/dn, is as small as 
possible arx energetically favored, and this means that close to the critical point, where 
the ws eff reaches its maximum value OSRT in a stable phase, the energy is as 
favorabfe as possible for dissolving the additive with constant interaction parameters 
between the solvent and the additive as well as between the polymer and the additive. If 
however the preference of the additive for either the polymer or for the solvent is too 
large (see equation 3) then the additive will induce phase separation. 

In practice this means that if we have a real system made up from water and a 
clouding polymer and the additive is a moderately hydrophobic substance and if we are 
interested in where the additive is found at temperatures above the clouding temperature, 
the entropic contribution would favor the water phase whereas the energetic contribution 
favors the polymer rich phase. If the additive is more polar than water ( a salt) then both 
the energetic and the entropic contributions favor the water phase as the solvent phase. In 
figure 2 we show the variation of the partition coefficient K as a function of the variation 
of the interaction parameters for a model system (see Johansson et a1 1993 for more 
details). The theoretically derived results obtained from equations 4 and 5 at infinite 
dilution are shown as straight lines in the figure. The difference in slope for Ma equals 1 
and 2 comes from the fact that both the entxopy and the energy contributions for two 
"monomeric units 'I are twice that for one "monomeric unit". If the additive is a salt one 
must calculate the contribution from each of the ions independently and then make sure 
that both phases are electrically neutral. 

If the polymer in the system phase separates out of the solution at higher temperatures 
then one must treat the problem of phase behaviour and distribution simultaneously but 
the results can easily be understood in terms of the mechanisms discussed above. In table 
1 we show the distribution of an additive between the two phases in a system consisting 
of a solvent and a clouding polymer for different values of interaction parameters and 
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Figure 2.1nK for additives as a function of interaction parameter and 
degree of polymerisation used for the additive. 

0 N=lJ 
corn. of the 
additive is 4%. 
T=345 K 

-3,O -2,O -1,O 0,O 1,0 2,O 3,0 

(Wsa Wpa )mT 
The system composition is: 75% water, 24% polymer and 
0.01 % additive (conc in mol%). The temperature is 338K, 
i.e. 15 K above the cloud point 

temperatuicTable 1 shows the clouding temperature and the composition of the different 
phases at different temperatures and different effective interaction parameters for the 
additive. From table 1 it is clear that most additives prefer the water rich phase unless the 
additive is unpolar. This is to a large extent due to the larger entropy of mixing for the 
additive in the polymer free phase. 

PARTITIONING OF AN ADDITWE BETWEEN TWO POLYMER PHASES. 

In the previous section we discussed the partitioning of an additive between a solvent 
rich phase (water) and a polymer rich phase. Having solved this problem it is an easy 
task to establish the equilibrium between two phases each containing mainly one of the 
two considered polymers and solvent. The procedure to follow is to first establish the 
phase diagram for the system and then to use generalizations of equations 4 and 5 to 
calculate the entropy and the energy of solvation in each of the phases. 

In practice the rules governing the partitioning are simple: the additive prefers the 
phase with as little polymer with as low molecular weight as possible from an entropic 
point of view and prefers the phase with the most attractive interaction parameters from 
an energetic point of view. 

When clouding polymers ax used one has the possibility to use the temperature as a 
parameter, and in particular one may choose to remove the phase containing the clouding 
polymer if it contains the additive. When this phase is heated above the clouding 
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temperature the additive is frequently found in the small water phase which is formed. 
The clouded polymer can then be recycled and used to extract more of the additive from 
the bulk phase (Harris, KarlstrBm, Tjerneld). Since the additive is found in the small 
water phase one has obtained a concentrated water solution of the additive. 

Table 1. Calculated partition coefficient as a function of temperature and interaction 
parameters 

~ ~~ ~~ ~ ~~ 

Effective interaction parameter (wsa - w pa)/R* 323 

-1 0. 1. 2. 
clouding 

partitioning data 
at Cp + 5 K 
polymer conc in phase 1 12.70% 15.71% 15.28 % 16.12% 
polymer conc in phase 2 42.13% 36.31% 33.62% 40.46% 
partition coefficient a 1.63 1.12 0.93 0.68 
at Cp +10 K 
polymer conc in phase 1 9.03% 12.35% 12.1 1 % 12.51% 
polymer conc in phase 2 45.92% 38.80% 36.05% 42.81% 
partition coefficient a 1.83 1.15 0.9 1 0.63 
at Cp + 20 K 
polymer conc in phase 1 5.18% 8.45% 8.46% 7.92% 
polymer conc in phase 2 50.16% 41.45% 38.62% 45.60% 
partition coefficient a 2.06 1.19 0.89 0.57 

a) partition coefficient is the ratio of the concentrations of the additive in the water rich 
and the polymer rich phases. 

temperature (K) 29 1 332 334 290 

The opportunity to recycle one of the polymers and use it in a new purification step 
opens up a new possibility, since this enables the use of more expensive polymers in the 
purification process. One tempting procedure would be to use a chemically modified 
polymer, which e.g. contains a ligand that binds a molecule which one wants to remove 
form the solution (Alred et al 1992). 
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ABSTRACT 

The temperature dependence of the forces acting between hydrophobic 
surfaces coated by a layer of ethyl(hydroxyethy1) cellulose, (EHEC), has 
been studied as a function of separation and temperature. Both the 
situation where the adsorbed amount is kept constant and where the 
adsorbed amount is allowed to vary with temperature have been explored. 
In both cases the surface interaction is very temperature sensitive due to  
the temperature dependent interactions between ethylene oxide groups 
and water. The results are discussed and related to the protein repelling 
properties of EHEC coated surfaces and EHEC as a steric stabilizer. 

INTRODUCTION 

The properties of polymers a t  interfaces are of great importance in many 
practical situations. For instance for determining polymers ability to act 
as stabilizers in e.g. paints and foodstuff, and as "biocompatible!' or  
"protein repellent" coatings in medical applications. For these 
applications it is important that the polymer is firmly anchored to the 
surface and yet form a layer that extends sufficiently far out in the 
solution to  give rise to  a strong long-range steric repulsion that prevents 
unwanted flocculation or adsorption. These requirements are often at 
odds with each other since polymers adsorb strongly when the segment- 
surface affinity is high and the solvency bad. Under these conditions, 
however, the adsorbed layer is likely to give rise to no, or a very limited, 
barrier against flocculation. The situation can be improved by using 
random- or block-copolymers which contain some segments or blocks 
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that are firmly anchored to the surface while other segments have a high
affinity for water and provide the steric repulsion. One example of such a
heterogeneous co-polymer is ethy1(hydroxyethy1)cellulose (EHEC), a
nonionic cellulose ether that consists of a cellulose backbone which is
substituted with ethyl groups and oligo(ethylene oxide) chains.

The adsorption properties of EHEC, especially regarding the effects of
temperature, cosolutes and surface hydrophobicity, have been studied by
in situ ellipsometry (Malmsten and Lindman, 1990). It was found that the
adsorbed amount increased with temperature and with the
hydrophobicity of the substrate surface. In this paper we review some of
our data concerned with the temperature dependent interactions between
adsorbed layers of EHEC (Malmsten et at, 1990b; Malmsten et al., 1991;
Claesson et al., 1991; Pezron et al., 1991).

MATERIALS AND METHODS

Polymer characteristics
EHEC polymers were supplied by Berol Nobel AB, Sweden. Two fractions
of EHEC were used. Both fractions are polydisperse but the average
properties of the EHEC samples are given in table 1. On heating, EHEC
shows a lower consolute temperature. Hence, at low temperature,
aqueous EHEC solutions are clear, isotropic one phase systems, whereas
EHEC solutions at higher temperatures separate into two phases. The
lower temperature phase boundary is usually referred to as the cloud
point (CP). The cloud points for the EHEC fractions used are given in
table 1. A similar phase behaviour is observed for ethylene oxide
polymers and ethylene oxide surfactants. Force measurements have
demonstrated that the interactions between ethylene oxide surfactants
adsorbed on hydrophobic surfaces (Claesson et a., 1986, 1991) are strongly
temperature dependent, consistent with the observed phase behaviour.

EHECI EHEC2
Molecular weight 250.000 g/mol 475.000 g/mol

Radius of gyration at 800 A 850 A
20°C, 0.2 M NaCI
Molar substitution of 1.4 1.7
ethyl groups
Molar substitution of 0.9 1.0
ethylene oxide groups
Cloud point 39° C 35°C

Table 1. Some average properties of the EHEC fractions used

Surface preparation
Mica surfaces were rendered hydrophobic by deposition of a monolayer
consisting of a 1:1 mixture of eicosylamine and eicosanol (EA/EO)
dissolved in a chloroform/ethanol mixture (49:1). The deposition was
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done with a computerized Langmuir trough system (KSV Chemicals, 
Helsinki) enclosed in a laminar flow cabinet. Details of the properties of 
this mixed monolayer have been reported elsewhere (Yaminsky et  al, 
1993, Berg et al. 1993) and the deposition procedure has been described 
(Malmsten et al. 1990). The advancing and receding contact angle on the 
hydrophobic surface was about 112' and 80', respectively. - 
Measurements of the forces acting between two hydrophobic substrate 
surfaces coated with EHEC were carried out with a surface force 
apparatus Mark I1 (Israelachvili and Adams, 1978) or Mark rV (Parker 
et  al., 1989). The two interacting surfaces are mounted in a crossed 
cylinder geometry. This geometry is experimentally suitable, and the 
measured force, F,, divided by the local geometric mean radius of the 
cylinders, R, is related to  the free energy of interaction per unit area 
between two flat surfaces, Gf ( Derjaguin, 1934) 

F,(D)/R = 21tGdD) 111 

This relation is valid provided that the radius of the cylinders (about 2 
cm) is much larger than the surface separation (D), and provided that 
the surface radius does not change with surface separation (Parker and 
Attard, 1992). The latter requirement is not fulfilled for the strongest 
forces reported in this publication. The distance between the surfaces is 
determined with an accuracy of 0.2 nm using multiple beam 
interferometry. The force is measured from deflections of a double 
variable cantilever spring supporting the lower surface. The detection 
limit is about 10-7 N. 

RESULTS AND DISCUSSION 

Forces a t  room-temperature 
The forces measured between hydrophobic surfaces coated with EHEC 1 
and with EHEC 2 about 15'C below the cloud point are illustrated in 
figure 1. The EHEC concentration is such that the adsorption plateau 
value has been reached (Malmsten and Lindman, 1990). No significant 
forces are measured until the separation is less than 1500 A. At smaller 
distances the force increases nearly exponentially with decreasing 
separation. Two things are worth noticing: First, the range of the 
repulsive force is significantly lower than four times the radius of 
gyration (3200 A). This shows that the polymer does not adsorb as a 
random coil but in a significantly more flat conformation. Secondly, 
despite the fact that EHEC 2 has about twice the molecular weight 
compared to EHEC 1 the range of the forces is similar for the two EHEC 
fractions. The distance dependence of the force is also very similar for the 
two fractions. 
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Figure 1. Force normalized by radius as a function of separation for
EHEC coated surfaces at 15° C below the cloud point.• represent forces
between surfaces coated with EHEC 1 across a 0.1 wt% aqueous EHEC
solution. 0 represent forces between surfaces coated with EHEC 2 across
a 0.25 wt% EHEC solution

These results support the idea that EHEC adsorbs in a rather flat
conformation on these hydrophobic surfaces. It also appears that the
polydispersity of the system is not very important for the measured force
profile in these cases with a rather strong segment-surface affinity. The
same forces were measured on approach and on separation (Malmsten et
al., 1990b, 1991), indicating that the measurements were carried out
under quasiequilibrium conditions. This means that all changes in the
layer occur slowly (e.g. desorption/adsorption) or rapidly (e.g.
conformational changes) compared to the time scale of the
measurement.

Temperature-dependent forces. constant adsorbed amount

These experiments were performed with EHEC 1. A droplet of 0.1 wt%
EHEC solution was placed between the surfaces and the force measured
as a function of surface separation (see figure 1). In the next step, the
apparatus was filled with water, the adsorbed polymer layer was allowed
to equilibrate according to the new situation (EHEC concentration about
0.0001%), and the forces were measured again at different temperatures.
It was found that the range of the forces at 25°C decreased slightly upon
dilution during the first hour but after that remained constant (figure 2).
We interpret this as a slight initial desorption of EHEC, consistent with
ellipsometric data (Malmsten and Lindman, 1990). The range of the
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forces decrease strongly as the temperature is increased to 44°C,
demonstrating that the adsorbed layer contracts significantly (figure 2).
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Figure 2. Force normalized by radius as a function of separation for
surfaces coated with EHEC 1. 0 represent forces measured across a 0.1
wt% solution at 25°C, • represent forces measured after dilution at 25°C,
o represent forces measured after dilution at 44°C.
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Figure 3. Force normalized by radius as a function of separation for
surfaces coated with EHEC 1. • represent forces measured at 25°C and
o forces at 55°C
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It is worth noting that despite the fact that the temperature is 5°C above 
the cloud point the force remains purely repulsive and the same on 
approach and on separation. I t  is only when the temperature is 
increased significantly above the cloud point that a n  attractive force 
component is observed. This situation is illustrated in figure 3, which 
compares the forces measured a t  55°C with those observed at 25°C. It 
should be noted that all changes observed with temperature are 
reversible. 

The contraction of the EHEC layer with increasing temperature is 
related to  the temperature dependence of the interaction between 
ethylene oxide groups and water (Kjellander, 1982; Karlstrom, 1986). 
Hence, EHEC will have a more hydrophobic character at higher 
temperatures resulting in an increasing train fraction whereas the 
population and average length of loops and tails decrease with 
increasing temperature (Scheutjens and Fleer 1979, 1980). Since EHEC is 
a heterogeneous polymer we suggest that segregation occurs with 
hydrophobic segments close to the surface and hydrophilic segments 
preferentially oriented towards the bulk solution. This orientation of 
hydrophilic groups towards the solution lowers the local X-parameter 
and thus is one important reason why no attraction is observed at 44OC 
(5°C above the cloud point). The other reason is that a t  this temperature 
the polymer layer is very compact which results in a significant entropic 
repulsion, due to low interpenetration of the polymer layers. It is only 
well above the cloud point (55"C, figure 3) that also the outermost 
segments experience poor solvency conditions and thus a short-range 
(but strong) attraction develops. On further compression the entropic 
repulsion dominates. 

The possibility that polymers may stabilize dispersions at  worse than 8- 
conditions, so called 'enhanced steric stabilization', has been discussed 
previously (Dobbie et al., 1973; Lambe et al. 1978). In particular it has 
been observed that EHEC has the ability to stabilize polystyrene particles 
at  temperatures well above the cloud point (Malmsten and Tiberg, 1993), 
consistent with the findings reported here. 

A second consequence of the contraction of the EHEC layer and the 
decreasing steric repulsion is that adsorption onto EHEC-coated surfaces 
will occur more easily at higher temperatures provided that the amount 
of EHEC on the surface remains constant. The same is true for other 
poly(ethy1ene oxide) containing polymers (Giilander, 1992). This 
phenomenon has recently been discussed in more detail (Claesson, 1993). 

TemDeratu re-der>ende nt forces. var iable adsorbed amount 
The adsorption of EHEC onto hydrophobic surfaces increases strongly 
when the temperature is increased up to  the cloud point (Malmsten and 
Lindman 1990; Malmsten and Claesson 1991) For EHEC 2 on 
hydrophobised mica the adsorbed amount increases from 5 mg/m2 at 20 
"C to 15 mg/m2 at  52'C. This means that when the adsorbed amount is 
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allowed to vary with temperature the compressed layer thickness and the
repulsive forces observed at distances below about 800 A increase
significantly (figure 4).
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Figure 4. Force normalized by radius as a function of separation for
surfaces coated with EHEC 2 across a 0.25 wt% EHEC solution. The
temperature was 20°C (_ ); 37°C (0); and 41°C (e)
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Figure 5. Force normalized by radius as a function of reduced distance
for surfaces coated with EHEC 2 across a 0.25 wt% EHEC solution. The
temperature was 20°C (.); 37°C (0); 41°C (e); and 52°C (0)
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However, it is clear that also in this case the decreased solvency results
in an adsorbed layer that is more compact at the higher temperatures.
This can clearly be seen when the force curve is plotted against the
normalized separation, i.e. the separation divided by the layer thickness
obtained under a high load (FIR ~ 20.000 J.lN/m). Such a plot, which
provides information about how far polymer tails and loops extend
relative to the compact part of the adsorbed layer, is shown in figure 5.

This type of presentation of the force curves demonstrates a remarkable
resemblance of the forces obtained at different temperatures for EHEC
layers having a constant adsorbed amount (5 mg/m2) and those obtained
when the adsorbed amount is allowed to vary (the adsorbed amount is
about 15 mg/m2 at 40-55°C). This is clearly seen in figure 6.
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Figure 6. Force normalized by radius as a function of reduced distance
for surfaces coated with EHEC 2 across a 0.25 wt% EHEC 2 solution. The
temperature was 41°C (D); and 52°C (0). Surfaces precoated with EHEC 1
across water. The temperature was 44°C (_ ); and 55°C (e)

For a given temperature the force is determined by the segment
distribution profile away from the surface. Hence, the fact that the force
law scales very closely with the compressed layer thickness indicates that
for these compact adsorbed layers the decay of the segment distribution
profile scales similarly.
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Abstract 

Heterogeneous sulphation of cellulose with a mixture of H,SO,/propanol has been 
studied as a possible method for obtaining sodium cellulose sulphate suitable for 
the preparation of capsules by polyelectrolyte complex formation. Product parame- 
ters like water solubility and DS as well as viscosity of the water soluble parts of the 
sodium cellulose sulphate preparations have been investigated for their depend- 
ence on reaction conditions like time, temperature, or molar ratio H2S04/propanol. 
Capsule formation was tested with poly-(diallyldimethyl ammonium chloride) as 
cationic counterpart. Capsule properties such as size, mechanical strength, or dry 
mass and thickness of the capsule wall were compared with those of capsules gen- 
erated from cellulose sulphate preparations obtained under homogeneous reaction 
conditions. 

Introduction 

The reaction between countercharged polyelectrolytes in highly diluted solution 
mostly yields irregular particular precipitates. Polyelectrolyte complex (PEC) forma- 
tion, however, can also result in membrane-like polymer network structures. As we 
found some years ago (Dautzenberg et al., 1980) microcapsules consisting of a 
semipermeable capsule wall and a liquid core are obtained by introducing droplets 
of the solution containing the anionic polymer into a precipitation bath containing the 
cationic polymer. Sodium cellulose sulphate (NaCS) with poly-(diallyldimethyl am- 
monium chloride) (Poly-DADMAC) as counterpart (Dautzenberg et al., 1985) has 
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proved to be one of the best combinations for that process of capsule formation. 
Investigations into several fields of application carried out so far confirmed that by 
encapsulation of proteins, enzymes, cells, or tissue without any noticeable loss in 
their activity, a variety of functioning biologically active systems useful in biotechnol- 
ogy and medicine can be created (Braun et al., 1985; Faster, 1991). 
The first experiments were performed with homogeneously prepared NaCS samples 
(according to Wagenknecht et al., 1978). Despite the very promising results we 
eventually achieved with homogeneously prepared NaCS, we decided to stop using 
this type of NaCS because we saw very little chance for developing and implement- 
ing the necessary technical process for its production. We looked for possibilities to 
produce NaCS in an easier way and with less toxic and aggressive chemicals than 
SO, / N204. From the various alternatives reported in the literature, we selected the 
heterogeneous sulphating process of cellulose with H2S04/propanol as sulphating 
agent (Petropavlovskij, 1973, Lukanoff et al., 1990) for further investigations. 
The aim of the present work was to find out whether it would be possible to prepare 
NaCS suitable for capsule formation by this heterogeneous sulphation process de- 
spite the well known unavoidable high hydrolytic chain length degradation of the 
cellulose in protic solvents. For that we investigated in detail how main product pa- 
rameters like DS, water solubility and viscosity depend on the reaction conditions 
like time, temperature and molar ratio H,SO,/propanol, on the reaction regime as 
well as on the cellulose starting material. Products obtained as water soluble so- 
dium cellulose sulphates were tested with respect to their behaviour in the process 
of capsule formation using Poly-DADMAC as cationic counterpart of PEC formation. 
As far as possible correlation between capsule properties, such as size, mechanical 
strength, dry mass (polymer content) and thickness of the capsule wall, and product 
characteristics of the NaCS samples were studied . Results were compared with 
those found with homogeneously prepared NaCS samples. 

Experimental 

Sulphation 

Cellulose starting materials were cotton linters (DPcuoxam= 1400), VHV (very high 
viscosity) pulp (DPcuoxam= 1550) and activated linters (treatment with 18 % NaOH, 
neutralisation with acetic acid, washing with water, substitution of water by pro- 
panol). The sulphating mixture was prepared separately by adding slowly precooled 
propanol to sulphuric acid (96 %) below 15 "C (molar ratio H,SO,/propanolO.9 to 3). 
After bringing the mixture to the reaction temperature (-10 to 22 "C) cellulose (30 to 
90 g) was added (molar ratio H,SO,/cellulose 11 to 32). To stop the reaction (after 
15 min up to several days) the resulting sulphuric acid half ester of the cellulose was 
separated by filtration, washed with cold propanollwater (1 011 vlv) and neutralised 
with NaOH either in ethanol or water. Accompanying Na,SO, was removed from the 
products by rinsing them with ethanol containing up to 40 % (v/v) water. 
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The final products were characterised by their DS (elemental analysis S, Na, or 
precipitation titration with Poly-DADMACI , see capsule formation), by their amounts 
of the insoluble residue or the water soluble part, and by the viscosities of the solu- 
ble part dissolved in water (1 wt-%). In selected cases intrinsic viscosities (as 
measure for molar mass) were determined or elugrams were taken by SE chroma- 
tography (as measure for molar mass distribution). 

Capsule formation 

As cationic counterparts, two Poly-DADMAC samples of low molecular mass 
(LMM), M<10,000 and one sample of higher molecular mass (HMM), M-30,000 
were used. Capsules were prepared by pressing the NaCS solution (4 wt-%) 
through a syringe needle and introducing the droplets into the stirred precipitation 
bath (PB) containing 2 wt-% Poly-DADMAC. The capsule formation was observed 
up to 6 hours either in water or in 0.12M NaCl solution as reaction medium. In every 
case mechanical strength and capsule mass were measured. In selected cases 
comprehensive characterisation comprised the additional determination of NaCS 
conversion, capsule size and shape, thickness and polymer content of the capsule 
wall (for experimental details see Dautzenberg et al., 1993). 

Results and discussion 

The experimental results of investigating the sulphating process are summarised in 
Figs. 1 to 5. At optimal molar ratio H2S04/propanol between 1.75 and 2.0 sulphation 
proceeds very fast already at low temperatures (Fig.1). For better control of the re- 
action it is advisable to choose a reaction temperature below 0°C. Maximum DS is 
at all temperatures below or about 1 .O. DS values obtained at different temperatures 
are not markedly affected by changing the alcohol (Zpropanol instead of 1- 
propanol) or addition of toluene as inert diluent (Fig.2). The reactivity of the sulphat- 
ing system slightly increases by using l-propanol instead of 2-propanol and de- 
creases in presence of an diluent. 
Under the aspect of product synthesis, correlation between DS, product solubility 
and viscosity of the water soluble part is of main interest. Fig.3 shows how these 3 
parameters depend on the molar ratio H,SOJpropanol (MR) at othennrise constant 
reaction conditions ( O"C, 2 hrs.). A noticeable conversion of linters only takes place 
if MR is above 1. DS steeply increases in the region above 1.5. Full water solubility 
is reached under these conditions at MR 2.0 or so and needs high DS (0.6), which 
is connected with high chain length degradation down to low viscosity (about 10 
mPas). Activation strongly increases cellulose reactivity, thus causing a shift of the 
DS curve to much lower MR. The steep increase starts as early as M R 4 .  The 
curves of the other two parameters show a similar shift. Full water solubility is al- 
ready achieved at DS less than 0.4. 
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Fig.1. DS vs. reaction temperature 
(molar ratio H2S04/l-propanol: 0 "C 
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Fig.3. Product parameters of NaCS 
in dependence on the molar ratio 
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Fig.4. Correlation between DS, solubil- 
ity and viscosity of NaCS samples pre- 
pared under different reaction conditions 
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Unfortunately, the competitive hydrolytic chain splitting reaction is obviously still 
more accelerated than esterification. This can be concluded from the very low vis- 
cosities obtained for sodium sulphates prepared from activated linters. As Fig.3 
convincingly demonstrates, no fixed correlation exists between the three product 
parameters. It is therefore a question of optimising the process to find the reaction 
conditions that lead to maximum water solubility at lowest DS and a wanted high 

insoluble part of NaCS, % viscosity, mPa+s 
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o VHVpulp 

SO 

40 

30 

20 

10 

0 
0.3 0.4 0,s 0.6 0,7 0.8 

DS 
Fig5  Effect of the cellulose starting material on the correla- 
tion between DS, solubility and viscosity of NaCS (molar 
ratio H,SO,/l-propanol 1.6 .... 2.0. -5"C, Zhrs.) 

viscosity of the water soluble part. 
When all single correlation values 
found so far under various reaction 
conditions with different starting 
materials and under variation of the 
reaction regime are collected in 
one Figure, they stretch over the 
marked areas in Fig.4. From Fig.5 
we learn that VHV pulp Gives most 
promising results. It allows the 
maintainance of the same correla- 
tion between DS and viscosity as 
with linters, but reduction of the 
insoluble part at a given DS value. 
Fig.6 demonstrates that full water 
solubility of the product is generally 
connected with low product vis- 
cosities (below 10 mPas) inde- 
pendent of the DS necessary for 
reaching 100% solubility. Medium 
viscosity products (15 to 50 mPas) 
are attainable with different DS val- 
ues (0.3 to 0.6) and various 
amounts of insoluble part (50 to 90 
%) in dependence on the way cho- 
sen for preparing the NaCS. 

Fig.6. ;Correlation between water solubility of 
heterogeneously prepared NaCS samples 
and DS and viscosity of the soluble parts 
(prepared under variation of the cellulose 
starting material and the sulphating condi- 
tions) 
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Unexpectedly, it is even possible to get soluble parts having viscosities higher than 
100 mPas. In that case, however, a low yield of the final product (water soluble part) 
has to be accepted. As far as insoluble parts have been analytically investigated, 
independent of their amount, low DS values between 0.05 and 0.1 and surprisingly 
low degrees of chain degradation (DPcuoxam up to 1000) are found. 

V/nl 

t 

dissolved in cadoxen 

V/nl 
Fig.7. Elugrams of Poly-DADMAC samples used for cap- Fig.8. Test elugram of sodium carboxymethyl cellulose 
sule formation with heterogeneously prepared NaCS (NaCMC) (Column HEMA 810 40/ HEMA 810 linear, EM 
samples (Column HEMA 810 100, EM 0.5 M NaC1,flow 0.05 M NaCI, flow rate 0.8 ml/min., RI detector) 
rate 0.8 mllmin.. RI detector) 

NaCS from act. linters, 
DS = o.e5,q,, = 5 mpas 

V/ml 
Fig.9. Lugram of a heterogeneously prepared NaCS sam- 
ple suitable for capsule formallon in comparison to that of 
NaCS obtained from activated linters (Column HEMA 
BIO 401 HEMA 810 linear, EM 0.05 M NaCI. flow rate 
0.8 mllmin., RI detector) 

Some preliminary SE chromatogra- 
phic results are given in Figs.7 to 9. 
Fig.7 shows the elugrams of the Po- 
ly-DADMAC samples used for cap- 
sule formation. Fig.8 reveals using 
sodium carboxymethyl cellulose as 
model substance the necessity of 
using a cellulose solvent in the disso- 
lution step of the sample, because 
otherwise the elugram is disturbed by 
aggregates occurring in solution. 
Fig.9 shows the elugram of a sample 
suitable for capsule formation in 
comparison to that of a low viscosity 
product obtained from activated lin- 
ters. 
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Fig.10. Mechanical strength of capsules in de- 
pendence on the DS and the viscosity of the 
NaCS samples used for capsule formation 
(Conditions of capsule preparation: 4wl-% 
heterogeneously prepared NaCS, 2M-% Poly- 
DADMAC, reaction time 60 min., 23'C, reaction 
medium water) 
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As Fig.10 demonstrates, formation of 
capsules with heterogenously prepa- 
red NaCS samples is possible. Their 
mechanical strength can reach a very 
high level. Viscosities above 15 mPas 
are necessary in order to obtain suffi- 
cient capsule strength, which further 
increases with increasing viscosity and 
decreasing DS. But due to the con- 
nection between DS and viscosity 
mentioned before, a dependence of 
capsule strength on DS can not be 
concluded. A quite close correlation 
seems to exist between capsule 
strength and the degree of NaCS con- 
version (Fig.11). This appears 
reasonable. Differences in NaCS con- 
version are brought about by differen- 
ces in the properties of the NaCS 
samples used. It is worth mentioning 
that capsule strength is not necessarily 
lower if the NaCS-concentration in the 

Flg.11. Parameters of capsules obtained from heterogeneous- 
ly prepared NaCS samples as function of the NaCS conversi- starting droplet is reduced to avoid too 
on (Conditions of the capsule preparation: 4wl-% NaCS. high solution viscosities with high 

viscosity products. In that case the 2wl-% Poly-DADMAC 1, reaction lime 30 min. 23'C, reaction 
medium water) 

same mechanical strength can result 
despite the much lower thickness of the capsule wall (marked points in Fig.11). Be- 
cause of the complexity of the process of capsule formation further data will not be 
discussed in detail here. In Fig.12 the behaviour with respect to capsule formation 
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Fig.12. Comparison of capsules obtained at 23°C with different NaCS and Poly-DADMAC samples 
(heterogeneously prepared NaCS: LMM, homogeneously prepared NaCS: HMM; Poly-DADMAC 
sample 1: LMM, sample 3: HMM) after different residence times in the precipitation bath 
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Although therefore a direct comparison of the data is difficult, we can draw the 
following conclusions. LMM Poly-DADMAC fits better the low viscosity NaCS, 
while HMM Poly-DADMAC is better suited as counterpart for high viscosity 
NaCS. Differences occur in the rate of NaCS conversion. Different NaCS 
concentrations are probably partly responsible for this. 
Fig.13 presents the site and the shape of capsules obtained in water as 
reaction medium (according to the first group of diagrams in Fig.12). 
Fig.14 gives an impression of the asymmetric capsule wall structure . 

Poly-DADMAC 1 (LMM) 

Poly-DADMAC 3 (HMM) 

Heterogeneously prepared NaCS (LMM) 

Residence time in the precipitation bath, min. 
30 60 180 

Poly-DADMAC 3 (HMM) 

Homogensou~ prepared NaCS (HMM) 

30 80 180 

Fig.13. Size and shape of capeules obtained with different NaCS and Poly-DADMAC samples 
in water a8 readion medium in dependence on their residence time In the pmipitatlon bath 

Fig. 14. SE mlcqmph of a capsule wall ob- 
tained with hetmgeneously prepared NaCS 
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56 Porous cellulose matrice-A novel 
excipient in pharmaceutical formulation 
R Davidson, H Nyqvist and G Regnarsson - Kabi Pharmacia AB, 
S-11287 Stockholm, Sweden 

INTRODUCTION 

In solid pharmaceutlcal formulation there is often the need to reduce the 
dosage form to a series of almost identical small discrete units in order to 
achieve a more reproducible and efficient oral delivery of the drug 
substance. These are collectively known as Multiple-Unit dosage forms, and 
usually consist of a bead-like core which has been modifled (e.g. by coating 
it with a barrier film) or possesses intrinsically the required properties 
(hydrophilfc matrix effect, Low rate of disintegration) to produce the desired 
drug-release profile. The traditional methods of producing such beads 
inevitably lead to some wastage from siting operations, as well as release of 
drug-containing dusts. 
In order to circumvent some of these disadvantages the authors are 
developing a carrier system based on a well known excipient substance - 
cellulose. The overall concept is to produce highly porous cellulose 
matrices, select the required size fraction, and only then load them with drug 
substance possibly as part of the drug raw material manufacturing process 
and not as an independent operation. 

MATERIALS AND METHODS 

The matrices are produced from a special grade of fibrous ceilulose 
(satisfying USP/MF Powdered Celluluse, and described in Int. Pat. App. 
W091/18590, 1991, henceforth referred to as S.C.) by mlxing with water 
(quoted in table 2 as % of the dty cellulose weight) in a planetary mixer, 
extruding the mass through an oscillating granulator, and subjecting the 
material to partial drying in a high velocity air vortex for a given time. This 
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446 Applications of cellulosics

time corresponds to a reduction of the water content to about 180% of the dry
weight of cellulose. The material Is then removed and dried at 80° C for 2
hours. There Is no binder used. and the process will also function
satisfactorily with commercial grades of powdery cellulose although yielding
distinct results. The specifications of the raw materials employed and the
characterization of the matrix types under discussion are presented in tables
1 and 2.

TABLE 1 - SPECIFICATIONS OF RAW MATERIALS

SOlKA-FLOC AVICEL S.C. S.C. UNIT
BW-20 PH101 5-20 5-10

FIBRE LENGTH powdery powdery 0,29/0,35 0,48/0,66 rrm
FIBRE WIDTH powdery powdery 38,2/38,6 37,7/37,3 IJ.m
D.C.P.(I) 1345 331 2517 3380 n
SED. VOLUME(b) 87 43 160 270 mI
HeDENSITY notdetermined 1,5520 1,5600 1,5708 glcc

(a)-according to SCAN-CM 15:88 (b)-10gcellulose suspended InSOOmi water, 24h at rest.

TABLE 2 - CELLULOSE MATRICES· MANUFACTURING DATA

TYPE
Standard
Lowwater
Avlcel

CELLULOSE 0/0 MIX. WATER
S.C. S-20 ..300
S.C. 5-20 ..220
Avlcel ..130

TYPE
High water
Long fibre
SoJka-Floc

CELLULOSE % MIX.WATER
S.C.S-20 ..440
S.C. S-10 ..300

SoJka·FIoc ..160

With Solka-Floc and Avlcel the initial water content Is more critical, with the
S.C.'s a considerable variation is possible leading to different particle size
distributions. The mesh size of the screen In the oscillating granulator has
very little Influence on the particle size distribution but has to be selected In
order to allow effective spheronizatlon to take place in the vortex apparatus.

The morphology of these matrtces may best be described as a tangle of
fibres which Is sufficiently coherent to resist prolonged agitation In aqueous
or organic solvents. Beads manufactured from Avlcel have quite a different
8PP9arance and are much more compact. Solka-Floc beads resemble S.C.
beads although the fibrous structure is finer and the beads are harder.
Beads from S.C. S-10 are more fibrous (Figure 1).

If we section the beads we can observe the most important d1fferences
between the various types, the section of a large Avlcel bead by abrasion
reveals a large IrregUlar cavity In an otherwise very compact structure. The
section of the S.C. bead reveals a roughly uniform fibrous Interior. These
beads are very difficult to cut as they crush easily whilst Avicel beads
crumble. Solka-Floc beads are similar to S.C. beads but more compact.
Smaller Avlcel beads normally have cracks rather than cavities (Figure 2).
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FIQURE 1 - MATRICES MADE FROM DIFFERENT TYPES OF CELLULOSE 
(Scale bars = 1mm) 

s. c. 5-20 

AVICEL PHlOl 
- 

SOLW-FLOC BW20 

FIGURE 2 - S. C. AND AVICEL MATRICES CUT OPEN (Scale b l  mm) 

' ! '  - ,. 3 ,  . 

s. c. s-20 AVICEL 

SOLKA-FLOC 
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Vertical axes am % weight and 
horizontal axes are the mean 
fraction diameter in pm.Note that 
this scale Is not the same in all cases. 

Means of 3 batches except S-20 ( n 4 .  

10- 

10 - 
04 

RESULTS 

The partielo rlm dlrtrlbutlon appears to follow a double Normal 
distribution, presenting two peaks for most cases. Probit lines from these 
distributlons have a dtstlnct "break" between two straight lines. In the caw of 
S.C. S-20 the distribution was closer to Normal leading us to su gest that In 

diameter median value for these conditions was 679 f 1 1 3  pm (1 S.D. n-6). 
certain circumstances the two populations would coincide. 7 he particle 

FlOURE 3 - PARTICLE SEE DISTRIBUTIONS 
SO) 1 

aoo T O O  i s00  1700 

- 8 - r  
--t AYKIO. 

10 

0 
PO0 i aoo  aaoo m o o  aoo T O O  i a o o  ITOO 

The total poroslty expressed as cc/g of dry matrices is given in brackets in 
the pore dre dlstrlbutlon wwe legends (Fig. 4) as total volume below 
=lOOpm nominal diameter. It can be seen that the pore size distribution is 
similar between S.C. and Soika-Ffoc, but Adoel is completely dtfferent. Also 
the porosl of low and high water matrices and long fibre cellulose matrices 

different dlameters from standard batches were also analyzed, the results 
are shown in the final 2 curves and should be compared to the S.C.S-PO 
curve. There is a substantial increase in porosity in the 5-1Opm size bracket. 

is given. r II curves relate to beads 0,71-0,8 mm diameter. Matrices of 

In order to determine the expanrion of these matrices In water, a special 
cell was constructed and the matrices fixed to a glass sHde so that lndtvtdual 
measurements (Image analysls) couM be performed on a significant number 
of matrices in the dry and wet state. A steel ball was used as the standard. 
Cyclohexane was also tried in some cases as a non- aqueous solvent, It 
produced no significant dimensional change. The resufts of 48 hour 
expansions (% increase in projected area) are presented related to material 
type and size of matrix in figure 5, with the mean expansions related to the 
D.O.P. of the raw material. 
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FIGURE 4 - PORE SIZE DISTRIBUTIONS (Mercury penetrometry) 
Horizontal axes are the mean nominal pore diameter (pm), vertical axes the 
equivalent pore volume in cubic centimetres per gram of dry matrices. 
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The expansion with respect to time revealed an approximately linear 
relationship between the projected area expansion and the logarithm of 
time, some expansion being detectable up to 5 days after bringing the 
material into contact with water. The bulk of the expansion however took 
place within the first 30 minutes, too fast to be accurately followed by this 
method. 

The mechanical propertles of these matrices are also very dtfferent 
between Avicel and S.C., Solka-Floc and S.C. S-10 matrices have not been 
investigated in detail yet. S.C. S-20 matrices deform in a plastic fashion 
whilst Avicel matrices tend to crumble into flakes and powder. 

Standard S-20 matrices have also been successfully loaded with 
paracetamol as a model water-soluble drug, and drug contents of about 
30% wlw have been achieved in a single loading. These loaded beads are 
shown in figure 6. We do not have any quantification of the dlstributlon within 
the matrices, however figure 7 shows a loaded bead cut open revealing a 
compact apparently well-loaded interior. The loadlng of 30% w/w is 
equivalent to an occupation of about half the available matrix voidage 
(porosity). 

FIGURE 6 - FIGURE 7 - 
LOADED MATRIX SURFACE VIEW LOADED MATRIX CUT OPEN 
Scale bar = lOOpm Scale bar = 1 mm 

DISCUSSION 

The properties of the different materials employed for the manufacture of 
these matrices are essentially responsible for the greatly variable properties 
of the finished product. Microcrystalline cellulose yields beads that are too 
compact for this application, mechanically treated cellulose (Sob-Floc) may 
be employed although the mechanical properties have not been studled in 
detail, preliminary observations indicate that the matrices may be too fragile. 
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The special cellulose material certainly seems to produce the highest yields 
and the potentially most useful porous matrices. The results presented 
demonstrate that it is possible to produce these matrices with good 
reproducibility in terms of particle size. The mercury porosimetry data are 
single batch readings that were mostly confirmed by repetition. One should 
bear in mind that the nominal pore diameter tells us the size of the access 
pore to a given volume as if it were round. These results are most useful from 
a comparative point of view and as a measurement of total voidage rather 
than as precise pore measurements. Some results are paradoxical, such as 
the high porosity of S.C. matrices manufactured with higher or lower 
amounts of water when compared to the standard situation. If one may 
speculate a little, one could suggest that the more or less optimal conditions 
that lead to a high yield and Normal particle size distribution also allow the 
formation of a tighter bundle of fibres. Conditions departing from these would 
lead to a more imperfect structure with greater voidage. 
The expansions in water are revealing in that the most crystalline material is 
the one that expands the most. One could suggest that as the material is not 
entirely crystalline, and water interacts primarily with the amorphous part, the 
crystalline fraction would act as an inert filler forcing the whole structure to 
swell. In the case of the fibrous materials, the greater voidage and flexibility 
of the fibres would absorb the expansion possibly with a loss of voidage. As 
well as the alterations of voidage one must bear in mind the risk that the 
expansion would split a controlled delivery coating layer and render the 
barrier useless. 
The loading results are most encouraging in that the process employed was 
simple and effective, yielding a drug loading with an apparently satisfactory 
size range and distribution, although some individual matrices appeared to 
have a heavier surface coating, such as the one shown on figure 7. 

APPLICATIONS 

These porous matrices were originally conceived as possible drug carriers, 
although other uses have been suggested. 
One such alternative application is as a tabletting aid for other beads which 
due to their fragility may be difficult to formulate as a tablet. 
The application of these matrices as drug carriers is particularly interesting if 
they are to be loaded by the raw material manufacturer. Their use in solid 
formulation would be advantageous as one could obtain a granular free- 
flowing intermediary without having to undergo a granulation step. 
In terms of economy there could be a considerable process saving, and 
there would be virtually no waste of drug as the material would be sized 
before loading. The reduced dust generating potential would also make 
handling safer. These advantages would become most evident when 
handling very expensive or toxic drugs. Also, drugs that have unfavourable 
crystallization properties could be formulated more conveniently. 
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From the point of view of Controlled Drug Delivery there are three distinct 
approaches possible. In the first place, drugs with favourable solubility 
characteristics could undergo release from these matrices as from a 
hydrophilic matrix, control being achieved by a combination of low solubility 
and a porous cellulose structure through which the drug would have to 
diffuse. Secondly, there is the coating approach, the matrix itself would have 
a relatively small influence on the release profile, the rate of diffusion 
through a well-supported membrane of known properties being the 
important factor. Finally there is the possibility of loading these matrices with 
drug and another substance, which would have the role of a rate-reducer. 
Essentially, by means of its own solubility, this third substance would govern 
the porosity of the system. 
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57 Cellulose ethers for cement extrusion 
D Schweizer and C Sorg - Hercules GmbH, Dusseldorf, Germany 

Introduction 

Industrial cellulose ethers represent a significant aspect of the cellulose chemistry. The 
worldwide annual production is estimated to be over 300.000 metric tons. The cellulose 
ethers are made by activation of wood pulp or linters with sodium hydroxide followed by 
reaction with an etherifying agent. In most cases the crude cellulose ethers are purified to 
remove salts that are formed as by-products. Table 1 shows the most important industrial 
cellulose ethers and their common abbreviations. 

Table 1 
Industrial most Important cellulose ethers 

Na-carboxymehylcellulose 
Na-carboxyrnelhylhydroxy- 
elhylcellulose 
Hydroxyethylcellulose 
Methylcellulose 
Melhylhydroxyelhylcellulose 
Melhylhydroxypropylcellulose 
H ydrox yprop ylcellulose 
Elhylhydroxyelhylcellulose 

Elhylcellolose 

abbrevialion 

CMC 

CMHEC 
HEC 
MC 
MHEC 
MHPC 
HPC 
EHEC 

EC 
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Formulation 

A substantial outlet for the application of cellulose ethers are formulations used by the 
building industry. Generally speaking these formulations are made up from binders e.g. 
cement, gypsum, or  synthetic latex, aggregates as silica sand, limestone, kaolin as well as 
additives and water. Water plays a dominant role in these formulations. Gypsum and 
cement need water for hydration and water control is essential to achieve good final 
properties after setting and hardening. Excessive water loss to the substrate results in 
incomplete binder hydration of gypsum or cement which negatively affects adhesion, 
cohesion, compressive and flexural strength. For latex binders, water loss disturbs film 
formation thereby reducing binder properties. For control of the water balance cellulose 
ethers are added. Besides providing water retention they also improve workability and 
increase adhesion.To investigate the performance of cellulose ethers in building 
formulations we focussed on cement extrusion. 

1 

Results and discussion 

The continuous extrusion of cement is an economical and efficient way to produce slabs, 
pipes, bricks, spacers and similar objects. In the process cement is dry mixed with 
aggregates and additives. Upon addition of water the mixture is plastisized in kneaders and 
subsequently extruded. Cellulose ethers as additives can either be dry blended with 
cementlaggregates or predissolved in the make-up water. 

Table  2 Typical formulations for  cement  extrusion 

Portland cement 

Silica sand, 
medium diameter 0,28mm 

Limestone flour 

Fibres 

Cellulose ether * 

Water * 

65 

24 - 31,s 

3,s - 1 1  

0,5 - 1 

1 1 3  - 13,6 

2 

46 

50 

4 

0,5 - 1 
11,s - 13,6 

n 

62,l 

37,3 

0,5 - 1 

11,s - 13,6 
~~ ~~~ 

* on 100 parts of mixture 
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As can be seen these systems are strongly water deficient in order to keep their shape after 
extrusion by imparting high green strength, to achieve strong compressive and flexural 
strength after setting and hardening and to reduce numbers of cracks. Without an extrusion 
aid plastification and extrusion would be impossible. Furthermore extrusion aids should 
provide good water retention and workability, reduce extrusion pressure, prevent de- 
watering during extrusion, increase green strength of extruded species, prevent cracks and 
fissures and finally improve flexural and compressive strength of the end products. 
Cellulose ethers have been used for many years as an extrusion aid. In order to learn more 
about the scope and limits of the products we first screened which types would hnction in 
the formulations. For the evaluation we used a high shear torque rheometer and a double 
screw lab extruder to extrude rods with a diameter of 20 mm. The high shear rheometer is 
a mixing chamber with two counter rotating cam blades. The prewetted mix is fed to the 
mixing chamber. The rotation of the cam blades is preset and under high shear the mix 
starts to plastify. To keep the rotation at preset conditions different electrical input is 
required depending on the consistency of the mass. In such a way torque over time can be 
monitored. The extrudability was judged by the extrusion pressure and visual inspections of 
the rods. Table 3 shows the results with different type of cellulose ethers. 

Table 3 Screening of cellulose ethers for cement extrusion 

Type 2 %  methoxyl EOOH POOH DS CM plastifi- extruda- 
viscosity (I) cation bility 
(mPas) 2) 

3) 3) 3) 

CMC 35.000 0,7 no no 

HPC 13.000 72 no no 

Yes, MHPC 66.000 23,3 9,3 

MHEX 30.000 26,O 5,3 

Yes firin extr. 

Yes firm extr. 

yes soft extr. 

Yes, 

Y e s ,  HEC-1 36.100 56,l 

HEC-2 29.000 65,6 no no 

1) Use level cellulosics 1,0 96, water ratio 12,5 % 
2) Brookfield RVT 20 "C, 20 rpm 
3) EOOH: hydroxyethoxyl 
POOH: hydroxypropoxyl 
DS CM: Degree of substitution carboxymethylgroups 
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As can be seen only MHEC, MHPC and HEC-1 lead to plastification and extrudability. 
The result for CMC is not too surprising since CMC as the sodium salt of an anbnic 
cellulose ether is sensitive towards calcium-ions. In the presence of these divalent cations 
CMC cannot hydrate and is rather converted to calcium-CMC with a low solubility. HPC is 
in this series the cellulose ether with the lowest hydmphilicity. Therefore hydration rate is 
insufficient to go into solution in such a water deficient system. Results are surprising for 
the two HEC-types. As a n  be seen the one product with the lower hydroxyethoxyl-content 
already gives a soft extntdate that is judged to be at the borderline with respect to green 
strength and shape retention. The explanation lies in the molecular structure of the two 
HEC products. The HEC-I type has longer branching ethyleneoxide sidechains compared 
to the HEC-2 type where the length of the sidechains is shorter yet the number is higher. 
This is best expreosed by the degree of substitution of ethyleneoxide per anhydroglucose- 
unit. For the HEC-1 type the DS is approx. 1.1, for the HJX-2 type the value is approx. 
1.8. This means that for the HEC-1 product the cellulose backbone is more open for 
interaction with cement than the HEC-2 type. 
After having screened which types of cellulose ether are in general suitable for 
plastification and extrusion we looked closer at the torque versus time recording generated 
with the high shear rheometer, figure 1. 

Fig. 1. Plastitication of cement in the high shear rheometer. Torque as a function of time. 

Immediately after tilling plastification starts as is noticed by the presence of a peak. This 
peak is due to maximum swelling of the system in the aqueous phase to give plastification. 
Torque drops after plastification to a state of maximum disaggregation and remains rather 
constant before it increases again. This increase is the result of setting and hardening of the 
cement, which would finally lead to an unworkable solid mass. Therefore we define the 
time after peak drop till increase of torque due to hardening of the cement as the plateau 
time. Plateau time is the time available for plastification and extrusion and all precaution 
has to be taken that the system when shaped is within the plateau time. 
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We assumed that plateau time Is Influenced by the availability of make-up water for cement 
hydration. If the cellulose ether controls the water balance and releases water for cement 
hydration then setting of cement will be extended. This means that plateau time can be 
influenced by the viscosity of the cellulose ether, the particle size and the amount of water 
available for hydration i.e. the water ratio. 
For all the upcoming tests we focussed on MHEC-types knowing from other lab tests that 
similar results would be obtained with MHPC. The HEC-1 type was not included because 
as already said plastification was at the borderline. 
First we checked the influence of cellulose ether viscosity and water ratio on plateau time 
and torque. 
We used three types of MHEC with the same substitution level and particle size 
distribution yet different viscoslty. In that run we also varied water ratio. Results are 
shown in figures 2 and 3. 

plateau Llme (mln) 

' O  d 
6o t i i 7  
50 

40 

30 

20 

10 

0 
12,2 12,8 13,6 

water ratlo (weight-%) 

Fig. 2 Influence of MHEC viscosity 
and water ratio on plateau time 
(use level MHEC: 0,92 weight-%) 

MHEC 15000 
MHEC 40000 

0 MHEC 70000 
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toque (Nm) 

26 

20 

16 

10 
12,2 

- 

12,8 13,6 

MHEC6000 
MHEC 15000 
MHEC 30000 

water ratio (weight-%) 

Fig. 3 Torque as a function of MHEC 
viscosity and water ratio 
(Use level MHEC: 0,92 weight-%) 

Not surprisingly plateau time increases if more water is available for hydration. The cement 
gel particles that are formed upon hydration of cement are more distant from each other in 
a system with higher water content. Since it takes longer for the crystals to bridge the gap 
the plateau time will increase before setting starts with the build-up of the three- 
dimensional network. The influence of the cellulose ether viscosity is also very 
pronounced. Higher viscosity types have a beater water retention i.e. they hold the water 
stronger and make it less available than the lower viscous types of lower molecular weight. 
Therefore at a given water ratio cement hydration should be faster for lower viscous types 
leading to shorter plateau time. This explanation ash for a dissolved or at least partly 
dissolved cellulose ether. Therefore one would expect that also the torque of the system is 
higher for higher viscous cellulose ether because the dissolved cellulose ether contributes 
by its viscosity to a stiffer consistency of a plastifled mass. 

Figure 3 shows that the results are in line with the ones of plateau time. As can be seen 
torque is higher with lower water ratio because the solid content gets higher with less water 
present. It is also obvious that at a given water ratio torque is higher for the higher viscous 
MHEC-type due to contribution of the higher aqueous viscosity. 
The assumption that the properties of the plastified cement mixture is controlled by the 
properties of the dissolved cellulose ether is further supported by investigating the influence 
of particle size and of temperature on plateau time, figures 4 and 5 .  
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psrtldm elm temperaulre ('C) 

Fig. 4 Influence of MHEC 40.000 Fig. 5 Influence of temperature 
on Dlateau time Darticle size on Dlateau time 

(water ratio: 12,2 wight-%, 
use level MHEC: 0,92 wei@t-%) 

(water mtio: 12.2 weight-%, 
use level MHEC SOOOO: 1 weight-%) 

The finer the particle size the faster the hydration rate of the cellulose ether. Therefore the 
sieve fraction between 0,05 - 0,063 mm hydrates faster than the coarse fraction larger than 
0,2 mm. Fast hydration leads to longer plateau time, figure 4. 

The higher the temperature the lower is the solubility of a cellulose ether. It is also known 
that setting of cement is accelerated by temperature increase. Combining both facts easily 
explains the reduction of plateau time with increasing temperature, figure 5.  
After having evaluated how plastification is influenced by the cellulose ethers, water ratio 
and temperature we were interested in how this would translate to extrusion of plastified 
cement. As already noted, plastified cement was extruded with a double screw lab extruder 
to rods of 20 tnm diameter. For flexural strength values the rods were stored 7 days at 23 
"C / 50 I relative humidity. 
At first we looked at the influence of water ratio on extrusion pressure and flexural 
strength, figure 6. 
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Fig. 6 Influence of water ratio on extrusion pressure and flexural strength 
(Use levd MHEC 3oooO: 1 weight-%) 

The results are in line with the plastification data from the high shear rheometer. With 
more water available the consistency is softer which leads to lower extrusion pressure and 
also to lower flexural strength because the system is less densely packed. 
If the cellulose ethers act as water retention agents, plastiziser and adhesive, then the 
extrusion properties should he influenced by the use level of cellulosics as is shown in 
figure 7. 

30 -30 
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Fig. 7 Influence of use level cellulose ether on extrusion pressure and flexural strength 
(water ratio 12 wcight-96) 
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The cellulose ether functions indeed as lubricant and adhesive because by increasing use 
level extrusion pressure drops yet flexural strength increases. 
Another support of this assumption would be that at a given use level of cellulose ether and 
constant water ratio higher viscous types should give higher flexural strength. 
This is actually the case as demonstrated in figure 8. 

ROTUral Pbmgu, QJlmnu) 

MHEC vkcos#y (BRV 20'C. 20 rpm) 

Fig. 8 Influence of MHEC viscosity on flexural strength 
(water ratio 12,s weight%, UBO level MHEC: 1 weight-%) 

As it was shown all parameters on plastification and extrusion could be linked to the 
properties of an aqueous cellulose ether solution. This means that the cellulose ether 
hydrates in the make-up water to go at least partially into solution. It also means that 
adsorption on the cement or sand surface and/or flocculation does not happen to a great 
extent. If this is true then cellulose ethers should be extractable from the reaction mixture. 
To prove the point we added a cellulose ether solution to cement, centrifuged after 10 min 
and determined the concentration of cellulose ether in the supernatant liquid by addition of 
phenol/sulfuric acid. The reagent forms a yellow complex with the colour intensity being 
dependent on the cellulose ether concentration in the solution. By recording the colour 
intensity at 487 nm using a UV/VIS spectrometer we found 88 % of the original cellulose 
ether in the supernatant solution. It has to be mentioned that the water ratio was increased 
from originally 12 96 to 70 96 in order to get separation of the layers by centrifuging. But 
even if the conditions are not identical with the ones for cement extrusion the result fits 
into the pattern. On the other hand we do not totally exclude interaction between cellulose 
ethers and cement because we assume that this is the explanation why HEC-2 does not 
plastify in contrast with HEC-1. 
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It was shown that among the various cellulose ethers MHEC, MHPC and to a certain extent 
HEC are suitable for cement extrusion. CMC and HPC did not plastify. 
The properties of the cellulose ethers could be linked to the properties of the aqueous 
solutions of cellulose ethers. The plateau time was defined as the time available for 
plastification and extrusion before the cement hardens. The plateau time is influenced by 
the ability of the cellulose ether to release water in a controlled way for cement hydration. 
Higher viscous cellulosics with higher water retention lead to a longer plateau time as does 
higher use level of cellulose ether or finer particle size. 
Increasing use level of cellulose ethers leads to lower extrusion pressure but also to higher 
flexural strength. Flexural strength can also be increased by choosing a higher viscous 
cellulose ether. All the data indicate that cellulose ethers act as water retention agents, 
lubricants and adhesives. 
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58 Water-soluble polymers in tunnelling and 
slurry supported excavations 
S A Jefferis - Golder Associates, Consulting Engineers, 
54-70 Moorbridge Road, Maidenhead, Berkshire, England 

ABSTRACT 

Water soluble polymers are widely used in oil well drilling and many special materials 
have been developed. There are also applications for polymers in civil engineering 
excavation work but they are more rarely used and bentonite clay based fluids are still 
the norm. However, the opportunities offered by polymer systems are becoming more 
widely appreciated and their use is developing especially in tailored systems designed 
for particular applications. The paper gives an overview of the properties of polymers 
that are required or may be exploited in civil engineering work. 

INTRODUCTION 

Polymers and the swelling clay bentonite find particular application in underground 
work and especially deep excavations in water bearing strata. There are very many 
different possible applications and new processes are continually being developed. 
However, some of the special advantages of polymers can be highlighted by 
considering just three civil engineering processes: tunnelling, caisson sinking and deep 
foundation excavation. 

TUNNELLING 

Conceptually one of the simplest methods of forming a tunnel is pipe jacking. In this 
process sections of tunnel pipe are jacked into the ground from a thrust pit. Spoil is 
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excavated at the front of the tunnel either by hand or with a tunnelling machine. The 
excavated diameter is designed to be slightly greater than the outside diameter of the 
pipe sections and the annular void so created is filled with a lubricant gel injected near 
the excavation face and at intervals back along the tunnel. As each pipe section is 
jacked into the ground a further one is added at the thrust pit. Typically the maximum 
length of any pipe jack will be less than 100 metres but much greater lengths have 
been achieved. An important requirement of process is that the frictional grip of the 
surrounding ground on the string of pipes is not so great that the jacking thrust 
approaches the axial strength of the pipes. Thus the lubricant must: 

(a) be lubricious, that is it must have a low shear strength; 
(b) adhere to the pipe sections and not be scraped off by the jacking process; 
(c) not be lost into the ground by penetration or so compressed as to be ineffective 

as the surrounding soil closes on the pipe. 

Thus the ideal lubricant should have a low shear strength and yet not be lost into the 
ground but maintain a stable annulus around the pipe. The necessary gel strength to 
limit penetration into the ground will increase with the size of the soil voids and in 
coarse grounds it may be necessary to add flaky materials to reduce penetration. 

The lubricant will also consolidate (lose water and so reduce in volume) as the 
surrounding soil closes on it. This is undesirable since it will increase the shear 
strength and reduce the thickness of the lubricant layer. As the lubricant must be an 
injectable fluid some consolidation is inevitable. However, the rate of consolidation 
can be reduced by the addition of fluid loss control agents which reduce the rate of 
water loss under pressure. 

Typically sodium bentonite is used as the lubricant at a concentration of about 10% 
by weight in water. Carboxymethyl cellulose may be added to reduce fluid loss. Many 
other additives have been employed to reduce shear strength and some formulations 
seem almost bizarre. Further work is needed on the adhesion of the lubricant to the 
pipe sections to limit lubricant loss and for this there would seem to be openings for 
bio-fluid type materials such as those that line the mouth and allow free movement of 
the tongue during speaking and eating etc. 

EARTH PRESSURE BALANCE TUNNELLING 

When excavating a tunnel in soft ground it is necessary to prevent the excavated face 
from collapsing or moving inwards as this will cause settlement at the ground surface. 
For hand excavated tunnels in dry ground the face may be boarded and worked in 
small sections. In wet ground water as well as soil must be held back. This may be 
achieved by pressurising the tunnel with compressed air so that the air pressure 
balances the water pressure. This is an expensive process and there are severe 
limitations to the pressures that can be balanced if the tunnel workers are not to be 
subjected to unacceptable conditions and even at quite modest depths the workers may 
be involved in lengthy periods of decompression. Thus in general for all but short 
tunnels some form of tunnelling machine will be used. 
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There are very many different types of machine butonlya few systems for controlling
ground water. It is in these systems that polymers find particular application.

In any tunnelling machine therewill be a cutter-head set with teeth which is slowly
rotated and cuts into the soil. The resulting spoil passes into a chamberbehind the
cutter-head from which it may be discharged onto a conveyor belt and thence to rail
cars in the tunnel. Earth pressure balance tunnelling is a particular method for
controlling ground water and soil pressures. In this procedure the machine chamber
is sealed and the discharge of cut spoil from it is controlled so that the head of the
machine is pressurised and thus the face kept stable and the ground water held back.
The control may be achieved with a screw conveyor. This is a highly specialised
piece of plant which may be over I m in diameter by 15 m long with separate screw
and casing rotators that can be driven at variable speeds or even in reverse. The
reason for this is that in wet grounds it is necessary to develop a plug in the screw
with sufficient cohesion that it can hold back the water pressure in the head. In some
grounds it may be easy to form a plug but in others additives are essential.
Requirements are that:

(a) the spoil is converted to a smooth cohesive paste that can build a plug;
(b) the cohesion of this paste is relatively insensitive to the quantity of water mixed

into it as grounds which yield large amounts of water may have to be excavated;
(c) the additive is easily dispersible into the soil as the mixing action within the head

of the machine will be rather poor;
(d) the additive is lubricious and does not increase the torque on the cutter-head.

Ideally it should reduce this torque.

Typically bentonite at about 5 to 10% has been used as the additive as it gives good
lubricity. However, at such concentrations it has littlecapacity to absorbfurtherwater
and in wet grounds it may be impossible to form a plug to control the ground water
inflow. Water absorbent polymers such as cellulose based systems have also been
used but large quantities may be necessary in wet grounds. Such materials may be
moreeffective as part of blends with other polymers such as polyacrylamides. These
havea powerful flocculating action on any clay in the soil and a spoil-polyacrylamide
mix may be able to absorb substantial quantities of water without becoming a 'soup'.
Polyacrylamide solutions in water at 0.2 to I% easily can be mixed with soil to
produce a spongy workable mass and watercontents over 200% can be achieved even
with low clay soils without the system degenerating into a soup (without polymer the
maximum watercontent might be - 60%). A further feature of somepolyacrylamide
spoil blends is thatany claybecomes much easier to handle. It loses its stickiness and
it no longeradheres to any stones in the soil and they appear clean and clay free.

However, at polyacrylamide concentrations over about I % the behaviour can
change. The solution is no longer easily miscible with spoil but tends to coat it so that
the mix takes on the appearance of frog spawn with lumps of spoil in a stringy fluid.

The optimum polymer solution concentrations may be determined by laboratory
trials but the rate at which the solution is injected into the face must be left to the
discretion of the tunnelling machine pilotas at any time he will have many conflicting
demands to balance. Polymer formulations should be designed to improvehis control
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and must not reduce it. The use of polymers in this type of tunnelling is still 
developing and there is much potential for new products. For example a dispersing 
agent could be included (preferably with the polymer as it would be difficult to add 
it to the spoil prior to the polymer - though chemically to achieve dispersion and 
flocculation at the same time would be a challenging task). The aim would be to 
disperse the fines in the soil so that other polymers could act on and bind many small 
particles rather than fewer but larger aggregates. This could enhance the water 
binding power of the polymer systems and extend their application to soils containing 
very limited amounts of fine material. 

SLURRY TUNNELLING 

In some grounds where the potential water inflows are very large or the soil is too 
coar se to develop a cohesive plug in a screw conveyor it is necessary to use a totally 
enclosed ‘slurry tunnelling’ system. In this system the head chamber is again sealed 
but a water based slurry is pumped into it at a pressure sufficient to support the 
ground face. The injected slurry becomes mixed with the excavated soil and the spoil 
laden mix is then pumped from the head to a cleaning plant at the ground surface 
where the spoil is removed and water returned to the face. Polymers may be added 
to the slurry and requirements are that: 

(a) the polymer limits fluid loss to the ground, that is it prevents filtration of water 
from the slurry into the soil; 

(b) the polymer should reduce settlement of solids in the spoil pipelines and 
preferably should reduce the pumping pressures; 

(c) the polymer should not adversely affect the separation of spoil in the cleaning 
plant. Ideally it should improve cleanability by inhibiting the dispersion of clays. 

In the early slurry tunnelling machines bentonite clay at a concentration of 2 to 5% 
was used in the slurry. However, it was not ideal as it was removed at the cleaning 
plant with other clays naturally present in the ground. Also bentonite is sensitive to 
contamination by cement and salts in the ground. Severe salt contamination is rare but 
cement contamination can occur as a cement grout will be injected to fill the small 
annular space that is always left between the ‘as dug’ tunnel and the lining as the 
machine advances. Some of this grout may penetrate into the head of the machine and 
become mixed with the slurry. Cement causes an instant and substantial thickening 
of bentonite and thus an increase pumping pressures and a reduction in the efficiency 
of the slurry cleaning plant. 

Bentonite is therefore not the ideal slurry forming material and sodium 
carboxymethyl cellulose (CMC) has been quite widely used. CMC is useful as it has 
a synergistic effect with clays and markedly reduces fluid loss and modestly develops 
slurry viscosity (and so improves spoil carrying capacity). Furthermore its 
pseudoplastic rheology means that pumping pressures may be significantly lower than 
with bentonite (which although thixotropic can still have a relatively high yield stress). 
CMC has three disadvantages: it is biodegradable; its effect is reduced by cement 
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contamination and it binds to clay and so is removed with any clay at the cleaning 
plant (this loss is probably inevitable for any material that develops synergy with 
natural clays). Typically CMC will be used at concentrations of 0.05 to 0.2 % by 
weight of slurry (the slurry could contain 35% solids by weight of slurry when leaving 
the tunnelling machine and 5% when returned after cleaning, most of which would be 
fines as the cleaning plant will preferentially remove the coarser material). 

Experiments with different CMCs have shown that high viscosity grades are more 
cost effective than low viscosity grades in developing viscosity and reducing fluid loss. 
In some early applications a biocide was added to the slurry to prevent bacterial 
degradation and agar gel plates were used to check for bacterial fouling. As the 
CMCs available today are more resistant to bacteria 1 attack biocides are seldom used. 

For example hydroxyethyl 
celluloses are less sensitive to cement contamination than carboxymethyl celluloses and 
some polymers can very usefully inhibit the dispersion of clay cuttings so that they do 
not break down and thicken the slurry but remain as lumps which easily can be 
removed at the cleaning plant. 

In the cleaning plant the coarse solids are removed on vibrating screens. The finer 
materials generally are removed using a combination of hydrocyclones and dewatering 
screens (these screens dewater the slurry which has been concentrated with the 
hydrocyclones). In soils containing a significant amount of clay it may be necessary 
to use a centrifuge or filter belt press. If a belt press is used the slurry must be 
flocculated before pressing and this will require the use of a polymer. With some soils 
(especially those containing significant amounts of montmorillonite clays) it may be 
necessary to use both inorganic and polymer flocculants. The author has had 
considerable success with Portland cement (that is the standard construction cement) 
as an inorganic flocculant. Major elements in cement are calcium, aluminium and iron 
and thus it can have a powerful flocculant action. In use it may be mixed with water 
at a watedcement ratio of about 0.5 and then poured directly into a stirred slurry tank. 

Other polymers will no doubt find application. 

CAISSON SINKING 

Caisson sinking is similar to pipe jacking save that the direction of ‘tunnelling’ is 
vertical and the caisson is not jacked into the ground but sinks under its own weight. 
To aid sinking a lubricant is injected at the periphery as in pipe jacking. However, 
the maximum injection pressure is now limited as the annulus will be open at the 
ground surface and thus there is no possibility of holding back the soil by using and 
maintaining a high injection pressure (such pressures would be quite normal practice 
in pipe jacking). To limit closure of the annulus the lubricant may be weighted with 
a dense material such as calcium carbonate (limestone powder) or more rarely barium 
sulphate which is denser but much more expensive. It is often found that the only way 
to keep the annulus open is to circulate the lubricant by pumping it in near the base 
of the annulus and recovering it at the ground surface. The properties required for 
caisson lubrication are the same as those for pipe jacking save that if the lubricant is 
recirculated it may be necessary to add a dispersing agent to improve fluidity. Also 
biological stability will be important as the sinking operation may take many months. 
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SLURRY TRENCIILNC AND PILING 

The birth of civil engineering excavation slurries is generally held to have been in 
1949 when a clay slurry was used to stabilise a trench excavation. This was followed 
in about 1953 by an application to form concrete piles. The basic principle of slurry 
supported excavation is that if a hole is excavated in the ground to a depth of more 
than about 2 metres it will tend to collapse. However, if as the excavation proceeds 
a slurry is pumped into the hole the hydrostatic pressure of the slurry will prevent 
collapse. Once the hole has been excavated to the required depth a steel reinforcing 
cage may be lowered in and the hole then backfilled with concrete to form a pile or 
structural wall. Another, and currently much used variant is to excavate the trench 
under a cement-bentonite self hardening slurry that will set if left in the trench at the 
end of excavation to form an underground barrier for control pollution migration. A 
further development is to insert an HDPE membrane into the trench before the sluny 
sets. Such combination barriers are much used for the control of landfill gas 
migration. To date the only polymers used in cement-bentonite slurries have been to 
modify the behaviour of the cement (eg retarders). However, it should be noted that 
large volumes of slurry are used in barriers and a single job may take over 10,000 m’. 

In the first slurry supported excavations for piles and structural walls the slurry 
was discarded after a single use. However, it was soon appreciated that the slurry 
could be cleaned and re-used and today cleaning plants are standard equipment. Re- 
use is also financially very important as the cost of slurry disposal may be several 
times that of slurry production (few landfill sites will accept liquid wastes). Bentonite 
slurries are widely used and concentrations are typically from 2.5 to 5 %  (though 
higher concentrations may be necessary if the bentonite is of limited quality). CMC 
has been used as has xanthan gum and proprietary blended products tailored to 
particular applications are becoming available. These may be blends of CMC, 
xanthan, polyacrylamides etc. The required properties of slurries for structural walls 
or piles are: fluid loss control, appropriate rheology, ease of cleaning, insensitivity to 
cement contamination and stability during multiple uses. 

Bentonite offers a reasonable compromise for these properties but there is much 
potential for polymer systems. A major problem when designing polymer systems is 
that it is difficult to quantify the properties that are required as these will vary with 
the excavation plant in use and the soil to be excavated. Also in any situation there 
may be more than one set of properties that is acceptable and thus many different 
slurry formulations may be acceptable. However, the following properties are typical: 

Fluid loss of order 20 ml when measured at 100 psi in the American Petroleum 
Institute fluid loss cell. Fluid losses above 40 ml would be regarded as high for 
structural walls (cut-off wall cement-bentonite slurries always show much higher losses 
but generally will be used in permeable ground where the water lost can rapidly 
dissipate without compromising the stability of the excavation). 

The requirements for rheology are more complex. For good cleanability the slurry 
must have low viscosity and low yield stress. However, such a slurry will penetrate 
into any open ground and thus large losses could occur. Also as the excavation is 
supported only by the hydrostatic pressure of the slurry it is useful if the slurry is 
slightly denser than the adjacent ground water perhaps of order 1100 kg/m3. This 
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requires that some spoil be suspended in the slurry. Ideally this should be fine sand 
or silt (particles up to about 100 microns) but not clay so as to avoid excessive 
thickening of the slurry (thus inhibition of clay dispersion is again an advantage). At 
the end of excavation the base of the trench must remain clean and free from settled 
debris which could give a soft compressible base to a foundation pile or wall. A clean 
base requires that any solids either settle rapidly and so can be removed as part of the 
excavation cycle or not at all. The rheology that best meets this requirement is a 
thixotropic Bingham type fluid (eg a bentonite slurry which is fluid when agitated but 
develops a gel on standing for a few minutes) or a strongly pseudoplastic fluid (a fluid 
which shows a decreasing viscosity with increasing shear rate). Pseudoplastic fluids 
have the advantage that they should be more easily cleanable than Bingham fluids 
(shear rates in the cleaning plant will be high). Pseudoplasticity is a feature of many 
polymer solutions and thus they have a natural potential as excavation fluids. Xanthan 
gum is particularly effective for spoil suspension and blends containing xanthan or 
similar bio-polymers find many special applications. 

A major disincentive to the use of polymers slurries is their high initial cost which 
can be 10 times that of comparable bentonite slurries. It could be hoped that this extra 
cost might be recouped by obtaining more uses from polymer slurries. Data on the 
relative degree of re-use (the volume of excavation achieved per unit volume of 
original slurry) that can be achieved with polymer and bentonite slumes are limited 
but in practice it is unlikely that there will be any substantial difference between the 
two types as the main slurry losses are similar: slurry will be lost to the ground; with 
the excavated spoil and as a result of dilution as any water associated with soil is 
dispersed in the slurry (this must be countered by regular additions of polymer or 
bentonite). A further and often expressed concern is that if an excavation intercepts 
a drain or a major cavity a substantial volume of polymer may be lost and much 
money may literally go down the drain. 

As already noted the cost of disposal of slurry may be significantly greater that the 
cost of production and disposal costs may tip the financial balance between different 
slurry systems. In principle it should be possible to break a polymer sluny down to 
water viscosity for example with an oxidising agent such as calcium hypochlorite. 
However, if there is to be any significant saving in disposal costs the resulting liquid 
must be sufficiently innocuous that it can be discharged directly to public sewer. This 
will require that its solids content and chemistry are acceptable to the sewer authority. 
The requirement for acceptable chemistry could preclude the use of many breakdown 
agents including calcium hypochlorite. 

There is a special type of underground construction that takes particular advantage 
of the degradability of polymer slurries. This is the drainage wall or gas venting 
trench. In this process a trench is excavated under a polymer slurry and backfilled 
with clean coarse gravel. The polymer in the backfilled trench then may be left to 
degrade naturally or wells may be installed and breakdown agents introduced. 
Ultimately a gravel filled trench is achieved which may be used as a drainage wall for 
example to intercept contaminated ground water or as a vent trench to intercept landfill 
gas. In the past the process has been seldom used but it is now gaining in popularity. 
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POLYMER STORAGE AND MIXING 

On most sites using bentonite for major excavation work the bentonite will be 
delivered in bulk tankers and stored in silos. With polymers the quantities will be 
much smaller and usually they will be delivered and stored in bags thus avoiding 
costly silos. However, on construction sites covered storage can be at a premium and 
the author has seen bags of polymer reduced to a gelatinous mass by exposure to the 
elements. The packaging of polymers in weather proof bags could reduce wastage. 

Polymer mixing can present some problems. Many bentonite mixers are little more 
than a cylindrical tank mounted above a centrifugal pump. Such systems are not well 
suited to the mixing of powdered polymers which may lump or stick to the walls of 
the tank. Producing polymers as prills can improve mixability but polymer suppliers 
also must be prepared to develop suitable low cost mixing plant such as in-line eductor 
mixers. Such mixers must be sized to achieve the required rate of mixing (perhaps 
5 to 20 mVhour) and the quantity of polymer to be added. The rate of mixing should 
be limited only by the availability of water and not the capacity of the mix head. 

Currently many polymers are available as dispersions in non aqueous liquids. This 
greatly simplifies mixing and reduces the time for the development of solution 
properties. However, the ultimate fate of the polymer in most excavation processes 
is either to be left in the ground or to be dumped with the spoil. As a result municipal 
authorities can require guarantees that the material presents no environmental hazards. 
Often the polymer may pose no problems but the dispersing medium especially if 
based on a mineral oil may be much less acceptable and become the controIling factor. 

CONCLUSIONS 

There is a substantial potential market for polymers in civil engineering and a single 
job could use several tonnes of product. However, to date the use of polymers in civil 
engineering has been rather limited and there are few specialist suppliers or 
formulators of polymer systems. The oil industry has made much wider use of 
polymer systems and has been proactive in developing new polymers. The civil 
engineering industry generally has been content to accept the polymers that are 
immediately available. In part this is because many construction situations are quite 
tolerant of polymer properties and thus there has been no need for special systems. 
More importantly the lack of special development is because it is difficult to identify 
the parameters that are fundamental to a good product. Thus a fluid loss of 20 ml and 
an apparent viscosity of 15 CP might be typical for many construction slurries but 
doubling or halving either of these figures might have little obvious benefit or do little 
obvious harm. Clearly it is difficult to sell a polymer as more versatile system if 
versatility is not needed. 

The cost of the lubricant or slurry on a construction site may be a fraction of the 
total budget but still every penny must be justified - especially in times of recession. 
If the market is to be developed polymers must be shown to achieve not only their 
immediate technical goals but also to give improved overall productivity which is 
where the real savings may be found. 
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59 Larch wood polysaccharides as the 
potential raw material for improvement of 
cellulosic materials and porous ceramic 
properties 
F Kurgan and R Belodubrovskiy - 194021, St Petersburg, Shvernik 
ave, 49, VNIIB, Russia; V Bogdan - 665718, Bratsk, Bratsk 
Lespromcomplex Concern, Russia 

ABSTRACT 

The larch wood polysaccharide arabinogalactan (AG) and associated 
f lavanoids have been separated by membrane methods. The surface 
application of different molecular mass AG solutions to cellulosic 
materials for various purposes were studied. The strength 
characteristics of pulp were improved and the folding endurance (number 
of double folds) also increased by ~ 2 5 %  as compared to a reference pulp 
sample. The effect of AG additives was studied as: 1. the stabilizer in 
the graphite industry; 2. the substitution of dextrin in the electronic 
industry for glueing together insulator materials; 3. the plasticizer 
and combustible plasticizing agent in a porous ceramics production 
(filter medium, porous filtration pots and et.) AG addition increases 
mechanical strength of ceramics and decreases the plastisizer 
consumption signif i cant1 y compared with carboxymethyl cell ul ose. 

METHODS 

The larch wood polysaccharide AG and associated f lavonoids isolated by 
low-temperature prehydrolysis were separated by membrane methods: 
ultrafiltration at the first stage and reverse osmosis - at the second 
one (Kogan, Kurgan et al., 1989). Thus, two fractions of AG were 
obtained: low-molecular and high - molecular mass. 
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RESULTS AND DISCUSSION

In this research the potential use of AG in various industrial branches
was studied. To increase strength characteristics of unbleached pulp
its surface was treated with 10-15% AG solution. Thanks to AG structure
(similar to that of starch) it forms additional hydrogen bonds with
hydroxyl groups of cellulose molecules and binds the neighbouring
cellulose molecules (Terpuhova, Antonovskiy et al., 1979).

Table 1. The comparison of arabinogalactan, dextrin and lignosulfonate
as the stabilizers in graphite suspensions.

li gnosulfonate
Dextrin

Arabinogalactan

6
5
2
5

10

22
15
22
18
17

Aft~r surfa~e treatment of cellulose handsheets (Russian Standard - 75
glm and 60 SR) the strength characteristics of pulp are improved; the
folding endurance (number of double folds) also increases by ~25% as
compared to reference pulp sample. Similar results were obtained after
AG addition into the brown stock, but only in the presence of some
substances which increase the retention of AG on the fibers. In our
case DSL was used.

The other direction of our research was the study of AG as a stabilizer
of graphite suspensions instead of dextrin. The experimental procedure
of this study was the following: graphite (10 g) with AG (5, 10 g) were
finely ground then water (0.5 1) was added and the first sample was
taken at a depth of 10 cm. After one hour settling a sample was taken
again at the same depth.Then the relative loss of sample weight was
evaluated (it is so-called loss of concentration which characterizes
the suspension stability). The greater it is, the less is the
suspension stabillity. From data presented in Table 1 we may conclude
that AG having good stabilizing properties can be used as a graphite
suspension stabilizer instead of expensive dextrin and non-effective
lignosulfonate.

The third direction presented here is the use of AG as a plasticiser in
porous ceramics production (filter medium, porous filtration pots et).
2-2.5 % of AG added to ceramics composition provides products with the
same characteristics as after the addition of the more expensive
carboxymethyl cellulose.
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Table 2. 
with and without the use of burning additive "DSL". 

The effect o f  AG addition on porous ceramics characteristics 

________________I___------------------------------------------------ 

Composition, X 1 2 3 4 
Mixture characteristics 

Synthetic corundum 85.0 85.0 85.0 85 .O 
C1 ay 15.0 15 .O 15.0 15 .O 
Carboxymethylcel lulose (CMC)' 2.0 
Polyvinylacetate (PVA) * 5.0 5 .O 5.0 5.0 

Plasticizer AG - -  2 .o 2.5 2.0 _ _  - _  15.0 Burning additive (DSL)* - _  

Water content, % 16.4 16.4 16.5 18.5 
Porosity, % 36.5 41.34 41.53 46.13 
Air permeability factor, 
m3 .cm/cm2. h.mnwater (Banzen) 0.24 0.23 0.25 6.07 
Average diameter of pores, mm 10.37 9.58 9.86 46.5 
Mechanical strength, 
s bending, MPa 9.12 8.39 8.85 18.57 

*)  Additive % of the mixed main components. 

Combinations of AG and our special burning additive DSL permit not only 
an increase in porosity and air permeability, but also an improvement 
in the mechanical strength. From results presented in Table 2 we 
conclude that it is possible to use AG as the plasticizer instead of 
CMC . 

.................................................................... 

_ _  _ _  - -  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

..................................................................... 

CONCLUSIONS 

Arabinogalactan (AG) may be used as a stabilizer in graphite industry, 
as plasticizing agent in porous ceramics production and as sizing agent 
in pulp and paper production. 
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60 Rheology of cellulose viscose 
B L(innberg, S Rosenberg and K Lonnqvist - Pulping Technology, 
Abo Akademi University, Abo, Finland 

ABSTRACT 

Preparation of regenerated cellulose matrices requires that the crystalline cellulose 
of highly delignified and bleached wood fibres are made soluble. Solubility in 
weak alkali can be achieved by xanthogenation of the alkali cellulose, as was 
shown by Cross, Bevan and Beadle in 1891. The cellulose xanthogenate viscose 
obtained may then be regenerated by various means, such as mineral acid or heat. 

The cellulose xanthogenate viscose can be regenerated to form thread by spinning, 
film by extrusion or sponge by casting. Cellulose sponges have been used for a 
number of years for cleaning and clinical purposes. Modern medicine and 
biotechnology demand specific cellulose sponge properties dependent on the 
application. In preparation of sponges it is thought that viscose viscosity will 
determine the flow of viscose around crystals and fibres mixed with the viscose 
to create porosity and strength of the regenerated cellulose. Therefore, attention is 
paid to the rheological properties of the viscose as indicated by some rheometer 
technique, which simulates the mixing procedure. 

The rheometer used seemed to be useful for evaluation of the important parame- 
ters of the viscose preparation process including steepindageing, xanthogenation 
and ripening. Decreased degree of polymerisation achieved mainly by more 
effective ageing, i.e. longer time and higher temperature, decreased the viscose 
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viscosity significantly. The time of ripening conducted subsequent to xantho- 
genation initially decreased the viscosity to a minimum in between 30 to 50 h 
ripening time, but it increased again and returned to the initial viscosity level 
after some 150 h ripening time. 

INTRODUCTION 

There has been an increasing interest in man-made sponges for analytical, clinical 
and medical purposes. Sponges made from natural polymers like cellulose provide 
suitable physical and chemical properties for a variety of sponge products. 
Cooperation between University of Turku and Abo Akademi University was 
established to improve the cellulose sponge properties aimed at monitoring the 
wound healing process (I ,  2). 

The viscose process based on xanthogenation subsequent to the steeping stage was 
selected as being well known from a number of applications for production of 
textile fibre, film and sponges. The schematical diagram in Fig. 1 (3) describes 
the different stages of the standard viscose process. The study reported here 
concentrates on the preparation of the viscose as being the raw material for the 
regenerated cellulose sponge, For clinical use the sponge should be pure cellulose 
and further it should have certain chemical and physical surface properties. 
Although the sponge preparation including coagulationhegeneration, bleaching and 
washing are significant parameters for the final sponge properties, they are not 
considered in this context. The aim was primarily to establish the effects of the 
various viscose preparation parameters to explore anomalies, if there are any, and 
thus forming the prerequisite for preparation of viscose viscosity suitable for 
mixing with salt crystals and cellulose fibres. 

High viscosity viscose is supposed to flow unsufficiently round introduced 
particles such as crystals leaving the final sponge matrix too open, which implies 
low strength and low elasticity. On the contrary, low viscosity viscose will flow 
sufficiently forming continuous intracellular walls in the matrix and providing 
structures suitable for certain applications, such as that of collecting blood cells. 
The optimum conditions must therefore be found keeping in mind also the 
important chemical properties of the sponge interfaces. 

THEORY OF VISCOSITY 

The viscosity of viscose liquids can be determined relatively easy with a mixing 
device operated under controlled conditions (constant concentration, certain design 
for vessel and mixing rotor) by measuring for example the shaft torsion at a 
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certain rotational speed. This might be postulated as follows: 

where P = net effect (W) introduced by the rotor as calculated,from the torsional 
resistance, d = diameter (m) of the vessel, n = rotational speed (Us) of the rotor 
and q = viscoelasticity (Ns/mZ) of the liquid. This general model can be develop- 
ed by application of dimensional analysis: 

where c = constant of. proportionality. The final model implies that a plot P 
versus n2 would result in a linear function, the gradient of which reflects the 
viscoelasticity of the viscose, provided that the same vessel and rotor are used in 
all experiments. 

EXPERIMENTAL 

The evaluation of the cellulose xanthogenate viscose properties was made by 
measuring some properties on the cellulose sponges obtained and by measuring 
the viscose viscosity. The viscosity measurements are reported here. The viscosity 
was measured by application of a commercial rheometer, the Bohlin VOR 
Rheometer with the C14 measuring lid. The vessel diameter and height were 15.4 
and 27.9 mm respectively. The bob in the vessel had a diameter of 14 mm and a 
height of 21 mm. The sample volume required is 2.0 ml. In this device the vessel 
is rotating, while the bob is stationary. 

I I 

Fig.1. The viscose process (Ellefsen and Gloersen 1954). 
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RESULTS AND DISCUSSION 

Steeping 

Steeping (alkalisation) of the cellulose determines the degree of polymerisation, 
DP. Fig. 2 indicates a clear correlation between viscose viscosity and the cel- 
lulose content of the viscose. If the steeping was conducted to generate different 
levels of DP, the viscosity levels obtained under certain xanthogenation conditions 
were also different. The DP 185 viscose was aged for 20 h at 43" C and xantho- 
genated by charging 26 % CS,. The 328 DP viscose again was not aged at all, 
but the CS, charge was now 60 %. The 335 DP viscose finally was comparable 
with the former viscose in that it was not aged, but on the other hand it was 
xanthogenated in the same way as the 185 DP viscose. As visible the viscosity 
was much higher for the high-DP viscose evidently due to larger particles in the 
solution (4). 

Steep 15% NaOH Age (see text) Xanth (see text) 
Rheometer speed 461s 

Viscosity 23'C (Pas) 
20 

15 

10 

r: 
u 

C 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . .  
+ 

'+ 

m / 

1 2  3 4 5 6 7 8 9 1 0 1 1  
Cellulose content (%) 

Viscose sample - at91 DP 185 
-t 15/91 DP 328 
W. 5/91 DP 335 

Fig.2. Viscose viscosity as a function of the cellulose content and D P .  

Xan thogenation 

Fig. 2 is also indicating that the influence of xanthogenation, changing from 26 % 
CS, charge to 60 %, is of minor significance for the viscose viscosity. 
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Ripening 

The time of ripening of the xanthogenate is significant for the viscose viscosity, 
as is shown in Fig. 3. By increasing the ripening time the viscosity decreased 
initially, only to increase at a later stage and to reach the initial viscosity level. 
This phenomenon is known to be a result of desubstitution and resubstitution of 
the xanthate groups. 

VISCOSE SAMPLE 12/91 DP 284 
Steep 15% NaOH Age Oh Xanth 30% CS2 

Rheometer speed 46/s 

0' 1 I I 
0 20 40 60 80 100 120 '140 160 180 200 

Ripening (h) 

Temp. 

- 10'C 
-I- 13'C 

* 17'C 

+ 20'C 

* 23'C 
0- 26'C 

* 30'C 

Fig.3. Viscose viscosity as a function of ripening and temperature. 

Viscose parameters 

As is seen from, for example Fig. 2, the higher cellulose content increased 
viscose viscosity under otherwise constant conditions, i.e. constant DP, steeping, 
ageing, xanthogenation and time of ripening as well as constant sodium hydroxide 
content of the viscose and a certain shearing rate. 

Moreover, increasing temperature of the viscose decreased its viscosity, as is 
illustrated in Fig. 4. 
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VISCOSE SAMPLE 8/91 DP 185 

Rheometer speed 46/s 
teep 15% NaOH Age 20h/43"C Xanth 26% CS2 

- 

- 1O'C 

* 30'C 

Cellulose content (%) 

Fig. 4 .  Viscose viscosity as a function of cellulose content and temperature. 

VISCOSE SAMPLE 15/91 DP 328 
Steep 15% NaOH Age Oh Xanth 60% CS2 

Rheorneter speed 

- 461s 

+ 151s 

*- 5.81s 

* 1.51s 

0 
8 10 12 14 16 18 20 22 24 26 28 30 32 

Temperature ('C) 

Fig .  5 .  Viscose viscosity as a function of temperature and rheometer speed, 
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50 

Fig. 5 gives the correlation between viscose viscosity and viscose temperature at 
certain cellulose and sodium hydroxide concentrations of the viscose. It is evident 
that increased rotational speed provides lower viscosity levels of the viscose. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Finally, in the same type of diagram, Fig. 6 shows the viscose viscosity level as 
a function of the ripening time at a certain temperature. 

VISCOSE SAMPLE 12/91 DP 303 
Steep 15% NaOH Age Oh Xanth 30% CS2 

Rheometer speed 5.81s 

Ripening 

* 95 h 

+ 168 h 

O L '  ' '  " ' I  ' I " '  

8 10 12 14 16 18 20 22 24 26 28 30 32 

Temperature (X) 

Fig. 6. Viscose viscosity as a function of temperature and ripening time. 

CONCLUSIONS 

This preliminary work on the correlations between the viscose viscosity and some 
certain viscose parameters, such as cellulose content of the final viscose, when 
the viscose process including steeping, xanthogenation and ripening is conducted 
according to standard procedures, indicate that the rheometer technique would be 
suitable for evaluation of the viscose properties. 

Further work will focus on the search for some model for these correlations. 
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61 The effect of chlorine-free bleaching of 
dissolving pulp from Siberian wood species on 
structural changes and its properties 
R Belodubrovskiy, V Kosheleva, 0 Zarudskaia, L Zvezdina and 
M Lazareva - 194021, St Petersburg, VNIIB, Shvernik av., 49; 
V Bogdan - Bratsk Lespromcomplex Concern, Russia 

ABSTRACT 

Operating conditions of stepwise hydrolysis, kraft pulping and 
subsequent chlorine-free bleaching to produce dissolving pulp for 
different purposes were worked out and tested on a pilot and industrial 
scale. Viscose and cord pulps from softwood produced at the 
experimental department of Bratsk Forest Concern and bleached according 
to the scheme excluding elemental chlorine at the first bleaching stage 
are in conformity with standards. Structural and other characteristics 
of viscose and cord celluloses are indentified with the same 
characteristics of these dissolving pulps bleached by traditional 
schemes. Several batches of cord pulp were produced at the Bratsk 
Forest Concern with low consumption of elemental chlorine from 40 kg/t 
to 19 kg/t at first stage. The pilot batches of chlorine-free 
dissolving pulp were processed at the chemical industry mills into 
viscose fiber and technical filament. Physical-mechanical 
characteristics of final products conform to the specification 
requirements, 

MATERIALS AND METHODS 

In this study the viscose pulp was produced from the pine and larch 
grown in the regios of Bratsk, Siberia by two-page prehydrolysis (the 
first stage - 160 C, the second stage -170 C) followed by kraft 
pulping. This pulping was carried out according to the operation 
conditions of Bratsk Forest Complex. The vlscose pulps produced by 
Baikal Pulp and Paper Mill and "Bakal' flrn were used as reference pulp 
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samples. Some properties of these pulps are given in Table 1.

Table 1. Some properties of the pulps.

-----------------------------------------------------------------------
Baikal sample Bakai sample (V-60)

------------------------------------------------------------_.---------
a-cellulose content, %
Dynamic viscosity, mp
Ash content, %
Pulp reactivity, %

RESULTS AND DISCUSSION

92.0
110

0.08
80/11

93.5
96
0.16

80/11

We worked out and tested on an industrial scale the operating
conditions of stepwise prehydrolysis and subsequent kraft pulping which
allow production of unbleached dissolving pulp of various purposes with
lower pulp hardness (60 - 80 p.u.), higher viscosity, whilst
simultaneously preserving the content of a-cellulose at 95 . 961.
Viscose and cord pulp from larch and pine wood produced at the
experimental department of Bratsk Forest Complex were delignified by
oxygen-alkali treatment without use of elemental chlorine at the first
stage. The final bleaching was carried out with chlorine dioxide and
hypochlorite. All the numbers, describing non-bleached pulps are given
in Table 2.

Table 2. Unbleached pulp characteristics.

Hardness,p.u. Viscosity,mps a-cellulose content, S

Larch--(v1scosey--------71------------224-----------------94:S----------
Pine (Viscose) 65 206 94.5
Pine (cord) 82 320 95.9

All characteristics of bleached pulp are in comformity with the
standards for bleached dissolving pulps. All the numbers concerning
experimental bleaching are given in Table 3.

During the comparison of mass· molecular distribution of chlorine-free
bleached and chlorine bleached viscose pulps it was established that it
is identical: distribution is narrow enough and both pulps have a
comparatively small content of low-molecular fractions with DP<200.
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Data is given in Table 4.

Microscope research of swelling shapes of pulp fibers in
orthophosphoric acid (characterizing indirectly the pulp reactivity to
viscose formation) showed that the quantity of progressive swelling
shapes (gel, grain, wood-louse and caterpillar- like shapes) is 84.5 
89.7% for viscose pulp and 65-75% for the test batches of cord pulps as
compared to 69.2% for the commercial pulp samples of Baikal pulp mill
and 66.6% for the pulp of "Bakai" firm (trade mark V-65), respectively.
From these results it is clearly seen that physical- chemical
characteristics of dissolving pulp from Siberian soft wood treated
without elemental chlorine at the first bleaching stage are identical
to that of commercial pulp samples and "Bakai" firm (USA) samples with
trade marks V-65, V-60. Moreover chlorine-free samples are
characterized by a high processing ability. Several test batches of
cord pulp were produced at the Bratsk Forest Complex with reduced
chlorine consumption from 40 to 19 kg/t at the fist bleaching stage.
Bleaching was carried out according to the scheme C/O - [02 - H - D - D
- A. Dioxide consumption was equal to 14 - 16 kg/to -The produced cord
pulp was considered as the standard.

Table 3. Final product characteristics.

Character1stTcs---------------------------------Pulp-------------------
----Viscose--------Cord---

larch Pine Pine

a:cellulose--content~i----------92~7---------93~2-----------~95:4·------

Dynam1c----------------------------------------------------------------
viscosity, mps(mPa.s) 112 (11.2) 105 (10.5) 190 (19.0)

Resin--ana--fat--content~-i------O~05-----~---O~03------------O~05------

Ash-content~-i-------------------0~Ol---------O~07------------0:08-----

Brightness----------------------Sg-----------gO--------------88--------
Reactivity:------------------------------------------------------------
CS2INaOH, % 80/11 80/11 110/11 (90/11)

.) Alkali solubility of pulp, % 10% - 5.7, 18% - 3.3

One has to point out also the decrease of organo-chlorine compounds in
effluent from 3.1 kg/t to 1.7 - 1.9 kg/to Experimental dissolving pulps
(oxygen-alkaline pulps as well as pulps produced with reduced chlorine
consumption) were processed at the various experimental departments and
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Table 4. Mass-molecular distribution of viscose pulp.

0-200 200-400 400-600 600-800 800-1000 1000-1200

Vlscose-(larch)-----I2~5----I8~O-----I6~I----I7~O------I8~3------I8~I---

Viscose (pine) 12.0 19.6 16.4 17.0 18.0 17.0
Viscose produced
at the Baikal pulp
mill 14.0 19.5 21.5 22.0 13.0 10.0
Viscose produced
by Bakai firm
(trade mark)

V-65 13.1 22.6 15.9 18.9 14.5 15.0
V-60 13.1 15.3 9.7 13.0 21.0 27.9

technical threads. Physical-mechanical characteristics of final
products are in conformity with specifications (Table 5).

Table 5. Viscose and cord pulp characteristics.

-----Specif1cat1ons-----------------------------P11ot--trlals----------
Characteristics of the samples
----1---------2---

Viscose fiber

Linear density, tex 0.16-0.17 0.16 0.16

Specific tensile strength (specific
breaking load), cN / tex,
no more 21
Breaking elongation, % 19-26

Cord fiber (industrial thread)
Specific tensile strength
(specific breaking, load) cN / tex
Breaking elongation, %

26.5
25.3

46.4
1l.7

26.0
25.0

�� �� �� �� ��



Chlorine-free bleaching 489 

CONCLUSIONS 

It i s  cleanly seen from our research that the use of chlorine-free 
bleaching or the bleaching at the lowered chlorine consumption allows 
to produce from Siberian softwood species the viscose and cord pulps 
which conform to the standard. 
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63 Thermodynamics of the wood matrix state 
K Bogolitsyn - Arkhangelsk Forest Engineering Institute, Lenin 
Embankment 17, 163007 Arkhangelsk, Russia 

Abstract 

The thermodynamic miscibility of lignin, hemicellulose and cellulose 

has been investigated by the common solvent vapour static sorption 

method. This has allowed determination of the changes of free energy 
of the polymer mixing. Experimental results allow confirmation that 

the leading role of hemicellulose as a binder between cellulose and 

lignin microfields in the cell wall is not only in formation of covalent 

and hydrogen bonds, but also in formation of solid solutions with 
other components in transition layers. The physicochemical model of 
wood matrix formation was suggested on the basis of interconnection 
of changes in functional composition, redox properties and the 
thermodynamic state of biopolytners. 
Review 
The modern theories of wood matrix structure as a complex 

composition of natural biopolymers (lignin, hemicellulose, cellulose) 
499 
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are based on common regularities of formation and properties of net 

polymers and polymers' compositions. The significant feature of this 
composition is thermodynamic compatibility of its components. It 

defines heterogeneity or homogeneity of the system and its 

thermodynamic stability. The polymer systems are thermodynamically 

compatible if their components are intersoluble on a molecular level. 

This state is in principle an exception: usually systems are 

microheterogeneous with a forced thermodynamic compatibility in 
comparison with homogeneous systems (completely compatible). The 

concept of structure of a ligno-carbohydrate matrix is closely 

connected with the idea of wood substance thermodynamic imbalance. 

The mechanism of its formation, incompatibility between lignin and 
carbohydrates, presence of valence bonds between lignin and 

hemicelluloses, existence of interpenetrative nets of incompatible 
components (which provide compatibility), indicates the 
quasistationary state of the cell wall. Therefore, any physical or 

chemical effects on the ligno-carbohydrate matrix should decrease 

compatibility between its components and can lead to microseparation 
into layers. 

Thermodynamic compatibility of polymers is evaluated by different 

physical and chemical methods [ 11. Non-thermodynamic methods 
include structural (radiography, optical and electronic microscopy, 
spectroscopical analysis) and relaxational methods (mechanical, 

dielectrical relaxation, nuclear magnetic resonance). However, from 

the quantitative point of view it is better to  evaluate compatibility by 
means of thermodynamic methods, allowing one to determine 
thermodynamic parameters, which characterize reciprocal dissolution 

of components, thermodynamic affinity and phase diagrams "polymer- 
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polymer". Flory-Huggins interaction parameters, the second virial 

coefficient, Gibbs energy of mixing, changes in a value of chemical 

potential can be a measure of thermodynamic affinity between 
polymers. 
The Flory-Huggins interaction parameter (X23 ) can be determined by 

the method of static'sorptionof vapour of common solvent [2]. The 

negative value of this parameter for twopolymers indicates their 
thermodynamic compatibility. 
Thermodynamic compatibility is characterized by the negative value of 
Gibbs energyof mixing and positive value of its second derivative as a 
function of composition [3]. Themethods of evaluation of 
thermodynamic compatibility of polymers by enthalpies of mixing of 
their low molecular analogues are known [4]. 

Comparison of physical and chemical methods of determination of 
thermodynamic characteristics shows that correct results can be 

obtained by means of direct calorimetric measurements of heats of 

mixing (methods of Paul and Tager [3,4]). 
Priority in the field of study of thermodynamic compatibility of wood 
components belongsto the Institute of Wood Chemistry, Latvian 
Academy of Sciences. The investigations carriedout by the research 
group lead by Prof.P.P.Erinsh in 1977-84 madeitpossible to use the 
heterogeneity of ligno-carbohydrate wood matrix as a 
principal example[5]. On the basis of values obtained for the 
Hildebrand parameter they concluded that the system of lignin- 
cellulose is thermodynamically incompatible, but the"hemicel1ulose of 

coniferous-hemicellulose of wood leaf I, tIhemicellulose-lignin" 

and"hemicellu1ose-cellulose" systems are compatible. The synergistic 
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effect of hemicellulose action in wood substance is revealed by 
increasing compatibility of incompatible biopolymers: cellulose-lignin 
by the formation of bonds between each of them separately and 

hemicelluloses. 

Further, by investigations of the state of wood component mixtures by 
other techniques,such as the method of electronic spectroscopy [6], 

determination of heats of mixing of low-molecular analogues [7] and 

the method of static sorption of common solvent vapour [8]the authors 

came to the conclusion of thermodynamic incompatibility in the 

lignin-hemicellulose system. 

Japanese researchers [9] studied the compatibility of lignin and 
hemicellulose by meansof differential scanning calorimetry. They 
found out that compatibility of components inlignin-hemicellulose 

mixture is increased with rising temperature, thus the 

binodaltemperature can be defined. This system has an "upper critical 

solubility temperature (UCST)" type of temperature-composition 
diagram. For the system studied UCST is reached in the range of very 

large and very small lignin contents. Decrease in binodal temperature 

by the addition of lignin-carbohydrate complex (LCC) to lignin- 
hemicellulose mixtures allows, according to authors' opinion one to 
consider the last as a "compatibilizer" of the components of the 

system. This corresponds to the statement, that compatibility of 
homopolymers can be increased by the addition of copolymer, i.e. a 
macromolecule which contains monomers present in the mixed 

homopolymers. Thus, together with results confirming the conclusion 
of wood components incompatibility, there are enough data that 
prevent one from making such a simple conclusion. The obtained data 
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seem to have an inner contradiction but the following explanation is 

offered. 
Wood components are compositionally inhomogeneous 
polyfunctional polymers, separate fragments and groups of 
macromolecules which greatly differ in donor- acceptor properties [lo]. 
The distinguished property of natural polyphenol compounds of the 
lignin type is their well-defined ability to oxidation with creation of the 
quinone form and the reduction-oxidation system phenol-quinone. 

That is why, according to the Cassidy and Kun definition, lignin can 

be referred to as a redox-polymer, which contains functional groups, 
which are able to reverse #reduction-oxidation interactions [I 11. 

Oxidation of carbohydrate wood component is one of the significant 

reactions. Besides, its condition is characterized by the presence of 
various functional groups in macromolecules the proportion of which 
defines the physicochemical properties [ 123. Thus, the analyzed 
properties of wood components permit one to consider them as 
reduction-oxidation biopolymers and the wood matrix as a 
combination of them. 
There is no doubt that factors that determine values of thermodynamic 

parameters of natural redox-polymer states especially in molecular and 
high molecular levels of their structural organization, are the presence 
of definite types of functional groups and structures, correlation of 
reduction and oxidation forms, ability to form chemical links, etc. 
Actually, in the process of biogenesis not only structural, but also 
functional, transformations of components, which form the 
composition of wood substance, take place 1131. In the early stages of 
wood formation (young wood), lignin predecessors present themselves 

as phenol compounds of low molecular mass, and their content in 
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comparison with carbohydrate component is not high. Phenol 
compounds can be oxidized comparatively easy, and their redution- 

oxidation processes in cambial tissues are in balance, and 

accumulation of phenol oxidation products in cells does not occur. 

The mechanism of biosynthetic formation of vegetation phenol 

compounds and the chemical nature of components, probably defines 
thermodynamic compatibility in a "phenol compound-carbohydrate" 

system and the formation of sufficiently strong chemical links. During 

dying of living cells in the process of wood formation (lignification) 
oxidation processes begin to predominate over reduction and 
polyphenol oxidation products are accumulated in the quinoid forms 
that are catalysts of biological processes. Formation of a phenol- 

quinoid reduction-oxidation system of lignin components leads to 
thermodynamic imbalance in the wood matrix, thermodynamic 

incompatibility of lignin and cellulose, and as a result appearance of 
heterogeneity. Results obtained for thermodynamic compatibility of 
components in the "lignin-hemicellulose-cellulose" system by the 

method of static sorption of vapour of common solvent (by the 

changes of free energy of mixing) [14,15] can prove the approach 
described above of the thermodynamic state of the wood matrix. 
For the first time we came to the fact of the existence of two regions of 

compatibility in intervals of lignin content in composition at 0-10 and 

85- 100 mass percentage. Experimental results confirm that the leading 
role of hemicellulose as a binder between lignin and cellulose 
microfields in the cell wall is not only in formation of covalent and 

hydrogen bonds with them, but also in formation of solid solutions 

with other components in transition layers. 

�� �� �� �� ��



Thermodynamics of the wood matrix state 505 

Consequently the approach offered for consideration of the 
thermodynamic state of wood matrix can be a basis for developing 
new technologies of chemical wood treatment, directed at separation 

of wood components by breaking links in the ligno-carbohydrate 
matrix, and also at methods of wood components production in their 
native state: e.g. technologies of non-reagent wood separation 

(biodistruction, burst autohydrolysis, electric impulse and radio 

treatment etc.), methods of cellulose production by use of complex 
systems, including organic solvents with different degree of mixing 
with water, and oxidation methods of delignification. 
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62 Some aspects of lignin modification
K Wrzesniewska-Tosik, and H Struszczyk - Institute of Chemical
Fibres, 90-570 Lodz, ul MC Sklodowska 19/27, Poland

ABSTRACT

The progress of development of new polymeric

materials is related to the use of renewable raw materials

such as lignin. The different types of lignin, both

lignosulfonates and steam-explosion lignin, modified by

terephthaloyl chloride, were used in these studies. The

super-molecular properties and useful behaviour of

modified lignin are presented. Applications of some

lignin-based additives for modification of polyester

fibres are also discussed.

INTRODUCTION

progress of new

to the use of

The reactivity of

The

related

lignin.

polymeric materials is also

renewable raw materials such as

lignin is concerned mainly with
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the presence of hydroxyl groups, both aromatic and 
aliphatic, and permits production of several lignin-based 
modified versions for special applications [ll . Several 
studies dealing with modifications have recently been 
published [1-61. A recent investigation of this process 
has produced meltable aromatic ester-like polymeric 
materials with a wide range of applications. The 
derivatives have several advantages such as a melting 
point between 25OOC and 35OoC, good hydrolytic and 
chemical resistance, increased thermal resistance, white 
to yellow colour as well as miscibility in a melt with 
other polymers [l-4,61. 
This paper presents some new types of lignin-based 
polymers obtained by reaction of lignosulfonates and 
steam-explosion lignin with terephthaloyl chloride. The 
properties of the modified lignins, including their 
molecular weight distribution and uses for modification of 
polyester fibres, are discussed. 

EXPERIMENTAL 

MATERIALS AND METHODS 

Lignosulfonates of Ultrazine NAS and Borresperse NA, 
Borregaard Inc., Ltd, Sapsborg, Norway, and experimental 
samples of steam explosion lignin coded L-2 and L-3, 
Virginia Tech, Blacksburg, USA (Table 1) were used. 
Terephthaloyl chloride with m.p.= 83-84OC, Merck, Germany 
was used as a reactive modifier, and the modification of 
lignin by this compound was carried out for 1 h at 3OoC by 
a solution method [41 in dimethylaCetami.de using pyridine 
as hydrogen chloride acceptor. The properties of the 
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Table 1. Some properties of lignins used 

Colour and Moisture Element Total 
form content content , %  hydroxyl 

% groups 
% wt 

X$izf 
C H S content 

Ultrazine dark brown 4.9 44.7 5.0 2.6 15.1 
NAS powder 
Borresperse light brown 5.1 40.7 4.8 4.1 14.9 
NA powder 

powder 

powder 

L- 2 light brown 10.8 58.4 6.2 - 10.0 

L- 3 dark brown 23.9 45.6 5.6 - 7 . 2  

derivatives obtained as well as raw materials such as 
element content, melting point, total hydroxyl group 
content were determined by standard analytical methods 
[l-41. Estimation of molecular weight distribution for 
modified lignin was carried out by GPC liquid 
chromatography on a HP 1050 Hewlett-Packard using a 
polystyrene-filled column made by Polymer Laboratories 
(UK). The lignin based additives were introduced during 
the polymerization stage using 6% w/w of lignin derivative 
based on dimethylterephthalate monomer weight. A standard 
polymerization of dimethylterephthalate with ethylene 
glycol was also carried out for comparison. 

The polyethylene terephthalate (PET) fibres, both 
standard as well as modified by lignin-based additives, 
were manufactured by a melt-spinning method using an 
extruder type of spinning apparatus of Barmag, Germany 
equipped with spinnerets with 32 holes of 0.25 mm 
diameter. The dried standard PET made in ZWCh Elana, 
Torud, Poland was also used to manufacture filaments for 
comparison. The properties of polyethylene terephthalate 
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and suitable fibres were determined by typical analytical 
methods used in the chemical fibres industry. 

RESULTS AND DISCUSSION 

Modification of lignin by bi-functional acid 

chlorides has created a chance of manufacture of 
multifunctional polymeric materials using renewable raw 
materials. Lignins modified by terephthaloyl chloride are 
characterized by several useful properties as summarized 
in Table 2. From these data it can be concluded that the 
products obtained during modification of lignosulfonates 
are characterized by suitable relation of melting point 
with the raw materials molar ratio. The steam explosion 
lignin seems also to be attractive as a raw material for 
chemical modification by terephthaloyl chloride, 
especially in the case of products with lower melting 
points (Table 2). 

Estimates of the distribution of molecular weight of 
modified lignins using GPC are presented in Table 3 .  

The modification of steam explosion lignin has caused 
suitable augmentation of the average molecular weight as 
well as reduction of product polydispersity. The steam 
explosion lignin containing still some cellulose seems to 
be the most suitable raw material for modification to 
obtain products suitable for use in resins or composites. 

The modified lignosulfonates were used as the 
additives for modification of polyester fibres. The 

mechanical properties of polyester fibres modified by 6% 

w/w of lignosulfonate-based additives as well as standard 
polyester fibres for comparison are presented in Table 4 .  

Some super-molecular parameters of modified polyester 
fibres are presented in Table 5. 
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Table 2. Some properties of lignin (L) modified by 
terephthaloyl chloride (TC) . 

Type of Sgmbol Colour Molar Element M.p. 
1 ignin 0 and ratio content ,%  

product form of L 
to TC C H S OC 

U1 traz ine - d.brown - 55.9 4.21 5.02 * 
NAS 

LS -2 1.cream 1:l 56.7 4.15 4.55 278-285 

LS -4 1.cream 1:2 56.7 4.01 5.00 302-307 

LS -5 1.cream 1:3 56.0 4.04 4.06 287-292 

LS -6 1.cream 1:4 56.2 4.16 4.46 314-317 
~~~~ 

Borresperse - 1.brown - 56.0 4.20 4.09 * 
NA 

LSI-2 beige 1:l 56.8 4.00 4.00 280-295 

LSI-4 beige 1:2 57.0 4.07 3.97 301-308 

LSI-5 beige 1:3 56.0 4.09 3.77 294-298 

LSI-6 beige 1:4 56.9 4.18 3.99 315-321 

L - 2  - 1.brown - 58.4 6.20 - 

L2A 1.brown 1:3 60.0 4.04 - 230 
L - 3  - d.brown - 45.6 5.60 - * 

L3A brown 1:3 58.5 4.20 - 230 
~- 

* - non melting without decomposition, 1-light, d-dark. 

Table 3. Distribution of molecular weight of some 
lignin-based modificates. 

Type of Type of lignin % Polydispersity 
modificates 

LS-5 Ultrazine NAS 5.7 6.0 

LS' -5 Borresperse NA 4.9 5.2 

L- 3A Steam-explosion 11.8 4.8 

9.1 6.3 L-3 I I  I 1  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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Table 4. Some mechanical properties of modified polyester

fibres.

Sample Stre- dtex Tenacity Elongation Contrac-
ching tion

type cN/tex % %

Filament 3.25 66.0 21. 5 65.2 35.2

with LS-5 * 3.74 57.0 24.7 46.7 24.1

4.00 52.2 28.4 32.9 18.7

4.80 44.0 36.8 16.4 14.2

Filament

with LS '-5

Standard

filament

3.25

3.74

4.00

4.80

3.25

3.74

4.00

4.80

64.4

55.2

51.4

42.9

64.9

56.2

51. 6

43.8

24.8

30.3

34.6

45.7

29.0

37.0

41.7

56.2

56.0

36.7

30.0

10.3

51. 0

32.4

25.4

11. 2

33.6

13 .6

11.1

10.2

28.8

13.4

11. 8

11.1

* - 6% w/w of additives on DMT weight

Table 5. Some super-molecular parameters of modified

polyster fibres.

Sample Type of lignin Density Crystallinity
type used

g/cm3 degree
%

Filament with Ultrazine NAS 1.3729 18.6
LS-5

Filament with
LS f-5 Borresperse 1.3732 18.7

NA

Standard filament 1.3676 14.1

lignosulfonate-based additives forApplication

modification

of

of polyester fibres caused suitable
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augmentation of their crystallinity degree as well as 
density (Table 5). This phenomenon is related to the 
action of additives on the super-molecular structure of 
the polyester fibres. The results of determination of 
useful properties of modified polyester fibres are 
summarized in Table 6. 

Table 6. Some properties of modified polyester fibres. 

Type of Type of lignin Moisture Electric LO I 
sample used content resistance 

% R % 

Fi 1 ament Ultrazine NAS 1.00 1.1 24 
with LS-5 
F+ 1 amen: 
wlth LS -5 

Borresperse NA 0.83 7.0 1013 24 

Standard 
filament 

0.70 1.6 x 1014 22 

Modification of PET fibres by lignosulfonate-based 
additives caused suitable augmentation of moisture content 
and flame resistance (Table 6 ) .  At the same time it can be 
pointed out that compared with standard PET fibres the 
modified PET fibres are characterized by better dyeability 
f o r  several types of dyes. 

CONCLUSIONS 

1. Modification of lignosulfonates by terephthaloyl 
chloride has created lignin-based polymeric derivatives 
with a melting point in the range of 280-321OC suitable 
for use as additives to improve of polyester fibre 
properties. 
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2. Polyester fibres modified by lignosulfonate-based 
additives are characterized by several advantages in 
comparison to standard polyester fibres, such as better 
dyeability, higher moisture content or higher flame 
resistance. 

3 .  Modification of steam explosion lignin by terephthaloyl 
chloride has produced lignin-based derivatives with a wide 
range of melting point from 23OOC and suitable for use in 
resins and composites. 
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K Bogolitsyn - Arkhangelsk Forest Engineering Institute, Lenin 
Embankment 17, 163007 Arkhangelsk, Russia 

Abstract 

The thermodynamic miscibility of lignin, hemicellulose and cellulose 

has been investigated by the common solvent vapour static sorption 

method. This has allowed determination of the changes of free energy 
of the polymer mixing. Experimental results allow confirmation that 

the leading role of hemicellulose as a binder between cellulose and 

lignin microfields in the cell wall is not only in formation of covalent 

and hydrogen bonds, but also in formation of solid solutions with 
other components in transition layers. The physicochemical model of 
wood matrix formation was suggested on the basis of interconnection 
of changes in functional composition, redox properties and the 
thermodynamic state of biopolytners. 
Review 
The modern theories of wood matrix structure as a complex 

composition of natural biopolymers (lignin, hemicellulose, cellulose) 
499 
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are based on common regularities of formation and properties of net 

polymers and polymers' compositions. The significant feature of this 
composition is thermodynamic compatibility of its components. It 

defines heterogeneity or homogeneity of the system and its 

thermodynamic stability. The polymer systems are thermodynamically 

compatible if their components are intersoluble on a molecular level. 

This state is in principle an exception: usually systems are 

microheterogeneous with a forced thermodynamic compatibility in 
comparison with homogeneous systems (completely compatible). The 

concept of structure of a ligno-carbohydrate matrix is closely 

connected with the idea of wood substance thermodynamic imbalance. 

The mechanism of its formation, incompatibility between lignin and 
carbohydrates, presence of valence bonds between lignin and 

hemicelluloses, existence of interpenetrative nets of incompatible 
components (which provide compatibility), indicates the 
quasistationary state of the cell wall. Therefore, any physical or 

chemical effects on the ligno-carbohydrate matrix should decrease 

compatibility between its components and can lead to microseparation 
into layers. 

Thermodynamic compatibility of polymers is evaluated by different 

physical and chemical methods [ 11. Non-thermodynamic methods 
include structural (radiography, optical and electronic microscopy, 
spectroscopical analysis) and relaxational methods (mechanical, 

dielectrical relaxation, nuclear magnetic resonance). However, from 

the quantitative point of view it is better to  evaluate compatibility by 
means of thermodynamic methods, allowing one to determine 
thermodynamic parameters, which characterize reciprocal dissolution 

of components, thermodynamic affinity and phase diagrams "polymer- 
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polymer". Flory-Huggins interaction parameters, the second virial 

coefficient, Gibbs energy of mixing, changes in a value of chemical 

potential can be a measure of thermodynamic affinity between 
polymers. 
The Flory-Huggins interaction parameter (X23 ) can be determined by 

the method of static'sorptionof vapour of common solvent [2]. The 

negative value of this parameter for twopolymers indicates their 
thermodynamic compatibility. 
Thermodynamic compatibility is characterized by the negative value of 
Gibbs energyof mixing and positive value of its second derivative as a 
function of composition [3]. Themethods of evaluation of 
thermodynamic compatibility of polymers by enthalpies of mixing of 
their low molecular analogues are known [4]. 

Comparison of physical and chemical methods of determination of 
thermodynamic characteristics shows that correct results can be 

obtained by means of direct calorimetric measurements of heats of 

mixing (methods of Paul and Tager [3,4]). 
Priority in the field of study of thermodynamic compatibility of wood 
components belongsto the Institute of Wood Chemistry, Latvian 
Academy of Sciences. The investigations carriedout by the research 
group lead by Prof.P.P.Erinsh in 1977-84 madeitpossible to use the 
heterogeneity of ligno-carbohydrate wood matrix as a 
principal example[5]. On the basis of values obtained for the 
Hildebrand parameter they concluded that the system of lignin- 
cellulose is thermodynamically incompatible, but the"hemicel1ulose of 

coniferous-hemicellulose of wood leaf I, tIhemicellulose-lignin" 

and"hemicellu1ose-cellulose" systems are compatible. The synergistic 
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effect of hemicellulose action in wood substance is revealed by 
increasing compatibility of incompatible biopolymers: cellulose-lignin 
by the formation of bonds between each of them separately and 

hemicelluloses. 

Further, by investigations of the state of wood component mixtures by 
other techniques,such as the method of electronic spectroscopy [6], 

determination of heats of mixing of low-molecular analogues [7] and 

the method of static sorption of common solvent vapour [8]the authors 

came to the conclusion of thermodynamic incompatibility in the 

lignin-hemicellulose system. 

Japanese researchers [9] studied the compatibility of lignin and 
hemicellulose by meansof differential scanning calorimetry. They 
found out that compatibility of components inlignin-hemicellulose 

mixture is increased with rising temperature, thus the 

binodaltemperature can be defined. This system has an "upper critical 

solubility temperature (UCST)" type of temperature-composition 
diagram. For the system studied UCST is reached in the range of very 

large and very small lignin contents. Decrease in binodal temperature 

by the addition of lignin-carbohydrate complex (LCC) to lignin- 
hemicellulose mixtures allows, according to authors' opinion one to 
consider the last as a "compatibilizer" of the components of the 

system. This corresponds to the statement, that compatibility of 
homopolymers can be increased by the addition of copolymer, i.e. a 
macromolecule which contains monomers present in the mixed 

homopolymers. Thus, together with results confirming the conclusion 
of wood components incompatibility, there are enough data that 
prevent one from making such a simple conclusion. The obtained data 
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seem to have an inner contradiction but the following explanation is 

offered. 
Wood components are compositionally inhomogeneous 
polyfunctional polymers, separate fragments and groups of 
macromolecules which greatly differ in donor- acceptor properties [lo]. 
The distinguished property of natural polyphenol compounds of the 
lignin type is their well-defined ability to oxidation with creation of the 
quinone form and the reduction-oxidation system phenol-quinone. 

That is why, according to the Cassidy and Kun definition, lignin can 

be referred to as a redox-polymer, which contains functional groups, 
which are able to reverse #reduction-oxidation interactions [I 11. 

Oxidation of carbohydrate wood component is one of the significant 

reactions. Besides, its condition is characterized by the presence of 
various functional groups in macromolecules the proportion of which 
defines the physicochemical properties [ 123. Thus, the analyzed 
properties of wood components permit one to consider them as 
reduction-oxidation biopolymers and the wood matrix as a 
combination of them. 
There is no doubt that factors that determine values of thermodynamic 

parameters of natural redox-polymer states especially in molecular and 
high molecular levels of their structural organization, are the presence 
of definite types of functional groups and structures, correlation of 
reduction and oxidation forms, ability to form chemical links, etc. 
Actually, in the process of biogenesis not only structural, but also 
functional, transformations of components, which form the 
composition of wood substance, take place 1131. In the early stages of 
wood formation (young wood), lignin predecessors present themselves 

as phenol compounds of low molecular mass, and their content in 
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comparison with carbohydrate component is not high. Phenol 
compounds can be oxidized comparatively easy, and their redution- 

oxidation processes in cambial tissues are in balance, and 

accumulation of phenol oxidation products in cells does not occur. 

The mechanism of biosynthetic formation of vegetation phenol 

compounds and the chemical nature of components, probably defines 
thermodynamic compatibility in a "phenol compound-carbohydrate" 

system and the formation of sufficiently strong chemical links. During 

dying of living cells in the process of wood formation (lignification) 
oxidation processes begin to predominate over reduction and 
polyphenol oxidation products are accumulated in the quinoid forms 
that are catalysts of biological processes. Formation of a phenol- 

quinoid reduction-oxidation system of lignin components leads to 
thermodynamic imbalance in the wood matrix, thermodynamic 

incompatibility of lignin and cellulose, and as a result appearance of 
heterogeneity. Results obtained for thermodynamic compatibility of 
components in the "lignin-hemicellulose-cellulose" system by the 

method of static sorption of vapour of common solvent (by the 

changes of free energy of mixing) [14,15] can prove the approach 
described above of the thermodynamic state of the wood matrix. 
For the first time we came to the fact of the existence of two regions of 

compatibility in intervals of lignin content in composition at 0-10 and 

85- 100 mass percentage. Experimental results confirm that the leading 
role of hemicellulose as a binder between lignin and cellulose 
microfields in the cell wall is not only in formation of covalent and 

hydrogen bonds with them, but also in formation of solid solutions 

with other components in transition layers. 
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Consequently the approach offered for consideration of the 
thermodynamic state of wood matrix can be a basis for developing 
new technologies of chemical wood treatment, directed at separation 

of wood components by breaking links in the ligno-carbohydrate 
matrix, and also at methods of wood components production in their 
native state: e.g. technologies of non-reagent wood separation 

(biodistruction, burst autohydrolysis, electric impulse and radio 

treatment etc.), methods of cellulose production by use of complex 
systems, including organic solvents with different degree of mixing 
with water, and oxidation methods of delignification. 
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64 Effect of grinding on structure and 
reactivity of pulps 
H Schleicher and J Kunze - Fraunhofer-Einrichtung fur Angewandte 
Polymerforschung, D-145 13 Teltow, Germany 

INTRODUCTION 

For some applications and several manufacturing processes 
of cellulose derivatives use of ground pulp is 
advantageous or necessary. The main purpose of grinding of 
pulp is the reduction of the particle size, but grinding 
not only reduces the particle size but also changes some 
structural parameters. 
In the literature [1,2] a strong decrease of the crystal- 
linity and of the degree of polymerization of cellulose by 
grinding in a vibration mill is described. Under extreme 
conditions amorphous cellulose with low DP may be prepared 
by this type of grinding. For industrial purposes other 
principles of grinding are used, mainly continuous proces- 
ses, for instance cutting mills. 
Up to now little information about alterations of cellu- 
lose parameters by such grinding processes has been pub- 
lished. For that reason the goal of our work was a com- 
parative investigation of the influence of the type of 
raw material on changes of structure and properties of 
celluloses induced by grinding. Some orientating tests of 
the influence of grinding conditions on the characteris- 
tics of cellulose were aLso made. For the investigations 
we used celluloses with different native structures 
(linters, spruce sulphite pulp with normal viscosity, 
spruce sulphite pulp with high viscosity, and pine prehy- 
drolyzed sulphate pulp). The cutting ground products were 
characterized in comparison with unground celluloses by 
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solid state high resolution 13C-nmr spectroscopy, porosi- 
metry, retention values for water and dimethylsulfoxide, 
DP and level-off DP, carbonyl content, alkali solubility, 
and some chemical reactions. 

RESULTS 
CHANGES OF STRUCTURE 

As de nstrated by Figure 1, the solid state high resolu- 
tion '%-nmr spectrum of cellulose was changed by grind- 
ing. Some lines are lowered and others are constant or 
enlarged in their intensity. Comparing the spectra of the 
native and of the ground celluloses, changes of the degree 
of order and of the conformation of cellulose by grinding 
are visible. A decrease in the degree of order is identi- 
fied mainly by the decrease of the intensity ratio of the 
C-4 lines at about 89 and 84 ppm. Changes of the conforma- 
tion are recognized by a decrease of the intensity of 
the C-2,3 lines In relation to the C-5 line. A significant 
decrease of the content of highly ordered regions of 
cotton linters by elastic deformational milling is also 
discussed by Bak amov et al. on the basis of solid state 
high resolution "C-nmr investigations [ 3 1 .  

I10 100 90 80 70 

Figure 1. Solid state 13C-nmr spectra of unground (1) and 
ground (2) linters 

Comparing the same grinding conditions, the changes of the 
structure detfynined by variations of the intensity of the 
lines of the C-nmr spectrum are larger for linters than 
for wood pulps. Diminished intensities of the C-4 line at 
about 89 ppm, of the C-6 line at about 65 ppm, and of the 
C-2.3 lines at about 7 3  pprn were observed for all ground 
cellulose materials. In the case of linters small in- 
creases of the C-4 line at about 84 ppm and of the C-6 
line at about 63 ppm were additionally recognized. 
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For t h e  c e l l u l o s e  samples inves t iga ted  w e  c a l c u l a t e d  f o r  
each sample t h e  r a t i o s  of t h e  i n t e n s i t i e s  of t h e  l i n e s  C-4 
89 ppm t o  C-4 84 ppm and C-2,3 73 ppm t o  C-5 75 ppm. Then 
w e  compared these  r a t i o s  f o r  t h e  ground and unground 
samples and ca l cu la t ed  values f o r  r e l a t i v e  changes caused 
by gr inding  by d iv id ing  t h e  values of t h e  ground samples 
by t h e  values of t h e  unground samples. As demonstrated by 
Table 1 on t h e  b a s i s  of t h e  C-4 l i n e s  t h e  degree o f  o r d e r  
of l i n t e r s  is reduced more by grinding than t h a t  o f  wood 
pulps.  The changes of t h e  C-2,3 l i n e s  by g r ind ing  are 
nea r ly  the  same f o r  a l l  c e l l u l o s e  samples (Table 2 ) .  

Table 1. Inf luence  of grinding on i n t e n s i t y  r a t i o s  o t h e  
C-4 l i n e s  ( 8 9  ppm / 84 ppm) of s o l i d  s t a t e  f3C- 
nmr spec t r a  of c e l l u l o s e s  

Rat io  o f  ground t o  
Sample Unground Ground unground c e l l u l o s e  

L i n t e r s  4 .0  2 .0  0.5 

Su lph i t e  pulp 
normal v i s c o s i t y  2 .0  1.5 0.75 

Su lph i t e  pulp 
high v i s c o s i t y  1 . 9  1.35 0.71 

Sulphate pulp 2 .0  1.4 0.71 

Table 2 .  In f luence  of grinding on i n t e n s i t y  r a t i o s  of t he  
C - 2 , 3  l i n e  t h e  C-5 l i n e  (73ppm / 75ppm) o f  
s o l i d  s ta te  "C-nmr spec t r a  of c e l l u l o s e s  

Rat io  of  ground t o  
Sample Unground Ground unground c e l l u l o s e  

L i n t e r s  1 . 0 4  0.87 0 .84  

Su lph i t e  pulp 
normal v i s c o s i t y  1 .05  0 . 9 3  0.89 

S u l p h i t e  pulp 
high v i s c o s i t y  1.05 0.91 0.86 

Sulphate pulp 1.10 0.98 0.89 

A l t e r a t i o n s  of t h e  s o l i d  s t a t e  3C-nmr s p e c t r a  of  c e l l u -  
l o s e  extend by a more in t ense  inf luence  of mechanical load  
on c e l l u l o s e  i n  t he  course of grinding. Such increased  
load on the  c e l l u l o s e  may be caused by v a r i a t i o n s  of t he  
gr inding  condi t ions ,  f o r  ins tance  by changing of  t h e  
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machine unit and in this way causing more disruption than 
cutting and grinding and by reducing the particle sizes of 
the ground cellulose. Figure demonstrates this influence 
comparing the solid state '$-nmr spectra of two ground 
pulps with different particle sizes. 
Comparing Figure 1 with F i  re 3 similarities in the 
changes of the solid state ?%-nmr spectra of cellulose 
caused by grinding to those caused by alkali treatment 
with aqueous sodium hydroxide are evident. 
A measure to recognize changes in the fibrillar area of 
cellulose is the level-off DP determined by definite 
partial hydrolytic decomposition of the cellulose material 

Figure 2. Solid state 13C-nmr spectra of ground sulphate 
pulp. 1 - particle length between about 100 and 
500 pm, 2 - particle length in the range of 
about 100 pm (besides some larger and many smal- 
ler particles) 

2 

1 
I , ,  , , I ,  I , , ,  I , , ,  I , , ,  ! , , I  , 1 1 1  

I10 100 90 80 70 60 P P ~  

Figure 3. Solid state 13C-nmr spectra of linters (1) and 
linters treated with 10 % w/w NaOH ( 2 )  
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followed by measurement of the DP. It is known that by
different treatments of pulps the level-off DP decreases.
By alkali treatment of linters and wood pulps the level
off DP decreases with increasing NaOH concentration of the
lye but in different ways for the various celluloses
depending on the supermolecular structure of the cellulose
samples [4].
Changes of the level-off DP of some cellulose materials
caused by grinding are shown in Table 3. The numerical
changes of the level-off DP are higher for sUlphite pulps
than for linters. But comparing the grinding with an
alkali treatment of cellulose it is shown in Table 3 that
for linters a higher sodium hydroxide concentration is
necessary than for wood pulps to reach the same level-off
DP as by grinding. This means that by the grinding process
the fibrillar structure of linters is changed more than
that of wood pulps. As is shown in Table 3 the level-off
DP is changed by alterations in grinding conditions.

Table 3. Changes of the level-off DP of celluloses by
grinding

Sample
Level-off DP

Unground Ground

NaOH concentration to
reach the level-off DP
of ground pulp by an
alkali treatment [ % ]

Linters

Sulphite pulp
normal viscosity

Sulphite pulp
high viscosity

Sulphate pulp

Ground sulphate
pulp with low
particle size

150

175

200

132

115

125

120

105

90

12

8.5

9.5

10.5

The pore system of the cellulose has an important influ
ence on the course of reactions and dissolving processes
of the cellulose. It is known that by various treatments
of the celluloses the pores may be changed in different
directions. For instance, by swelling, pores are often
enlarged and by drying or heating, especially of swollen
celluloses, pores may be closed.
We used mercury porosimetry and swelling values for the
characterization of changes of the pores caused by grind
ing. The water retention values were determined after a
swelling time of 1 hour followed by centrifugation of the
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swollen sample. The DMSO swelling values were determined 
principally in the same way but with different swelling 
times [5]. 
Comparing the ground with the unground celluloses by the 
mercury porosimetry method we found a drastic decrease of 
the total porosity caused by a reduction of the large 
pores but connected in most cases with an increased poros- 
ity in the area of small pores ( <  0,1 p m ) .  
As is shown in Table 4 ,  the water retention values are 
diminished by grinding. Corresponding to former investi- 
gations [ 5 ] ,  larger swelling values were found with DMSO 
than with water. In contrast to the swelling in water the 
swelling values with DMSO after long swelling times ( >  1 
h) are higher for ground samples (Table 5). But for short 
swelling times (15 minutes) with some ground samples 
higher and with some samples ground in different ways, 
lower DMSO swelling values in relation to the swelling 

Table 4. Changes of water retention value by grinding 

Sample 
Water retention value [ % ] 
Unground Ground 

Linters 58 

Sulphite pulp 
normal viscosity 

Sulphite pulp 
high viscosity 

65 

74 

Sulphate pulp 64 

Ground sulphate pulp 
with low particle size 

52 

57 

68 

55 

4 9  

Table 5. Changes of DMSO swelling values by grinding 
(72 hours swelling time) 

DMSO swelling value [ % ] 
Sample Unground Ground 

Linters 95 117 

Sulphite pulp 
normal viscosity 104 121 

Sulphate pulp 102 113 

Ground sulphate pulp 
with low particle size 132 
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values of the corresponding unground celluloses were 
observed. Contrary to the water retention values decreas- 
ing with increasing mechanical load of the cellulose by 
the grinding, the long time (72 h) DMSO swelling values 
increased with increasing load. But the DMSO swelling 
values determined after a short swelling time (15 minutes) 
decreased with increasing mechanical load at grinding. 
This is an indication that by this way the hornification 
of the cellulose caused by the grinding increases. In our 
opinion the differences between the short time and the 
long time DMSO swelling values, or still better the way in 
which the swelling values increase with the swelling time, 
give useful information about the accessibility of the 
pores. 
It is known that the degree of polymerization of polymers 
may be reduced by mechanical treatment. We found that the 
extent of the reduction of the DP of cellulose by grinding 
is influenced more by the type of cellulose and the grind- 
ing conditions than the changes of the supermolecular 
structure of cellulose. As shown in Table 6 linters are 
more degraded than wood pulps by grinding under the same 
conditions. It is worth mentioning that high viscosity 
sulphite pulps used for the manufacture of cellulose 
ethers were only to a small extent reduced in their DP by 
grinding. 

Table 6. Influence of grinding on reduction of DP 

Sample 
DP 

Unground Ground 

Linters 

Sulphite pulp 
normal viscosity 

Sulphite pulp 
high viscosity 

Sulphate pulp 

1950 

670 

1570 

750 

1630 

585 

1520 

670 

By some orientation investigations of one of our partners 
it was found by grinding that the number average molecular 
weight M is reduced more than the weight average molecu- 
lar weiggt Mw. That means grinding decreases the uniform- 
ity of the molecular weight distribution. 
By determination of the carbonyl groups of some ground and 
unground pulps an increase of the carbonyl content of 
cellulose by grinding was found. 
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CHANGES OF THE REACTIVITY 

It is known that the reactivity of cellulose may be in- 
creased or decreased if the structural parameters of the 
cellulose are changed. But it is necessary to emphasize 
that reactivity and accessibility of cellulose are not 
absolute but only relative parameters. The progress of 
different cellulose reactions is influewed or limited by 
the various parameters of the cellulose structure in 
different ways. The influence of the initial accessibility 
of the pores of the cellulose on the reactivity increases 
with decreasing swelling power and increasing size of the 
molecules of the reaction media. Splitting of hydrogen 
bonds between the fibrils by some treatments of the cellu- 
lose has a positive effect on many cellulose reactions. 
For the ground celluloses it is expected that the reduced 
accessibility of a part of the pores has a negative influ- 
ence and the splitting of fibrillar bonds has a positive 
effect on the reactivity of the celluloses. 
Acetylation is a reaction with a low swelling power of the 
reaction medium. We used the acetic acid content after an 
acetylation time of 3 minutes as a measure of reactivity 
[6]. Table 7 demonstrates a reduced acetylation velocity 
of the ground celluloses. The negative effect of grinding 
on the acetylation is especially high for linters and 
smallest for sulphite pulp of high DP. 

Table 7. Influence of grinding on velocity of acetylation 

Bound acetic acid after 3 minutes [ % 3 
Sample Unground Ground 

Linters 

Sulphite pulp 
normal viscosity 

Sulphite pulp 
high viscosity 

20 

2 4  

59 

8 

17 

45 

The solubility of cellulose is influenced or limited by 
various parameters like DP, extent of interfibrillar 
bonds, and accessibility of the pores, in different way 
for the different solvents. Solvents with a strong 
swelling power are able to overcome a small hornification 
of the cellulose. 
The alkali solubility of the cellulose is increased by 
grinding due to the decreased DP and the changed supermo- 
lecular structure. The solubility in sodium hydroxide lye 
of a concentration of 10 % w/w at 20 "C increased about 1 
to 6 % depending on the grinding conditions and the cellu- 
lose material. The solubility in sodium hydroxide lye with 
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a concentration of about 10 % w/w at - 10 "C changed more 
than the alkali solubility at room temperature indicating 
an improved accessibility of the ground cellulose. 
Some years ago we found that for the dissolution of cellu- 
lose In the system DMSO/paraformaldehyde for ground pulp a 
lower paraformaldehyde content was necessary than for the 
dissolution of unground pulp 1 7 1 .  For many cellulose 
reactions alkali cellulose as an intermediate is manufac- 
tured by treatment of pulp with sodium hydroxide lye. The 
NaOH concentration necessary for the transformation of 
cellulose to alkali cellulose depends on the supermolecu- 
lar structure of the cellulose samples [ 8 ] .  We wanted to 
know whether the alkalization of cellulose is influenced 
by grinding. 
Unground and ground pulps were treated by sodium hydroxide 
lye with concentrations of 9 to 12 % w/w. After regenera- 
tion of the alkali reated samples they were investigated 
by solid state '$C-nmr spectroscopy and some other 
methods. Figure 4 demonstrates that by the alkali treat- 
ment of the ground pulp a larger part of cellulose j.s 
transformed to celluose I1 than of the unground pulp. 

I 1 1 1  I I I I  1 1 1 1  , I , I  I , ( )  1 1 1 ,  I , ) ,  

110 100 90 80 70 60 PPm 

Figure 4 .  Solid state 13C-nmr spectra of alkali treated 
sulphate pulps (10 % w/w NaOH). 1 - unground 
pulp, 2 - ground pulp 

The changes of the sol id state 13C-nmr spectra and of the 
level-off DP demonstrate that by grinding of cellulose the 
penetration of alkali lye into cellulose is improved and a 
reduced sodium hydroxide concentration of the lye is 
necessary for structural changes of cellulose. 

CONCLUSIONS 

By grinding of cellulose materials beside reduction of 
particle size various structural parameters of the cellu- 
lose are changed, and by its depending on the following 
reactions the reactivity may be improved or decreased. The 
extent of structural alterations of cellulose increases 
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with increasing mechanical load of cellulose at the grind- 
ing. By grinding the parameters of linters are more 
changed than those of wood pulps. This may be explained by 
differences in the structure of the different celluloses. 
We suppose that the higher order and the higher density of 
hydrogen bonds of linters compared with wood pulps make it 
more difficult to split fibres in smaller particles. For 
that reason more principal valence bonds are disrupted by 
mechanical load. 
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65 Cellulose recrystallization in the alkaline 
pulping of wood 
E Evstigneyev and A Shashilov - St Petersburg State Technological 
University of Plant Polymers, 198095 St Petersburg, Russia 

ABSTRACT 

The change of phase composition and s t r u c t u r e  of s o f t  
wood (spruce,  pine)  and hard wood (b i r ch )  c e l l u l o s e  hag 
been s tudied by X-ray a n a l y s i s  of c r y s t a l  s t r u c t u r e  
during soda, soda-AQ, k r a f t ,  kraft-AQ, polysulphide and 
polysulphide-AQ pulping. It is shown tha t  Q change nf 
c e l l u l o s e  s t r u c t u r e  occurs i n  a l l  stages of d e l l g n i f i -  
ca t ion ,  L u r i n g  an increase  i n  s t r u c t u r e  homogeneity. It 
i s  shown t h a t  high temperature (170°C), reduct ion  of 
l i q u o r  a c t i v i t y  at the end of pulping and d i s s o l u t i o n  
f o r  t h e  majori ty  of l i g n i n s  and hemicel luloses  con t r ibu te  
t o  the r e c r y s t a l l i z a t i o n  process. A s t a t i s t i c a l l y  t r u e  
c o r r e l a t i o n  i s  d.erived, showing t h a t  t h e  f e a s i b i l i t y  of 
c e l l u l o s e  r e c r y s t a l l i z a t i o n  i s  r e l a t e d  t o  t h e  ex ten t  of 
de l ign i f i ca t ion .  It i s  assumed that high hemicellulose 
content i n  pulp may block the r e c r y s t a l l i z a t i o n  process. 
The s p e c i f i c  AQ in f luence  on c e l l u l o s e  s t r u c t u r e  i s  not 
ava i l ab le  during a l k a l i n e  pulping. 

INTRODUCTION 

Cellulose r e c r y s t a l l i e a t i o n  occurs  genera l ly  under hydro- 
thermal t reatment ,  i.e. when segmental mobil i ty  of mole- 
c u l a r  fragments of amorphous component as well as mutual- 
l y  ordered o r i e n t a t i o n  p robab i l i t y  inoreases.  It i s  
e s t ab l i shed  that on hydrothermal treatment of wood pulp 
r e c r y s t a l l i e a t i o n  proceeds i n  the range of 130-175°C. 
For  t h i s  i t  i s  suggested that r e c r y s t a l l i z a t i o n  occurs 
within c r y s t a l l i t e s  a t  defec t  reg ions  by disordered end 
cha in  groups r e o r i e n t a t i o n  [ l]  . 
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5 18 Wood, pulp and fibres 

Traditional processes of alkaline delignification occur 
in water at a temperature of 1 7 O o C ,  i.e. under the con- 
ditions promoting cellulose recrystallization, in par- 
ticular in the cooking end when alkali content in a 
liquor greatly decreases. Our investigation showed that 
in soda and soda-AQ spruce chips cooking an actual 
increase of relative crystalline component content in 
pulp is observed C23 . However at the same time the work 
by Hattula where cellulose recrystallization on kraft 
cooking for pine chips was not observed [3]waa published. 
It should be noted that the effective alkali charge chosen 
by Hattula, i.e. 4.4 mol/kg of wood that is 27.372 on o.d. 
wood as Na20, significantly exceeds conventional charge 

Taking into account recorded discrepancies in the results 
we performed comparative studies in cellulose recrystal- 
lization under soda, kraft and polysulphide cooking of 
softwood and hardwood with AQ and without it. The aim of 
the given investigation was to find out how alkaline 
cooking conditions influence structural characteristics 
of the crystalline cellulose part and whether a mutual 
relationship exists between cellulose structure change 
and delignification as well as to what degree, under 
given conditions, AQ influences cellulose structure or 
whether such EL gpecific effect is unavailable. 

EXPERIMENTAL 

( 16-1 8%) 

The conditions of soda, soda-AQ, kraft and kraft-AQ spruce 
chips cooking as well as the methods of pulp preparation 
and analysis are described in [4] . On polysulphide cooking, 
active alkali charge was 15% (as Na O ) ,  sulphidity 25%, 
added elemental sulphur amount was 5% on 0.d. wood. For 
kraft pine and birch chipsthe cooking active alkali charge 
was 17% (25% sulphidity). The liquor-wood ratio was 4:l. 
The temperature w a s  increased from 8OoC to 17OOC for 120 
min, and the temperature was held at 17OOC for 60 mine 

X-ray diffractometry studies were carried out with an 
automatic X-ray diffractometer ADP-1 computer-controlled 
with monochromatized CuK -irradiation. Fyrolytic graphite 
was used as a monochroma4or. X-ray pattern was performed 
with a pitch of 0 . 1 O  in the interval of 28 from 17 to 30". 
The pulp samples was prepared as pellets with diameter of 
10 rnm and thickness of 1.5 mm. There were 3 pellets for 
every sample and then parameters f o r  every pellet was 
averaged for the whole sample. 

Relative crystalline component content in pulp was cal- 
culated by the formula: C=ciY/ci, where c and ci are the 
degree of pulp and wood crystallinity, respectively, 
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Y - pulp y ie ld .  Degree of d e l i g n i f i c a t i o n  was d.etermined 
by t he  formula: A=lOO-L, I, where L=lxY/li, %, where 1 
and li - l i g n i n  content i n  pulp and wood, r e spec t ive ly .  

RSSULTS AND DISCUSSION 

I n  Figure 1 a r e  given t h e  changes of r e l a t i v e  c r y s t a l l i n e  
component content (C) i n  pu1.p during cooking. 

C ,% C 3% 

0 60 120 180 0 60 120 180 
t ,min t ,min 

C ,% C ,$ 

t ,min t ,min 

Figure 1. The change of r e l a t i v e  c r y s t a l l i n e  content i n  
pulp during soda ( a ) ,  k r a f t  (b) and polysulphide ( c )  
spruce ch ips  cooki and k r a f t  b i r c h  ch ips  cooking (a) .  
( ) - without bQ,? 0 ) - with AQ,  ( 4 ) - k r a f t  pine 
wood cooking. 

It may be seen t h a t  during temperature r i s e  (0-120 min) 
C drops by about 7% based on a value i n  wood. C was 
determined tak ing  i n t o  account pulp y i e l d  decrease during 
cooking (see  Experimental). Due t o  t h i s  f a c t  i t  may be 
s a i d  that at t h i s  s t age  up t o  3% of c e l l u l o s e  c r y s t a l -  
l i n i t y  i n  l o s t .  It i s  a t t r i b u t e d  t o  a l k a l i n e  c e l l u l o s e  
des t ruc t ion  although i t  i s  not excluded t h a t  under t h e s e  
condi t ions  partia.1 d isorder ing  occurs. I n  t h e  subsequent 
period (120-180 min) at constant  temperature ( 1 7 O O C )  
during a l l  analysed cookings, except t h e  polysulphide one, 
i n s i g n i f i c a n t  s ta t is t ical  increase  of t h e  r e l a t i v e  crys-  
t a l l i n e  component content i n  pulp may be seen. Por s o f t -  
wood (spruce,  pine) C approaches 78-8W and f o r  hardwood 
(b i rch)  73.45. 
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520 Wood, pulp and fibres 

A s  f o r  the  probable ce l lu lose  r e c r y s t a l l i z a t i o n  mechanism 
we may note the  following, To r e c r y s t a l l i z a t i o n  i t  i s  
necessary t o  have p l a s t i c i z i n g  agent (water) access ib i -  
l i t y  t o  amorphous ce l lu lose  regions and t o  l n c r e a s e  f r e e  
space f o r  molecular mobility. Both a r e  made during cooking 
as l i g n i n  and hemicelluloses dissolve.  The r e l a t i o n s h i p  
between d e l i g n i f i c a t i o n  and r e c r y s t a l l i z a t i o n  i s  shown 
on Figure 2. It may be seen t h a t  t he  increase  of  t he  
r e l a t i v e  c r y s t a l l i n e  component content i s  i n i t i a t e d  a f t e r  
d i sso lv ing  over 8576 of the  l i g n i n ,  i.e. a t  the  f i n a l  
cooking s tage ,  As f o r  hemicelluloses they appear t o  be 
a unique "buffer  zone" blocking p l a s t i c i z i n g  agent e f f e c t s  
on ce l lu lose .  It i s  a t t r i b u t e d  t o  t he  f a c t  t h a t  on poly- 
sulphide cooking the re  was no r e c r y s t a l l i z a t i o n  (Figure 
l c ) .  

C ,% 

I I 1 I I I I 1 1 I 

0 20 40 60 80 100 

A ,% 
Figure 2. Re la t ive  c r y s t a l l i n e  content versus degree 
of d e l i g n i f i c a t i o n  for soda, soda-AQ, k r a f t ,  and 
k ra f t -AQ spruce pulps. 

A s  i t  i s  known C 5 J , a relatively high y i e l d  of  poly- 
sulphide cooking is  a t t a i n e d  due t o  maintaining a l a r g e  
hemicellulose content. Hemicelluloses d i s s o l u t i o n  dur ing  
cooking favorably inf luences  the  above process i n  an- 
other  way. Under these cooking condi t ions  they cleave,  
forming a s e r i e s  of organic ac ids ;  due t o  the  f a c t  l i q u o r  
a l k a l i n i t y  s i g n i f i c a n t l y  decreases. 

Based on t h e  measurement r e s u l t s  i n  t h i s  paper i t  may be 
possible  t o  der ive  a s ing le  c o r r e l a t i o n  s e r i e s  f o r  
analysed cooking (Figure 3 ) .  This  s e r i e s  may be kept 
within common one ( s e e C 6 3 )  as a fragment. The s i n g l e  
s e r i e s  of s t r u c t u r a l  s t a t e s  i s  undoubtedly a s e r i e s  of  
s t r u c t u r a l  c e l l u l o s e  homogeneity increment. Only i n  t h i s  
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22.3 22.4 22.5 22.6 

002 

Figure 3. Correlation between position and semiwidth of 
002 reflex on spruce pulpB X-ray patterns for soda, 
soda-A&, kraf t , kraf t-AQ, polysulphide, and polysulphj de- 
AQ cookings. 

sense we undestend the change of crystalline cellulose 
part structure d.uring dellgni f ica ti on. 

There is no specific AQ effect on cellulose structure 
durj-ng cooking. It is attributed to the fact that the 
position of the points in Figures 1-3 on cooking with AQ 
and without it coincide in practice, 

co~cLusIori 
Under alkaline cooking conditions cellulose recrystal- 
lisation f o r  both softwood and hardwood occurs. For this 
process high temperature (17OoC), relatively Low liquor 
alkalinity, high degreeof delignification and destruction 
of "buffer zonev1 of hemicelluloses are required. 
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66 Wide angle X-ray and solid state 13C-NMR
studies of cellulose alkalization
H-P Fink, E Walenta, J Kunze and G Mann - Fraunhofer-Institute
of Applied Polymer Research, KantstraI3e 55, D-14513 Teltow-Seehof,
Germany

ABSTRAcr

Alkali-celluloses prepared from linters material and spruce sulphite dissolving pulp by
treatmentwith aqueous alkalinesolutions up to 50% NaOH were investigatedby WAXSand
13C-CPIMAS-NMR. Results indicate (i) the formation of a uniform alkali-cellulose phase
similar to sodium cellulose I completed at 16% NaOH, (Ii) a basically altered state of less
orderedalkali-cellulose around25% NaOH, and (iii) a slightly varyingstate withdiminishing
order from 25% to 50% NaOH. Changes in chain conformation and spatial arrangement are
discussed with regard to specific interactions of sodium cations with the different hydroxyl
groups of anhydroglucose units.

INTRODUcrlON

Alkall-celluloses /11 as important intermediates in manufacture of viscose fibres and cellulose
ethers have been a research topic in recent years, especially with regard to phase transitions
and to specific interactions between sodium cations and hydroxyl groups of cellulose/2-8/.
Particularly WAXS and NMR methods have been employed successfully to wet alkali
celluloses at low and medium steeping lye concentrations up to about 30% NaOH, whereas the
interaction in the whole concentration rangeof aqueous alkaline solutionsup to about50% has
been investigated only withdried /9/ or regenerated /101 cellulose samples.
In our contribution we investigate wet alkali-celluloses preparedat different aqueous alkaline
concentrations up to 50% NaOH bycombined WAXS and 13C-CPIMAS-NMR. Usingdifferent
cellulosic materials we intend to give a survey of the effects of the alkalization of freely
swellingpulps in a concentration range importantfor etherification of cellulose. Moreover, the
experimental results of the aqueous alkalization should provide a reference to assess an
alkalization by the isopropanol-water-NaOH systemrelevantfor the industrialslurry process.

523
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EXPERIMENTAL 

As cellulosic materials we used commercial cotton linters pulp and spruce sulphite dissolving 
pulp with a DP (cuoxam) of about 2000 and 700, respectively. The samples were milled prior 
to alkalization reducing the DP and the crystallinity by about 10 %. 
Alkalizations were performed with aqueous alkaline solutions at concentrations of 4%, lo%, 
16%, 25%, 30%, 35%. 40%, 45%, and 50% by weight NaOH at room temperature for 1 h 
with lye in excess. After alkalization the alkali-celluloses were pressed mechanically resulting 
in  a cellulose content usually in the range of about 30% to 50% depending on the raw 
material and the NaOH concentration. For comparison, a slurry alkalization with a standard 
composition (overall NaOH concentration < 5%) of the isopropanol-water-NaOH system was 
employed. 
For WAXS measurement, the alkali-cellulose samples were prepared as flat cakes air tight 
between polyester foils, whereas for NMR investigation a rotor, sealed according to / I  I/. was 
used. X-ray scaltering of the isotropic samples was measured between 4" and 104" in 20-scale 
by a Siemens D-5000 diffractometer in 0-20-transmission mode with Cuk-radiation (40kV, 
35mA). The measured curves were corrected for parasitic scattering including that of the 
polyester foils. 13C-CNMAS-NM spectra were recorded by a UNITY 400 spectrometer 
operating at 100 W z  for "C with a contact time of Ims. a sample rotation frequency of 
4...SkHz, and an accumulation number of about 5000. 

RESULTS 

Scattering curves of alkali-celluloses produced from milled linters pulp with aqueous alkaline 
solutions are presented i n  Figure 1. At 4% NaOH the nearly unchanged WAXS-curve of the 
original linters material with cellulose I as the crystalline modification is preserved and also 
at 10% NaOH the cellulose I patterns still dominate. Above 10% NaOH a phase transition 
occurs from cellulose I to highly ordered alkali-cellulose. Between 16% and 25% another 
phase transformation takes place with a completely changed WAXS diagram at 25% NaOH, 
whereas with furher increasing NaOH concentration up to the maximum of 50% a decreasing 
sharpness of the interferences may be observed. 

L . A . . . . . . , .  

4 24 44 64 z6Idegreel 104 

50% 

45% 

40% 

35% 

30% 

1.. 

- 
\ - 
\ 

Figure 1 WAXS-curves of wet alkali-celluloses as a function of NaOH-concentration 
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Pulp 

FWHM 
degree 

1,31 

1.65 

1,71 

1,73 

The largest lattice spacing of the experimental alkali-celluloses (for convenience denoted by 
d,,, according to Meyermisch convention) and the full width at half maximum (FWHM) of 
the appropriate interference are put together i n  Table 1. 

spruce diss. pulp 

dl01 FWHM 
nm degree 

1,25 1.34 

0,79 1.64 

0,79 1,73 

0,78 1,99 

Table 1 Lattice spacing d,,, and line width FWHM,,, from WAXS of alkali-celluloses 

' 2/44 

3,02 

NaOH linters 

wt. % dl01 
nm 

16 1,27 

25 0,79 

0,78 1,84 

0.78 2,64 1 I 50 0.78 

Alkalization in the isopropanol-water-NaOH system results in rather disordered alkali- 
celluloses as described earlier 141, with WAXS curves resembling those of high aqueous 
alkaline concentrations and with reduced differences between linters and wood pulp. 

Figure 2 
I3C - C  PIM A S  - 
NMR spectra of 
wet linters-alkali- 
ce l lu lose  as a 
f u n c t i o n  o f  
aqueous alkaline, 
concentration 
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13C-CP/MAS-NMR spectra of alkali-celluloses prepared from linters in the whole possible
concentration range of aqueous alkali are presented in Figure 2. In accord with our WAXS
results, the spectrum of the original material is changed completely at 16% and 25% NaOH.
Above 25% NaOH the NMR spectra indicate a decreasing order with increasing concentration
as already shown by WAX$, but additionally a slight shift of C(l) and C(2,3,4,5) lines to
lower magnetic field can be observed. Line positions of cellulose I and alkali-celluloses are
filed in Table 2.
Figure 3 shows NMR spectra of samples alkalized with a standard composition of the isopro
panol-water-NaOH system. These spectra display only two broad lines in the regions 100 ...
110 ppm and 68 ... 90 ppm.

Table 2 13C-CP/MAS-NMR line positions of linters-alkali-celluloses relative to TMS =0

aqueous NaOH average line positions in ppm

concentration C(l) CC(4)/C'(4) C(5)/C(2,3) CC(6)/C'(6)

original Cell.I 105 89/85 76/73 66/63

16% 109 87 76 63

25% 103 - 76 61

30% 103 - 76 61

35% 104 - 76 62

40% 105 - 76 62

45% 106 - 77 62

50% 106 - 77 62

spruce
dissolving pUlp

linters pulp

111'1 I I I I I I I 1'1 I I I I I I i I

120 110 100 90 80 70 60 50 ppm

Figure 3 13C-CP/MAS-NMR-spectra of wet alkali-celluloses from the system
isopropanol-water-NaOH
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DISCUSSION AND CONCLUSIONS 

From both WAXS-curves (Fig. 1) and NMR-spectra (Fig. 2) the series of alkali-celluloses may 
be classified by: 
(i) a defined state of high order achieved in the whole sample at 16% NaOH, 
(ii) a completely changed state of lower order around 25% NaOH, 
(iii) a slightly changing state with decreasing order from 25% to 50% NaOH. 
A comparison of the d,,,-values (Table 1) from WAXS-measurements with literature data /I/  
shows, that the experimental states (i) and (ii) do not correspond exactly to one of the well 
known sodium celluloses I-V usually prepared under tension. Nevertheless, the d,,,-values of 
states (i) and (ii) are close to the lattice spacings of sodium cellulose I with a twofold screw 
axis and to sodium cellulose 11 with a threefold screw axis of the chains, respectively. The 
increasing line width FWHM at constant d-values (Table 1) in the concentration range from 
25% to 50% NaOH indicates a decreasing lateral crystallite size and/or order, while averaged 
lateral chain distances remain approximately unchanged. 
NMR-results may be discussed with respect to specific interactions of sodium cations with 
hydroxyl groups of cellulose taking into account a molecular structure of cellulose I with 
intramolecular and intermolecular H-bridges according to /12/ (Figure 4). As compared with 
cellulose I. state (i) is characterized by a shift of C(1), C(2.3) and C"(4) lines to lower field 
strength and of CY4) and Cc(6) lines to higher magnetic field (Fig. 2. Table 2). 

Figure 4 

The interaction of Na+ with a specific hydroxyl oxygen should result in a reduced electron 
density of the neighbouring C-atoms and in a line shift for the carbons in a- and P-position 
to lower magnetic field, whereas the next but one carbon's line may move to higher field by 
the y-effect 161. Hence, state (i) is characterized by a preferred Nat coordination to 0(2)-C(2), 
probably breaking the intramolecular 0(2)-H(2)-0(6) bridge and influencing also the O(6) 
intermolecular H-bonding. The high-field-shift of the C'(4)-line and the Increased line 
sharpness of C(4) indicate a one phase alkali-cellulose (i) with an overall chain conformation 
with a twofold screw axis. According to /13/, the C(6) line position depends on the 

Cellulose I structure with intramolecular and intermolecular H-bridges 
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conformation of the C(6)H20H-group with tg conformation at the lowest field, gt at higher 
and gg at the highest magnetic field. With regard to the observed C(6) line shift we suppose 
a transformation of the C(6)H20H-group conformation from tg in crystalline cellulose I to gt 
in alkali-cellulose state (i) made possible by some rotational freedom of this group due to the 
broken 0(2)-H-0(6) hydrogen bond. 
The NMR spectrum of alkali-cellulose (ii) exhibits a remarkable line shift for C( 1) and C(4) 
to higher field as compared to cellulose 1 and especially to state (1). According to Horii 1131 
the C( 1) and C(4) line positions strongly depend on the torsional angles I$ and w of the 1.443- 
D-glucosidic linkage. Herefrom it seems to be clear that the twofold screw axis of state (i) 
molecules is altered in state (ii). Torsional freedom of 4 and w may be explained by a broken 
0(3)-H-0(5) intramolecular bridge due to an additional coordination of Na' to O(3). The 
position of the C(6)-line indicates a preferred gg-conformation in state (ii). 
Slight changes of the broad lines for C( 1) and C(2,3,4,5) to lower magnetic field indicate an 
increasing strength of interaction of Na' with both O(2)  and O(3) in stage (iii). Additional 
broadening of the C(6)-line may be explained by non uniform interactions and a broad 
conformational distribution of the C(6)H20H-groups. 
As a conclusion, the effects of cellulose alkalization in the entire aqueous alkaline 
concenuation range may be explained with regard to spatial and conformational changes of the 
cellulose chains due to specific c,,o,-dependent interactions of Na' with hydroxyl groups of 
cellulose. Furthermore, combined WAXS-curves and NMR-spectra of wet alkali-celluloses 
provide a sensitive scale for assessing the action of more complicated alkalizing systems as 
e.g. isopropanol-water-NaOH. 
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67 The effect of refining in the fibre structure 
and properties in unbleached eucalypt pulps 
J Gominho and H Pereira - Departamento de Engenharia Florestal, 
Instituto Superior de Agronomia, Universidade TCcnica de Lisboa, 
1399 Lisboa Codex, Portugal 

ABSTRACT 

In this paper results on the effect of PFI refining of never dried and 
dried eucalypt pulp, using a commercial unbleached kraft pulp from 
Eucalyptus gbhulus wood, are presented. 
Refining did not shorten the fibres to a significant degree and in relation 
to wood it is the pulping process that mostly affected fibre length 
(1.19mm average length in wood and 0.68mrn in pulp). Some shortening 
of fibers by end cutting occurred, mostly in the first phase of refining 
giving rise to approx. 20% of 4.2mm fibres; this effect was higher in 
never dried pulp. However, the weight of the finer fractions is small and 
the weighted average fibre length by weight remains fairly constant. 
External fibrillation was limited but  refining increased 
microcompressions and cross-sectional slip planes and significantly 
fragmented the vessels.The drying of eucalypt pulp decreases the 
refining behaviour and the development of pulp properties. For the same 
beating degree, never dried pulp has higher strength (ca.20-30% higher 
tensile strength) and more flexibility, ensuring a better fibre bonding. 

INTRODUCTION 

An important step in papermaking is the mechanical beating or refining 
of pulp by which the sheet forming properties and the physical 
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characteristics of pulp will be enhanced. Important effects of refining 
are an increase in the swelling of the cell-wall and in cell flexibility 
(Lindstrom 1986), as well as fibre shortening and the creation of 
external/internal fibrillation and tangential fissures (Clark 1978). 
Pulp drying causes an irreversible reduction in the swelling ability of 
cellulose. This hornification process starts at approximately the moisture 
content where all water occluded between the  fibres has been removed. 
The irreversible changes during drying seem to be a general feature of 
many hydrogen-bonded materials, including kraft lignin and 
hemicelluloses. The degree of cell wall collapse on drying is generally 
higher for beaten fibres than for unbeaten fibres (Lindstrom 1986). 
In  this paper we study the effect of PFI refining in a never dried and 
dried eucalypt unbleached kraft pulp in relation to fibre dimensions and 
structure as well as to some properties. 

MATERIAL AND METHODS 

An industrial unbleached kraft pulp from eucalypt (Eucalyptus glohulus 
Labil.) was used in this study. The pulp was collected directly in the mill 
after the washing stage. The pulping conditions were the following: total 
alkali 15Og/l (NaOH), 25% sulphidity, maximum temperature 1 65"C, 
1iquor:wood ratio 4: I .  The pulp characteristics were the following: 
Kappa no. 13, 90" IS0 brightness, residual alkali 0.68 g/l (NaOH) and 
moisture content 609% based on oven dry pulp. 
The samples used in  this study included the never dried pulp, a s  
received, and a once dried pulp prepared from the former. Refining was 
done in a PFI with a variable number of revolutions under mild 
conditions with a 0.48 mm spacing between roll and bedplate.All pulp 
samples (30g) were processed at 10% stock concentration. Fibre length 
and width, as well as wall thickness, were measured in all samples using 
a semi-automated measurement system. Forming handsheets and their 
physical testing were performed according to Tappi standards. 
Microscopic observations were made on the handsheets and on 
dissociated elements under polarized light. The handsheet samples were 
dehydrated, embedded and sectioned for the cross-sectional observations. 

RESULTS AND DISCUSSION 

The beating degree in "SR and the drainage time for the never dried and 
the dried pulps are shown in Table 1 for different beating times. Beating 
degree increases regularly with the number of PFI revolutions and it is 
always lower for the dried pulp by approx. 4-6 "SR for the same 
treatment time. A similar trend was observed for the drainage time. 
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Table I .  Beating degree and drainage time for a never dried and a dried eucalypt pulp 

Revolutions Beating degree, OSR Draina#e time, s 

0 16 16 4.0 4.0 
1500 23 18 4.6 4.2 
3000 26 22 5.4 4.5 
6OOO 29 25 5.6 4.5 
9Ooo 35 31 9.5 8.2 
15OOO 40 37 10.5 10.0 
2oooo 47 41 11.8 10.5 
25000 52 46 12.0 10.9 
3oooo 58 49 14.0 11.0 
40000 SI 13.0 

Neverdried Dried Neverdned Died 

The average fibre length and the weighted average length by weight of 
the different samples are shown in Table 2. The fibre length in wood 
was 1.19 mm. The greatest shortening effect was noticed by the action of 
the pulping process, reducing the average fibre length to 0.68 mm. 
Refining slowly decreased the average length, more in the never dried 
pulp. However, if a weighted average fibre length by weight is 
considered, the effect of refining is very small. 

Table 2. Average fibre length in never dried and dried pulps with different refining times 

Revolutions Average fibre length, Weighted average fibre 

Neverdried Dried Neverdried Dried 
mm length by weight, mm 

wood 1.19 1.61 
PUlP 0.68 0.85 

0.73 
0.70 
0.62 
0.66 
0.65 
0.59 
0.50 
0.53 
0.56 

0.68 
0.76 
0.73 
0.65 
0.69 
0.69 
0.64 
0.74 
0.74 

0.89 
0.95 
0.95 
0.94 
0.93 
0.88 
0.84 
0.84 
0.89 

0.93 
0.88 
0.88 
0.82 
0.84 
0.82 
0.84 
0.92 
0.88 

The fibre length distribution is shown in Figure 1. In relation to wood, 
the largest effect corresponds to the pulping process, which is 
responsible for the shortening of fibres and for the overall movement of 
the curve to the right, but cutting to fragments giving rise to small 
dimension particles did not occur. The desintegration step in the blender 
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did not alter the length distributi0n.h the first phase of the refining 
process of never dried pulp appears a class of fines < 0.2 mm of some 
relative importance (approximately 10% for 1500 revolutions and 25- 
30% for higher revolution numbers), which does not change with 
refining time, the distribution curves remaining fairly constant. In the 
case of dried pulp, this class of finer material is smaller explaining the 
higher average fibre length of the samples. 

Figure 1.  Fibre length distribution in wood, pulp ( -- ), desintegrated 
(--) and refined never dried pulp at 30 000 revolutions ( ---- ) 

Frequency (%) 
40 ___ --_I. _- - -_ 

6.12 0.32 0.52 0.72 0.92 1.12 1.32 1.52 1.72 1.92 2.12 2.32 2.52 

Fibre length (mm) 

Figure 2 shows some examples of the microscopic observations under 
polarized light. Refining did not significantly increase external 
fi bri I lation. Transversal microcompressions and cross-sectional slip 
planes, already numerous in unbeaten fibres, increase with refining. In 
beaten pulps, vessels are fragmented. 
The physical properties of handsheets are summarised in Table 3. The 
apparent density of unrefined handsheets was 0.569 gkm3 and increased 
with refining with approximate 10% higher values for never dried pulp 
handsheets.The cross-sections of two handsheets (beaten to 37 and 57 
O S R )  are shown in Figure 3. Strength properties are developed by 
refining. Never dried pulp has higher tensile strength (ca. 20-30% more) 
and stretch as well as burst and tear than dried pulp for the same beating 
degree. 
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Figure 2. Microscopic observation of fibres under polarised light. 
a) unrefined b) refined to 4YSR 

Table 3. Physical properties of handsheets prepared from never dried and dried pulp 
with different refining degrees. Units: tensile index M.m/g. tear index mN.mZ/g, burst 
index kPa.m2/g. 

Beating Never dried pulp Dried pulp 
(revolutions) Tensile Stretch Tear Biirst Tensile Stretch Tear Burst 

index ’46 index index index % indexindex 

0 56.7 0.99 7.6 2.8 .M.7 0.99 7.6 2.8 
I 500 73.8 1.88 10.0 4.7 47.9 1.46 8.6 2.3 
3Ooo 80.0 2.38 8.1 5.2 51.2 1.80 8.2 2.7 
6Ooo 81.6 2.52 7.1 5.3 54.3 2.13 9.4 3.3 
9Ooo 81.9 2.82 11.9 5.5 S9.1 2.46 10.9 3.6 
I2000 77.8 3.34 11.3 5.5 62.7 3.00 11.5 3.0 
I5000 76.3 3.10 6.8 5.7 66.7 2.90 9.4 4.2 
3OOOO 83.1 3.84 9.9 6.5 60.2 3.38 10.4 4.7 
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534 Wood, pulp and fibres 

Figure 3. Microscopic observation of cross-sections of handsheets under 
polarised light beaten 37"SR (top) and 57"SR (bottom) 

CONCLUSIONS 

The PFI refining of eucalypt pulp did not shorten the fibres to a 
significant degree; in relation to wood it is the pulping process that 
mostly affects fibre length. Some shortening of fibers by end cutting 
occurred, mostly in the first phase of refining, and this effect was higher 
in never dried pulp. However, the weight of the finer fractions is small 
and the weighted average fibre length by weight remains fairly constant. 
The drying of eucalypt pulp decreases the refining behaviour and the 
development of pulp properties. For the same beating degree, never 
dried pulp has higher strength and more flexibility, ensuring a better 
fibre bonding. 
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ABSTRACT 

Phanerochaete chrysospotium has been grown on pieces of banana tree 
trunks. As a result of the semi-solld fermentation, using glucose as carbon source, it 
was found that the lignin peroxidase activity was 206 U/L on the fifth day of 
fermentation and 140 U/L on the tenth day. A reduction of 32% of the lignin 
content in the native banana tree trunk was observed after 15 days of fermentation. 
These results have shown that P. chrysosporium grown on banana tree trunks is a 
potential microorganism for an alternative process for cellulose and paper production 
with environmental benefits. 

INTRODUCTION 

Production of cellulose and paper is one of the oldest practice in the world. 
Paper consumption has increased considerably and at this growth rate, the need of 
paper in the next century will be five times higher than nowadays. The major problem 
for this growing demand is the replacement of all trees used for this purpose. The 
utilisation of agricultural residues as an alternative process for paper manufacturing 
is a potential route. Just In five small towns in the Northeastern region of Brazil 
(State of Pernambuco) there is an area of approximately 12 000 .ha cultivated with 
banana. The amount of banana tree trunks produced in this area is approximately 
31 000 tonnes/ha per annum. However, there is a need for an appropriate storage 
system for the banana tree trunks as their water content can reach 80% (w/w). An 
appropriate mechanism to remove the water content from the tree trunks is 
necessary prior to large scale storage. 

535 
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Industrial chemical pulping and bleaching processes of lignocelluloslc 
material for cellulose and paper production are highly pollutant. Studies on 
alternative biological pulping to either diminish or even eliminate pollution have been 
carried out in various research laboratories. 

Several fungi in nature are capable of degrading lignin. Some of these fungi 
are also used for bleaching pulps, but they act very slowly (Tien and Kirk, 1984). 

The presence of lignin in wood and other plant materials increases the 
resistance to microbial degradation. Lignin serves as a barrier between environment 
and wood polysaccharides. This barrier must be partly removed or at least 
morphologically changed before the wood polysaccharides can be attacked by their 
specific enzymes. 

The white-rot P. cbrysosporium is a well known ligninase producer which 
degrades a variety of organic compounds including lignin, vanillic acid, chlorinated 
aromatic compounds, etc. (Reid, 1988; Duran et al., 1987). The cultivation of P. 
chrysosporiurn in different liquid culture media as well as the mechanism of ligninase 
action and their properties have been intensively studied (Linko, 1988). However, 
production of ligninases by growing P. chrysosporium on culture media has been 
based on expensive chemicals, reagent grade salts and pure aromatic alcohols as 
enhancers of enzyme production (Asther et al., 1988). This paper has studied the 
use of banana tree trunks as a low cost medium for P. chrysosporiurn growth and 
ligninase production. Delignification of banana tree trunks was also investigated. 

MATERIALS AND METHODS 

Materials 

The banana tree trunks (Musa esplendida) used were from the Northeastern 
region of Brazil (State of Pernambuco). All chemicals used were of analytical grade. 

Microorganism 

Pbanerocbaete chlysosporium was kindly donated by Dr. T. K. Kirk. 

lnoculum 

Cultures of P. chrysosporium were maintained on supplemented malt agar. 
Four days were required for production of spores in an Erlenmeyer flask (1 L). The 
culture medium contained basal medium (6 Ill), glucose (lo%), malt extract (10 g), 
peptone (2 g), yeast extract (2 g), asparagine (1 g), potassium dihydrogen 
orthophosphate (2 g), magnesium sulphate (1 g) and thiamin-HCI (1 mg). 

Growth media 

Cultures were grown under stirring conditions for delignification using glucose 
(2.7 mg/mL) as a carbon source and banana tree trunks (71 9). The culture medium 
contained sodium tartrate (20 mM) in place of the usually employed sodium 2,2- 
dimethyl succinate. 
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Enzyme production was induced by adding benzyl alcohol (final 
concentration of 2.5 mM). 

Enzyme activity 

Lignin peroxidase activity was determined spectrophotometrically (244 nm), at 
28OC by measuring the rate of oxidation from benzyl alcohol to benzaldehyde. The 
reaction system was made up of extracellular lignin peroxidase (200 mL), benzyl 
alcohol (10 mM, 200 mL), sodium tartrate buffer (0.1 M, pH 3.0, 50 mL), hydrogen 
peroxide (0.4 mM, 200 mL) and completed with distilled water to a final volume of 1 .O 
mL. 

Reducing sugars 

The concentration of glucose was determined according to the reducing 
sugars method of Bernfeld (1 955). 

Protein concentration 

The protein concentration was measured according to the method of Bradford 
(1976). 

RESULTS AND DISCUSSION 

Biodegradation of lignin has been greatly developed over the last 15 years 
and its interest has intensified in recent years (Umezawa and Higuchi, 1989, Hattori 
et al., 1992). The normal way for white-rot fungi to degrade lignocellulosic materials 
is by a simultaneous attack on the polysaccharides and lignin. It seems that an 
absolutely specific attack on the lignin is probably impossible by the microorganisms 
studied so far. The fungi seem to need polysaccharides or low molecular mass 
sugars to degrade lignin (Leisola et al., 1984; Ander and Eriksson, 1985). 

Most of the studies on biodegradation of lignin by P. chrysosporiurn are 
based on liquid media growth. Semi-solid fermentation systems can be efficiently 
operated, however, they must provide suitable conditions for substrate colonisation 
and lignin degradation by the fungi. At the same time, the conditions should minimise 
carbohydrate hydrolysis by these fungi and any other organism present (Reid, 1988); 
As the lignin is removed and the polysaccharides become progressively more 
accessible to enzymic hydrolysis, the rate of carbohydrate degradation tends to 
increase. Thus, there will be an optimum incubation time, after which the yield of 
digestibility of the polysaccharides increases, although lignin degradation continues. 

P. chrysosporium growing on banana tree trunks requires the presence of 
glucose as a carbon source. Figure 1 shows that the peak of lignin peroxidase 
activity on the fifth day of fermentation is characteristic of the described liquid 
fermentations for P. chrysosporium. This behaviour can be attributed to the presence 
of glucose, the concentration of which was reduced 40% during the first five days of 
fermentation. However, the peak of lignin peroxidase activity on the tenth day is 
characteristic of solid fermentation of the P. chrysosporium. At this time, the 
concentration of glucose was equivalent to 23% of the initial concentration. It can be 
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Banana tree trunk 

observed that on the thirteenth day, the glucose reached its lowest concentration, 
then beginning to increase again. This increase in the glucose concentration could 
be due to the degradation of cellulose by cellulase.The maxima activities of lignin 
peroxidase were 206 and 140 U/L at days 5 and 10, respectively (Figure 1). These 
values were higher than those found by Duran et al. (1987) (23.0 U/L) and Kirk and 
Obst (1988) (95.0 U/IL). 

Lignin (Klason) 
("/.I 

Lignin peroxideee activity (U/L) Giucoae (rng/rnL) 
260 r 

200 - 

Native form 

After 15 days of fermentation 

0 2 4 6 8 10 11 14 16 
Time after incubation (day) 

21 .o 

14.4 

Figure 1. Lignin peroxidase activity and glucose concentration during cultivation of 
P. chrysosporium on banana tree trunks by semi-solid fermentation. 

The maximum protein concentration was achieved on day 8 of the 
fermentation (Figure 2). The pH values were relativly constant (ca. 5.2) during the 
whole fermentation (Figure 2). 

The percentages of lignin, Klason method (Kirk and Obst, 1988), in the native 
banana tree trunks and at the end of the fermentation (day 15) are shown in Table 1. 

Table 1. Lignin content of native banana tree trunks and after the semi-solid 
fermentation with P. chrysosporium. 
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Banana tree trunk 

A reduction of 32% in the lignin concentration is observed. Generally, maximum 
degradation of lignin in hardwoods is achieved between 3 to 8 weeks, while in 
softwoods this is achieved between 3 to 4 weeks. 

Lignin (Klason) 
(W 

Protein (mg/mL) 
12, 

Classical chemical method 

10 10 

6 - 6  

- 6  

- 

6.4 

0 2 4 6 B 10 12 14 16 
Time after incubation (day) 

O Protein - pli 

1 

Modified chemical method (+ urea) 3.4 

Figure 2. Protein concentration and pH during cultivation of P. chrysosporium on 
banana tree trunks. 

Pulping of banana tree trunks by the classical chemical method used by the 
paper industries in the State of Pernambuco removed 65% of lignin (Barreto el  al., 
1993) (Table 2). A modified chemical method which containes urea removed 80.4% 
of lignin (Barreto el al. 1993) (Table 2). 

Table 2. Lignin content of banana tree trunks treated by the classical chemical 
method and by a modified method using urea. 
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The delignification of banana tree trunks using P. chrysosporium is lower 
than the chemical methods. However, considering the great amount of pollution 
caused by the paper industries which use the chemical methods, the use of P. 
chrysosporium would cause a lesser degree of environmental damage. 

CONCLUSION 

The results indicate that semi-solid fermentation of banana tree trunks using 
P. chrysosporium reduces the lignin content by 32% and is therefore a potential 
alternative process for cellulose pulping and paper production with less pollution. 
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molecular hydrodynamic methods 
G Pavlov - University of St Petersburg, Institute of Physics, 
St Petersburg, 198904, Russia 

Cellulose investigations s tar ted a l o n g  time ago. 

Nevertheless, the experimental data containbg indepen- 
dently deteruJined molecular weights o f  samples (M) and 
data on chain dimensions remain incomglete. "he main 
reason for t h i s  i s  (fortunately) the poor cellulose 
selubili ty.  Cellulose disolution probably occurs a s  a 
result  of  the interaction betweeil the solvent components 
and the OH-groups of glucopyranose rings, which can be 
regarded as gart ia l  substitution. Our investigation of 
cellulose i n  alkaline solution of iron-sodium t a r t r a t e  
complex (FeTWa) [11 comprised the following stages: 
1) investigation o f  the solvent, i.e. determination of 
the s ize  and mass o f  the low molecular weight complex, 
2 )  determination of the degree of  bonding o f  t h i s  cow- 
lex  t o  cellulose molecules, 3 )  determination of the 
equilibrium value of density increment [21 , 4) deter- 
mination of hydrodynamic and molecular characterist ics 
of cellulose i n  the solvent used. 

54 1 

�� �� �� �� ��



542 Wood, pulp and fibres 

The main investigation methods followed clas- 
s i c a l  methods of aolecular hydrodynamics: velocity 
sedimentation (So - sedimentation coefficient and K,- 
concentration sedimentation coefficient ) , isothermal 
translational diffusion (Do - t ranslat ional  diffusion 
coefficient) , and viscometry ( (71 - intr insic  viscosity) . 
These methods make i t  possible t o  investigate both low 
molecular weight compounds ( D o  and and Polymer 
molecules (SO, I$, DO, Cql 1. 

and ( CT7.M) were measured f o r  some 
l o w  molecular weight complexes. In  the interpretat ion of 
experimental values hydrodynamic theories were used for 
the model of a non draining uncharged spheres 131 and 
the  density increment 
i s  the comglex concentration determined by an independent 

fusion, the b1 value of  the low molecular weight complex 
w a s  calculated from the equation: 

The values o f  

h P / c ~  = M (1 - UP ) where CM 

di f -  method and expressed in mole/cm 3 . In the case of 

(M -hP/hcM) = (4rr/3)(kT/6rr17,Do)3NAP0 

t& and Po are the solvent viscosity and density where 
respectively, k is  Boltamann's constant, and Nu is  
Avogadro 's  number. 

Table 1. Characteristics o f  l o w  molecular weight 
complexes. 

~ ~ 1 0 7  (C73.M) A P / A ~ ~  hiD rD1O 8 =?lo8 
Comglex 

cm2/s &/mo1 d m o l  d m o l  cm c m  

FeTNa 37 7100 470 720 940 4.5 5.6 
Cadoxen - 900 109 - 470 - 5.2 
CaC12+DMAA 47 - 110 375 - 4.6 - 
L i C l  + D W  50 910 38.5 250 380 4.5 5.2 
L i C l  +H20 124 1 4 0  23 42 79 2.0 2.8 
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% and My 
the r ad i i  of  equivalent spheres calculated from af- 
fusion and viscometric data, respectively. 

By using dialysis (Vladipore membranes based on 
polysulfonamide) the differences A n and A P mere deter- 
mined f o r  t w o  cases: 1) solutions were comgared before 
and a f t e r  dialysis,  2) solvents were compared before and 
a f t e r  dialysis (n - refractive index and P - density). 
The values of ( AP/P m) and ( A e d w )  were extrapolated 
t o  the condition (wV./V2) --t 0 where 
concentration of cellulose i n  FeTNa, Vl is  the solution 
volume, and V:, is the solvent volume against 
l y s i s  was carxied out. This condition corresponds t o  
a ia lysis  against Fnfinite solvent volume. It was found 
f o r  cellulose in FeTNa that  

are the molecular weights and rD and r? are 

w is the weight 

which dia- 

( A P/pW>o = (M 0 J M >  ( l -V,cPo>~O=75+,0~03 

( A  Cdw+, = (20+_2)010-4 m~3/cm3 

The number of  bonded low molecular weight complexes per 
cellulose monomer uni t  w a s  determined from the value of 
( A chl/vp)o: 

n = ( A C ~ W ) ~ M ~ P ~  = 0.28 cc 

where % is  the molecular weight of  the repeat cellulose 
uni t  and Po is the solvent density. Hence, on average 
one PeTNa-complex is present per 3.5 cellulose monomer 
units.  The value of density increment ( A  P/PW> was used 
i n  the interpretation of  sedimentation-diffusion data. 

Cellulose was investigated over a wide range of 
degrees of  polymerisation i n  FeTNa w i t h  the follovJiW3 
compositions : 

solvent 1 : c,=O. 10U; 1.5N NaOH; 2$ of sodium 

solvent 2: cc=0.30M; 1.5K NaOH (PO = 1.191, 

t a r t r a t e  (TNa) (Po=1.120 dcm 3 ; ?o= 1.71*10'2 poises) 

yo= 2.94*10-*). 
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The resu l t s  were compared with gublished data f o r  

The equilibrium r ig id i ty  of cellulose chains was 
cellulose i n  FellIda 14-61. 

evaluated with the assumytion of very small volume ef- 
f ec t s  by using theories [71. The factor o f  hindrance t o  
internal  rotation 6 =MAf was calculated on the basis 
of experimental (A) and theoretical  (Af) values of the 
Kuhn segment length. The Af value i s  obtained with the 
assumption o f  a comglete freedom o f  rotation of the 
cellulose chain about a l l  OC1 and OC4 bonds (8). 
Consequently, the calculated values of d 2  great ly  
exceed those obtained f o r  a l l  other l inear  oolymers. 
However, the i n i t i a l  model for calculating Af does not 
take in to  account h t r a c h a i n  hydrogen bonds which lead 
t o  the formation o f  ladderstructure fragments of the 
cellulose chain. The theoretical  model was generalized 
t o  the case o f  ident ical  r i g id  fragments inclined t o  
each other at a valence angle 9. For  an even number n 
of glucopyranose rings contained i n  a rigid fragment, 
the following expressions were obtained: 

2 

bn=bl ; dn=2(n-l)blcos(8/2)+ndlsi.n(B/2) ; 

Af ( %sin ( Q/ 2 2+ ( 2bn+dncos (8/2 ( 1 + c 0s el/ ( 1 -C OSQ 

hn=n h, ; h 1- -0.515 m; d1=0.142 nm; b1=0.2G5 nm; 

(n - 6)=109.5O. 
Some cellulose derivatives were also studied: 

highly substi tuted n i t ra te ,  sulf oaceta t e  and methyl- 
cellulose, as w e l l  as some polysaccharides of other 
origin: chitosan, ch i t in  n i t ra te ,  microbial mannan, 
laminarin and polymaltotriose [ 9-12] (See table 2). 

other i n  the type of incllusion of  the saacharide ring 
in to  the main chain, which profoundly affects  
equilibrium r i g i d i t y  of the chain. 

These l a t t e r  golysaccharides d i f fe r  from each 

the 
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Tab le  2. Parameters of  Kuhndark-Houwink equations 
( [?I = K ~ M ~ )  

- - 
Polymer Solvent a ~ ~ 1 0 2  MIO-3 

cm?h 

Cellulose FeTNa 
cc=o . 1 OM 

Cellulose Fe'PNa 
C,=O. 30M 

Cellulose e thyl  ace ta te  
n i t r a t e ,  
DS=2.7 

Col lulos e 0.2M NaCl 
sulf oacetate 

Chit osan 0.3% CH3COOHt 
+ O O N  NaC1 

C h i t i n  n i t r a t e ,  DMF 
DEk1.75 

Mannan %O 

Polymalt 0- H2° t r i o s e  

Dioxan l i gn in  dioxan 

Dioxan l i g n i n  DMSO 

Groundwood Dm0 
lignin 

Gr owdw o o d DMSO 
l i g n i n  

0.79 

0.89 

0.95 

0.95 

1.02 

1.04 

0.75 

00 58 

0.27 

0.21 

0.25 

0.44 

2.6 

1-05 

0-51 

0.21 

0.34 

0-15 

2-33 

6 .O 

0- 49 

1.04 

0.72 

0.15 

6-640 

5 -440 

50 -9 80 

7 -70 

13-1 90 

11 -170 

20 -1 80 

3-660 

6-100 

6-100 

6 -60 

0.6-6 
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Soluble l i gn in  fragments: dioxan l l gn in  and ground- 
wood l i gn in  were studied. In t he  in te rgre ta t ion  of 
molecular data on l i gn in  the fundamental Rroblem i s  i t s  
l i n e a r  analog. If the propert ies  of t h i s  analog are 
known, i t  i s  possible t o  determine the degree of branch- 
ing of  soluble l i gn in  fragments. For t h i s  purpose the 
p l o t  o f  the tyBe Burchard-Stockmayer-Firman is  general ly  
used [13]. I n  our opinion i n  this case i t  i s  necessary 
t o  take i n t o  account the  f ac t  t ha t  a t  M <  6 0 1 0 ~  lignin 
fragments are  v i r t u a l l y  l i nea r ,  and the dependence used 
has a zero slope. This conclusion can be taken i n t o  ac- 
count i n  determining the  degree of l i gn in  branching. 
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70 The reactivity of chlorine-free bleached 
dissolving pulp in respect to its chemical 
processing 
K .Fischer and I Schmidt - Dresden University of Technology, 
Department of Forestry, Institute of Wood and Plant Chemistry, 
Pienner StrarJe 23, 01737 Tharandt, Germany 

ABSTRACT 

When bleaching dissolving pulp in a chlorine-free way it is a great problem to maintain 
viscosity. Some possibilities during the bleaching process and in a post-treatment have 
been investigated in order to degrade the cellulose up to the required level. The 
reactivity of these pulps has been characterized by monitoring the molecular weight 
distributions of the cellulose and the filterability of the viscoses processed from it. 

INTRODUCTION 

The reduction or removal of organicaiiy-bound chlorine from mill effluent and pulps is 
one of the main points of discussion for producers as well as scientists working in this 
field especially in Europe. Today several ways are in progress to minimize these pro- 
blems which are detectable in strength, brightness and viscosity losses in producing 
paper pulp. The losses in pulp viscosity caused by oxygen and peroxide treatment of 
the pulp which are unfavourable for producing paper pulp are not easy to utilize for a 
definite degradation of the viscosity which is necessary for producing dissolving pulp. 
Nowadays bleaching processes using oxygen and peroxide only as bleaching agents 
are optimized very well In respect to the brightness of paper pulps. But for dissolving 
pulp it is also necessary to have a definite vlscostty of the pulp at the end of the 
bleaching process. Some possibilities are given In decreasing the pulp viscosity using 
oxygen-containing bleaching agents only. In our laboratory some work has been done 
in order to control the degradation in pulp viscosity by the help of bleaching with an 

547 

�� �� �� �� ��



548 Wood, pulp and fibres 

No. 

1 

2 
........ ... 

acid peroxide solution, ozone, a steam-explosion treatment or a treatment with 
energy-rich electrons. Furthermore, the effect of such agents or post-treatments on the 
reactivity of the pulps has been investigated. 

kappa IV DP, DP, MJM, R, 
number 

un- d Ilg glcmZ 
bleached 

16.1 169 136 1100 8.08 103 

6.9 268 455 1750 3.84 367 
.... ..... ........... ... ...... ...... * ..... ......... .... ............... ........ . .......... ................ 

PULP REACTIVITY 

The word mcdwify is not a well defined term. In our opinion the reactivity of a pulp 
should be considered with respect to the process by which the pulp has to be 
processed. In these investigations the pulp reactivity is evaluated in respect to the 
viscose process by help of the molecular weight distribution of the pulps and the 
clogging values of the viscoses produced from these pulps. 
As it could be learnt from the investigations carried out on oxygen bleached sulphite 
pulps from beech wood the best in reactivity was yielded when the pulp was delignified 
and its viscosity was degraded as far as possible during the acid pulping process. The 
residual diminution of the pulp viscosity and the required brightness can be reached 
during the alkaline peroxide stage. As it was shown earlier the best filterability of its 
viscoses is given by processing a pulp which was extensively delignified (1). 
The results of the investigation of the molecular weight distributions of oxygen- 
bleached pulps which differ from the original unbleached pulps in the Kappa number 
show that the extended delignified pulp gives not only the best filterable viscose but 
also a higher intrinsic viscosity and a lower polydispersity (Tab. 1). A cause for the bet- 

Tab. 1 Data given by the molecular weight dis- 
tribution from chlorine-free bleached pulps 
and clogging values of viscoses produced 
from it (IV - intrinsic viscosity) 
bleaching sequence: EOP P P 

ter uniformity of pulp 2 (Tab. 1) 
may be seen in a better acces- 
sibility of the bleaching agents 
which has been prepared during 
the extended de\ignification pro- 
cess. The good accessibility of 
the pulps could be interpreted by 
the help of scanning electron 
microscopic pictures. Such in- 
vestigations have shown that the 
primary wall of an extended de- 
lignified sulphite pulp was com- 
pletely remOV8d and there were 
defects within the S,-wall (1). 

THE REACTIVITY OF CHLORINE, CHLORINE-REDUCED AND CHLORINE-FREE 
BLEACHED PULPS 

For these investigations industrially produced pulps were used which were bleached 
with and without chlorine-containing agents. The bleaching sequences for the pulps 
were CEHH, DEHH, EOP-P-P. The ordinary pulp parameter and the clogging values 
are summarized in Table 2. As can be seen this table contains the values for several 
oxygen-bleached pulps which possess a similar a-content and brightness but have qui- 
te different clogging values. The table reveals also that the ordinary bleached pulp 
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(CEHH) exhibits the highest filterability. Therefore, the causes of the different behaviour 
of the pulps during the viscose process have to be clarified. The great differences of 
the filterability may not be explained from the commonly used parameters. Both 
chlorine-free bleached pulps possess similar values and the differences in the degree 
of polymerization between the chlorine and chlorine-free bleached pulps do not reflect 
the trend of the clogging values. 
As the viscoses from all pulps were prepared with a high charge of carbon disulfide the 
trials were repeated at lower CS,-charges in order to check the influence of the 
CS2-charge on the filterability of the viscoses. Table 3 contains the clogging values of 
several pulps prepared at different amounts of CS,. 

CEHH 91.0 700 93.4 620 

Tab. 2 Ordinary data of pulps bleached 
according to different sequences 
and clogging values of the visco- 
ses produced from these pulps 
(B - brightness) 

I Rvaat a CS, charge of 
sequence 40 i 36 I 32 28 i 24 

I 

I 620 603; 602 i 560 495 .......................................................... .............. i ............ I .......... 
465 - 640 520; 35C ..._.... ..... ............................. I 1  

DEHH 
1. EOP PEP 223 i - ; -  - i - ......... 
2. EOP PEP 460 f 290; 280 2501 - 

....................................................... I 1  

.............................................. : .......................... .: ............ : 
............ .: ........... 2 .............. 2 ............ : ......... 
3601 - 1410 i - i - 

Tab. 3 Clogging values of several pulps 
in dependence on the CS, charge 

It could be found that the common chlorine bleached pulp results in a very good filtera- 
ble viscose up to a CS2-charge of 24%. The pulp produced in a chlorine-reduced way 
shows a very good filterability of its viscoses also at a lowered CS, charge. 
investigating the chlorine-free bleached pulps it must be admitted that there are pulps 

which show also a good filtera- 
bility at a reduced charge of 
CS,. The causes of the different 
behaviour of the pulps ought to 
be investigated. From the mole- 
cular weight distributions of the 
pulps as well as the pulps afler 
alkalinization and aging quite 

0.5 different behaviour of several 
pulps within these processing 
steps could be observed. Fig. I 
shows the molecular weight dis- 
tribution of pulps which were 
bleached with and without chiori- 

6 ne. The chlorine-free bleached 
pulp shows the smallest distri- 
bution curve and the CEHH 

............................................................................................................................. 

1 DEHH 
1 -- MJM, = 3.71 

- 2 CEHH 

-3 EOP PEP 

3 4 5 
log M 

Fig. 1 Molecular weight distribution of bleached 
Pulps 
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RV=223

Rv=620

65

........... , .

54

4

1 before
alkalinization
Mw/Mn '" 1.76

2 after
alkalinization
MwfMn =1.97

3 after aging
MwfMn = 1.77

I+ :········ .. ·1

6 7
109M

Molecular weight distribution of a chlorine
free bleached pulp, after alkalinization.
and aging

fogJ
Molecular weight distribution of a chlorine
bleached pulp, after alkalinization, and
aging

o+--~---j~~--+--~--J---'o---""'-~

3

0.5

i
11 before1 alkalinization

1 T Mw/Mn =1.70
12 after
i alkalinization
J Mw/Mn = 3.08
~ 3atter aging

0.5 + Mw/Mn =2.28
I

~
~

oi..··
3

Fig. 2

Fig. 3

seems to possess the most uni
form one. Looking at the MWD
of the chlorine bleached pulps
after alkalinization and after
aging (Fig. 2) it is observed that
the uniformity of the MWD is
kept and only a small shifting of
the curve towards the low mo
lecular range can be recognized.
Taking the MWD of the chlori
ne-free bleached pulp which re
sults in a worse filterable viscose
into consideration it must be sta
ted that the pulp is very sensitive
to the alkalinization process
(Fig. 3). The influence of the
aging process on the MWD is
not so pronounced as the alkali-
nization process itself. The poly
disperslty of the pUlp increases
and It Is higher than that of the
aged chlorine bleached pulp.
Fig. 4 shows the MWDs of an
other chlorine-free bleached pulp
which was mercerized and aged.
In this case the uniformity of the
distribution curve is also kept on
during the processing steps and
the viscose produced from this
pulp shows a good filterability.
From the results can be conclu
ded that a certain stability of the
pulp against alkali must be gi
ven.
In order to test the behaviour of
the mercerized pulp during the
aging time the aging kinetics of
two different bleached pulps has

been investigated. For the chlorine bleached pulp. it could be observed that both the
weight average and the number average are decreased during aging up to a certain
point and afterwards both average values approach each other.
In the second case a chlorine-free bleached pulp which shows a poor reactivity was
investigated. The value for the number average of polymerization was only influenced
slightly. the weight average was strongly diminished. and the values did not converge.
From these results it may be concluded that not only the MWDs of the bleached pulps
but also the MWDs after certain aging conditions are of a special interest to the quality
of the viscoses.
A consideration of the ratios of the weight average and the number average
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I I 

I . .  . .  
1 untreated R, - A P ~  

1 1  M,/M, = 4.27 

2 after alkalinization 

3 after aging 
M,/M,, = 2.30 

M,/M, = 1.85 . I 0.5. 

3 4 5 6 

Fig. 4 Molecular weight distribution of a 
chlorine-free bleached pulp, after 
alkalinitation, and aging 

MdM. 
3.5 .i.* I ........................... 

[ r =-0.871 ........................... 

1.5 ' " ' ' ' . '  

Fig. 5 The influence of M /M, from 
A 0  300 400 500 600 h v  

alkali cellulose on &e clogging 
values 

molecular weight has 
shown that an enhanced filte- 
rability of the viscoses occurs 
along with a decreasing value for 
the ratios M,/M, (Fig. 5) deter- 
mined at the aged alkali cellu 
loses. The ratios MJM, deter- 
mined from the bleached pulps 
do not show such a strong corre- 
lation. This means that the qua- 
lity of the pulp may be equalized 
up to a certain point by the al- 
kalinization process and thus the 

7 properties of the pulps deter- 
mined after the alkalinization and 
aging process give more pro- 
bable information regarding to 
the viscose quality. 

log 

change of DP + * brightness 

70 
3 4 5 6 7 8 9 1 0 1 1  

PH 
Fig. 6 Influence of the pH of the 

peroxide stage on the DP- 
changes and the brightness 

Besides the problems of the strong differences in the clogging values and getting the 
required viscosity at the end of the bleaching process there are the problems of the 
brightness of pulps bleached with oxygen or peroxide only as seen in Table 2. 
Therefore, the influence of the pH-value of the peroxide treatment on the brightness 
and the degradation of the cellulose was investigated. The results are presented in Fig, 
6. It can also be seen that the brightness of the pulp increases linearly with the pH of 
the peroxide stage, whereas the diminution of the DP Is the highest at a low pH. in- 
creasing the pH-values above 7 the diminution In DP slows permanently down (2). This 
means it is not possible to degrade the cellulose chains under alkaline conditions up 
to the required level. 
Therefore, several possibilities for degrading cellulose such as a treatment by acid per- 
oxide or ozone and a degradation by the help of energy-rich electrons or a steam-ex- 
plosion process, respectively, have been investigated. 
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Firstly two peroxide stages have been com- 
bined. One of them was carried out with a 
high alkalinity and one at a low pH. The re- 
sults of the investigations did not reflect the 
expected ones as can be seen from Tab- 

For this reason other ways must be chosen 
Influence Of alkaline and per- for getting a chlorine-free bleached pulp 
Oxide steps On brightness and with a good. brightness and the required on the change in DP 
(PA - acid peroxide stage) 

Nowadays one possibility for influencing the 
pulp during the bleaching process is given 

by using ozone. The first trial using ozone for bleaching showed that the degree of 
polymerization may be influenced both by the ozone charge and the bleaching step 
which follows the ozone stage and the increase in brightness was promising, too. The 
influence of the charged ozone amount on the degradation of cellulose and the pulp 
brightness was further investigated. 

The results showed that the DP 
diminished in dependence on the - ozone charge (0.15-0.3% on 
pulp 0. d.) up to about 250 units. 
In the enclosed alkaline peroxide 
stage the DP decreases by 
another 150 units. The dimi- 
nution in DP is also influenced 1 by the charged amount of per- 

\ oxide. The brightness increases I with the charged amount of 
1 ozone nearly linearly (Fig. 7). 

0 1 2 a 4 brightness of the pulp increases 
amount of Ozone [gikg 0.d. pulp1 also but only by a few points. 

Fig. 7 Influence of the amount of ozone on the The results show that in 'Onside- 

brightness ration of certain points a way is 
given for bleaching a pulp with a 

high brightness and an adjustable viscosity. The reactivity of ozone bleached pulps 
tested at its viscoses was very good. 

sequence 

EOP P, P, 
EOP P, PA 210 

Tab. 

Brightness [%] 
y4 I. -.___--_I_. 

85 j 1 j During the peroxide stage the 

THE REACTIVITY OF POST-TREATED PULPS 

Other possibilities such as a steam-explosion treatment or a treatment with energy-rich 
electrons have been tested in order to degrade the cellulose of a fully bleached pulp. 
The post-treated pulps were investigated in respect to the changes of the DP, their 
molecular weight distributions, the filterability of the viscoses produced from these 
pulps, and partly by MAS 3C-NMR spectroscopy and crystallinity values in comparison 
to its parent pulps. 
A pulp produced in a chlorine reduced way and a chlorine-free bleached one were 
intensively investigated. In respect to the degradation of the cellulose the decrease of 
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.. . . .. .. .. , . , . .... . , . , .. . , , ................. .. ................. .... ................ ................................. 
! 

1 untreated 

3 4 5 6 7 
log M 

Ffg. 8 Molecular weight distribution of a DEHH 
bleached pulp, after irradiation, and 
steam explosion 

the DP (Tab. 6) and a shifting of 
the molecular weight distribu- 

1 untreated 

2 after steam 
explosion 

MJM, = 1.70 

MJMn = 3.68 

..’ ...’ , I 
3 4 5 6 7 

log M 
Flg. 9 Molecular weight distribution of an 

EOP PEP bleached pulp, after irradia- 
tion, and steam explosion 

tions towards the lower mole- 
cular range can be observed on 
both pulps as well as after a 
treatment with energy-rich elec- 
trons and a steam-explosion 
treatment (fig. 8, 9). 
It is further recognized that by 
the steam-explosion treatment 
the amount of low molecular 
cellulose is increased on both 
pulps. By treatment of the pulps 
with energy-rich electrons the 
effect on the low molecular cellu- 
lose is not so pronounced. A 
special effect Is to recognize the 
molecular weight distribution of 
the pulp which was bleached by 
help of oxygen and peroxide 
only after a steam-explosion 
treatment (Fig. 9). The post 
-treatment influences as well as 
the low molecular part of the 
cellulose and the high molecular 
one. The picture of this distri- 
bution seems to indicate a recry- 
stalllzatlon of the cellulose. In 
order to check this assumption 
X-ray wide-angle investigations 
have been carried out. In Table 
5 the results of the Investigations 
for a chlorine-free bleached pulp 
are given. In comparison to the 
original pulp the crystallinity and 
the area of the crystal lattice is 
increased by the steam-ex- 
Dloslon treatment. 
Similar results were obtained for 

the chlorine reduced bleached pulp after an steam-explosion treatment although the 
broadening of the high molecular part in the molecular weight distribution curve is not 
so visible. 
From the measured MAS I3C-NMR-spectra no differences caused by the steam-explo- 
sion process could be recognized. 
Also the clogging values from the viscoses of such post-treated pulps have been de- 
termined. The results are summarized in Table 6. 
From the results can be seen that the reactivity of the pulp in respect to the viscose 
process may be increased as well as by a treatment with energy-rich electrons or a 
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steam explosion treatment when the origin pulp shows a bad filterability of the viscoses
produced from it.
Processing a pulp which shows a high reactivity by itself so it is possible to retain the
viscose quality by using a post-treatment of the pulp with energy-rich electrons elimina
ting the aging step. A post-treatment of such a pulp by steam-explosion shows a slight
slow down of the clogging value. The aging step was also eliminated.

Xc crystal lat-
tice area

% nm2

EOP PEP 50 16.7

EOP PEP 55 22.4
steam-exploded

Tab. 5 X-ray wide-angle investigati
ons
( Xc - degree of crystallinity)
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71 The effect of plasma-chemical treatment 
on the properties of cellulosic materials 
T Mironova and R Belodubrovskiy - 194021, St Petersburg, Shvernik 
av. 49, VNIIB; S Krapivina and G Paskalov - St Petersburg, 
Zagorodniy pr. 68, NPP ‘Plasma’, Russia 

ABSTRACT 

The modification of the submolecular structure of different fiber types 
may be carried out by physical methods. The effect o f  plasma-chemical 
treatment (PCT) on the change of pulp reactivity, hydrophilic and 
absorption properties were studied. The subjects of study for PCT were 
the following: the hardwood viscose and softwood cord pulps as well as 
the paper base for sausage casing. After PCT the capillary absorption 
o f  the paper base Increases by 1.5-2.5 ,the time o f  water rise to 25 mm 
height decreases by 6.0-17.0 times and the paper base absorption 
capacity at full impregnation with viscose solution increases by 1.7-10 
times. The outflow rate of viscose solution after xathation of viscose 
at CS2/NaOH ratio (X )  90/11 and 110112 increases by 2.0-3.0 times, 
respectively . 

MATERIALS AND METHODS 

For our experiments we used a low temperature plasma (LTP) o f  glow 
discharge under lowered pressure. T h i s  plasma is non-equilibrium and 
non-isothermic i.e. the &lectronic temperature is much higher (30000 K) 
than the gas one (375 K). The treatment of cellulosic materials was 
performed on the pilot HF glow discharge unit with external circular 
electrodes. In the case of hydrophilic treatment o f  cellulosic 
materials oxygen was used as a plasma-producing gas . 
The samples of paper base for sausage casing containing flax pulp as 
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the main component were treated by LTP. The X-ray analysis of paper 
base for sausage casing before and after LTP treatment was made by 
means of an X-ray diffractometer DPOH-3 with CuKa radiation 
monochromated by a graphite monochromator. The operating parameters of 
the diffractometer were the following: 36kV, 20 mA, the rate of 
detector movement - Z"/min. 

RESULTS AND DISCUSSIONS 

The use of some cellulose fibers in the production o f  speciality papers 
i s  limited by its specific structural properties. The low 
hydrophilicity of flax pulp connected primarily with the submolecular 
structure features is well-known. The high degree of its crystallinity 
(0,75-0,8) close to that for synthetic fiber is the reason for the 
smaller submicroscopic pore size than for cotton or Manila hemp fibers 
(Mel'nikov et al., 1983). It was established earlier that the 
comnercial use of paper base for viscose reinforced sausage casing as 
the main composition component f o r  f l a x  long-fibered pulp does not 
provide paper with the necessary absorptivity. The structural 
modification of flax fibers produced by toughening the technological 
cooking parameters (raising of the temperature, active alkali 
consumption etc.) increased hydrophilicity but resulted in a loss of 
mechanical strength. 

The structural modification of various fiber types (synthetic and 
natural) can be implemented by means of physical methods such as HF and 
EHF (extra high frequency) current treatment, low frequency infra-red 
and ultraviolet irradiation, etc (Mel'nikov et al., 1983; Gordberg et 
a1 ., 1983; Krichevskiy et a1 ., 1989). Probably the most interesting 
result can be obtained after ionizing irradiation which causes the 
looseness of polymeric submolecular structure and formation o f  
additional active centers. 

In 02 atmosphere activating processes have the following form (Maximov, 
1984; Krapivina, 1989) : 

02 t e-. 02(lng)t e 02 t e-O2(31u) + e 

02(32u) t e+O( 3 P) t O(l0) t e O( 3 P) t 02 t M-+O3 t M 

The active components O(3P), 02(1 g), 03 are characterized by a long 
lifetime and high chemical activity at the low temperatures. The 
concentration o f  active components may reach 10 %. During 
plasma-chemical treatment (PCT) of cellulosic materials at the 
gas-solid interface chemical reactions resulted in surface 
modification: 

(C6H1005)n t {O( 3p) ; 02( lag) ; 03) - C02tH20 
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X-ray diffractograms of paper base before and after treatment do not
have the pronounced differences. The degree of order (DO), according to
Ant-Vuorinnen's method (Ant-Vuorinnen, 1965), was used for comparison
of X-ray diffractograms. The decrease of DO during PCT of paper base
from 0.727+0.006 to 0.709+0.011 defines cellulose crystallinity
reduction. It should be noted that structural ununiform1ty of cellulose
resulted from lTP increases.

The PCT process 1s ecologically more superior than for example corona
discharge

Table 1. The changes 1n hydrophilic properties of paper
base for sausage casing during plasma-chemical treatment (PCT)

-----------------------------------Method--of-phys1cal--actlon---------

Paper base
characteristics

Coronadischarge-------Plasma-chemical----
treatment treatment

Condi - Condi:--Condr:----Condi:-
tions Nl tions N2 tions N3 tionsN4

47 48 47 48 47 48 44 44
86 80 88 84 85 70 109 94
83 66.7 97.2 75 80.8 45.8 147.7 113.6

5.3 161 178 161 178 161 178 245 245
4.4 16 26 16 26 20 35 12 17

17.0 90.1 85.4 90.1 85.4 87.6 80.3 95.1 93.1

Capillary absorption,
mm (per 10 min)
before treatment
after treatment
I increment

Time of water rise to
25 mm height (sec)
before treatment
after treatment
Time reduction, I

MD CD MD CD MD CD

MO CD MO CD MD CD

MD

MO

CD

co

------------------------------*-------------------------.--------.--------
Time of complete
impregnation with
viscose, sec
before treatment
after treatment
Time reduction, %

46.3
32.3
30.2

360
30
91.7

360
90
75.0

360
90
75.0

249
143
42.6

--------------------------------------------------------------------------
treatment where air is used instead of 02. This results in formation of
nitrogen oxides and makes the ecological characteristics of our process
worse. Moreover, 1n the case of corona discharge treatment one often
cannot avoid the local thermal effect on treated material. Our
investigations showed that PCT increases the hydrophilicity of
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different cellulosic materials. Thus, modification of flax fibers by 
PCT provides on increase of delignif ication selectivity. 

LTP treatment of viscose and cord cellulose causes an increase of 
efflux rate of viscose solution after xanthation at CS2/NaOH ratio (%) 
90/11 and 110/12, respectively, by 2.0-3.0 times. 

Further research showed the possibility of considerable increase of 
hydrophi lici ty and absorption properties of paper base for sausage 
casing (it contains the flax fibers as a main component) by LTP. 
Strength properties are almost unchanged. Absorption properties were 
estimated by time of complete impregnation of paper base with 7% 
viscose solution, In Table 1 all results are compared to that for 
Manila hemp paper base treated by corona discharge according to the 
French patent N 2333084. It can be seen from the table data that the 
hydrophi lic properties of paper base for sausage casing produced from 
Russian long-fibered cellulose characterized by the index of capillary 
absorption and the time o f  water rise to the 25 mm height increase 
approximately (in 2 directions) by 1.5 - 2.5 and 6 .0  - 17.5 times, 
respectively (much more than corona discharge treatment gives for 
Mani 1 a hemp fibers) . 
Considerable increase by 1.7 - 12.0 times of flax paper absorption 
properties by PCT leads to uniformity and complete penetration o f  
viscose solution during sausage casing production and finally to 
increase of strength characteristics, 
The increased hydrophilic properties obtained at the PCT o f  flax pulp 
conserve well for a long time during air storage. After 2 months it 
decreases slightly, still being much more (1.5 - 1.8 times) for 
capillary absorption index than for untreated paper. As a result of the 
presented research the necessary parameters of LTP produced by HF glow 
discharge in 02 atmosphere and under lowered pressure were defined. 

CONCLUSIONS 

Plasma-chemical treatment fPCT) of DaDer base for viscose reinforced 
sausage casing containing fiax 6u1p as' the main component 
think, the only ecologically sound technology for product 
with the high absorptivity. 
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ABSTRACT 

The formation of the structure during the epinningprocessof a fibre spun from a solution 
of cellulose in N-methylmoryholine-Nsxide (NMMO) has been studied. The diameter 
and birefringence of aspinning monofilamentwere traced through theairgap that isused 
in the process. The effects of the spinneret diameter and the draw ratio on the structure 
evolution have been studied. The influence of the draw ratio on the fibrillation tendency 
of the fibre has also been evaluated. It is shown that the NMMO process is rather robust 
with respect to the tensile properties of the resulting fibres, but it is still possible to vary 
the amount of fibrillation. 

INTRODUCTION 

The fundamentals of the NMMO/water/cellulose solution system have been widely 
studied over the past fifteen years[ 1-61. The process can be used to make awide range of 
products, but most development effort has concentrated on the spinning of fibres. Some 
workers have studied this subject [7,8] and others the influence of spinning process 
parameten on the structure of the fibre[9]. A detailed study tracing the growth of the 
structure through the spinning process and relating this to the final fibre structure, 
however, has not been attempted before. 

The objective of this work was to understand the formation of the structure of the fibre 
during the spinning process. As it moves down the spinning line, the fibre L never in a 
state of equilibrium, but is always undergoing some change, such as drawing, cooling, 
relaxation, coagulation anddtying. These changes have been monitored in the initial part 
of the spinning process by studying the diameter and the birefringence (which is related 
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to orientation) ofaspinning monofilament. The effect of the fibre diameter and she draw 
ratio has also been studied. 

EXPERIMENTAL 

Asolution of disrolving pulp in a mixture of NMMO and water was spun from a Davenport 
Melt Indexer at 115'C into a 250mm air gap and subsequently into a water bath (dry-ht 
wet spinning). The apparatus was set up at CERMAV[ 101 and specially modified for this 
work. SpinneretrizesoflOOpm, 15Opm,200p1andf)O~mwereusedwith drawratios (0,) 
varying from 1 to 40. 

Figurn I :  A#arutut fw wwa.wring the birefnngmce 
and diameter ofthcjihmmt 

The birefringence and diameter of the filament were studied in the air gap, using the 
apparatus shown in Figure 1. The intensityoflight I transmitted b9 the analyser is related 
to the birefringence A n  by the formula: I 0) 

where I, = intensity of reference beam that has not passed through the analyser, h. = 
wavelength of light used and 4 = diameter of the filament, which is measured by a device 
developed at the Laboratoire de Rheologie (Grenoble) by A. Magnin and J. M. Piau. 

I( - = sin* (1 An+) 
*o 

The birefringence of finished dryfibreswas measured on an Olympus optical microscope, 
using a Berek Compensator. Fibre tenacity, extension at break and initial modulus were 
measured on an Instron 4901 tester, on 20 fibres from each sample. The crystallinity of 
the fibres was measured using Wide-Angle X-ray Diffraction (WAXD). The equipment 
used was a Siemens Krystalloflex generator (CuK a radiation) with a Warhus flat film 
vacuum camera. The sample w a ~  rotated during exposure to smear the diffraction peaks. 
The resultingfilm was scanned and digitised using aJoyce-Loebl SCS Microdensitometer. 
The crystallinity of the sample was calculated using a correlative technique developed by 
Statton[ll] and Wakelin et  al[l2], in which the unknown spectrum is compared with 
crystalline and amorphous standards. In our case, the crystalline standard was mercerised 
and hydrolysed ramie and the amorphous standard was amorphous cellotetraose. It 
should be noted that this is a relative, rather than an absolute technique, since the 
standards are neither wholly crystalline nor wholly amorphous. 

�� �� �� �� ��



Spinning of fibres through the NMMO process 563 

Fibrillation was measured by an ultrasound technique. 10 filaments of 20mm length were 
immersed in lOml of distilled water in a 30ml phial. These were then treated for 15 
minutes on a Branson Sonifier B12 ultrasonic probe, whilst cooling the outside of the 
phial. The probe wasfittedwith a 13mm flat tip. The fibrillation index (4) was calculated 
from optical micrographs of thefibrillatedfibres. The lengths ofthe fibrils, 4 overa length 
of fibre, L were measured. The fibrillation index is given by: 

XI 

L 
F,= L (2) 

RESULTS AND DISCUSSION 

The shape of the filamentin the air gapwith 200pm and 300pm spinnerets andadrawratio 
of 10.4 is shown in Figure 2. It appears that, with the narrower spinneret, the filament 
reaches its final diameter at a distance closer to the spinneret, that is, the ”draw length” 
is shorter. The curves appear to begin at avalue higher than one, owing to die swell at the 
exit of the spinneret. The die swell is greaterwith the largerspinneret, due, to a difference 
in cooling. Finally, the curves appear to have an inverse exponential shape. 

200 pm Spinnewt 
0 300 pm Spinneret 

I I 
0 50 100 150 200 250 

g 12 
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$ 8  al 
c 

C 

- 
.Q 6 

6 
. 200 pm Spinneret 

300 pm Spinneret 

- Constant Wscosity 

E 4  
2 - Fitledcurves 

0 
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Distance From Spinneret (mrn) Distance From Spinneret (mm) 

Figure 2: Diameter of the filament as a 
function of distance from the spinneret 

Figure 3: Dimionless  velocity of the filament 
as a function of distance from the spinneret 

We have shown elsewhere[ 131, that thevelocity profile V(x) approximates to the following 
formula: 

dln V 1 F  
L-= -- 

dx 9 E  4 (3) 

where F= force on the filament, Q= throughput and qE= extensional viscosity. Therefore 
V depends essentially on how the extensional viscosity varies with distance from the 
spinneret. We have also shown that the shearviscosityofoursolutionsvaries approximately 
exponentiallywith distance from the spinneret as the filament cools. It is reasonable to 
assume that the extensional viscosity will display the same behaviour. According to this 
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hypothesis, and setting the boundary conditions Vflo = 1 at the spinneret and V/v, = 0, 
for x --c m, the general formula for the velocity profile is given by: 

V - 
“0 

= DRexp[-l nDRexp (-ax) ] (4) 

Whcre a is a constant which takes into account different effects such as mass transfer, 
viscous flow etc. 

Figure 3 shows the diameter data recalculated as a dimensionless velocity and fitted to 
curves from equation 4, with an arbitraryvalue for a. The overall fit to the shape is very 
good. In contrast, aconstantviscosity (isothermal) caseisalsoshown as adashed line. The 
velocity in this case increases rapidly and does not stabilize, so the fibre “necks down” and 
breaks. 

Figure 4 shows how the material orients in the air gap. With the draw ratio used, the 
birefringence is proportional to the velocity. This means that it is inversely proportional 
to the cross-sectional area and proportional to the stress. Similar results have been 
obtained for noncrystalline melt-spun polymers[ 141. The birefringence with the 200pm 
spinneret reaches a higher value than with the 300pm spinneret. 

o.oo12 200 pm Spinneret 

0.0010 - 300 pm Spinneret 
al 
2 0.0008 - 

0 2 4 6 8 1 0  

C 

0 2 4 6 8 10 12 14 16 
Dimensionless Velocity Dimensionless Velocity 

Figure 4: Birejingence of thejilament QS a 
function of dimensionless velocity 

Figure 5: Birefringence Df theJila?nent QS a 
function of dimensionless velocity, with 

d@rent draw ratios 

The effect of the draw ratio on birefringence growth is shown in Figure 5. Initially, the 
relationship of the birefringence to the velocity is similar in the three cases. As would be 
expected, the final birefringence reached increases with increasing draw ratio. Note that 
with a draw ratio of about 15, the relationship deviates significantly from linearity. This 
phenomenon has been observed in other systems[ 151 and is evidence for slippage of the 
chains as they approach full extension. 
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The effect is more clearly seen in Figure 6, which shows the relationship between the 
birefringence of the drawn filament (at the end of the air gap, just above the spin bath) 
and the drawratio, usingdifferent sizes of spinneret. At lowdrawratios. the birefringence 
appears to increase rapidly as the draw ratio is increased, before tending towards an 
asymptote at abirefringence of 0.0013. This maximum appears to be independent of the 
spinneret hole size used. A qualitative explanation for this is that the polymer chains are 
approaching their finite maximum orientation, when they are close to being fully 
extended and aligned. 

- 

- 

- 
100 pm Spinneret 

A 150 prn Spinnerel 
200 prn Spinneret 

1 

8 0.0010 
C 

iZ 0.0004 - 100 prn Spinneret 
A 150 pm Spinnerel 

200 prn Spinnerel 

0 10 20 30 
Draw Ratio 

Figure 6: Birefringence ofthejilainent at the 
end of the air gap as a function of draw ratio 

Figure 7: Initial modulus as a function of 
draw ratio 

The relationship between the birefringence and the draw ratio does depend on the 
spinneret hole size in that, with a smaller spinneret, a smaller draw ratio is required to give 
a high birefringence. 

Table 1: Physical properties of fibres spun with different draw ratios. 

Initial Extension 
Modulus Tenacity at Break Crystallinity 

Draw Ratio Birefringence CPa CPa % % 
~ ~~ - 

1 .o 0.023~0001 6.2k0.5 0.25k0.02 80.0k8.0 43*2 
2.9 0.032k0.001 15.5k1 0.37k0.03 17.5i2.0 45k2 
4.0 0.038k0.001 20.0kl 0.41k0.04 13.0k1.0 46*2 

6.5 0.040*0.001 20.4*1 0.41*0.04 10.9kl.O 43k2 

10 0.041k0.001 21.7k1 0.50k0.05 10.Okl.O 46*2 

The effect of draw ratio on the physical properties of the fibres is shown in Table 1. At low 
draw ratios, the birefringence, modulus and tenacity increase with increasing draw, but 
they reach a plateau. This plateau is little above a draw ratio offour for the birefringence 
and modulus, but is somewhat higher for the tenacity. The extension at break is extremely 
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high (80%) with a low draw ratio, but this levels out to around 10% above a draw ratio of 
about 6. The really remarkable point about this set of data is the crystallinity, which 
appears completely independent of drawl This suggests that the crystallisation of the 
cellulose is energetic enough to overcome a high degree of disorientation. 

A plot of the effect of draw ratio on initial modulus with different spinnerets is shown in 
Figure 7. The maximum modulus reached is 22 GPa, independent of the spinneret size 
used, but, similarlyto the birefringenceat the end of the air gap, thesmaller the spinneret 
used, the lower the draw needed to reach this maximum. The existence of the plateau 
suggests that high performance cellulose fibres cannot be made from this system simply 
by increasing the amount of draw. It does indicate, however, that, above a certain 
threshold, the process is very robust, the final properties of the fibres being largely 
independent of the spinning conditions used. 

0- 10 20 30 
Draw Rat ia 

Figure 8: Fibrillation index a~ a function of draw 
ratio 

The effect of the draw ratio on the fibrillation characteristics can be seen in Figure 8. As 
might be expected, fibrillation increases with increasing draw ratio. It does not, however, 
follow the bulk orientation of the polymer as measured by the birefringence: No 
asymptote is reached. This means that, by selecting the draw ratio, it is possible to make 
a fibre with either a high or a low fibrillation index without significantly affecting the 
tensile properties. The diameter of the fibres was not found to influence the fibrillation 
tendency. 

CONCLUSIONS 
We have shown how a fibre spun from a solution of cellulose in NMMO draws and orients 
in the air gap. The velocity profile fits a shape predicted by exponential viscosity growth. 
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Orientation of the polymer increases with increasing stress, but chain slippage occurs at 
high draw ratios. Overall, the system appears very robust, since the orientation and 
modulus are independent of the draw ratio above a certain limit. Nevertheless, the 
fibrillability of the fibre can be varied, without significantlyaffecting its tensile properties. 
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Lignocellulosics 93 
Lignosulfonates 49 1-497 
Linters 523 
Liquid crystal 373 
Liquid crystalline polymers 393-400 
Liquid crystalline state 391 
Lithium chloride 141-151 
Low-grade dissolving pulp 2 19-226 
Low-temperature plasma (LTR) 

Lyotropic HPC 401-403 
Lysozyme action 18-26 

555-558 



Index 587 

Maleic acid half esters, 170 
Mark-Houwink-Sakurada 269,272 
Mechanical property 409 
Membrane 141, 151, 152 
Metallic derivatives 185-190 
Methyl orange structure 238 
Methylcellulose ,239-244 
Mica 356 
Microbial delignification 535 
Microcalorimetry 10 1- 106 
Microcrystalline cellulose 185-190 
Microencapsulation 435 
Microscopic observations 533, 534 
Milling 85-91 
Miscibility, of lignin 499-504 
Modulated structure 315 
Molecular characteristics 239-244 
Molecular hydrodynamic 542-545 
Molecular modelling 57, 58, 73 
Molecular weight distribution 31-33, 

Monte Carlo 274, 275 
Morphology 393400,403,404 

182, 547 

N-methylglycolchitosan 298 
N-methylmorpholine-N-oxide 559 
N-methylpyrolidone (NMP) 142-152 
Nitrocellulose 239-244 
Nonionic cellulose ether 323 
Nucleophilic substitution 233 

OH/CH, valency vibrations 75 
Oil, furfural analysis in 121 
Optical rotation 271, 275 

Packing, parallel-antiparallel 390 
Packing energy calculation 5 I ,  52, 

Parallel structure 57 
Partial least squares 94 
Pattern recognition 94 
Permeability 414 
Persistence length 257-262, 269, 270 
PFI refining 530, 531 
Phanerochaete chrysosporium 535 
Pharmaceutical formulation 445-452 

57-60 

Phase behaviour 325 
Phase separation 287, 3 15, 375 
Photofunctional material 227 
Photosurfactant 302 
Physical properties 533 
Plasma-chemical treatment (PCT) 

Plasticizer 471473 
Plastified cement 453-462 
Poly(diallyldimethyl ammonium 

Poly(N-vinylpyrolidone) 3 16 
Poly(acry1amide) 3 15 
Poly(ethy1ene oxide) 3 16 
Poly(methacry1ic acid) 3 15 
Polydimethylinoxanes 393-400 
Polyelectrolyte 435 
Polyelectrolyte complex formation 435 
Polyethylene oxide-EHEC interaction 

Polyethylene terephtholate fibres 

Polymer-solvent interaction 391 
Polymer-surfactant interactions 355 
Polymer complex 316 
Polymer consolute interaction 325, 327 
Polymer surfactant interaction 287 
Polymolecularity 182 
Polysaccharide derivatives unsaturated 

Polysaccharides 257-262 
Porous ceramics 471-473 
Porous matrices 4451152 
Potassium cellulose 185-190 
Power law 321 
Power transformers 1 15 
Principal component analysis 94 
Procaine 300 
Propionic 146 
Propylene glycol alginate 339-344 
Proton NMR spectroscopy 38 
PTIR spectre 78, 82 

Pulp, eucalypt 530 
Pulp, grinding 507-5 16 
Pulp, spuce 526 

555-558 

chloride) 435 

307-31 1 

49 1-497 

169 

Pulp 486,488, 517-521 
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Pulping 5 17-52 1 
Pyrene 342, 343 
Pyrene-labelled 347-353 
Pyrolysis 125- 1 30 
Pyruvate 266-27 1 

Quantum chemical calculation 133, 134 

Reactivity 547 
Reactivity of cellulose 514 
Recrystallization 51 7-521 
Regenerated cellulose membrane 407 
Regioselectivity 154 
Renaturation 274 
Replica cellulose 245-248 
Rheology 393-395 
Rheology, yield stress value 334-336 
Rheology of viscose 475482 
Rigid-ring method 52, 53 
Ripening of xanthogenate 478 

Scaled structure factor 319 
Scanning electron micrographs of 

Sedimentation analysis 177 
Sedimentation parameter 239-244 
Self-diffusion 307-3 I 1 
Silica 356 
Silyl cellulose 156 
Single-stranded 268-276 
Slurry tunnelling 466 
Sodium cellulose sulphate 435 
Sodium dextran sulphate 298 
Sodium dodecyl sulphate 287, 298 
Solid state "C-nmr spectroscopy 

Solka-flow 447 
Solubility 265-267 
Solubility parameter 132, 133, 

Solvents 131-136 
Sorption 417422 
Sorption, water vapour 101-106 
Space-filling atomic-molecular models 

Spinning 559 

cellulose 185-190 

508-510, 515 

2 19-226 

58 

Spinodal decomposition 3 15 
Spinoral ring 317 
Spruce dissolving pulp 523 
Stabiliser 471, 472 
Stability 265-273 
Steam-explosion 547 
Steam explosion lignin 491-497 
Stearic 146, 151 
Steeping of cellulose 477 
Steric stabilisation 425 
Strand separation 268-272 
Structural change 85 
Structure, of cellulose 18-26 
Substituent pattern of CMC 162 
Sulfonic 147 
Sulfuric acid 2 19-226 
Surface force apparatus 356 
Surface interaction, temperature 425 
Surface tension 107-1 14 
Surfactant-polymer interaction 

Surfactant interactions 287 
Surfactants, interaction with 

hydrophobically modified 
hydroxyethylcellulose 355 

307-3 1 1 

Suspensions 373 
Swelling ability 227-232 
Swelling systems 172 
Swellihg values 512, 513 

Tabletting 45 1 
Tetracaine 300 
Thermal treatment 79, 80 
Thermooptical analysis 404, 406 
Thiols 234 
Thrombogenic 15 1, 152 
Time-resolved light scattering 3 16 
Tosyl chloride esterification 172 
Transformer insulation failure 1 17 
Transformer monitoring 121 
Tunnelling 463 

Unbleached pulp 485, 486 

Velocity sedimentation 
(ultracentrifugation) 239-244 
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Viscose pulp 486-488 
Viscosity 257-262, 327, 476, 477, 

547 

Water-soluble polymer 9-14 
Water adsorption 78 
Water cadoxen 177 
Water retention 453-462 
Water sorption 101-106, 249-253 

Wetting 107-1 14 
WAXS 63-66 

Wood 517-521 
Wood matrix 499-504 
Wormlike chain 257-262 

X-ray analysis 5 17-52 1 
X-ray diffractograms, of cellulae 

X-ray scattering 523-526 
Xanthan 265-276,463 
Xanthogenation of cellulose 477 
Xanthomonas 265 

185-190 




