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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 

IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub­
mitted by the authors in camera-ready form. Papers are re­
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

The shortage of oil and natural gas has been reflected in shortages and 
spiraling prices for polymers based on petrochemical resources. Provi­

dentially, such polymers may be in part replaced by lignocellulosic mate­
rials that are the most abundant and most economical organic renewable 
resources available. In their natural state as wood and plant fibers, and 
as the principal constituent used in the manufacture of paper, textile fibers, 
and many other industrial products, lignocellulosic materials will continue 
to be fundamental to human welfare

Lignocellulosic material
can be used in their polymeric form without degradation. However, their 
properties and performance must be improved before they can compete 
with petroehemically derived synthetic polymers. Many new techniques 
for improving the competitive position of lignocellulosic materials are 
available. The grafting of vinyl monomers onto lignocellulosic fibers is 
one of these techniques. However, this technique has need of amendment 
to obtain economically feasible grafted lignocellulosic copolymers of 
superior quality. 

This volume is a collection of topics discussed at a symposium 
organized to provide an international forum for discussion of problems and 
challenges related to grafting reactions of lignocellulosic materials. Par­
ticipating scientists were invited from Australia, Bangladesh, Canada, 
Egypt, France, India, Japan, Romania, Sweden, Taiwan, and the United 
States. 

This volume contains the latest information on grafting reactions 
important to the polymer, fiber, and wood products industries. Chapters 
of this volume are divided into four general categories dealing with graft­
ing reactions of (1) cellulose and cellulose derivatives, (2) starch and 
bamboo, (3) lignocellulosic fibers, and (4) chemically modified ligno­
cellulosic fibers. These chapters provide only a small sampling of the 
activity in the field and the high level of interest in grafting research is 
continuing. One can thus look forward to a vigorous activity in this area. 
It is hoped that this volume will be timely and helpful and will serve as a 
source of information and a base from which further development of the 
science and technology of grafted lignocellulosics can emerge. 

Finally, I would like to thank all of the patient and enthusiastic con­
tributors who prepared the manuscripts, participated as speakers at the 

ix 
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symposium, and reviewed the papers of this volume. Special thanks also 
go to V. Stannett (North Carolina State University) and Roger Rowell 
(USDA Forest Products Laboratory) for chairing sessions at the sym­
posium. 

DAVID N.-S. H O N 

Virginia Polytechnic Institute 
and State University 

Department of Forest Products 
Blacksburg, Virginia 24061 

December 1, 1981 
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1 
Some Challenges in Grafting to Cellulose and 
Cellulose Derivatives 

V. STANNETT 

North Carolina State University, Department of Chemical Engineering, 
Raleigh, NC 27650 

Grafting reactions to cellulose and its derivatives 
began in the early 1950's  There has been intense 
research and developmen
those early day
patents have been published. In spite of all this 
effort there has been comparatively l i t t l e commer­
cialization of the grafting process. The turning 
around of this situation represents the greatest 
challenge to those of us who are active in the field. 
The reasons for the lack of industrialization on a 
large scale have been partly economic and partly 
the ability of researchers to find alternative means 
to achieve comparable properties. The author feels, 
however, that the situation will change once certain 
technical challenges are met. A number of these are 
discussed together with some still promising fields 
of application. Among the technical problems which 
still remain to a considerable extent are the con­
current formation of homopolymer in most cases, and 
the lack of reproducibility in these largely heter­
ogeneous reactions. In addition, the grafted side 
chains are often too few and too long, leading to a 
limited involvement also of the cellulose molecules 
themselves. Although there is often some concurrent 
degradation of the cellulose its e l f , this is not 
believed to be normally an important consideration. 

Conscious grafting to cellulose was fir s t reported in 1953 
(1) , although relevant and somewhat earlier work in the U.S.S.R. 
(2) and in England (3) certainly preceded i t . This work was 
variously described as copolymerization, actually accompanied by 
extensive crosslinking (2), and as polymer deposition (3). The 
author was privileged to follow on the 1953 work that same year 
and has continued to work in the field since that time. 

0097-6156/82/0187-0003$6.00/0 
© 1982 American Chemical Society 
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4 GRAFT COPOLYMERIZATION OF LIGNOCELLULOSIC FIBERS 

The p o s s i b i l i t y of g r a f t i n g synthetic polymers to c e l l u l o s e 
immediately attracted worldwide attention as a new and e x c i t i n g 
way to modify c e l l u l o s e and extend i t s uses against the r a p i d l y 
growing competition from synthetic polymers themselves. The w e l l 
known phrase a t t r i b u t e d to Theodore Roosevelt, " i f you can't beat 
them, j o i n them", i f somewhat t r i t e , seems p a r t i c u l a r l y appropri­
ate at t h i s point. Research i n the f i e l d blossomed quickly and 
i s still an extremely a c t i v e subject of study. For example, i n a 
very recent (and the f i r s t ) book on the subject by Hebeish and 
Guthrie (4) more than one thousand references are quoted. 

In s p i t e of these enormous e f f o r t s , there i s still no l a r g e -
scale commercial a p p l i c a t i o n of c e l l u l o s e graft copolymers. The 
reasons f o r t h i s s i t u a t i o n and the challenge i t represents to 
c e l l u l o s e and polymer s c i e n t i s t s and engineers w i l l be the sub­
j e c t of t h i s introductor
such a discussion into th
i z a t i o n , properties and, f i n a l l y , a p p l i c a t i o n s . The discussion 
w i l l be mainly devoted to c e l l u l o s e i t s e l f , although g r a f t i n g to 
c e l l u l o s e d e r i v a t i v e s has also been a c t i v e l y pursued. 

Synthesis of C e l l u l o s e Graft Copolymers 

This area of research has almost t o t a l l y dominated the f i e l d 
and continues to do so, p a r t l y because of the patent opportuni­
t i e s which a r i s e . There are now a considerable number of methods 
a v a i l a b l e , each with i t s own p a r t i c u l a r advantages and disadvan­
tages. Many of the methods are discussed i n t h i s symposium ser­
i e s . Among the older methods, studies of redox systems, d i r e c t 
oxidation and high energy r a d i a t i o n are presented. The compara­
t i v e l y new method, but a c t u a l l y developed by the Scott Paper Co. 
as early as 1964, i s also discussed (5). There seems to be a 
growing i n t e r e s t i n the use of uv for surface g r a f t i n g to c e l l u ­
lose and considerable work by Arthur (6), Garnett (7), Hon (8) and 
others has been reported i n recent years. Plasma bas also been 
investigated, but to a l e s s e r extent, by Yasuda, Simionescu and 
t h e i r colleagues, among others, again for surface modifications. 
Extensive reviews of work up to 1965 and 1970 have been presented 
by Krassig and Stannett (9) and by Arthur (10), r e s p e c t i v e l y . 
The whole f i e l d , including quite recent development, has been 
described by Hebeish and Guthrie (4). U n t i l recently all the syn­
t h e t i c approaches have been heterogeneous reactions, i . e . , to 
c e l l u l o s e f i b e r s , f i l m and powder. This i s c l e a r l y more conven­
i e n t , e s p e c i a l l y i n the absence of p r a c t i c a l solvent systems for 
c e l l u l o s e i t s e l f . Recently, however, S h i r a i s h i et_ a l . (11,12) 
have c a r r i e d out g r a f t i n g to c e l l u l o s e i n some of the newer c e l l u ­
lose solvents. In p r i n c i p l e , t h i s type of g r a f t i n g would become 
p r a c t i c a l i f i t could be followed by d i r e c t spinning or f i l m 
casting. A l t e r n a t i v e l y , powdered, fibrous or granular products 
could be obtained by p r e c i p i t a t i o n . I t i s i n t e r e s t i n g and impor­
tant that S h i r a i s h i et_ a l . (12) did use the t h i n layer technique 
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1. STANNETT Grafting to Cellulose and Its Derivatives 5 

discussed l a t e r i n t h i s paper to characterize t h e i r products. The 
consequences of the heterogeneous nature of the g r a f t i n g reaction 
are quite f a r reaching, as w i l l be described l a t e r . 

There are some formidable challenges facing those engaged i n 
the synthetic aspects of c e l l u l o s e g r a f t i n g i f v i a b l e commercial 
processes are to be developed. The most important of these may 
be enumerated as follows: 

1. The e l i m i n a t i o n , or at le a s t minimization, of concurrent 
homopolymer formation. 

2. The involvement of all or most of the c e l l u l o s e molecules 
i n the g r a f t i n g process. 

3. Better control of the molecular weights and molecular 
weight d i s t r i b u t i o n of the grafted side chains. 

4. Better r e p r o d u c i b i l i t y of the g r a f t i n g y i e l d s , proper­
t i e s and othe

There are, no doubt
overlooked. The present s i t u a t i o n with regard to these s i g n i f i ­
cant problems appears to be the following. 

Elimination or Reduction of Homopolymer 

I t i s very d i f f i c u l t to experimentally determine the percent 
of homopolymer i n the case of g r a f t i n g to c e l l u l o s e i t s e l f . Often 
the grafted f i b e r or f i l m i s simply extracted to constant weight 
with a su i t a b l e solvent for the homopolymer. I t i s known that 
t h i s i s inadequate. A better extraction may be made by swelling 
the graft i n a c e l l u l o s e solvent followed by, or simultaneously, 
shaking with the homopolymer solvent. Recently Inagaki et a l . 
(13) have hydrolyzed away the c e l l u l o s e from the grafted product 
a f t e r f i r s t e x tracting with a solvent for the homopolymer. The 
residue i s then q u a n t i t a t i v e l y separated by t h i n layer chromato­
graphy into the parts which contain sugar residues and true grafts, 
and those which do not. I f c e l l u l o s e d e r i v a t i v e s are used as sub­
s t r a t e s , much better separations can often be achieved. 

Most c e l l u l o s e g r a f t i n g methods are free r a d i c a l i n nature, 
in v o l v i n g various v i n y l monomers and monomer mixtures. I f the 
i n i t i a t i o n reaction can be confined to c e l l u l o s e macroradicals, 
there should be l i t t l e or no homopolymer. This can, i n p r i n c i p l e , 
be achieved by p r e i r r a d i a t i o n or with various redox systems. In 
pra c t i c e , however, there always seems to be some homopolymer, but 
sometimes as low as'5%, i . e . , 95% g r a f t i n g e f f i c i e n c y . The homo­
polymer i s produced i n these cases by r a d i c a l fragments from the 
c e l l u l o s e or, more l i k e l y , by various chain transfer mechanisms, 
e.g., to the monomer i t s e l f , swelling agents and so on. With most 
r a d i c a l g r a f t i n g reactions both macroradicals and small molecule 
r a d i c a l s are produced, r e s u l t i n g often i n as much as 50% of homo­
polymer. Coupled with transfer reactions, up to 80-90% of homo­
polymer can be formed. The g r a f t i n g reaction can also r e s u l t i n 
d i r e c t i n i t i a t i o n of the v i n y l monomer, as i s the case with the 
mutual r a d i a t i o n and the peroxide method, with eerie ion i n i t i a -
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6 GRAFT COPOLYMERIZATION OF LIGNOCELLULOSIC FIBERS 

t i o n with many monomers and with other systems. I t i s c l e a r that 
each i n i t i a t o r monomer system w i l l have i t s own p a r t i c u l a r y i e l d 
of homopolymer. One very p r a c t i c a l method, of minimizing homo­
polymer formation i s by the addition of very small amounts of a 
d i f u n c t i o n a l monomer, such as ethylene g l y c o l dimethacrylate. This 
e f f e c t i v e l y t i e s any homopolymers into the grafted chains increas­
ing the g r a f t i n g e f f i c i e n c y . A good example of t h i s i s i n the 
g r a f t i n g of a c r y l i c acid to cotton to increase water sorbency 
and other properties (14). The l i t e r a t u r e contains many other 
examples of methods of increasing the g r a f t i n g e f f i c i e n c y with 
various methods. 

There remains the question of the seriousness, from a p r a c t i ­
c a l standpoint, of homopolymer formation. Again, t h i s c l e a r l y 
depends on the p a r t i c u l a r synthetic method and the a p p l i c a t i o n en­
visaged for the graft copolymer
homopolymer are produce
or a f t e r washing the grafted m a t e r i a l , t h i s could be s u f f i c i e n t 
cause to abandon the process. Apart from the cost of such wasted 
polymer, there i s the question of disposing of i t and the attend­
ant p o l l u t i o n and other problems. On the other hand, i f the homo­
polymer i s f i r m l y sealed into the substrate f i l m or f i b e r , i t 
could be quite harmless and even as b e n e f i c i a l as i f a c t u a l l y 
grafted. This would be true, for example, i n the case of flame 
retardant polymer g r a f t i n g . This i s probably not true, however, 
when changes i n the mechanical behavior and some other properties 
of the f i b e r s or f i l m s i s the objective. In the case of surface 
g r a f t i n g , homopolymer would c e r t a i n l y be undesirable, although 
e a s i l y removed. Again, each s i t u a t i o n would have to be i n v e s t i ­
gated and judged on i t s own merits. 

Greater Involvement of the Cellulose Molecules 

The problem of increased e f f i c i e n c y of the g r a f t i n g process 
from the point of view of the minimizing of concurrent homopolymer 
formation has been discussed i n the previous section. The related 
problem of maximizing the p a r t i c i p a t i o n of the c e l l u l o s e substrate 
i s also of great importance. In most of the methods of g r a f t i n g , 
including eerie ion and r a d i a t i o n , only a comparatively small pro­
portion of the c e l l u l o s e i s usually grafted. The homopolymer can 
be removed, the c e l l u l o s e backbone hydrolyzed away, and the mole­
cular weights of the side chains determined i n many instances. I t 
i s then easy to estimate the number of anhydro glucose units per 
grafted side chain. I f the degree of polymerization of the c e l l u ­
lose s t a r t i n g material i s known, the proportion of chains actu­
a l l y grafted can be estimated. I f some c e l l u l o s e degradation 
occurs during the r e a c t i o n , the measured values w i l l be somewhat 
low. On the other hand, i t i s d i f f i c u l t to remove all of the 
homopolymer which w i l l lead to higher values than the actual ones. 
In general, i t can be assumed that the measured values are, i f 
anything, rather too high. 
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1. STANNETT Grafting to Cellulose and Its Derivatives 7 

Some t y p i c a l r e s u l t s of such studies are presented for the 
r a d i a t i o n , eerie ion, manganic pyrophosphate and xanthate g r a f t ­
ing methods i n Tables I-IV, re s p e c t i v e l y . I t can be seen that 
r e s u l t s vary, not only from method to method, but also with vary­
ing conditions w i t h i n a given method. I t i s c l e a r , however, that 
the only method giving c o n s i s t e n t l y and comparatively f u l l i n ^ 
volvement of the c e l l u l o s e chains i s the xanthate method. In a 
sense, t h i s i s natural since the xanthate groups are f i r s t i n t r o ­
duced by c l a s s i c a l c e l l u l o s e chemistry or, as i n the case of 
rayon, l e f t as residuals a f t e r the regeneration process. Since 
these groups are part of the i n i t i a t i n g system, t h e i r p a r t i c i p a ­
t i o n , although by no means complete, could be expected perhaps to 
be more involved. This i s probably an o v e r s i m p l i f i c a t i o n , how­
ever, since r a d i a t i o n and peroxidation, including ozonolysis, 
should also be e f f i c i e n t
r a d i c a l losses by recombination
present serious problems. The d i f f u s i o n of the monomer and the 
reaction of the r a d i c a l s with themselves are both dependent on 
swelling. A de l i c a t e balance i s set up, therefore, i n any p r a c t i ­
c a l heterogeneous g r a f t i n g system. As with the problem of homo­
polymer, i t i s not clear whether the presence of considerable 
amounts of ungrafted c e l l u l o s e i s , although d i s q u i e t i n g , always 
deleterious. I t undoubtedly depends on the a p p l i c a t i o n and each 
s i t u a t i o n would have to be d i r e c t l y evaluated. The d i f f i c u l t y 
of not being able to involve each c e l l u l o s e molecule i n the g r a f t ­
ing process, or at least c o n t r o l t h i s feature of the r e a c t i o n , 
does, however, present a negative feature of c e l l u l o s e g r a f t i n g . 

Concurrent degradation. A problem which attends most r a d i ­
c a l reactions with c e l l u l o s e i s some concurrent chain s c i s s i o n . 
This has not been w e l l studied but Nakamura et a l . (19) showed 
that with eerie ion treatment under conventional g r a f t i n g condi­
tions the degree of polymerization of rayon f i b e r s decreased from 
210 to 170. Radiation i n a i r to 6 Mrads. reduced a s i m i l a r sam­
ple to 120 (20). Radiation i n vacuum also reduces the degree of 
polymerization (21) and the mechanical strength of rayon (see 
reference _22 f o r example). I t i s not believed, however, that 
under most p r a c t i c a l g r a f t i n g conditions concurrent degradation 
w i l l be a l i m i t i n g factor i n adopting the various methods for 
i n d u s t r i a l use. 

Molecular Weight Control 

I f one examines the data contained i n Tables I>-IV, i t be­
comes clear that the molecular weights are all extremely high and 
do not vary enormously from method to method. The reasons are 
very obvious — these are all heterogeneous reactions with sub­
s t a n t i a l gel e f f e c t s and growth of occluded free r a d i c a l s . To 
the best knowledge of the w r i t e r , e s s e n t i a l l y all the various 
other methods involving free r a d i c a l propagation give few and 
very high molecular weight grafted side chains. 
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8 GRAFT COPOLYMERIZATION OF LIGNOCELLULOSIC FIBERS 

Table I 

Molecular Weights and Average Number of Cellulose Molecules per 
Grafted Side Chain. Radiation Grafting of Styrene to Cellophane 
and Cotton (Taken from Krassig) Ref. 15. 

Cellulose Method 
Percent 
Graft 

M.Wt.xlO 
of Grafted 
Side Chains 

Cellulose Chains 
per Grafted 
Side Chain 

Cellophane Mutual 76.0 9.0 24.4 
f l P r e i r r a d i a t i o n 96.0 13.0 27.8 

Cotton Mutual 
II P r e i r r a d i a t i o n 83.4 22.6 11.9 

Dose A/3.0 Mrads. 

Table I I 

Molecular Weights and Average Number of Cellulose Molecules per 
Grafted Side Chain. Ceric Ion Grafting of Styrene to Wood Pulp 
(Taken from Huang and Chandramouli) Ref. 16. 

Percent Mw Cellulose Chains per 
"Graft" ΜκτχΙΟ"5 MnxlO" 5 Mn Grafted Side Chain 

29.29 4.26 0.51 8.32 1.96 

34.33 25.87 4.53 5.71 13.33 

47.69 8.92 3.13 2.85 6.94 

79.68 3.54 0.86 4.10 1.15 

102.30 11.51 4.29 2.69 4.26 
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1. STANNETT Grafting to Cellulose and Its Derivatives 9 

Table I I I 

Molecular Weights and Grafting Frequency (Anhydrous glucose units 
(AGO) per Grafted Side Chain) Manganic Pyrophosphate Grafting of 
A c r y l o n i t r i l e to Cotton L i n t e r s (taken from Rânby) Réf. 17. 

Percent Grafting AGU per Grafted 
"Graft" E f f i c i e n c y MnxlO" 5 Side Chain 

24.5 93.6 0.50 952 

41.5 89.7 1.19 1,033 

49.3 90.5 1.31 832 

Table IV 

Percent Extractable Homopolymer, Molecular Weights and Average 
Number of Cellulose Molecules per Grafted Cellulose. | f Xanthate 
Grafting of Various Monomers to Rayon (Taken from Krassig) Ref. 18. 

Percent MWtxlO"^ of Cellulose Chains 
Percent Extractable Grafted per Grafted 

Monomer (s) Add-on Homopolymer Side Chains Side Chain 

A c r y l o n i t r i l e 142.2 7.50 1.23 1.9 

227.5 4.02 0.31 0.3 

Styrene-
Methacryloni-
t r i l e 

(1:12) 60.0 6.12 0.6 1.7 

(1:12) 70.2 2.65 0.33 1.0 
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There are a few exceptions; for example, Morris et^ a l . (23) 
found molecular weights as low as 33,000 with the mutual g r a f t i n g 
of a c r y l o n i t r i l e to cotton. These were prepared i n dimethyl f o r -
mamide s o l u t i o n , a solvent for p o l y a c r y l o n i t r i l e . This could lead 
to a reduced gel e f f e c t . In any case, the degree of polymeriza­
t i o n of the side chains was still as high as 620. There are, no 
doubt, other i s o l a t e d examples i n the l i t e r a t u r e . In a re l a t e d 
study, but with styrene g r a f t i n g to c e l l u l o s e acetate using the 
mutual r a d i a t i o n method, the e f f e c t of swelling was c l e a r l y dem­
onstrated (24). Some swelling was found necessary to allow more 
than surface g r a f t i n g , but a f t e r a maximum the molecular weights 
and the y i e l d s s t e a d i l y diminished. The e f f e c t of thickness dem­
onstrated the d i f f u s i o n - c o n t r o l l e d nature of the reaction. F i n a l ­
l y , i n s o l u t i o n , quite low molecular weights and low y i e l d s were 
obtained. These r e s u l t

Another method of reducin
grafted side chains i s to introduce chain transfer agents such as 
carbon t e t r a c h l o r i d e into the monomer so l u t i o n . With r a d i a t i o n 
g r a f t i n g , t h i s appears a t t r a c t i v e since the high r a d i a t i o n y i e l d s 
of r a d i c a l s r e s u l t i n g from the r a d i o l y s i s of carbon t e t r a c h l o r i d e 
could lead to an increased rate of i n i t i a t i o n i n addition to low­
er molecular weights. In f a c t , t h i s did appear to be the case 
with c e l l u l o s e acetate f i l m s . In the case of c e l l u l o s e , Huang 
(25) showed s i m i l a r r e s u l t s with styrene. Some of h i s r e s u l t s are 
presented i n Table V. Recently, however, the increased r a d i a t i o n 
y i e l d s have been questioned (see Table VI, for example). Rogovin 
has also presented a series of r e s u l t s without giving any d e t a i l s , 
although further references are given i n the paper (26). These 
were conducted with styrene and with a c r y l o n i t r i l e and carbon 
t e t r a c h l o r i d e and with methyl v i n y l pyridine using triethylamine 
and dedecyl mercaptan as the chain transfer agents. Degrees of 
polymerization as low as 20 were obtained i n one example. Recent­
l y , a much more det a i l e d analysis has been presented by Min and 
Inagaki (13) on the mutual r a d i a t i o n g r a f t i n g of styrene to v i s ­
cose rayon f i b e r s . By the use of t h i n layer chromatography they 
were able to d i f f e r e n t i a t e between true graft copolymer and 
occluded homopolystyrene. Their conclusions were very informa­
t i v e . With most s o l u t i o n s , the molecular weights of the true 
grafted side chains were considerably larger than the i n e x t r a c t a -
ble homopolymer. With the styrene dioxane-water system, o r i g i n ­
a l l y developed by Chapiro and Stannett (27) , however, the molecu­
l a r weights were s i m i l a r . This was a t t r i b u t e d to the a b i l i t y of 
the solvent system to dissolve both the monomer and the polysty­
rene. Furthermore, the molecular weights were lower than the 
"non-solvent" systems. The differences with the l a t t e r systems 
were believed to be due to the growth of the attached side chains 
being e s s e n t i a l l y i n a d i f f e r e n t "phase", with occluded chain ends 
continuing to grow.' In the presence of carbon t e t r a c h l o r i d e , how­
ever, the molecular weights were s i m i l a r for both occluded and 
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Table V 

Molecular Weights and Radiation Yields (G values) for Grafting 
Styrene to Rayon. Mutual Method with Preswelling. (Taken from 
Huang) Ref. 25. 

Percent CCI4 
on Styrene 

Percent 
"Grafting" 

Mn of 
Side Chains 

G (Side 
Chains) 

0 284.1 910,000 0.19 

1.0 127.1 296,000 0.26 

2.0 117.9 220,000 0.32 

3.0 

4.0 92.9 89,000 0.63 

Table VI 

Effect of the Addition of Carbon Tetrachloride to the Styrene 
Grafting Solution, P r e i r r a d i a t i o n Method to Rayon Fibers. (Adapted 
from Min and Inagaki) Ref. 13. 

True 
CCl4/Styrene Percent MnxlO"^ Percent G (Side Chains) 
Mole. Ratio Homopolymer Polystyrene Grafting True Apparent 

0 15.1 40.2 36.9 2.8 3.6 

0.02 15.3 20.2 17.9 2.6 4.5 

0.05 13.9 13.6 10.8 2.2 4.8 

0.10 17.7 8.4 2.7 1.0 6.8 

Grafting Solution 5:10:1 Styrene, Methanol, Water. Total dose 
0.35 Mrads. 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



12 GRAFT COPOLYMERIZATION OF LIGNOCELLULOSIC FIBERS 

t r u l y grafted polystyrene, and were greatly reduced. The lowest 
reported value, however, was still 72,000. This was a t t r i b u t e d 
to the a b i l i t y of the primary r a d i c a l s from the r a d i o l y s i s of 
carbon t e t r a c h l o r i d e to penetrate the g r a f t i n g phase and terminate 
chain growth equally w e l l as i n the homopolymer phase. As with 
the experiments by Morris et_ a^., the presence of a solvent for 
the polymer did give lower molecular weights. In the work of Min 
and Inagaki (13), these were lower than those obtained i n the 
presence of carbon t e t r a c h l o r i d e . Again, however, they were still 
i n the 30,000 range. I t i s clear that the production of many 
short side chain grafts to c e l l u l o s e i n good y i e l d s and a minimum 
of homopolymer still remains an important challenge. This d i s ­
cussion has been r e s t r i c t e d to the free r a d i c a l g r a f t i n g of v i n y l 
monomers. I t i s possible that other techniques and non-vinyl 
monomers could overcome
Goldstein et^ a l . (28)
Chapter 5, for example. 

Characterization and Properties 

The cha r a c t e r i z a t i o n of grafted c e l l u l o s i c materials i s 
easier than with many g r a f t i n g systems. The, often great, d i f f e r ­
ences between the s o l u b i l i t i e s of the ungrafted c e l l u l o s e and the 
homopolymer make separation procedures much easier. Furthermore, 
the c e l l u l o s e backbone can be ac i d hydrolyzed, leading to determi­
nations of the molecular weights and other d e t a i l s of the grafted 
side chains. The discussion of the r e s u l t s of the work of Min 
and Inagaki (13) presented i n the previous section does, however, 
show that p i t f a l l s do e x i s t , and that the more refined TLC tech­
niques give much more accurate information. A sound commercial 
process demands an accurate c h a r a c t e r i z a t i o n of the product, so 
such considerations are important for the large-scale production 
of grafted c e l l u l o s i c materials. 

With regard to the properties of grafted c e l l u l o s e , these 
have been studied i n d e t a i l but to a much less extent than syn­
t h e t i c and k i n e t i c aspects. The greatest amount of e f f o r t has 
been with regard to the mechanical properties of grafted f i b e r s . 
In general, the r e s u l t s have been disappointing and only compara­
t i v e l y minor improvements have been achieved by g r a f t i n g . An i n ­
t e r e s t i n g paper by Blouin et_ a l . (29) compares the mechanical 
properties of a c r y l o n i t r i l e grafted cotton f i b e r s and f a b r i c s pre­
pared by d i f f e r e n t methods. The gr a f t s were also characterized 
with respect to t h e i r degrees of s u b s t i t u t i o n , side chain mole­
cular weights and morphology. Their r e s u l t s are presented i n 
Tables VII and VII I and can be summarized as follows. 

In the case of the cotton f i b e r s , the breaking strength was 
decreased i n every case. In two cases, the elongation had s i g ­
n i f i c a n t l y increased. The others were s i m i l a r or s l i g h t l y l e s s . 
There was no apparent c o r r e l a t i o n between the l o c a t i o n of the 
grafted polymers, t h e i r molecular weights, or the o v e r a l l degree 
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Table VII 

Eff e c t of Grafting A c r y l o n i t r i l e to Cotton Yarn Under Various 
Conditions on the Mechanical Properties. (Taken from Blouin 
et a l . ) Ref. 29. 

Sample No. Control I IV* V VI VIT 

Percent Graft 0 37 35 37 37 28 

Yarn No. tex. 252 404 398 360 362 352 

Breaking Strength l b . 9.8 7.4 8.2 7.6 7.4 8.0 

Percent Elong. at break 

Breaking Toughens g/tex. 116 34 38 67 61 66 

M.Wt. Side Chains χ 1CT5 — 12.0 5.1 0.33 0.9 0.84 

D i s t r i b u t i o n of Grafted Outer Uniform Uniform Uniform — 
Copolymer Layers 

* 0 r i g i n a l kidney shaped cross section had rounded. 

Table V I I I 

Effect of Grafting A c r y l o n i t r i l e to Cotton Fabric Under Various 
Conditions on the Mechanical Properties. (Taken from Blouin et a l . ) 
Ref. 29. 

Sample No. Control I I * IV** V VI VII 

Percent Graft 0 25 27 25 26 26 

Breaking Strength l b . 40.9 50.4 51.4 39.6 40.8 39.0 

Percent Elong. at Break 22.0 25.9 33.6 20.5 17.8 21.7 

Tear Resistance g. 573 507 650 447 393 413 

Flex Abrasion Resistance Sample Control 1.0 1.74 2.37 1.09 1.35 1.01 

F l a t Abrasion Resistance Sample Control 1.0 6.05 6.32 2.04 3.36 2.29 

Wrinkle Recovery-Conditioned 181 154 125 224 193 166 
(Warp + F i l l ) deg. 
*MWt. of Side Chains 5.9x10 
* * 0 r i g i n a l kidney shaped cross section had rounded. 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



14 GRAFT COPOLYMERIZATION OF LIGNOCELLULOSIC FIBERS 

of s u b s t i t u t i o n . The s t i f f n e s s was reduced i n every case by the 
g r a f t i n g . With the f a b r i c s there were modest increases i n the 
breaking strength i n two cases, accompanied with increases i n 
elongation and abrasion resistance. Again, there was no obvious 
c o r r e l a t i o n with the l o c a t i o n or molecular weight of the grafted 
side chains. The f a b r i c sample with the rounded cross section, 
uniformly d i s t r i b u t e d but with high molecular weight side chains, 
had the best o v e r a l l properties but not s u f f i c i e n t l y improved over 
the control to be of obvious p r a c t i c a l i n t e r e s t . 

The p r i n c i p l e reason for the rather modest changes i n the 
mechanical properties of c e l l u l o s e f i b e r s , even with large amounts 
of g r a f t i n g , i s believed to be due to i t s s e m i c r y s t a l l i n e nature. 
Since the g r a f t i n g i s c a r r i e d out under heterogeneous conditions, 
the c r y s t a l l i n i t y remains e s s e n t i a l l y unchanged, the reaction 
taking place i n the amorphou
on the other hand, are mainl
phology. 

With very high degrees of g r a f t i n g , above 100%, for example, 
the c r y s t a l l i n i t y begins to decrease and the mechanical properties 
s t a r t to change more. This i s e s p e c i a l l y clear when elastomeric 
side chains, such as polyethyl a c r y l a t e , are grafted. This aspect 
has been studied i n d e t a i l by Nakamura and Arthur et_ c^L. (19,20, 
30) and by Williams and Stannett et a l . (22,31) . In the work of 
Nakamura et_ a l . (20) i t was i n t e r e s t i n g that the c r y s t a l l i n i t y 
of the c e l l u l o s e rayon i t s e l f was only reduced from 40% to 37% 
with 719% g r a f t , but the elongation at break increased from 32% 
to 680%. This was accomplished with 20 Mrads. of p r e i r r a d i a t i o n 
when the degree of polymerization of the c e l l u l o s e was reduced 
from 210 to 75. Electron microscopy showed that the c e l l u l o s e 
f i b e r s separated into a f i b r i l l a r structure forming a uniform 
network among which the amorphous polyethyl acrylate was uniformly 
d i s t r i b u t e d . Preswelling of the rayon with 57% zinc chloride 
s o l u t i o n followed by removing by washing out with water reduced 
the c r y s t a l l i n i t y of the rayon from 42% to 25%. Grafting onto 
such f i b e r s further reduced the c r y s t a l l i n i t y to 22% to 800% 
g r a f t i n g . The elongation only increased, however, from 110% to 
160%. Presumably the structure of such heavily grafted f i b e r s as 
described above means that the actual c r y s t a l l i n i t y of the c e l l u ­
lose network i s not important w i t h i n those l i m i t s . I t should be 
emphasized that these r e s u l t s were obtained by eerie ion g r a f t i n g 
whereas the previous r e s u l t s were re l a t e d to p r e i r r a d i a t i o n g r a f t ­
ing. The preswelling i n 56% zinc c hloride s o l u t i o n did r e s u l t , 
however, i n a doubling of the g r a f t i n g y i e l d . The eerie ion 
method never gave such high elongations as the r a d i a t i o n method. 
Similar highly e l a s t i c rayon and cotton f i b e r s were reported by 
Williams and Stannett et^ a l . (32) i n the same year, again the very 
high e l a s t i c i t i e s , more than 500% elongations were only obtained 
with the p r e i r r a d i a t i o n g r a f t i n g method. The same authors were 
able to achieve very high elongations at much lower degrees of 
g r a f t i n g , 100% for example, by a d e c r y s t a l l i z a t i o n technique (33). 
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R e a l i z i n g the r o l e of the r e s i d u a l c r y s t a l l i n i t y i n r e s t r i c t i n g 
the development of e l a s t i c i t y , the lower graft samples were de-
c r y s t a l l i z e d i n concentrated zinc chloride s o l u t i o n or other c e l ­
l u l o s e solvents which was l a t e r removed by washing. The grafted 
polyethyl a c r y l a t e side chains being insoluble i n the c e l l u l o s e 
solvents held the f i b e r structure i n t a c t and also prevented f u l l 
r e c r y s t a l l i z a t i o n and led to the development of the network stru c ­
ture at lower degrees of g r a f t i n g . I t was i n t e r e s t i n g that t h i s 
technique also only worked w e l l with r a d i a t i o n i n i t i a t i o n . This 
i s believed to be due to the more uniform deposition. Ceric ion 
i n i t i a t i o n tends to promote g r a f t i n g i n the surface regions (22), 
presumably other hydrated inorganic ions have a s i m i l a r tendency. 
The experiments of Arthur (34) , however, indicated a uniform d i s ­
t r i b u t i o n with c e r i c i o n , to cotton with a c r y l o n i t r i l e , under 
t h e i r conditions. I t seem
t i e s using the d e c r y s t a l l i z a t i o
chemically i n i t i a t e d g r a f t s i f the correct conditions were used. 
Paper and viscose f i l m s can also be rendered highly e l a s t i c by 
the above techniques. 

In l i n e with the above discussion, the properties of grafts 
must also depend on the l o c a t i o n of the graft copolymer. Proper­
t i e s such as abrasion, enhanced adhesion, wetting and so on only 
need surface modification. Flame retardancy, water sorbency, and 
cer t a i n other properties, on the other hand, need e s s e n t i a l l y 
bulk g r a f t i n g . These differences can be achieved rather e a s i l y 
i n p r a c t i c e and the differences have been c l e a r l y demonstrated i n 
a number of cases. 

The sorption of water into c e l l u l o s e i s also r e s t r i c t e d by 
the c r y s t a l l i n i t y and to develop so-called super-sorbency t h i s 
must be overcome. I f , say, a c r y l i c acid i s grafted followed by 
the " d e c r y s t a l l i z i n g " procedure described above, super sorbency 
i s immediately developed (35,36). The swelling i n water i s a 
mainly l a t e r a l phenomenon i n f i b e r s whereas e l a s t i c i t y i s a lon­
g i t u d i n a l property. Almost any g r a f t i n g procedure can, therefore, 
be used for sorbency provided i t i s applicable to g r a f t i n g a c r y l ­
i c acid or other h y d r o p h i l l i c monomers. The sodium s a l t s are 
much more e f f e c t i v e than the free acids i n developing very large, 
e.g., 3000%, water sorbency. 

Numerous other properties, such as ion-exchange, mildew r e ­
sistance, dimensional s t a b i l i t y , c o e f f i c i e n t of f r i c t i o n and elec­
t r i c a l properties can also be imparted to c e l l u l o s e by g r a f t i n g . 
The presence of c e l l u l o s e has also been shown to impart biode-
g r a d a b i l i t y to the c e l l u l o s e - s y n t h e t i c polymer grafted materials. 

The properties of grafted c e l l u l o s e f i b e r s , f i l m s , powders, 
pulp and paper have been w e l l described i n a number of reviews 
and w i l l not be discussed per se further i n t h i s paper. 

Applications 

The r e a l challenge i n the f i e l d of c e l l u l o s e g r a f t i n g i s i n 
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the development of v i a b l e , large scale i n d u s t r i a l a p p l i c a t i o n s . 
I t i s s i g n i f i c a n t that i n the excellent and det a i l e d book by 
Hebeish and Guthrie (4) only 16 out of 342 pages are devoted to 
th i s subject. Of these, 7 are on wood-plastic composites which 
are mainly i n - s i t u s polymerized monomers and only p a r t i a l l y 
grafted. Nevertheless, they are c l o s e l y related and with world­
wide i n d u s t r i a l a p p l i c a t i o n s . D e t a i l s of these have been d i s ­
cussed not only i n the above references but numerous other reviews 
and reports (37,38). These should be consulted for further 
d e t a i l s . 

In the f i e l d of true c e l l u l o s e g r a f t i n g , there have been 
numerous attempts at commercialization i n the c e l l u l o s e f i b e r 
f i e l d . Some have reached p i l o t stage proportions, others have 
been f u l l commercial processes such as the Deering-Millikan dur­
able process now apparentl
ments have been i n the

I t seems clear that a number of grafted c e l l u l o s i c s are being 
manufactured i n the Soviet Union. In p a r t i c u l a r , a graft copoly­
mer of r a y o n - a c r y l o n i t r i l e named Mtylon Β i s used as a soft r e ­
s i l i e n t f i b e r f o r carpet manufacture. They have also developed 
both c e l l u l o s e and c e l l u l o s e acetate grafted f i b e r s with other 
useful properties such as flame retardancy, b a c t e r i c i d a l pro­
p e r t i e s , hemostatic agents for medical gauzes and water and o i l 
repellency. Ion-exchange f i b e r s have also been made for s p e c i a l 
uses such as the recovery of precious and heavy metals, for bind­
ing enzymes and for other a p p l i c a t i o n s . In general, i t appears 
that the xanthate and redox methods of g r a f t i n g are used. 

The xanthate method has been used i n the U.S. and Europe for 
a number of larger scale p i l o t plant studies. In the case of 
rayon, the technique has been explored for flameproofing, high 
water sorbency, ion exchange c h a r a c t e r i s t i c s and b a c t e r i o s t a t i c 
and f u n g i s t a t i c properties. Also nonwoven grafted f i b e r s with 
excellent d i s p e r s i b i l i t y for wet processing and improved binder 
a f f i n i t i e s have been produced. I t does not appear, however, that 
i n d u s t r i a l e x p l o i t a t i o n of these technical successes w i l l take 
place i n the near future. 

In Japan, p i l o t plant quantities of rayon and cotton grafted 
with styrene and other monomers have been prepared and evaluated. 
Improvements i n the f l e x abrasion resistance and good water r e ­
pellency were obtained. In add i t i o n , thermoplasticity was impart­
ed plus an improved adhesion to rubber. Arthur et_ a l . have also 
studied t h i s type of grafted c e l l u l o s e f i b e r s . Again, the work 
has not led to any large scale developments. Research into g r a f t ­
ing to t e x t i l e s i s continuing, but the prospects for any early 
successful i n d u s t r i a l i z a t i o n seem remote. 

Grafting to pulp and paper has also been studied but not to 
the same extent as t e x t i l e s . A comprehensive review of the f i e l d 
was published i n 1972 (39). Many of the useful properties im­
parted to pulp and paper are s i m i l a r to those already discussed 
with t e x t i l e s . These include the mechanical behavior, ion 
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exchange properties, weather resistance, flame resistance and d i ­
mensional s t a b i l i t y . 

The strength properties of paper have a d i f f e r e n t o r i g i n i n 
some respects from those of t e x t i l e s . In p a r t i c u l a r , the f i b e r -
f i b e r bonding plays a large r o l e i n the development of both dry 
and wet strength i n addition to the strength of the f i b e r s them­
selves. A number of investigations have, therefore, examined the 
g r a f t i n g of hydrogen bonding side chains such as p o l y a c r y l i c acid 
and polyacrylamide to increase the dry t e n s i l e and bursting 
strengths and other properties. Jayme and Hebbel (40) grafted 
a c r y l i c acid and a c r y l o n i t r i l e to pulp and to performed paper and 
compared the r e s u l t s with p o l y a c r y l i c acid which was added d i r e c t ­
l y to the paper. The l a t t e r gave markedly better r e s u l t s than 
the g r a f t i n g method. Polyacrylamide treated papers showed s i m i l a r 
r e s u l t s . Grafting did
however, with nonbeaten
such as a p o l y e t h y l a c r y l a t e - a c r y l o n i t r i l e copolymer, the best dry 
strengths were again improved to a much greater extent than the 
same percent polymer added by gr a f t i n g (41). I t was s i g n i f i c a n t , 
however, that the grafted paper had much better wet strength. 
Thus, strong, tough, leathery papers with good wet and dry 
strength could be obtained by gr a f t i n g . There i s another advan­
tage of g r a f t i n g over simply adding polymers i n the case of paper. 
Substantial g r a f t i n g to paper can be achieved without greatly 
changing the porosity. In t h i s way, f i l t e r papers can be 
made which have either c a t i o n i c or anionic charges (42). Such 
materials might be u s e f u l , for example, as a i r f i l t e r s . Paper-
board grafted with p o l y a c r y l o n i t r i l e was shown to have improved 
s t i f f n e s s and wet and dry strengths together with better abrasion 
grease and water resistance (43). In a d d i t i o n , the s t i f f n e s s de­
creased markedly at about 135^C. This thermoplasticity could be 
a useful property i n various converting operations. No commer­
c i a l i z a t i o n , however, has resulted from these and numerous other 
studies. 

The lack of any s i g n i f i c a n t i n d u s t r i a l production of grafted 
t e x t i l e s and paper appears to be mainly economic. The costs of 
the process are too great to overcome the fact that s i m i l a r or 
near-similar r e s u l t s can be obtained i n both f i e l d s by simple 
well-established processes of adding preformed polymers. There 
are advantages, however, i n g r a f t i n g over simply adding as shown 
by the examples given above. In due time, i t i s f e l t , needs w i l l 
a r i s e which can only be brought about by g r a f t i n g . The high pro­
duction speeds now r o u t i n e l y achieved i n both the t e x t i l e and 
paper i n d u s t r i e s cannot be e a s i l y matched at t h i s time by g r a f t ­
ing. In the case of paper, i f g r a f t i n g could be combined with 
the pulping or beating operations, t h i s would overcome t h i s deter­
rent. I t i s known that such approaches have been made. 

Perhaps the most promising applications of grafted c e l l u l o s e 
are those rel a t e d to i o n i c grafted side chains such as p o l y a c r y l ­
i c acid. These grafts can be synthesized either by d i r e c t 
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g r a f t i n g or by using a c r y l o n i t r i l e or acrylate esters followed by 
a l k a l i n e h ydrolysis. A number of other a c i d i c or quaternized 
basic systems are a v a i l a b l e . I t i s clear that such materials 
could have a number of i n t e r e s t i n g commercial p o s s i b i l i t i e s . I f 
the c e l l u l o s e i s i n the form of f i l m or parchmentized paper, r e ­
verse osmosis, h y p e r f i l t r a t i o n or ion exchange membranes can be 
prepared (44-46). Examples of super water sorbent materials and 
a i r f i l t e r s have been presented e a r l i e r i n t h i s section together 
with other possible a p p l i c a t i o n . 

Super water sorbent polymers which absorb more than t h i r t y 
times t h e i r own weight have received much p u b l i c i t y (47,48). The 
f i r s t of such products was probably crosslinked carboxy methyl 
c e l l u l o s e . Others have been developed by crosslinked a c r y l i c 
acid d e r i v a t i v e s and by graft copolymers of starch and c e l l u l o s e . 
The l a t t e r are, of course
cotton and wood pulp hav
sorbent grafted viscose f i l m s have also been prepared. Probably 
i n d u s t r i a l uses w i l l be found for all these types of "super s l u r p -
ers" as they have been c a l l e d . The cellulp^sics are a v a i l a b l e i n 
fibrous form whereas the others are prepared as powders. Both 
forms w i l l f i n d t h e i r own s p e c i f i c a p p l i c a t i o n s . Grafted wood 
pulps may w e l l be the best compromise. In any case, i t seems 
clear that t h i s v a r i e t y of grafted c e l l u l o s e w i l l reach commer­
c i a l i z a t i o n i n the not too distant future. These materials have 
found use i n sanitary and s i m i l a r sorbent products such as d i a ­
pers for the removal of water from organic l i q u i d s and as rooting 
media for young plants. The chief challenge facing these prod­
ucts i s to develop a d d i t i o n a l and, hopefully, large scale a p p l i c a ­
t i o n s . Most of the information about these unique materials i s 
contained i n the patent and trade l i t e r a t u r e . However, useful 
d e t a i l s are given i n the papers of Lepoutre et_ a l . (49,50) and by 
Zahran et^ a l . (36). Cationic grafted pulps have also been pre­
pared by Lepoutre et a l . using dimethylamino-ethyl ac r y l a t e . 
These were found to have less spectacular water retention pro­
p e r t i e s , however, than t h e i r anionic counterparts (51). 

Some of these products, when beaten i n a Waring Blender, for 
example, change i n character from fibrous structures containing 
a large amount of water, to g e l - l i k e viscous c o l l o i d a l solutions 
(52). These show promise for applications as thickeners and d i s ­
persing agents. 

Many of these grafted pulps also show promise as fibrous or 
c o l l o i d a l beater additives to give added strength properties to 
paper such as those made from groundwood and high y i e l d pulps (53). 

Grafted c e l l u l o s e powders such as Solka Floe have been g r a f t ­
ed with p o l y a c r y l i c acid and also rendered c a t i o n i c by d i r e c t 
chemical reaction (54). Both of these modified c e l l u l o s e products 
have been prepared on a large scale. They appear to show consid­
erable promise for the removal of dyestuffs and other charged 
impurities from waste water such as t e x t i l e e f f l u e n t s . They are 
also able to break emulsions of water and organics by removal of 
the surfactants (55). 
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2 
Free-Radical Initiated Graft Polymerization of 
Vinyl Monomers onto Cellulose 

JETT C. ARTHUR, JR. 
Technical Consultant, 3013 Ridgeway Drive, Metairie, LA 70002 

An interpretative review of the reactions i n i ­
tiated by macrocellulosi
mers to yield bloc
lulose was made. Macrocellulosic radicals are usually 
formed by interactions with radiation or chemical redox 
systems. Important factors in these heterogeneous re­
actions are lifetimes and accessibilities of the radicals 
and interactions of solutions of monomer with fibrous 
cellulose. Changes in organochemical, macromolecular, 
and morphological structures in cellulosic fibers through 
formation of copolymers are made. 

Celluloses, with high molecular weights are naturally occur­
ring polymers which are useful as clothing, housing, and indus­
t r i a l products. Natural cellulose occurs morphologically as 
fibers, such as cotton or wood pulp fibers. Fibers are defined 
here as relatively flexible, macroscopically homogeneous bodies 
having a high ratio of length to thickness and a small cross 
section. Cellulose is polymorphic and, in nature, crystallizes 
into different forms. Cellulose lattice type I is found in cot-
ten fibers and consists of about 70-80 percent highly ordered 
or crystalline regions, as recorded by x-ray methods. Cellulose 
lattice type II may be found in wood pulp fibers and consists of 
about 60 percent highly ordered or crystalline regions. The 
chemical structure of cellulose consists of repeating units of 
cellobiose; however, the degree of polymerization of cellulose is 
usually expressed as the number of repeating anhydroglucose units 
ancl may range up to several thousand. The morphology, crystal­
lin i t y , and chemical properties of cellulose have been reviewed 
(1, 2). For purposes of this discussion, i t is emphasized that 
properties and reactions of cellulosic fibers are related to 
their organochemical structure, macromolecular structure, molecu­
lar orientation, and morphological structure. 
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Both chemical and macromolecular modifications of c e l l u l o s e s 
to increase t h e i r usefulness i n applications i n f i l m s , f i b e r s , 
and p l a s t i c s have been reported ( l - 7 ) . In the context of t h i s 
discussion, the macromolecular modification of c e l l u l o s e by graft 
or block polymerization with v i n y l monomers w i l l be considered. 
A graft or block copolymer of c e l l u l o s e i s defined here as a 
combination of c e l l u l o s e and polymer that i s d i f f i c u l t to sepa­
rate by solvent extraction without f i r s t degrading the c e l l u l o s e . 
Furthermore, only proposed mechanisms and reaction methods of 
f r e e - r a d i c a l i n i t i a t e d graft and block polymerizations of v i n y l 
monomers with c e l l u l o s e are discussed. 

Free-Radical I n i t i a t i o n 

The formation of graf
l u l o s e involves contactin
s o l u t i o n with c e l l u l o s e . Then, i n i t i a t i o n of copolymerization of 
monomer with c e l l u l o s e by i o n i c (8, 9), charge-transfer (10), or 
f r e e - r a d i c a l processes (3) has been reported. Uncatalyzed graft 
polymerization has also been reported (10). I t i s generally a-
greed that the i n t i t i a t i n g free r a d i c a l i s a macrocellulosic 
r a d i c a l . The s i t e s for the attachment of grafted polymers are 
usually considered to be the s i t e of the macrocellulosic r a d i c a l . 
I t has also been proposed that the i n i t i a t i o n of polymerization 
of v i n y l monomer involves the formation of a c e l l u l o s i c r a d i c a l ; 
however, i t was proposed that the s i t e s for attachment of grafted 
polymers are not necessarily the s i t e s of the c e l l u l o s i c r a d i ­
c a l s . I t was suggested that g r a f t i n g on c e l l u l o s e i s a termi­
nation reaction of a growing polymer chain on c e l l u l o s e (10). 

Macrocellulosic free r a d i c a l s may be formed through dehy-
drogenation, depolymerization, or oxidation of c e l l u l o s e . Com­
monly used methods of f r e e - r a d i c a l i n i t i a t i o n include: i o n i z i n g 
r a d iations (both high energy and u l t r a v i o l e t r a d i a t i o n s ) , chemi­
c a l redox systems, decomposition of peroxy compounds, and 
chemical modification. Corona or arc discharge, electrochemical, 
mechanical, u l t r a s o n i c , and thermal methods have also been used 
(3). Chemically, formation of macrocellulosic r a d i c a l involves 
the oxidative depolymerization of c e l l u l o s e with an increase i n 
a c i d i c and reducing groups. The increase i n concentration of 
reducing groups i s much greater than the increase i n a c i d i c 
groups. When i o n i z i n g r a d iations are used as i n i t i a t o r s , evolu­
t i o n of carbon dioxide, carbon monoxide, and hydrogen also occur. 
Because of the molecular o r i e n t a t i o n i n c e l l u l o s i c f i b e r s , oxida­
t i v e depolymerization of c e l l u l o s e i n f i b e r s does not immediately 
lead to large losses i n fibrous t e n s i l e and mechanical properties 
(11). 

Macrocellulosic r a d i c a l s i n i t i a t e d by chemical redox systems 
are temperature s e n s i t i v e and s h o r t - l i v e d (lj2, 13). V i n y l mono­
mers (M) i n s o l u t i o n i n contact with c e l l u l o s e ( c e l l - H ) , when the 
r a d i c a l s are formed, increases the p o s s i b i l i t y of g r a f t i n g reac-
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t i o n s . Homopolymerization i s usually a problem, p a r t i c u l a r l y 
when an intermediate r a d i c a l i s formed. The intermediate r a d i c a l 
reacts with either c e l l u l o s e or monomer i n i t i a l l y . Reaction with 
monomer i n i t i a t e s with c e l l u l o s e can also lead to graft polymeri­
zation (10). In the case where an intermediate r a d i c a l s i s 
formed, the following reactions could occur. 

H 20 2 + F e 2 + OH" + 'OH + F e 3 + (1) 
ce l l - H + -OH • c e l l - + HOH (2) 
c e l l - + nM c e l l - M ^ M - (3) 

or 
M-H + 'OH ^» M* + HOH (4) 
M- + nM ^ M M* (5) 
MM* + M- ^
η n+

MM- + c e l l - H ^ ce l l - M L 1 + H- (7) 
η n+1 

Evidence for the formation of free r a d i c a l s i n these types of 
reactions has been obtained by electron spin resonance (e.s.r.) 
spectroscopy (13). 

The reaction of c e r i c ion i n aqueous s o l u t i o n with c e l l u l o s e 
cleaves the anhydroglucose r i n g between carbon a n c * Co with 
formation of a sh o r t - l i v e d r a d i c a l on carbon and oxidation of 
carbon to a reducing group. Grafting occurs by reaction of 
the r a d i c a l at carbon C^ with monomer.^Radical termination can 
occur by reaction of carbon C* with Ce to y i e l d Ce and oxida­
t i o n of carbon 0,^ to a reducing group. Of course, i t i s equally 
l i k e l y that the roles of carbon C« and C^ i n the reactions could 
be reversed. Oxidative depolymerization of c e l l u l o s e also occurs 
and could y i e l d s h o r t - l i v e d intermediate homopolymerization. In 
the case where an intermediate r a d i c a l i s not formed, the follow­
ing reactions could occur to form the i n i t i a t i n g macrocellulosic 
r a d i c a l : 

ι I 
0 0 
1 I 
CH m 

/ \ /\ 
0 HCOH , 0 COH 
1 I ^ I ' 

H0CHoC HCOH H0CHoCH C=0 γ V 
+ C e 3 + + H + (8) 
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These f r e e - r a d i c a l reactions have been followed by e.s.r. spec­
troscopy (12). 

Many other chemical redox systems have been reported as i n i ­
t i a t o r s of macrocellulosic r a d i c a l s and as ca t a l y s t s for graft 
polymerization. One v a r i a t i o n has been to modify c e l l u l o s e 
chemically to increase i t s r e a c t i v i t y with selected o x i d i z i n g 
and reducing agents which on reaction y i e l d macrocellulosic r a d i ­
c a l s (14, 15). 

Macrocellulosic r a d i c a l s i n i t i a t e d by i o n i z i n g r a d i a t i o n can 
be divided into two classes: one class i n which the radiant 
energy i s s e l e c t i v e l y absorbed by the c e l l u l o s e molecule and 
another class i n which the radiant energy i s randomly absorbed by 
the c e l l u l o s e molecule. In both cases, a f t e r l o c a l i z a t i o n of the 
absorbed radiant energy, oxidative depolymerization of c e l l u l o s e 
i s i n i t i a t e d , and macrocellulosi

U l t r a v i o l e t r a d i a t i o
p u r i f i e d c e l l u l o s e to i n i t i a t e a macrocellulosic r a d i c a l that 
generates a s i n g l e - l i n e e.s.r. spectrum. The mechanism of the 
i n t e r a c t i o n of u l t r a v i o l e t r a d i a t i o n with c e l l u l o s e has been d i s ­
cussed (16). I f monomer i s present when c e l l u l o s e i s photolyzed, 
an e.s.r. spectrum c h a r a c t e r i s t i c of chain propagating r a d i c a l 
for the graft polymerizing monomer i s generated. Photolysis of 
monomer neat or i n so l u t i o n i n the absence of c e l l u l o s e does not 
usually generate polymerization. The propagating r a d i c a l f o r 
pho t o i n i t i a t e d g r a f t i n g poly(methyl methacrylate) onto c e l l u l o s e 
should be: 

H CH0 

I I 3 

- C - C - C00CHo (9) 
H 

A f i v e - l i n e e.s.r. spectrum i s recorded. Evidently, the grafted 
polymer on the photoirradiated c e l l u l o s e had a conformation that 
r e s t r i c t e d r o t a t i o n about the C a - Cg bond, so that only one of 
the methylene hydrogens and the f r e e l y r o t a t i n g methyl group 
i n t e r a c t with the unpaired electron (17). 

In model compound studies, when methyl methacrylate i n r i g i d 
glasses of methanol that contained f e r r i c chloride were photo­
lyzed at 77-100 K, s i m i l a r f i v e - l i n e e.s.r. spectra of propaga­
t i n g chain r a d i c a l s were generated. A second propagating chain 
i n which neither of the methylene hydrogens interacted with the 
unpaired electron evidently occurred. A f o u r - l i n e e.s.r. spec­
trum from the i n t e r a c t i o n of the f r e e l y r o t a t i n g methyl group 
with the unpaired electron was generated. With two propagating 
chains i n two d i f f e r e n t conformations, one generating a f i v e -
l i n e e.s.r. spectrum and the other generating a f o u r - l i n e e.s.r. 
spectrum, a composite n i n e - l i n e e.s.r. spectrum was recorded. I t 
can be concluded that p h o t o i n i t i a t e d g r a f t i n g at a methanolic 
r a d i c a l s i t e i n r i g i d glasses at le s s than 100 Κ also r e s t r i c t e d 
the conformation of the propagating chain (18). 
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In photolysis, the y i e l d of macrocellulosic r a d i c a l s 
increased by addition of photosensitizers either covalently bond­
ed to c e l l u l o s e or added to the monomer s o l u t i o n (19). Photo­
i n i t i a t e d g r a f t i n g of monomers onto c e l l u l o s e has been recently 
reviewed (20). 

Randomly absorbed radiant energy from high-energy i o n i z i n g 
r a d i a t i o n l o c a l i z e s i n c e l l u l o s e to i n t i a t e oxidative depoly-
merization of c e l l u l o s e and a r e l a t i v e l y large number of macro­
c e l l u l o s i c r a d i c a l s , when compared with the number of r a d i c a l s 
generated by u l t r a v i o l e t r a d i a t i o n . The mechanisms of the i n t e r ­
action of high-energy r a d i a t i o n with c e l l u l o s e has been discussed 
(11). High-energy r a d i a t i o n may ori g i n a t e from e i t h e r machine 
or nuclear sources. The y i e l d of macrocellulosic r a d i c a l s i s 
dependent on the absorbed dosage of r a d i a t i o n and, to a less e r 
extent, on the type and
s h o r t - l i v e d macrocellulosi
r a d i c a l s are formed (21). Although the i n t e r a c t i o n of high-
energy r a d i a t i o n with c e l l u l o s e i s random and chemically non­
s p e c i f i c , the f i n a l l o c a l i z a t i o n of energy and i n i t i a t i o n of the 
r a d i c a l s i t e on c e l l u l o s e i s dependent on the r e l a t i v e amount of 
de l o c a l i z i n g energy a v a i l a b l e at each carbon atom i n the anhy-
droglucose u n i t . 

As noted above, when high-energy r a d i a t i o n i n t e r a c t s with 
c e l l u l o s e , trapped, lo n g - l i v e d r a d i c a l s are formed i n the high­
l y molecularly oriented areas of c e l l u l o s i c f i b e r s . This o f f e r s 
the p o s s i b i l i t y of separating the steps of formation of macro­
c e l l u l o s i c r a d i c a l s and of i n i t i a t i o n of graft polymerization 
with v i n y l monomers. The morphological structure and molecular 
o r i e n t a t i o n of c e l l u l o s i c f i b e r s can be s e l e c t i v e l y a l t e r e d by 
immersing f i b e r s i n solutions (22, 23). When i r r a d i a t e d c e l l u ­
lose i s immersed i n s o l u t i o n s , the s h o r t - l i v e d r a d i c a l s , which 
are evidently located i n the l e s s molecularly oriented or amor­
phous areas of the f i b e r s , are r a p i d l y scavenged. I f i r r a d i a t e d 
c e l l u l o s i c f i b e r s are immersed i n monomer solutions that swell 
t h e i r structure and/or a l t e r t h e i r molecular o r i e n t a t i o n , then 
lon g - l i v e d trapped r a d i c a l s are made accessible to v i n y l mono­
mers. The extent of changes i n morphological structure and 
molecular o r i e n t a t i o n of f i b e r s i s dependent on the composition 
of the solutions (24, 25). Graft polymerization i s then i n i ­
t i a t e d , with a minimum of homopolymerization, at the s i t e of the 
c e l l u l o s i c r a d i c a l . 

As recorded i n the case of photoirradiated c e l l u l o s e , the 
conformation of grafted polymer on high-energy i r r a d i a t e d c e l ­
l u l o s e i s evidently r e s t r i c t e d . The e.s.r. spectra of propa­
gating r a d i c a l s of methacrylates grafted on high-energy i r r a d i a ­
ted c e l l u l o s e also had only f i v e l i n e s . This indicated, as shown 
i n r a d i c a l 9̂  that r o t a t i o n about the C a - Cg bond was r e s t r i c t ­
ed, so that only one of the methylene hydrogens and the f r e e l y 
r o t a t i n g methyl group i n t e r a c t with the unpaired electron. How­
ever, i n high-energy i r r a d i a t e d c e l l u l o s e , the concentration of 
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unreacted c e l l u l o s i c r a d i c a l s was much greater than that of the un-
reacted r a d i c a l s i n photoirradiated c e l l u l o s e . The time-averaging 
computer attachment of the e.s.r. spectrometer was used to subtract 
the spectra generated by unreacted c e l l u l o s i c r a d i c a l s from the com­
posite spectra. Then the e.s.r. spectrum generated f©r g r a f t i n g 
methacrylate onto c e l l u l o s e was recorded as a f i v e - l i n e spectrum(26). 

L i v i n g Polymer Radicals 

The trapped, long-lived macrocellulosic r a d i c a l s could be 
considered as l i v i n g polymer r a d i c a l s . These r a d i c a l s are i n i ­
t i a t e d on the i n t e r a c t i o n of high-energy r a d i a t i o n with c e l l u ­
l o s i c f i b e r s probably through a dehydrogeneration reaction. They 
are evidently located i n the highly molecularly oriented areas 
of the f i b e r s . Immersio
t i o n increases the a c c e s s i b i l i t
or terminating reactions and to i n i t i a t i n g of g r a f t i n g reactions. 
As previously reported, t h i s i s not an all-or-none phenomenon. 
The composition of the sol u t i o n and i t s i n t e r a c t i o n with i r r a d i a ­
ted c e l l u l o s i c f i b e r s determine the increase i n a c c e s s i b i l i t y of 
these r a d i c a l s . The l i f e - t i m e s of trapped r a d i c a l s i n i r r a d i a t ­
ed, dried (less than about 2 percent moisture) c e l l u l o s e appear 
to be i n d e f i n i t e . Immersion i n solutions that strongly i n t e r a c t 
with c e l l u l o s i c f i b e r s i n which both t h e i r morphology and molec­
ula r o r i e n t a t i o n are changed does not necessarily scavenge or 
terminate all of the trapped r a d i c a l s . However, immersion of 
i r r a d i a t e d c e l l u l o s e i n l i q u i d ammonia reduced molecular o r i e n t a ­
t i o n and terminated all of the trapped r a d i c a l s (21, 24, 25). 

E.s.r. evidence for a l i v i n g (propagating) polymer r a d i c a l 
i n g r a f t i n g reactions of v i n y l monomers with i r r a d i a t e d c e l l u l o s e 
has also been reported (26). 

Reaction Methods 

The g r a f t i n g reaction of v i n y l monomer onto c e l l u l o s i c f i b e r 
i s a heterogeneous reaction system. C e l l u l o s i c f i b e r s are i n a 
s o l i d phase, and v i n y l monomers are i n a vapor phase or, as a 
solute, i n a sol u t i o n phase. Two general methods for i n i t i a t i n g 
g r a f t i n g reactions are, as follows: (1) one-step method: monomer 
i s i n contact with c e l l u l o s e when the i n i t i a t i n g macrocellulosic 
r a d i c a l s are formed; or (2) two-step method: a f t e r formation of 
the r a d i c a l s , monomer i s contacted with the activated c e l l u l o s e . 
The one-step method can be used when ei t h e r s h o r t - l i v e d or long-
l i v e d , trapped r a d i c a l s are formed. The two-step method can be 
used when long-lived trapped r a d i c a l s are formed (3). 

When v i n y l monomers are i n a vapor phase, the extent and 
rate of the g r a f t i n g reaction are increased, i f the c e l l u l o s i c 
f i b e r s are wetted with solvents for the monomers. There i s a 
very low extent of reaction between activated, dried c e l l u l o s e 
and v i n y l monomer neat (3). 
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When v i n y l monomers are solutes i n so l u t i o n phase, the mor­
phology and molecular o r i e n t a t i o n of c e l l u l o s e can be s e l e c t i v e l y 
changed dependent on the composition of the so l u t i o n . Also, the 
extent and rate of gr a f t i n g are influenced by the composition of 
the s o l u t i o n which i s referred to as the Trommsdorff e f f e c t (3, 
27). 

When the reaction adds polymer as a side chain to the c e l ­
l u l o s i c molecule, grafted polymers are formed. When the reac­
t i o n adds polymer to the end of the c e l l u l o s i c molecule, p a r t i ­
c u l a r l y when oxidative depolymerization occurs, block polymers 
are formed. However, i t i s not possible to d i s t i n g u i s h between 
the two reaction products. The molecular weight of grafted and/ 
or block polymer i s large and often exceeds the molecular weight 
of c e l l u l o s e , p a r t i c u l a r l y the molecular weight of the p a r t i a l l y 
depolymerized c e l l u l o s
either grafted or bloc
by macrocellulosic r a d i c a l s , the r a t i o of the number of molecules 
of polymer to the number of molecules of c e l l u l o s e i s much les s 
than one. Because of the small number of covalent chemical bonds 
between polymer and c e l l u l o s e , d i r e c t evidence has not been r e ­
ported for such bonding (28). D i f f e r e n t i a l s o l u b i l i t y changes i n 
c e l l u l o s e , polymer, and c e l l u l o s e interacted with polymer appear 
to be evidence for bonding. E.s.r. evidence for model reactions 
of v i n y l monomers with activated substrates (18) and for reac­
tions of monomers with activated c e l l u l o s e (20, 26) indic a t e that 
the i n i t i a t i n g r a d i c a l i s decreased i n i n t e n s i t y and the propa­
gating polymer r a d i c a l i s increased i n i n t e n s i t y during g r a f t i n g 
reactions. This could i n d i c a t e bonding at the r a d i c a l s i t e . 

Grafted block copolymers of activated c e l l u l o s e ( c e l l * ) are 
formed by immersing the activated c e l l u l o s e i n a so l u t i o n of two 
or more monomers (M and m). Typical reactions include: 

c e l l - + M ^ cell-M- (10) 
c e l l - + m ^» cell-m- (11) 
cell-M- + m — • cell-M-m- (12) 
cell-m- + M — * ~ cell-m-M- (13) 
cell-M- + M — • cell-M-M- (14) 
cell-m- + m ^ cell-m-m- (15) 

In the predominating reactions, the number of d i f f e r e n t 
types of monomer units and t h e i r sequences are determined by 
t h e i r r e l a t i v e molecular r e a c t i v i t i e s for the macrocellulosic 
r a d i c a l s and the monomer r e a c t i v i t y r a t i o s . These types of reac­
tions are useful i n that l e s s reactive monomers can be included 
i n copolymers to add selected organochemical and macromolecular 
properties to the modified c e l l u l o s i c products. In cases where 
v i n y l monomers have been reacted to form oligomers, these reac­
tions are useful i n increasing the r e a c t i v i t y of oligomers with 
macrocellulosic r a d i c a l s (29, 30, 31). 
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In summary, some of the important factors i n polymerization 
reactions of v i n y l monomers i n i t i a t e d by macrocellulosic r a d i c a l s 
are, as follows: (1) the l i f e t i m e s of the macrocellulosic r a d i ­
c a l s ; (2) the a c c e s s i b i l i t y of the r a d i c a l s to the monomers; 
(3) accelerating e f f e c t s of the solutions of the monomers on 
rate and extent of polymerization reactions; and (4) the e f f e c t s 
of the s o l u t i o n of the monomers on molecular o r i e n t a t i o n and 
morphology of the c e l l u l o s i c f i b e r s . Technical reports on g r a f t ­
ing reactions on c e l l u l o s e have been world-wide and number i n the 
hundreds of contributions since 1960; space does not permit ex­
tensive c i t a t i o n s . These inves t i g a t i o n s are continuing to be an 
active research and development area. This area of work was 
extensively reviewed i n 1970 (3) and 1972 (4). 

Characterization of Product

The c h a r a c t e r i z a t i o n of graft or block copolymers of c e l ­
l u l o s i c f i b e r products depends on determination of changes i n 
organochemical, macromolecular, and morphological structures and 
molecular orientations of the products from those of unmodified 
c e l l u l o s i c f i b e r s . Formation of macrocellulosic r a d i c a l s i n ­
volves the oxidative depolymerization of c e l l u l o s e . Increases 
i n carbonyl groups and i n carboxyl groups on c e l l u l o s e are meas­
ured. The formation of carbonyl groups i s several times greater 
than the information of carboxyl groups. Grafting of selected 
v i n y l monomers onto c e l l u l o s e changes surface properties, r e ­
sistances to microb i a l degradation, chemical r e a c t i v i t i e s , ther­
mal s t a b i l i t i e s , and rela t e d properties of c e l l u l o s i c f i b e r s . 
These changes i n organochemical properties of c e l l u l o s e are 
measured by the usual techniques and have been reported (3). 

Macromolecular properties of grafted c e l l u l o s i c f i b e r s 
usually measured are: d i f f e r e n t i a l s o l u b i l i t y i n ei t h e r poly­
meric or c e l l u l o s i c solvents, mechanical or physical properties, 
and abrasion resistances. The molecular weights of the grafted 
or block polymers and of c e l l u l o s e , both before and a f t e r forma­
t i o n of macrocellulosic r a d i c a l s , have been determined. The 
number of grafted or block polymer molecules per c e l l u l o s e mole­
cule calculated has usually been much les s than one. Grafted 
c e l l u l o s i c f i b e r s e x h i b i t second order t r a n s i t i o n temperatures, 
dependent on the composition of the grafted polymer 0 4). 

Molecular orientations of grafted c e l l u l o s e s can be changed 
to a small extent. Interactions of monomer solutions with c e l l u ­
l o s i c f i b e r s to decrease c r y s t a l l i n i t i e s and to change l a t t i c e 
type of the products from those of unmodified f i b e r s have been 
reported. X-ray d i f f r a c t i o n methods are used to determine the 
changes (24). 

Morphological or supermolecular structure i s the most 
e a s i l y changed property of c e l l u l o s i c f i b e r s . Interactions of 
selected monomer solutions with f i b e r s can y i e l d grafted products 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



2. ARTHUR Free-Radical Grafting of Vinyl Monomers 29 

without change i n t h e i r o r i g i n a l cross sections to grafted pro­
ducts with highly swollen and rounded cross sections. Grafted 
polymer d i s t r i b u t i o n i n the fibrous cross sections range from 
concentrations of polymer i n the surfaces of the f i b e r s to con­
centrations of polymer uniformly d i s t r i b u t e d i n fibrous cross 
sections. Concentrations of grafted polymer i n the fibrous sur­
face can be attached as coatings or encapsulations of the f i b e r s . 
In cotton f i b e r s which have concentric layered structures of 
c e l l u l o s e , concentrations of polymer i n the lumen area or center 
i f the fibrous cross section can be obtained. L i g h t , transmis­
sion e l e c t r o n , and scanning electron microscopy and energy d i s ­
persive (EDX) x-ray analysis have been used to determine the 
d i s t r i b u t i o n of grafted polymer i n fibrous products. For poly­
mers which contain elements such as phosphorus, EDX analysis 
c l e a r l y records the d i s t r i b u t i o
l u l o s i c f i b e r cross section

Useful Processes and Products 

Modifications of the macromolecular properties of cotton 
and regenerated c e l l u l o s i c f i b e r s by graft polymerization with 
selected v i n y l monomers impart new and improved t e x t i l e proper­
t i e s . For example, at low degrees of g r a f t i n g of p o l y ( a c r y l o n i -
t r i l e ) , e l a s t i c recovery properties of cotton f i b e r s are i n ­
creased. At high degrees of g r a f t i n g of pol y ( e t h y l acrylate) 
c e l l u l o s i c f i b e r s have elastomeric properties with high degrees 
of recovery from deformations (6, 7). C e l l u l o s i c t e x t i l e s usual­
l y require some chemical f i n i s h i n g treatments to impart proper­
t i e s to make them competitive with durable-press properties of 
man-made t e x t i l e s . These treatments usually decrease the abra­
sion resistances of c e l l u l o s i c t e x t i l e s . However, g r a f t i n g of 
v i n y l monomers onto c e l l u l o s i c t e x t i l e s changes t h e i r morphology 
and increases t h e i r abrasion resistances while simultaneously 
improving t h e i r durable-press properties. Grafting of v i n y l 
monomers onto c e l l u l o s i c f i b e r s y i e l d s products with second 
order t r a n s i t i o n temperatures lower than the decomposition temp­
erature of c e l l u l o s e . These modified c e l l u l o s i c s are thermo­
p l a s t i c and heat moldable (32). Fibers are also encapsulated 
by g r a f t i n g to y i e l d durable coatings with reactive groups (33, 
34). 

Modifications of the organochemical properties of c e l l u l o s i c 
f i b e r s by graft polymerization with selected monomers impart new 
chemical properties. The m i c r o b i o l o g i c a l and l i g h t resistances 
of c e l l u l o s i c f i b e r s to degradation are increased by g r a f t i n g 
(3). Surface properties of modified f i b e r s are changed to im­
part s o i l - r e l e a s e (35), d y e a b i l i t y (36), and flame-resistance 
(37, 38) properties. 

Paper products have been grafted to increase bursting 
strength and to impart hydrophobic, h y d r o p h i l i c , thermoplastic, 
and ion exchange properties. The d i e l e c t r i c properties of grafted 
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paper give products with increased e l e c t r i c a l i n s u l a t i o n proper­
t i e s . Grafted wood products have increased dimensional s t a b i l i t y 
and compressive, impact, and bending strengths. Grafted c e l l u ­
l o s i c f i l m s are useful as osmotic membranes and battery separa­
tors (3). 

Literature Cited 

1. Arthur, J. C., Jr. "Cotton" in Encyclopedia of Polymer 
Science and Technology, H. F. Mark, N. G. Gaylord, and Ν. M. 
Bikales, Eds., John Wiley and Sons, Inc., New York, 1966, 
Vol. 4, pp. 244-272. 

2. Bikales, Ν. Μ., and Segal, L., Eds. "Cellulose and Cellulose 
Derivatives", High Polymers Vol. V, Parts IV and V, Wiley-
Interscience, New York

3. Arthur, J. C., Jr. "Graf
ides" in Advances in Macromolecular Chemistry, W. M. Pasika, 
Ed., Academic Press, London, 1970, Vol. 2, pp. 1-87. 

4. Arthur, J. C. Jr., Ed. "Proceedings of the Symposium on 
Graft Polymerization onto Cellulose", Interscience, New York, 
1972, Polymer Symposia No. 37. 

5. Arthur, J. C., Jr., Advan. Chem. Ser. 1969, No. 91, 574-591. 
6. Arthur, J. C., Jr., Advan. Chem. Ser. 1971, No. 99, 321-339. 
7. Arthur, J. C., Jr., "Special Properties of Block and Graft 

Copolymers and Applications in Fiber Form" in Block and 
Graft Copolymers, J. J. Burke and V. Weiss, Eds., Syracuse 
University Press, Syracuse, New York, 1973, pp. 295-323. 

8. Avny, Y., Yom-Tov, B., Zilkha, A. J. Appl. Polym. Sci. 
1965, 9, 817. 

9. Simionescu, C. I., Rusan, V. J. Polym. Sci., Part C, 1972, 
No. 37, 173-186. 

10. Gaylord, N. J. Polym. Sci., Part C, 1972, No. 37, 153-172. 
11. Arthur, J. C., Jr. "Radiation Effects on Cellulose" in 

Energetics and Mechanisms in Radiation Biology, G, O. 
Phillips, Ed., Academic Press, London, 1968, pp. 153-181. 

12. Arthur, J. C., Jr., Baugh, P. J., Hinojosa, O. J. Appl. 
Polym. Sci. 1966, 10, 1591-1606. 

13. Arthur, J. C., Jr., Hinojosa, O., Bains, M. S. J. Appl. 
Polym. Sci. 1968, 12, 1411-1421. 

14. Faessinger, R. W., Conte, J. S. Belgian Patent 1964, 646, 
284. 

15. Faessinger, R. W., Conte, J. S. U.S. Patent 1967, 3, 330, 
787; 3, 359, 224. 

16. Baugh, P. J. "Photodegradation and Photooxidation of Cel­
lulose" in Developments in Polymer Photochemistry, N. S. Al­
len, Ed., Applied Science, Barking, 1981, Vol. 2, pp. 165-
214. 

17. Reine, Α. Η., Hinojosa, O., Arthur, J. C., Jr. J. Appl. 
Polym. Sci. 1973, 13, 3337-3343. 

18. Harris, J, Α., Hinojosa, O., Arthur, J. C., Jr. J. Polym. 
Sci., Polym. Chem. Ed. 1973, 11, 3215-3226. 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



2. ARTHUR Free-Radical Grafting of Vinyl Monomers 31 

19. Reinhardt, R. Μ., Arthur, J. C., Jr., Hinojosa, O. J. Appl. 
Polym. Sci. 1979, 24, 1691-1699. 

20. Arthur, J. C., Jr. "Photoinitiated Grafting of Monomers Onto 
Cellulose Substrates" in Developments in Polymer Photochem­
istry, N. S. Allen, Ed., Applied Science, Barking, 1980, Vol. 
1, pp. 69-92. 

21. Baugh, P. J., Hinojosa, O., Arthur, J. C., Jr. J. Appl. 
Polym. Sci. 1967, 11, 1139-1153. 

22. Rollins, M. L., Cannizzaro, A. M., Blouin, F. Α., Arthur, J. 
C., Jr. J. Appl. Polym. Sci. 1968, 12, 71-105. 

23. Reinhardt, R. Μ., Arthur, J. C., Jr., Muller, L. L. J. Appl. 
Polym. Sci. 1979, 24, 1739-1745. 

24. Hinojosa, O., Nakamura, Υ., Arthur, J. C., Jr. J. Polym. 
Sci., Part C, 1972, No. 37, 27-46. 

25. Reine, Α. Η., Hinojosa
Part B, 1971, 9, 503-507

26. Hinojosa, O., Arthur, J. C., Jr. J. Polym. Sci., Part B, 
1972, 10, 161-165. 

27. Goynes, W. R., Jr., Carra, J. H. in Characterization of 
Metal and Polymer Surfaces, L.-H. Lee, Ed., Vol. 2, Academic 
Press, New York, 1977, p. 251. 

28. Morris, N. J., Blouin, F. Α., Arthur, J. C., Jr. J. Appl. 
Polym Sci. 1968, 12, 373-380. 

29. Harris, J. Α., Arthur, J. C., Jr. J. Appl. Polym. Sci. 
1970, 14, 3113-3128. 

30. Harris, J. Α., Arthur, J. C., Jr., Goynes, W. R., Jr. J. 
Appl. Polym. Sci. 1979, 23, 2555-2565. 

31. Harris, J. Α., Arthur, J. C., Jr., Goynes, W. R., Jr. J. 
Appl. Polym. Sci. 1979, 24, 201-210. 

32. Arthur, J. C., Jr., J. Appl. Polym. Sci., Appl. Polym. Sym. 
1981, No. 36, 201-208. 

33. Harris, J. Α., Arthur, J. C., Jr. J. Appl. Polym. Sci. 
1979, 24, 1767-1770. 

34. Harris, J. Α., Arthur, J. C., Jr. U.S. Patent 1981, 4, 253, 
841. 

35. Mares, T., Arthur, J. C., Jr., Harris, J. A. U.S. Patent 
1977, 4, 063, 885. 

36. Harris, J. Α., Arthur, J. C., Jr. Textile Res. J. 1976, 
46, 219-223. 

37. Harris, J. Α., Arthur, J. C., Jr., Goynes, W. R., Jr. J. 
Appl. Polym. Sci. 1979, 23, 2555-2565. 

38. Harris, J. Α., Arthur, J. C., Jr., Goynes, W. R., Jr. J. 
Appl. Polym. Sci. 1979, 24, 201-210. 

RECEIVED December 17, 1981. 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



3 
Graft Copolymerization of Vinyl Monomers onto 
Cellulosic Fibers 

B. RÅNBY and L. GÄDDA 
The Royal Institute of Technology, Department of Polymer Technology, 
S-100 44 Stockholm, Sweden 

Graft copolymerization of vinyl monomers - in this 
case acrylonitril  ont  cellulosi  fiber  i  ini­
tiated by Mn3+ ion
aqueous solution  p
der a nitrogen blanket in a process similar to what 
we previously reported for grafting onto starch. The 
following substrates are used: dissolving pulp (MDC) 
and grease-proof pulp (GP), both bleached sulfite 
pulps from spruce, ethyl cellulose (EC) and hydroxy-
ethyl cellulose (HEC) of low degree of substitution 
(O.25, O.40 and O.60). At low Mn3+-complex concentra­
tion (1-2 mmole/1) and substrates in never-dried form 
the reaction is completed in 2 to 3 h giving high 
conversion to polymer (70 to 85%) and high grafting 
efficiency (80 to 98% of the polymer is grafted). The 
grafted substrates retain their fiber morphology and 
their liquid water retention (5 to 8 g/g). After hyd­
rolysis of the graft copolymers in aqueous NaOH solu­
tion (1% NaOH at 100°C), which saponifies the n i t r i l e 
groups to amide and carboxyl groups, the retention of 
liquid water increases 5 to 10 times. The grafted and 
hydrolyzed MDC and GP samples, containing native cel­
lulose lattice (cellulose I) reach saturation in wa­
ter retention in a few minutes, while the correspon­
ding EC and HEC samples, containing disordered merce­
rized cellulose lattice (cellulose II), show gradual­
ly increased water retention for a long time 
(> 60 min.). 

Manganic ions (Mn^+) in aqueous solution have been developed 
in our laboratories as an initiator for grafting vinyl monomers 
onto various polysaccharides, e.g. starch (1), cellulose (2) and 
guaran (3). This research is part of a general program on graft 
copolymerization onto polysaccharide substrates as described in 
a review paper (4). The Mn̂ + grafting method has been applied as 
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an e f f i c i e n t process f o r preparation of superabsorbent starch 
products with unusual thermodynamic properties (5). Using a c r y l o -
n i t r i l e as monomer, the grafted starch can be hydrolyzed i n 
aqueous a l k a l i to give a product which from humid a i r absorbs mo­
derate amounts of water (about 1 part by weight) at r e l a t i v e 
humidities of 95 to 98%. The same product i n contact with l i q u i d 
water retains very large amounts of water (up to 800 parts per 
part of grafted hydrolyzed starch). The product i s indeed a very 
e f f i c i e n t "super-slurper" (6). The water retention i s reduced 
considerably at low and high pH (< 4 and 11), and when disso­
ciated s a l t s , e.g. NaCl and C a C l 2 , are added (5). The water mole­
cules absorbed from humid a i r are strongly hydrogen bonded to the 
substrate while the large amounts of retained l i q u i d water are 
loosely bonded, probably as cl u s t e r s of water molecules (5). 

The Mn i n i t i a t o r
other a c r y l i c and methacryli
e f f i c i e n t g r a f t i n g process. At Mn^  concentrations of 1 to 3 
mmole/liter, and the Μη + ions complexed with 1 to 3 moles of 
K4 P2^7 P e r m ° l e °^ M n ^ + t o prevent p r e c i p i t a t i o n , about 90% con­
version of these monomers to polymer i s obtained i n 1 to 3 hrs 
at 30°C i n an acid aqueous medium (pH 1.5 to 2). The g r a f t i n g 
e f f i c i e n c y i s as high as 98%, i . e . only 2% homopolymer i s formed. 
The only precaution to be taken i n the process i s removal of d i s ­
solved oxygen by bubbling pure nitrogen i n a slow stream through 
the reacting s o l u t i o n . 

Cellulose i s a p a r t l y c r y s t a l l i n e and highly hydrogen-bonded 
substrate. Consequently i t i s much less accessible to g r a f t i n g 
than starch (2). The present paper describes g r a f t i n g experiments 
with the Mn - i n i t i a t o r applied to never-dried pulp f i b e r s from 
wood and to f i b e r s from c e l l u l o s e derivatives of low degrees of 
s u b s t i t u t i o n , i . e . c e l l u l o s i c substrates known to be more acces­
s i b l e to chemical reactions than other c e l l u l o s e f i b e r s a f t e r 
drying. 

Experimental 

M a t e r i a l s . The following c e l l u l o s e substrates were used i n 
never-dried state: 
Dissolving pulp, a bleached s u l f i t e pulp from spruce, MoDoCell 
H3430 from Mo och Domsjô AB, Ornskoldsvik, Sweden. 
Grease-proof pulp, a bleached s u l f i t e pulp from spruce, with high 
hemi-cellulose content, from Billerud-Uddeholm AB, S a f f i e , Sweden. 
Ethyl c e l l u l o s e , three samples prepared from a l k a l i c e l l u l o s e and 
ethyl chloride to low degrees of s u b s t i t u t i o n (DS): about O.25, 
O.4 and O.6 ethyl ether groups per glucose u n i t . 
Hydroxyethyl c e l l u l o s e , three samples prepared from a l k a l i c e l l u ­
lose and ethylene oxide (oxirane) to low degrees of molar s u b s t i ­
t u t i o n (MS): about O.25, O.4 and O.6 moles of oxirane s u b s t i t u ­
ted per mole of glucose units (some oxirane units form s u b s t i t u ­
ted oligo-ethylene g l y c o l chains). 
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The samples of ethyl and hydroxyethyl c e l l u l o s e were s p e c i a l l y 
prepared and supplied by Berol Kemi AB, Stenungsund, Sweden. The 
following chemicals were used: 
Manganese (II) s u l f a t e , MnSO^ . l^O, p.a. (Merck). 
Potassium permanganate, KMhO^, p.a. (Merck). 
Sodium pyrophosphate, Na^P^O^ . 10 ̂ 0 , p.a. (Merck). 
S u l f u r i c a c i d , c o n e , p.a. (Merck). 
A c r y l o n i t r i l e (AN), synthesis grade (Merck). 
The AN monomer was p u r i f i e d by washing with water and d i s t i l l a ­
t i o n at reduced pressure under nitrogen atmosphere. Other chemi­
cals were used as received from the supplier. 

3+. 
Grafting Method. The i n i t i a t o r solutions of Mn ions were 

prepared from aqueous bas  solution f MnSO^  KMnO^  Na^P^O d 
H2S0,. The concentration
t a l l i q u i d Volume 500 ml)  mmole/  ( i  cases), 
2.0, 4.0 or 6.0 mmole/1 N a ^ P ^ , and 80 mmole/1 I^SO^ (which gives 
pH 1.7). The Mn ions are stable i n aqueous s o l u t i o n as pyro­
phosphate ion complex. 

The c e l l u l o s e substrates added i n each experiment were 5, 10 
or 15 g (given on dry b a s i s ) . The amounts of a c r y l o n i t r i l e added 
were varied from 6 to 25 ml, as l i s t e d i n the tables f o r the va­
rious experiments. 

The g r a f t i n g experiments were started by dispersion of the 
ce l l u l o s e substrates i n a c i d i f i e d water i n the reaction v e s s e l , 
the AN was added to the suspension and the i n i t i a t o r s o l u t i o n 
poured into the funnel, and N 2 was bubbled through funnel and ves­
s e l f o r 30 minutes. The temperature was adjusted to 30 C and the 
reaction started by emptying the monomer from the funnel into the 
reaction vessel. The reaction s o l u t i o n was s t i r r e d by a prop e l l e r 
through a mercury seal continuously under N 2 blanket. The reaction 
was stopped a f t e r 3 h r s b y l e t t i n g oxygen (ai r ) i n t o the reaction 
vessel and adding on equal volume of methanol or acetone to the 
sol u t i o n . The grafted samples were washed with water to remove 
monomer and e l e c t r o l y t e s , extracted with dimethylformamide (DMF) 
to remove AN homopolymer and fo r analysis of g r a f t i n g e f f i c i e n c y , 
and then dried i n a i r and vacuum at 40°C i n a Soxhlet f o r 24 hrs. 

In g r a f t copolymerization the following d e f i n i t i o n s (based on 
weight) are used: „ „ Conversion (%) = 1°1^ΒΤ f ° m e d ^ χ 100 , c χ Monomer charged (of monomer to polymer) ° 
Add on (%) = Synthetic polymer χ W Q 

Graft copolymer 
Grafting e f f i c i e n c y (%) = Grafted polymer χ 1 Q Q 

Polymer formed 
Molecular Weight of Grafted PAN Chains. A homopolymer-free 

graft copolymer sample was hydrolyzed i n 2 M HC1 f o r 48 h at room 
temperature to depolymerize the c e l l u l o s e chains. The residue, 
mainly p o l y a c r y l o n i t r i l e (PAN) chains, was washed with water and 
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ethanol, dried i n a i r and extracted f o r 24 h at 20°C i n DMF to 
dissolve the PAN chains. A f t e r f i l t r a t i o n , the PAN solutions were 
used f o r molecular weight determinations i n an Ubbelhode v i s c o ­
meter at a series of concentrations. The M -values were c a l c u l a ­
ted from the r e l a t i o n ( 7 ) : 
[η] = 3.92 . l ( f 4 . M n

0 , 7 5 

The hydrolyzed samples were not completely soluble. The M -values 
representative soluble part of the previously grafted PAN chains. 
From the M -values obtained f o r PAN, the number of anhydroglucose 
units per grafted PAN chain was calculated. Corrections were i n ­
troduced f o r the weight of the anhydroglucose units of EC and HEC 
according to the degree of s u b s t i t u t i o n . 

Hydrolysis i n Aqueou
loses were hydrolyzed i
materials. The conditions were 2 g of grafted sample (on dry ba­
s i s ) dispersed i n 200 ml 1% NaOH at 100°C fo r 1.5 h. A f t e r hydro­
l y s i s the samples were p r e c i p i t a t e d i n 600 ml methanol, washed 
with methanol and ethanol, d r i e d and weighed. The aqueous a l k a l i 
hydrolysis of PAN i s known to give a gradual conversion of all 
the n i t r i l e groups to amide and carboxyl groups. Intermediate 
ringclosed compounds form as sidegroups and appear as red-brown 
colour. At the completion of the h y d r o l y s i s , the sidechains are a 
copolymer of acrylamide and a c r y l i c acid i n c e r t a i n proportions 
rel a t e d to the conditions of the hydrolysis (8). 

Water Retention of Hydrolyzed Samples. The water retention 
of the AN-grafted samples a f t e r hydrolysis i n aqueous a l k a l i were 
determined using three d i f f e r e n t methods: 

A l . O.5 g sample (on dry basis) was swollen i n 100 ml d i s t i l ­
led water for 10 minutes. The f i b e r suspension was poured int o a 
sintered glass f i l t e r (porosity 1) and sucked at 700 mm Hg pres­
sure. The volume of f i l t r a t e was measured and the water retention 
calculated as g O f water per g of dry mate r i a l . The measurement 
was repeated a f t e r drying the hydrolyzed sample i n an oven at 
60°C. 

A2. The water retention f o r O.1 g sample (on dry basis) was 
determined i n a glass equipment, i n which the sample on a s i n t e ­
red glass f i l t e r i s sucking up the water fromaiU-shaped burette 
(7). The retained water (g/g) i s measured as a function of time. 
Recorded A2-values are usually given for 20 minutes exposure time. 

A3. The water retention f o r O.1 g sample (on dry basis) was 
determined by swelling i n 10 ml d i s t i l l e d water f o r 10 minutes i n 
a graded centrifuge tube. The suspensions were then centrifuged 
at 900 G (2500 rev./min) f o r 20 minutes. A sharp boundary between 
gel phase and supernatant developed. The water retention i n g/g 
was calculated from the volume of the gel (= the bottom l a y e r ) . 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



3. RÂNBY AND GÀDDA Grafting of Vinyl Monomers onto Fibers 37 

Results and Discussion 

2 +The i n i t i a t i o n reaction i n gr a f t i n g of v i n y l monomers with 
Mn ions to polysaccharides i s a r a d i c a l formation by oxidation, 
presumably of aldehyde and/or 1,2-diol groups (1) as further i n ­
dicated by studies of model compounds of low molecular weight (9). 
Grafting of a c r y l o n i t r i l e to regenerated c e l l u l o s e using Mn^+ has 
previously been reported (10). 

The g r a f t i n g process gives reproducible conversion and graf­
t i n g e f f i c i e n c y (Table I) both for e t h y l c e l l u l o s e (EC, DS=O.60) 
and grease-proof pulp (GP). The measured g r a f t i n g e f f i c i e n c y f o r 
the EC samples i s lowered by a p a r t i a l water s o l u b i l i t y of the 
substrate. 

The monomer conversion i s increased to a l e v e l of 85% at high 
concentrations of substrat
the reacting s o l u t i o n (Tabl
high ( 95%) at all leve l s of conversion. 

The degree of s u b s t i t u t i o n (DS) of the EC substrate has a pro­
nounced e f f e c t (Table I I I ) . At high DS values, conversion of mono­
mer increases from about 70 to the l e v e l 80%, but the g r a f t i n g 
e f f i c i e n c y decreases at DS=O.60. This may be a blocking e f f e c t of 
the e t h y l ether groups and to some extent an e f f e c t of increased 
water s o l u b i l i t y of the substrate a f t e r g r a f t i n g . The intermedia­
te DS-level (O.40) i s most favorable for g r a f t i n g . 

Substrates of hydroxyethyl c e l l u l o s e (HEC) samples of d i f f e ­
rent molar s u b s t i t u t i o n (MS) of oxirane give s i m i l a r r e s u l t s i n 
gr a f t i n g with AN as EC (Table IV). At MS-values of O.40 and O.60, 
the water s o l u b i l i t y influences the r e s u l t s , e s p e c i a l l y the graf­
t i n g e f f i c i e n c y . HEC-samples of low MS (O.25) give the best re­
su l t s i n g r a f t i n g . 

The d i s s o l v i n g pulp (MoDo C e l l ) and grease-proof pulp (GP) 
grafted with Mn^+ i n i t i a t i o n give 70 to 71% conversion of AN to 
polymer of which up to 95% i s grafted to the substrate (Table V). 
This i s a good r e s u l t compared with other g r a f t i n g methods. The 
two never-dried native wood pulps are almost as accessible to 
gra f t i n g as the low-substituted c e l l u l o s e derivatives studied (EC 
and HEC) and the starch substrates i n previous work (1). I t i s 
assumed that only the amorphous and otherwise accessible part of 
the c e l l u l o s i c f i b e r s react i n the i n i t i a t i o n of g r a f t i n g . 

The water retention of the EC and HEC samples before g r a f t i n g 
i s of the order 6 to 7 g/g. After g r a f t i n g with AN to various l e ­
vels of add-on (30 to 60%), the water retention remains at about 
the same l e v e l (5-8 g/g) measured as A l and A2 values. A l k a l i n e 
hydrolysis gives a sharp increase i n water retention to a l e v e l 
6 to 8 times higher. This i s i l l u s t r a t e d by data for three graf­
ted EC samples hydrolyzed for 1.5 hrs at 100°C i n 1% aqueous NaOH 
so l u t i o n (Table VI). I t i s obvious that an increased degree of 
gr a f t i n g (measured as add-on) gives a pronounced increase i n wa­
ter retention of the hydrolyzed samples. Retention values of 50 
to 70 g/g are of considerable i n t e r e s t for commercial development 
of water-retaining materials. 
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Table I. Grafting of a c r y l o n i t r i l e (AN) onto ethyl c e l l u l o s e 
(EC, DS=O.60) and grease-proof pulp (GP) using Mn i n i t i a t i o n . 
12.0 ml (9.70 g) AN and 10.0 g substrate i n all experiments. I n i ­
t i a t o r : Mn 3 + 2.0 mmole/1, N a ^ P ^ 2.0 mmole/1, pH-1.7, time 
3 hrs, temperature 30°C. 

Substrate 
Conversion 
of monomer 

Add-on 
(%) (%) 

Grafting 
e f f i c i e n c y ( % ) 

EC 82.2 39.8 83.1 

EC 80.0 39.4 83.8 

GP 70.2 

GP 70.1 39.2 94.6 

Table 
(EC) 
tions 

I I . 
of DS. pH 

Grafting of a c r y l o n i t r i l e (AN) onto ethyl c e l l u l o s e 
=O.40 at increasing substrate and monomer concentra-
~ 1.7, time 3 hrs, temperature 30°C. 

EC 
(g) 

AN 
(g) 

I n i t i a t o r 
mmole/1 
Mn 3 + Na,P o0, 4 2 7 

Conversion 
of AN (%) 

Add-on 
(%) 

Grafting 
e f f i c i e n c y 

(%) 

5 4.9 2.0 6.0 62.8 37.3 97.6 

10 9.7 2.0 6.0 70.7 39.9 96.6 

15 15.0 2.0 6.0 79.4 43.6 97.5 

10 9.7 2.0 4.0 80.5 42.9 96.4 

15 15.0 2.0 4.0 83.6 44.6 96.5 

10 20.3 2.0 4.0 84.8 62.2 95.6 
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Table I I I . Grafting of a c r y l o n i t r i l e (AN) onto ethyl c e l l u l o s e 
(EC) of d i f f e r e n t degrees of s u b s t i t u t i o n (DS = O.25, O.40 and 
O.60). In all experiments, 10.0 g EC; 12.0 ml (9.70 g) AN; pH~1.7; 
temperature 30 C; time 3 hrs. 

DS of 
EC 

I n i t i a t o r 
~ mmole/1 

Mn NaAPo0-, 
Conversion 
of AN-(%) 

Add-on 
(%) 

Grafting 
e f f i c i e n c y 

(% 
• *- ' 

O.25 4.0 4.0 70.2 38.6 92.1 
O.40 4.0 4.0 75.9 41.3 95.3 
O.60 4.0 4.0 76.8 40.1 89.5 

O.25 2.0 6.0 
O.40 2.0 6.0 
O.60 2.0 6.0 75.8 37.6 81.8 

O.25 2.0 4.0 76.5 41.5 95.8 (1) 
O.40 2.0 4.0 80.5 42.9 96.4 (2) 
O.60 2.0 4.0 82.2 39.8 83.1 (3) 

For the l a s t three samples (1,2,3), the M -values f o r grafted 
PAN-chains were measured to be 50 200, 81 600 and 77 600, respec­
t i v e l y which gives g r a f t i n g frequencies of 306, 486 and 447 an­
hydroglucose units per grafted PAN-chain res p e c t i v e l y . 

Table IV. Grafting of a c r y l o n i t r i l e (AN) onto hydroxyethyl c e l l u ­
lose (HEC) of d i f f e r e n t molar s u b s t i t u t i o n (MS): O.25, O.40 and 
O.60. In all experiments, 10.0 g HEC; 12.0 ml (9.70 g) AN; pH-"l,7; 
temperature 30 C; time 3 h r s . 

I n i t i a t o r Grafting 
MS of 
HEC 

~ +mmole/l 
Mn Na,P o0^ 

Conversion 
of AN (%) 

Add-on 
(%) 

e f f i c i e n c y 
(%) 

O.25 4.0 4.0 76.5 41.2 94.1 
O.25 2.0 6.0 72.2 40.2 97.1 
O.25 2.0 4.0 73.9 41.2 97.6 

O.25 2.0 4.0 73.9 41.2 97.6 (1) 
O.40 2.0 4.0 71.9 37.8 87.1 (2) 
O.60 2.0 4.0 70.8 35.3 79.4 (3) 
For the l a s t three samples (1,2,3), the M -values f o r graftedPAN-
chains were measured to be 52 300, 87 800 and 60 600 resp e c t i v e l y , 
which gives g r a f t i n g frequencies of 312, 504 and 365 anhydrogluco­
se units per grafted PAN-chain respectively. 
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Table V. Grafting of a c r y l o n i t r i l e (AN) onto MoDoCell d i s s o l v i n g 
pulp (MDC) and grease-proof pulp (GP) using Mn i n i t i a t i o n . 
10.0 g of substrate, pH^1.7, temperature 30 C and 3 hrs in;, all ex-
periments. 

I n i t i a t o r Conversion Grafting 

Substrate 
«mmole/1 

Mn Na,P o0, 
AN 
g 

of AN 
(%) 

Add-on 
(%) 

e f f i c i e n c y 
<%) 

MDC 2.0 4.0 9.70 71.5 38.1 88.5 (1) 
GP 2.0 4.0 9.70 70.2 39.4 95.1 (2) 
GP 2.0 4.0 14.60 71.6 49.9 95.3 (3) 
GP 4.0 4.0 19.40 71.4 56.6 91.7 (4) 

For the four grafted sample
PAN-chains were measured to be 75 900, 71 800, l5l 000 and 126 000 
res p e c t i v e l y , which gives g r a f t i n g frequencies of 483, 457, 511 
and 401 anhydroglucose units per grafted PAN-chain re s p e c t i v e l y . 

Table VI. Water retention values f o r three AN-grafted EC-samples 
(DS = O.40), hydrolyzed with aqueous NaOH-solution, measured 
using the three methods A l , A2 and A3. When two retention values 
(g/g) are given, the f i r s t (1) refers to a never-dried sample and 
the second (2) to a once-dried sample. The y i e l d of hydrolysis 
(YH) i s given as hydrolyzed product i n % of grafted sample. 

Add-on 
(%) 

YH 
(%) Al 

Water 
i n 

retention 
g/g 
A2 A3 

37.3 122 25 (1) 28 (1) 43 
17 (2) 24 (2) 

43.6 124 36 (1) 32 (1) 51 
24 (2) 30 (2) 

62.2 137 72 (1) 37 (1) 68 
36 (2) 39 (2) 

The water retention of the o r i g i n a l grafted samples (before hydro­
l y s i s ) were 7.5 (Al) and 7.4 (A2) g/g. 
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For grafted hydroxyethyl c e l l u l o s e (HEC), d i s s o l v i n g pulp 
(MDC) and grease-proof pulp (GP), the water retention a f t e r a l k a ­
l i n e hydrolysis reached A l , A2 and A3 values of the same order of 
magnitude as the corresponding EC samples (of Table VI). Three 
examples are given as i l l u s t r a t i o n (Table V I I ) . The grafted MDC 
pulp shows great losses i n a l k a l i n e hydrolysis due to p a r t i a l so­
l u b i l i t y of degraded material. 

The water retention i s time-dependent to various degrees f o r 
the samples studied. This i s shown fo r A2-values vs. time i n F i ­
gure 1. The EC and HEC samples are of DS=O.60 and MS=O.60, respec­
t i v e l y , grafted with equal weight of AN and hydrolyzed i n 1% 
aqueous a l k a l i f o r 1.5 hrs at 100 C. The GP and MDC samples, con­
t a i n i n g native f i b e r structure, reach e q u i l i b r i u m much f a s t e r 
than the EC and HEC samples. A l l these measurements ref e r to once-
dried samples. At 15-2
lues are of the same magnitud

Conclusions 

Grafting of d i s s o l v i n g pulp (MDC) and grease-proof pulp (GP) 
(both are bleached s u l f i t e pulps from spruce) and low-substituted 
ethyl c e l l u l o s e (EC) and hydroxyethyl c e l l u l o s e (HEC), all samp­
les i n never-dried state, with a c r y l o n i t r i l e (AN) using M n 3 + i o n s , 
complexed with pyrophosphate ions (Na^P^O.), as i n i t i a t o r gives 
high conversion of monomer (70 to 85%; ana high g r a f t i n g e f f i ­
ciency (80 to 98%). The grafted products r e t a i n both f i b e r mor­
phology and t h e i r o r i g i n a l water retention values (5 to 8 g/g). 

A f t e r hydrolysis of the grafted samples i n 1% aqueous NaOH at 
100°C., the water retention increases to a 5 to 10 times higher 
l e v e l , i . e . 25 to 80 g/g, f o r never-dried samples and somewhat 
lower values f o r once-dried samples. 

The grafted and hydrolyzed MDC and GP samples reach satura­
t i o n i n water retention a f t e r a short time (a few minutes) while 
the corresponding samples of c e l l u l o s e derivatives (EC and HEC) 
show increased retention f o r an extended time of exposure (more 
than 60 minutes). 

Grafting and hydrolysis proceed as e f f i c i e n t l y f or c e l l u l o s i c 
substrates as previously found f o r starch and water soluble poly­
saccharides. The grafted and hydrolyzed cellulose-based products 
prepared by the methods described, are of p o t e n t i a l technical i n ­
terest for water retention i n various a p p l i c a t i o n s . 
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Table V I I . Water retention of grafted HEC, d i s s o l v i n g pulp (MDC) 
and grease-proof pulp (GP) a f t e r a l k a l i n e h y d r o l y s i s , measured by 
three methods ( A l , A2 and A3). Add-on (%) i n g r a f t i n g and y i e l d 
i n hydrolysis (YH i n %) characterize the samples. 

Add-on YH Water retention g/g 
Sample (%) A l A2 A3 

HEC 37.8 124 78 (1) 36 (1) 51 
(MS=O.40) 36 (2) 31 (2) 

MDC 38.1 86 58 (1) 27 (1) 65 
38 (2) 16 (2) 

GP 39.4 
44 (2) 25 (2) 

The water retention values (1) re f e r to never-dried samples a f t e r 
hydrolysis and (2) to once-dried samples. 

60 1 

0 20 40 60 80 
time, min. 

Figure 1. Water retention of grafted and hydrolyzed cellulosic samples measured 
by method A2. Key: MDC, dissolving pulp; GP, greaseproof pulp; EC, ethylcellu-

lose; and HEC, hydroxyethylcellulose. 
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4 
The Ceric Ion Method of Grafting Acrylic Acid 
to Cellulose 

D. J. McDOWALL, B. S. GUPTA, and V. STANNETT 

North Carolina State University, Fiber and Polymer Science, School of Textiles, 
Raleigh, NC 27650 

The ceric ion method of grafting acrylic acid to 
cellulose was extende
Experimental procedure
grafting yields and minimize homopolymer forma
tion. The fiber sample was pretreated with an 
aqueous solution of ceric ammonium sulfate. This 
was followed by a washing step to remove excess 
ceric solution at the fiber surfaces. The graft­
ing reaction was carried out in toluene to reduce 
homopolymer formation. Grafting yields of approx­
imately 40% were obtained with grafting efficien­
cies in excess of 92%. Among the variables 
examined were the ceric ammonium sulfate concen­
tration, acrylic acid concentration, reaction time 
and reaction temperature. 

Grafting reactions provide the potential for s i g n i f i c a n t l y 
altering the physical and mechanical properties of a substrate 
material. Grafting possesses great potential for t a i l o r i n g 
material properties to sp e c i f i c end uses. The natural abundance 
and a number of attractive properties of cellulose appear to 
make i t an ideal grafting substrate. In grafting studies, the 
focus generally is to improve selected properties without 
s i g n i f i c a n t l y altering others. 

Numerous methods have been developed for the grafting of 
vinyl monomers to cell u l o s e . These have been reviewed in a 
number of papers and a recent monograph (J , J2, 3). Among the 
most promising and p r a c t i c a l of these i s the c e r i c ion 
technique. This method of i n i t i a t i o n was f i r s t proposed by Mino 
and Kaizerman in 1958 (A) for alcohols, t h i o l e s r glycols, 
aldehydes and amines. Schwab et al (5) were among the f i r s t to 
extend this method to c e l l u l o s i c substrates. 

A great deal of interest exists in grafting a c r y l i c acid 
and methacrylic acid onto cellulose due to the p o s s i b i l i t y of 
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developing enhanced ion exchange and water sorbency properties. 
Unfortunately, such acid monomers have proven to be very 
d i f f i c u l t to graft due to their s e n s i t i v i t y , which leads to 
homopolymeriζation and i r r e p r o d u c i b i l i t y . Among others, 
Richards and White (6), Cumberbirch and Holker (]), and Mansour 
and Schurz (8, 9, JiO) have grafted a c r y l i c acid onto cellulose 
using a ceric ion technique with rather low grafting y i e l d s . 

More recently, Gangneux et a l (11) developed a method for 
grafting a c r y l i c acid onto cellulose powder, "Solka Floe," for 
use in t e x t i l e waste treatment. The cellulose was treated with 
ceric ion in aqueous solution prior to i t s reaction with a c r y l i c 
acid. A benzene-acrylic acid solution was used for grafting to 
reduce homopolymerization. Presumably, the hydrated ceric ion 
would not diffuse into the monomer solution to i n i t i a t e 
homopolymerization althoug
They obtained grafting yield
ied by 45% homopolymer. In the present investigation, their 
method i s extended to fibers and additional emphasis is placed 
on the reduction of homopolymerization. 

Experimental 

A 50 denier rayon monofilament (~90μ diameter), courtesy of 
American Enka, was used as the grafting substrate. The samples 
were Soxhlet extracted in methanol prior to use. 

A reagent grade a c r y l i c acid, obtained from Fisher 
S c i e n t i f i c Co. and inhibited with p-methoxyphenol, was employed 
in this study. The a c r y l i c acid was purified prior to each use 
with a F a l l i n g Film S t i l l . 

The c e r i c ammonium sulfate, toluene, methanol, sodium 
hydroxide, s u l f u r i c acid and hydrochloric acid used were all of 
reagent grade (Fisher S c i e n t i f i c Co.). A low oxygen grade of 
nitrogen (less than O.5 ppm oxygen), obtained from Airco 
Industrial Gases, was employed. 

The grafting experiments were carried out on rayon samples 
weighing about O.3 grams. The fiber sample was placed in a 50 
m i l l i l i t e r flask, stoppered, evacuated with an aspirator for 
1 minute and then flushed with nitrogen. This procedure was 
repeated three times. Approximately 25 m i l l i l i t e r s of a O.025 M 
ceric ammonium sulfate (CAS) solution in 1 Ν I^SO^ was injected 
into the reaction vessel. This was followed by three more 
evacuations and nitrogen flushings. The system was l e f t under a 
positive nitrogen atmosphere and kept in the dark at room 
temperature (21°C) for the desired soaking period. This allowed 
the ceric solution to diffuse into the rayon fibers prior to the 
grafting reaction. 

After the incubation period, excess CAS solution was 
rinsed from the fiber surface. This step lessened the amount of 
surface graft and homopolymer, which may in h i b i t the grafting 
reaction. The sample was dried on a coarse f r i t t e d glass 
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crucible by passing air over i t for 2 minutes and then rinsed in 
a solvent for 30 seconds. Excess solvent was removed by again 
air drying the sample for one minute. 

The sample was then placed in a clean reaction vessel and 
evacuated with an aspirator and flushed with nitrogen three 
times. Approximately twenty m i l l i l i t e r s of an a c r y l i c acid in 
toluene solution was injected into the system. The system was 
evacuated and purged with nitrogen. The grafting reaction 
proceeded under a positive nitrogen atmosphere for the desired 
time at temperature under mild agitation in a constant 
temperature water bath. 

A nonaqueous medium was chosen in this procedure, as in the 
work of Gangneux et a l (11), to in h i b i t diffusion of CAS out of 
the f i b e r , thus lessening homopolymer formation in the solution, 
and to increase the a v a i l a b i l i t y of the a c r y l i c acid. Selective 
experiments were performed to examine the potential of homo­
polymer formation. A mixture of CAS solution, water and a c r y l i c 
acid was found to form
of CAS solution, toluen
only in the aqueous CAS phase. This offers evidence of the 
advantages of using a two phase system. Toluene was used 
instead of benzene, as employed in the French work (11), for 
safety considerations. 

After grafting, the sample was washed successively in 
methanol, 1 Ν NaOH, 1 Ν Η 280^, 1 Ν NaOH and several times in 
water followed by an overnight water soak with some agitation to 
remove homopolymer. The samples were converted to the acid form 
by soaking in O.1 N HC1 for 2 hours. This was followed by 
rinsing with water and another overnight soak. The samples were 
rinsed in methanol, then dried under vacuum at 40°C. The 
majority of samples were extracted in methanol to remove any 
remaining homopolymer. Selected samples were also extracted in 
water. No sign i f i c a n t weight change was observed after these 
extractions. Percent "graft" was calculated from the dried 
weights as the increase in weight divided by the o r i g i n a l weight 
multiplied by 100. Graft is given in quotation marks since in 
spite of the rigorous extraction methods employed i t may still 
include some occluded homopolymer. The typ i c a l grafting 
procedure used in this investigation i s outlined in Table I. 
The actual percent homopolymer was determined in a number of 
cases by preèipitating i t from the washing liquor in acetone 
according to the method of Chapiro and Sommerlatte (12). With 
the higher percent "grafts," 25%, 35% and 40%, the homopolymer 
represented only 4%, 2% and 8%, i.e., grafting e f f i c i e n c i e s were 
96%, 98% and 92% respectively. 

Results and Discussion 

Several different solvents were examined as rinsing agents 
for the fiber sample after soaking in the CAS solution. Their 
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TABLE I 

Typical Experimental Procedure 

1. Soaked in CAS solution for 2 hrs. under N 2 at 
21 eC. 

2. Rinsed in 10/90 MeOH/Toluene. 
3. 1 M Acryl i c Acid in Toluene added to substrate 

under N 2 and reacted for 6 hrs at 35°C with 
agitation. 

4. Product washed with MeOH, 1 Ν NaOH, 1 Ν H^O^, 
1 Ν NaOH, and f i n a l l y water. 

5. Soaked overnight in water with agitation. 
6. Converted to acid form with O.1 N HC1  washed 

with water an
7. Rinsed in MeO

purpose was to reduce the concentration of CAS and the aqueous 
medium at the fiber surface. As seen in Table II, methanol, 
acetone and butanol resulted in s l i g h t l y negative values. This 
may be due to very effective removal of CAS including sorbed 
sal t or inhibition of the grafting reaction by the solvents. 
Although toluene yielded the highest graft value, the fibers 
appeared v i s u a l l y to have polymer on the surfaces. Since 
toluene and the CAS solution are not very soluble, these results 
are not surprising. A mixture of 10/90 methanol/toluene by 
volume yielded high grafting results with low surface deposi­
tio n . This mixture appeared to be s u f f i c i e n t l y polar to remove 
surface CAS solution yet hydrophobic enough so as not to remove 
that sorbed into the fiber s . A l l remaining samples were rinsed 
in this solvent mixture. 

TABLE II 
Percent "Graft" for Solvent Washed Samples 

Solvent Percent "Graft" 

Methanol -O.2 
Acetone -2.6 
Butanol -O.6 
10/90 MeOH/Toluene 39.2 
Toluene 50.2 

Conditions: O.025 M CAS, 2 hrs. soaking time, 1 M AA, 
Reaction time of 6 hrs. at 35 eC. 

The effect of oxygen on the grafting procedure was also 
examined. Oxygen in the CAS soak had no effect on the percent 
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"graft" whereas the presence of oxygen during the grafting reac­
tion reduced grafting from 39.2% to 1.3%. As i s true with all 
radical reactions, the effect of oxygen i s important due to i t s 
pronounced inhibiting e f f e c t . In an attempt to remove remaining 
traces of oxygen, a mechanical vacuum pump was used in place of 
simple aspiration in the evacuation procedure prior to the 
grafting reaction. No increase in grafting yields were obtained 
using the mechanical vacuum pump, therefore, aspiration was used 
for all ensuing experiments. 

The effect of soaking time in the CAS solution on percent 
"graft" i s shown in Figure 1. I n i t i a l l y , the grafting exhibits 
an increase and then levels off around 2 hours. Even the 
extremely long soaking periods of 1 week (165 hrs.) and 2 weeks 
(330 hrs.) showed no improvement in grafting. The two hour 
period was thus adopte
time. 

Figure 2 shows the effect of reaction time on percent 
"graft." Grafting increased i n i t i a l l y and then leveled o f f 
before six hours. Since there i s a large excess of ac r y l i c acid 
available even after the longer reaction times, this leveling 
of f i s presumably due to catalyst exhaustion. A six hour reac­
tion time was used for the remaining experiments. 

Monomer concentration versus percent "graft" i s examined in 
Figure 3. Grafting increases with the concentration of a c r y l i c 
acid and reaches a maximum around 1 molar. Further increases in 
concentration lead to decreases and f i n a l l y a leveling off of 
grafting values. This trend i s in agreement with the work of 
Gangneux et a l (11) and the ea r l i e r work reported by McDowall 
et a l (13) in a benzene medium. Although the reasons for this 
trend are not clear, i t may be due to the limited s o l u b i l i t y of 
ac r y l i c acid in toluene. There may be an association into 
micelles of the ac r y l i c acid in the toluene at higher concentra­
tions possibily reducing the effective monomer concentration 
accessible for grafting. The a c r y l i c acid in toluene provides a 
reservoir for the grafting reaction and the rate of diffusion of 
the a c r y l i c acid w i l l depend upon i t s concentration. This 
concentration would i n i t i a l l y increase and then diminish as the 
ac r y l i c acid associates. In the French work (11), the maximum 
monomer concentration was found to be 2 M ac r y l i c acid in 
benzene. This larger value may be due to the enhanced s o l u b i l i ­
ty of a c r y l i c acid in benzene compared with toluene. 

Ceric Ammonium Sulfate concentration and percent "graft" 
are plotted in Figure 4. The percent "graft" increased with 
increasing ceric concentration and reached a maximum value at 
about O.040 molar. After this concentration, the percent 
"graft" decreased and began to lev e l o f f . This effect was 
previously observed for other c e l l u l o s i c systems by Schwab et a l 
(5) and Cumberbirch and Holker (7). The decrease in grafting 
with increased ceric ion concentration i s believed to be due to 
an increase in the radical termination step involving the Ce**+ 

ion. 
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50 h 

TIME OF SOAKING IN CAS SOLUTION (hours) 

Figure 1. The effect of the soaking time in CAS solution on percent "graft." Con­
ditions: O.025 M CAS, 1 M AA, reaction time of 10 h at 35°C. 

Figure 2. The effect of reaction time on percent "graft." Conditions: O.025 M 
CAS, 2 h soaking time, 1MAA, reaction temperature of 35°C. 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



4. MCDOWALL ET AL. Ceric Ion Method of Acrylic Acid Grafting 51 
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Figure 3. The effect of the concentration of AA on percent "graft." Conditions: 
O.025 M CAS, 2 h soaking time, reaction time of 6 h at 35°C. 

50 h 

0O25 O.05 O.075 O.1 
CONCENTRATION OF CAS (M) 

Figure 4. The effect of the concentration of CAS on percent "graft." Conditions: 
2 h soaking time, 1MAA, reaction time of 6 h at 35°C. 
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Figure 5 shows the effect of reaction temperature on 
percent "graft." Grafting yields are very low at 0eC and 
increase with temperature up to about 35eC. At 45eC, grafting 
decreases and at 55eC i t i s further reduced with obvious degra­
dation occurring. The dégradâtive process, although occurring 
at lower temperatures, becomes more prominent at elevated 
temperatures. Radical termination may also be increasing with 
temperature. This phenomena has also been reported by Hebeish 
and Mehta (14) with Ceric Ammonium Nitrate (CAN) and acryloni-
t r i l e , and by Schwab et a l (5) for both CAS and CAN. Huque et 
a l (15) found a decrease in percent graft with CAS and methyl 
methacrylate onto jute as the temperature was increased from 
30 to 50eC. 

The natural log of the percent "graft," after 6 hours
versus 1/T may be plotte
(0°C to 35eC) in Figur
as seen in Figure 6. The calculated activation energy was 
3.8 Χ 10 4 J/mol (9.1 kcal/mol). This overall activation energy 
r e f l e c t s i n i t i a t i o n , termination and propagation together with 
degradation. 

The a c r y l i c acid used in this study was normally d i s t i l l e d 
once prior to each use. However, in an attempt to increase 
grafting yields, the effect of r e d i s t i l l i n g was examined. Some­
what higher yields were obtained with the r e d i s t i l l e d a c r y l i c 
acid. For example, 47.5% grafting was obtained by r e d i s t i l l i n g 
as opposed to 39.2% for single d i s t i l l a t i o n . Further 
d i s t i l l a t i o n s were not performed due to the su s c e p t i b i l i t y of 
uninhibited a c r y l i c acid to spontaneous polymerization. The 
ef f e c t of monomer pu r i t y w i l l be examined more extensively i n 
future work. 

Conclusion 

The procedure, as developed from that of Gangneux et a l 
(11), gave grafting yields up to 40 percent with very l i t t l e 
homopolymer. The optimum experimental conditions found in the 
present work are summarized in Table III. Somewhat higher 
grafting yields, up to 47.5%, were obtained using r e d i s t i l l e d 
a c r y l i c acid. The important features of the procedure include 
pretreating the fiber with CAS, removing excess CAS solution 
from the fiber surface with a rinsing procedure and grafting in 
a hydrocarbon with limited water s o l u b i l i t y . The effects of 
varying monomer concentration, cer i c ion concentration and 
reaction temperature on this system are in agreement with what 
has been reported in the li t e r a t u r e with other vinyl monomers 
and cellulose (5, T, JM, U, J 5 ) . 

It should also be noted that the rayon used in this study 
was a large denier fiber and that higher grafting yields would 
be expected with smaller diameter f i b e r s , and other c e l l u l o s i c 
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50 h 

Figure 6. The natural log of percent "graft" in 6 h versus 1/T. Conditions: 
O.025 M CAS, 2 h soaking time, 1 M AA, reaction time of 6 h. 
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Table III 

Summary of Reaction Variables Studied 

CONDITIONS VARIED 
CAS Cone (M) 

RANGE USED 
O.013-O.100 
O.25-330 
O.5-4.0 
0- 55 
1- 10 

OPTIMUM 
-O.040 

Soaking Time in CAS (hrs) 
AA Cone (M) 
Reaction Temp (eC) 
Reaction Time (hrs) 

2 
1.0 
35 
~5 

materials with greater surface area. A large denier was 
selected in order to f a c i l i t a t e the examination of the location 
of the graft and morphologica
other properties, such
properties of the sodium s a l t , w i l l be studied and compared with 
similar samples made by a preirradiation grafting technique 
0 2 , J £ ) . 
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5 
Grafting of Rayon Fabrics in Cold Plasma 
Conditions 

C. I. SIMIONESCU, M. M. MACOVEANU, S. PERCEC, 
G. CAZACU, and A. IOANID 
"Petru Poni" Institute of Macromolecular Chemistry, 6600 Jassy, Romania 

The rayon fabrics were grafted with aromatic or aliphat­
ic phosphorus an
the fabrics impregnate
at different concentration (10-25%) have been treated 15 
minutes under RF plasma conditions at 770 W radiofrequency 
power. The resulting materials were extracted with sol­
vents and hydrolised in acid and basic medium in order 
to evidence the polymer-polymer grafting. The separated 
fractions have been studied by IR spectroscopy, TGA, elec­
tron microscopy, elemental analysis, etc. The flammabil-
ity tests carried out on the grafted rayon fabrics indi­
cated the improvement of their flame retardant properties. 
The best results are obtained when an aliphatic nitrogen 
and phosphorus containing polymer were used. 

The grafting process in electrical discharge conditions is 
more often utilised in order to obtain grafted copolymers of 
cellulosic fibers and fabrics. This is due to the following 
reasons: - the possibility of generating active species (macro-
radicals and/or polyradicals) in plasma conditions on the pre­
fabricated article and fabrics (1-3) - the large range of graft­
ing agents (4,5) - the rigorous control of grafting parameters 
(the power applied on the electrodes, the plasma time action, 
the thicknesses of the solid grafting agent layers deposited on 
the polymer support; (6) - the thickness of fiber layer affected 
by plasma action is lower than in the case of other penetrating 
energies (7) - the process is economical due to the absence of 
the solvents, catalysts and the possibility of a continuous 
grafting procedure. 

In order to limit extensive side reactions (advanced de­
struction of the support-polymer, modification of grafting mono­
mers structure) which usually accompany grafting reactions in 
electrical discharge conditions, we have elaborated the solid-
solid grafting procedure in cold plasma. Thus, the rayon fabric 
was grafted with halogen and phosphorus containing polymers in 

0097-6156/82/0187-0057$6.00/0 
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cold plasma conditions i n order to obtain flame-retardant com­
pounds (8). 

There are, of course, other methods for t r e a t i n g f i b e r s and 
rayon f a b r i c s with organo-phosphorus compounds (9-13) i n order 
to improve t h e i r flame-retardant properties. However, the mod­
i f i e d f i b e r s present the changed physical and mechanical prop­
e r t i e s due to large additives u t i l i s e d and often these additives 
are eliminated a f t e r repeated washings. 

In t h i s paper, the surface g r a f t i n g of rayon f a b r i c s with 
nitrogen and phosphorus containing polymers i n cold plasma i s 
studied. The a n a l y t i c a l data (IR spectroscopy, TGA, electron 
microscopy, elemental a n a l y s i s , etc.) i n d i c a t e the formation of 
grafted copolymers. The grafted rayon f a b r i c s present improved 
flame-retardant properties, the best behavior was proved by 
those grafted with polyure
Experimental 

Phosphorus and nitrogen containing polymers were synthe­
sized according to l i t e r a t u r e data (14-16). The chemical s t r u c ­
ture and some physical and chemical properties of these polymers 
together with the modifications occurring i n cold plasma are pre­
sented i n Table I. 

The rayon f a b r i c s (3 χ 21 cm) extracted with solvents i n 
order to remove the t e x t i l e ingredients were impregnated for an 
hour with g r a f t i n g solutions of d i f f e r e n t concentrations (10-25%), 
then were dried at room temperature. 

A l l of the g r a f t i n g reactions were c a r r i e d out i n a s t a t i c 
plasma g r a f t i n g device presented i n Figure 1. In a t y p i c a l 
experiment, the ingredient free impregnated t e x t i l e material as 
we have already described was introduced i n the plasma reactor 
(1). A f t e r several washing cycles of reactor with nitrogen, the 
preselected pressure was established (O.7 mmHg). The radio-
frequency power (770 W) was transferred to the discharge tube 
through external s e m i c y l i n d r i c a l electrodes (2). 

The compounds obtained were extracted 48 hours at room 
temperature with various solvents (acetone, methanol, water) i n 
order to remove the unreacted polymers and the side-products 
r e s u l t i n g from g r a f t i n g agents i n cold plasma conditions. 

The extracted rayon f a b r i c s were analysed by s p e c t r a l , 
physical and chemical methods i n order to prove that the g r a f t ­
ing reactions took place and what kind of new properties the 
f a b r i c s have obtained. 
Results and Discussion 

The experimental conditions and the phosphorus and nitrogen 
contents (elemental a n a l y s i s ; Γ7, 18) of grafted f a b r i c s i n cold 
plasma are presented i n Table I I . I t can be noticed that i n ­
creasing of the g r a f t i n g agent s o l u t i o n concentration up to 20 
percent, the phosphorus and nitrogen content grows but does not 
exceed 1.5 percent. These small values of the phosphorus con­
tent i n d i c a t e low g r a f t i n g degrees of the f a b r i c s but these are 
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Table I 
Physical and chemical properties of the phospho­
rus and nitrogen containing polymers used in the 
grafting plasma processes* 

SSSSS58SS8SSS6S8SSSSSSSSSSSSSSS8SSS88SS 

Polymers 

Polyphos-
phonate 

P-l 
Plasma 
treated 
polymer 

Content of Solubility Structure 
3 S S 5 5 S 5 S 5 C S S S S S 5 S S 3 S S 5 5 S S 5 S 5 S S S 5 S 

0 
+0-

ÇH3 

p - o - O - c - c
L CH2N(C2H5)2 

CH 3 

X1.80 3.90 

J n 

β (acetone) 
white 
powder 
;
yellow 

Polyamido-
phosphate 
P-2 

Plasma 
treated 
polymer 

N H - 4 C - 0 - N H - P 
I 

Η 

Η 
I 

τ 8.60 8.80 

2 ^ H 2 C ) N C H 2 j 
8*24 8*12 

s(metha­
nol) 
orange 
powder 
s; ins 
brown 

Polyamido-
phosphate 
P-3 

Plasma 
treated 
polymer 

n 13.20 5.80 

12.20 4.77 

β(metha­
nol) 
brown 
powder 
s; ins 
brown 

Polyurea 
of phos-
phinic acid 
P-4 

Plasma 
treated 
polymer 

0 0 
II t 

fNH-C-NH-P-

OH 

20#30 24.50 

20,00 24.00 

s (water) 
white 
powder 

s; ins 
brown 
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Figure 1. Schematic diagram of the static plasma grafting device. Key: 1, glass 
reactor; 2, copper electrodes connected to H F generator; 3, device for polymer 
sustaining; 4, fabrics to be treated; 5, outlet to vacuum pump; 6, gas supply; 7, out­

let to vacuum gauge. 
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Table II 
Grafting experimental conditions and phosphorus 
and nitrogen contents of the plasma grafted 
rayon fabrics* 
Experimental conditions Elemental 

0 Polymer Grafting Solution analysis 
support agents 

: S S S S S S S 5 S 5 S S 3 5 S S S E S 5 2 X S 3 3 5 S S S S 3 S 3 5 3 S 3 5 

coneentra- Ρ (%) Ν (<*) 
S 3 S S 3 S S S S S 2 S S S S 5 

1. Rayon P-l 10 O.270 O.100 
fabric 

2. Rayon P-l 
fabric 

3. Rayon P-l 20 O.705 O.250 
fabric 

4. Rayon P-l 25 O.870 O.350 
fabric 

5. Rayon P-2 10 O.291 O.540 
fabric 

6. Rayon P-2 15 O.360 O.640 
fabric 

7. Rayon P-2 20 O.580 O.500 fabric 
8. Rayon P-2 25 O.380 O.830 

fabric 
9. Rayon P-3 10 O.170 O.330 

fabric 
10* Rayon P-3 15 O.440 O.400 fabric 
11. Rayon P-3 20 O.330 O.500 fabric 
12. Rayon P-3 25 O.270 O.780 

fabric 
13. Rayon P-4 10 O.380 O.300 

fabric 
14. Rayon P-4 15 O.410 O.320 

fabric 
15. Rayon P-4 20 1.230 1.700 

fabric 
16. Rayon P-4 25 1.000 1.140 

fabric 
: s s a s s s s s a s s s a s s s s s s s a s s ÎSSS&35SS3SSSS5SSSSS5SSSSSS3CS5SSSS ί s s s s s s s s s s s s s s s : : SS SS SS SS SS SS SS SS 
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s u f f i c i e n t to modify the flammability resistance. At high r a t i o s 
of g r a f t i n g agent (up to 25 percent) one can ascertain that the 
values of phosphorus content are decreasing probably due to 
l i m i t e d penetration of the electrons into the deposited polymer 
layer, according to r e s u l t s obtained i n our previous works (6). 
I t i s c l e a r l y observed that the rayon f a b r i c s grafted with P-4 
presented the highest nitrogen and phosphorus content. This can 
be explained, f i r s t l y by the highest phosphorus and nitrogen 
content of the g r a f t i n g agent P-4 i n comparison with the other 
g r a f t i n g agents P - l , P-2, and P-3 and secondly by a good s t a b i l ­
i t y of t h i s P-4 i n cold plasma conditions (see Table I ) . 

The formation of the graft copolymers was proved by the 
analysis of the fr a c t i o n s I-IV obtained through extraction and 
I^SO^ and NaOH treatment, according to the schematic diagram pre­
sented i n Figure 2. Th
and soluble f r a c t i o n I I
t e r i s t i c of those of the con t r o l rayon and of the polymers P - l -
P-4, as i t can be seen i n Table I I I and Figure 3, res p e c t i v e l y . 
In the same time, we have found that the phosphorus and nitrogen 
contents of the grafts (soluble f r a c t i o n I I I ) are s i m i l a r to 
those of the g r a f t i n g agents, a fact which proves the occurrance 
of polymer to polymer g r a f t i n g reactions i n cold plasma condi­
t i o n s . 

The IR spectra of insoluble f r a c t i o n IV r e s u l t i n g a f t e r 
basic h y d r o l y s i s , i n d i c a t e the c e l l u l o s i c structure presence. 
The elemental analysis also shows low nitrogen and phosphorus 
contents of these f r a c t i o n s , due probably to bound or enclosed 
polymer fragments into the structure of the rayon f a b r i c s and 
to the fact that the g r a f t i n g agents are s u f f i c i e n t l y r e s i s t a n t 
at the hydrolysis. 

Electron microscopy data of the standard rayon and grafted 
rayon f a b r i c s bring a d d i t i o n a l proofs for the polymer-polymer 
g r a f t i n g . The existence of uniform coatings having various 
morphological aspects i s c l e a r l y observed from the surfaces 
(carbon-paladium technique) of the grafted f a b r i c s with phos­
phorus and nitrogen containing polymers. Thus, i n the case of 
P- l grafted rayon f a b r i c continuous lamellar formations which 
cover all the f i b e r surface have been remarked (Figure 4b). In 
the case of rayon f a b r i c grafted with P-2, a p e l l i c u l a r cover 
with small c a v i t i e s of uniform d i s t r i b u t i o n on the f i b e r surface 
has been noticed (Figure 4c). The rayon f a b r i c s grafted with P-3 
present an uniform coating with globose aspect disposed as l o n g i ­
t u d i n a l bands on the f i b e r surface (Figure 4d). The P-4 grafted 
rayon f a b r i c s have a major quantitative cover i n comparison with 
the other grafted rayon f a b r i c s , the grafts being arranged as 
lon g i t u d i n a l bands oriented along the f i b e r (Figure 4e). The 
coatings are rough, subs t a n t i a l and uniform. On the other hand, 
the images of grafted f i b e r cross sections obtained at the ele c ­
tron microscope (techniques of including i n the blocks with epo­
xides sectioned at the ultramicrotom) i n comparison with control 
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RAW GRAFTED RAYON 

Extraction with solvent characteristic 
of the phosphorus and nitrogen 
containing polymers (acetone, methyl 
alcohol.water) 

GRAFTED RAYON (I) 

TREATMENT WITH 
H 2S0 4 80% 

HYDROLYSIS WITH 
NaOH 5% 

INSOLUBLE FRACTION 
(ID 

(IR) grafts 
SOLUBLE FRACTION 

(III) 
(IR; Ρ and Ν %) 

grafts 

INSOLUBLE FRACTION 
(IV) 

(IR;P and N%) 
rayon with little 
content of Ρ % 

Figure 2. Schematic diagram of the procedure for the characterization of the raw 
material and its derived fractions. 

4000 3500 3000 2500 2000 1800 1600 U00 1200 1000 800 600 400 200 cm-4 

Figure 3. IR spectra of the soluble fraction III. Key: 1, standard rayon; 2, P-l 
grafted rayon fabric; 3, P-2 grafted rayon fabric; 4, P-3 grafted rayon fabric; 5, P-4 

grafted rayon fabric. 
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Figure 4. Electron microscope images for a, surface of the control rayon; b, P-l 
grafted rayon fabric; c, P-2 grafted rayon fabric; d, P~3 grafted rayon fabric; e, P-4 

grafted rayon fabric. Continued. 
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Figure 4. Continued. Electron microscope images for f, cross-section of the 
control rayon fiber; g, P-l grafted fiber; h, P-2 grafted fiber; i, P-4 grafted fiber. 
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rayon, present a continuous t h i n graft layer on the lobate edge 
of the rayon (Figure 4 f - i ) . 

For the burning t e s t , pieces of the grafted rayon f a b r i c s 
were burned on a semicircle tester according to DIN 54 331. 
The r e s u l t s are given i n Table IV and Figure 5. 

I t can be remarked that the rayon f a b r i c s grafted with P - l , 
P-2 and P-3 have more reduced extinguishing angles and burning 
times than those of standard rayon. The macroscopical aspects of 
the grafted rayon f a b r i c s are not changed. 

The rayon f a b r i c s grafted with P-4 i g n i t e d only on the end 
of the s i x t h attempt and immediately self-extinguished. This 
good burning behavior i s due to the major and uniform cover of 
grafts on the surface f i b e r s and the higher nitrogen and phos­
phorus contents of the polymer P-4. 

These r e s u l t s are
t i v e behavior of the P-
with control rayon and other grafted rayon f a b r i c s (Table V, 
Figure 6). The thermal analyses were registered on a P a u l i k -
P a u l i k Erdely MOM Budapest ( i n a i r , 12°/min heating r a t e , 25-600 
C temperature range). The a c t i v a t i o n energy and the order of 

degradation reaction have been calculated according to Coats 
method (21). 

I t i s w e l l known that flame retardant polymers decrease the 
beginning temperature of thermal degradation. These phenomena 
associated with t h e i r endothermic decomposition have as the con­
sequence the decrease of the p y r o l y s i s rate. In a d d i t i o n , the 
gaseous p y r o l y s i s products can influence the chain depropagation 
reactions which usually take place i n the flame. The data from 
Table V shows that the temperature of the beginning of thermal 
decomposition i s lower for grafted rayon f a b r i c s (165 C and 160 
C for rayon grafted with P - l and P-4 respectively) i n comparison 

with the standard rayon (190 °C) and a l s o , the decrease of the 
v o l a t i l e content (weight losses, AW, %) from 63 percent f o r con­
t r o l rayon to 47 percent for rayon grafted with P-4 can be ob­
served. 

The TG curves i n Figure 6 ind i c a t e that the phosphorus pres­
ence i n the grafted f a b r i c s increase the thermal decomposition 
rate (curves 2,3,4 and 5 have d i f f e r e n t slopes i n comparison with 
curve 1) f a c i l i t a t i n g the char formation (curve 4) and decreases 
the flammable v o l a t i l e content. 

Our investigations suggest that grafted copolymers are ob­
tained probably by the recombination reactions of the macro-
r a d i c a l s generated both on the c e l l u l o s i c support and on the n i ­
trogen and phosphorus containing polymers. 

In our previous works (1-3) the p o s s i b i l i t y of the genera-*-
t i o n of macro- and p o l y r a d i c a l s on the c e l l u l o s i c support, under 
the cold plasma conditions, by the dehydrogenation of OH groups 
or the cleavage of 1,5 glucoside linkages was evidenced. 

I t has been also shown that under cold plasma action some of 
the organo-phosphorus compounds (t r i p h e n y l phosphate or t r i c r e s y l 
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Table IV 
Flammability teste by standard laboratory proce­
dure carried out on the grafted rayon fabrics. 

s s s s & s s s s s s s s s s s s s s s s s s s s s s s s s s s 

"o 
1. 

2. 

3. 

4. 
5. 
6. 

7. 

8. 

9. 

Sample 
SSSSS8SCSSSS»SSBS8SS9 

Rayon fabric*' 
35 x 180 χ 0*8 

BBS 

Burning 
angle 

90 

Burning 
time Remarks 

80 Rayon fabric**
30 χ 180 χ 2.0 

mm χ 
P-l grafted rayon*' 70 
fabric 

fabric 
P-3 grafted ra 
fabric 
P-4 grafted ra 
fabric 
P-l grafted rayon**) 80 
fabric 

Lx) 80 196 

80 183 

40 16 

P-2 grafted rayon**) 55 
fabric 
P-3 grafted rayon 
fabric 

xx) 55 

10. P-4 grafted rayon-
fabric 

xx) 

220 It continuously 
burns with high 
flame; the ma­
cro scop i cal as­
pect i s changed. 

225

182 It burns uniform 
with small flame 
and smoke; the 
macroscopical as­
pect of fabric 
i s not changed. 
Ibidem. 
Ibidem. 
It i s self-extin­
guishing after 
16 seconds* 

170 It burns uniform 
with small flame 
and smoke; does 
not present after 
glow. The macros­
copical aspect 
of fabric i s not 
changed. 

116 Ibidem. 
143 It burns after 

the second test 
with small flame. 
The macroscopical 
aspect is not 
changed. 

0 It does not bum 
after six tests. 
It i s immediately 
self-extinguis-

B as as β as as ashing. »« esse «cessas as as as 
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Figure 5. The aspect of the grafted rayon fabrics after the flammability test. Key: 
left to right, P-l grafted
P-3 grafted rayon fabric;
fabric; P-2 grafted lower compact rayon fabric; P-3 grafted lower compact rayon 

fabric; P-4 lower compact grafted fabric. 

Figure 6. TG curves for 1, control rayon fabric; 2, P-l grafted rayon fabric; 3, 
P-2 grafted rayon fabric; 4, P-3 grafted rayon fabric; 5, P-4 grafted rayon fabric. 
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phosphate) lead to the development of polymers by the dehydrogen-
ation and/or through aromatic cycle opening mechanisms (5). 

In a d d i t i o n , the ac t i v e species of plasma give intensive 
dehydrogenation and dehydrochlorination reactions of the phos­
phorus and halogen containing polymers with the generation of 
macroradicals (8). 

I t can be presumed that under cold plasma conditions, the 
nitrogen and phosphorus containing polymers can lead also to the 
macroradicals through dehydrogenation of CH aromatic and a l i ­
phatic or NH groups. 

Because the polymer-polymer g r a f t i n g reactions i n cold p l a s ­
ma conditions are s u p e r f i c i a l , the physico-mechanical properties 
of the grafted rayon f i b e r s are s i m i l a r to those of standard 
rayon. 

Conclusions 
Rayon f a b r i c has been grafted i n cold plasma conditions with 

phosphorus and nitrogen containing polymers ( P - l , P-2, P-3 and 
P-4) i n order to achieve improved flame-retardant properties. 
Spectral, p h y sical and chemical analysis proves the graft-copoly-
mers formation. Polymer (rayon f a b r i c s ) to polymer (phosphorus 
and nitrogen containing macromolecular compounds) g r a f t i n g pro­
cesses can be car r i e d out under plasma conditions. The g r a f t -
copolymers are obtained probably by the recombination reactions 
of the macroradicals generated on the c e l l u l o s i c support and on 
the nitrogen and phosphorus containing polymers. 
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6 
Grafting of Methyl Methacrylate onto KPM 
Rayon and Jute Fiber 
Effect on the Properties of Grafted Fibers 

MD. HABIBUDDOWLA 

BCSIR Laboratories, Research Division, Dacca-5 Bangladesh 

Graft copolymerisation reactions were carried out 
with KPM rayon an
using ceric ammoniu
tenacity and stiffness of methyl methacrylate graft­
ed KPM rayon, defatted and bleached jute fiber were 
studied and compared with those of ungrafted fibers. 
Grafting resulted in the decrease in tenacity sub­
stantially. The effect of grafting on the tensile 
properties of fiber was found to be rather obscure 
to propose any definite mechanism. Of the grafted 
fibers, KPM rayon grafted at 40°C showed a maximum 
of about 19% decrease in tenacity. In general, 
lower temperature seemed to favor lesser decrease 
in tenacity for MMA grafted fibers. Grafting 
appreciably increased the stiffness for both KPM 
rayon and defatted jute fiber, but for bleached 
jute, the stiffness was found to decrease. A 
maximum of about 17% increase in stiffness was 
observed for grafted KPM rayon and a maximum of 
about 5% decrease in stiffness was observed for 
grafted bleached jute. 

Recently, ef f o r t s are beinp made i n Bangladesh for the com­
mercial u t i l i z a t i o n of jute f i b e r ÇL-2) and KPM (Karnafuli Paper 
M i l l ) rayon i n the t e x t i l e f i e l d to p a r t i a l l y meet the t o t a l 
fabric requirements of the country as well as to minimise import 
of synthetic f i b e r . Due to low tensile strength, high water 
absorbancy and d i f f i c u l t y i n dyeing, the use of KPM rayon i n fact 
has remained r e s t r i c t e d i n this f i e l d and the consequential effect 
i s that few t e x t i l e m i l l s of Bangladesh are i n a position to 
manufacture blended yarn for fabric production. On the other 
hand, although jute fiber possesses high dimensional s t a b i l i t y (3) 
certain unfavorable t e x t i l e properties, e.g., high s t i f f n e s s , 
very low e l a s t i c i t y , s u s c e p t i b i l i t y towards sunlight etc., have 
tremendously limited i t s use (4). With a view to minimising their 

0097-6156/82/0187-0073$6.00/0 
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undesirableness and enhancing t h e i r effectiveness f o r i n t e n s i f i e d 
t e x t i l e uses, graft copolymerisation reactions were c a r r i e d out 
onto KPM rayon and jute f i b e r i n presence of a i r using eerie 
ammonium sulphate (CAS) as the i n i t i a t o r . Although, laboratory 
research on chemical modification of rayon and j u t e by g r a f t i n g 
has received considerable attention i n various countries (5-12) 
l i t t l e i s known about the properties of grafted KPM rayon and j u t e 
for t h e i r use as t e x t i l e f i b e r s . Since encouraging r e s u l t s have 
been reported by only a few authors (13-14), regarding the 
e x t e n s i b i l i t y , d y e a b i l i t y and tenacity of the grafted j u t e , the 
object of t h i s work has therefore been towards i n v e s t i g a t i n g into 
some of the t e n s i l e properties of the grafted j u t e and KPM rayon. 

Experimental 

Chemicals. Reagen
g r a f t i n g . Acetone, e t h y l alcohol and benzene were r e d i s t i l l e d 
before use. Monomer, methyl methacrylate (MMA), was used fresh 
a f t e r p u r i f i c a t i o n and d i s t i l l a t i o n . I t was p u r i f i e d following the 
method adopted by Gupta and Nandy (15)• CAS was used a f t e r 
standardization by an usual method (16). A l l CAS solutions used 
for the study was a c i d i f i e d with 1% H2SO4. 

Substrate and i t s Preparation, The substrate used for g r a f t ­
ing purpose were jut e f i b e r (defatted and bleached) and KPM rayon 
yarn. Jute f i b e r under i n v e s t i g a t i o n was of Corchorus Capsularis 
v a r i e t y . I t was a r b i t r a r i l y divided into three portions. The 
middle portion was chosen for the purpose of study. 

Defatted j u t e was prepared by t r e a t i n g i t with a l c o h o l -
benzene (1: 2v/v) mixture i n a Soxhlet apparatus, washed w e l l with 
alcohol and a i r dried. Bleaching of j u t e f i b e r was c a r r i e d out 
with O.7% sodium c h l o r i t e following a s p e c i a l method (17). KPM 
rayon sample was prepared by t r e a t i n g i t with d i l u t e soap s o l u t i o n , 
washed w e l l and dried. 

Grafting Procedure and C a l c u l a t i o n of Percent Grafting. Graft 
copolymerisation treatment of KPM rayon yarn and jute f i b e r were 
ca r r i e d out i n a w e l l stoppered, Erlenmeyar f l a s k . F i f t y m i l l i ­
meter CAS s o l u t i o n of known concentration was kept at a desired 
temperature. One millimeter MMA was added following immediately 
by 1.0 gm of KPM rayon yarn, a f t e r which the contents were s t i r r e d 
i n t e r m i t t e n t l y . A f t e r the end of the r e a c t i o n , the f l a s k were 
removed from the thermostat and methanol was immediately added. 
The mixture was then poured int o a Buchner funnel and suction 
applied. The homopolymer i n the f i l t r a t e was separated from the 
s o l u t i o n by f i l t e r i n g through previously weighed sintered 
c r u c i b l e (G-3). I t was washed repeatedly with hot water and dried 
at 60°C. The grafted f i b e r on the funnel was extracted with ace­
tone for 10-12 hours i n a soxhlet apparatus. Similar procedure 
was also adopted for j u t e f i b e r . 
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Percent g r a f t i n g has been calculated using the standard f o r ­
mula (18). Gain i n weight of the grafted fiber/weight of the 
monomer X 100. 

Determination of Tenacity and S t i f f n e s s . Tenacity has been 
expressed as grams/denier. The denier of both grafted and un-
grafted KPM rayon was derived from the standard formula at standard 
conditions (14). A f t e r conditioning the jute sample, i t was combed 
and the f i b e r aggregates of uniform length was taken, weight and 
length determined. The tenacity of KPM rayon yarn was determined 
by means of a Frank Tensile Strength Tester, while for j u t e yarn a 
Zweigles Strength Tester was used. 

S t i f f n e s s or t e n s i l e modulus at break was determined from the 
value of tenacity and elongation at break using the following 
r e l a t i o n : 

^ . . . Tenacity at break S t i f f n e s s at break = —Λ -~. — τ — Λ Elongation at break 

Results and Discussion 

In order to study the e f f e c t s of g r a f t i n g on the tenacity and 
s t i f f n e s s of the f i b e r , various samples of KPM rayon, defatted 
jute and bleached j u t e were grafted i n presence of 1% ï^SO^ f o l ­
lowing the procedure as described e a r l i e r . The r e s u l t s have been 
presented i n Tables 1 and 2 and also g r a p h i c a l l y shown i n Figures 
1, 2 and 3 which show that graft copolymerisation reaction con­
siderably influences the tenacity and s t i f f n e s s of KPM rayon and 
jute f i b e r . From Figure 1 i t i s quite clear that no r e g u l a r i t y i n 
the r e l a t i o n s h i p e x i s t between % g r a f t i n g and % decrease of 
tenacity for KPM rayon and defatted j u t e . However for bleached 
jute l i n e a r pattern do e x i s t when the graft load has been aug­
mented from 19% to 40.5%. So f a r as the e f f e c t of g r a f t i n g on the 
tenacity of the f i b e r i s concerned, three d i f f e r e n t r e l a t i o n 
pattern e x i s t f or three d i f f e r e n t tyges of f i b e r grafted between 
the temperature range of 30 C and 50 C (Figure 2). 

For grafted KPM rayon and grafted bleached j u t e , % decrease 
of tenacity follows l i n e a r pattern. For defatted j u t e % decrease 
of tenacity i s much less pronounced at 30 C., a f t e r which increases 
sharply to about 15% as the temperature has been increased to 
50 C. In the case of KPM rayon, r i s e of temperature from 30 C to 
40 C enhance % decrease of tenacity l i n e a r l y from about 13% to 19% 
and f a l l s sharply to about 12% as the temperature has been 
increased to 50 C. In general lower temperature seems to favor 
lesser decrease i n tenacity f o r MMA grafted f i b e r . A maximum of 
about 19% decrease of tenacity has been observed for grafted KPM 
rayon at 40 C and a minimum of about 1.5% decrease of tenacity 
has been found for MMA grafted defatted j u t e at 30 C. In general, 
t h i s decrease of tenacity i s quite understandable from the 
mechanistic viewpoint of graft copolymerisation reactions of 
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20 30 
GRAFTING (%) 

Figure 1. Plot of percent decrease of tenacity vs. percent grafting. Key: ., rayon 
yarn; O, defatted jute; O, bleached jute. 

Figure 2. 

30 40 50 
TEMPERA TURE(°C) 

Changes of tenacity of MMA grafted fiber. Key: ., rayon yarn; O, 
defatted jute; O, bleached jute. 
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Figure 3. Changes of stiffness of MMA grafted fiber. Key: ., rayon yarn; Q , 
defatted jute; O , bleached jute. 
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c e l l u l o s i c f i b e r with v i n y l monomer (14). C e r t a i n l y , the presence 
of a i r has a d i r e c t e f f e c t on the c e l l u l o s i c chain of the f i b e r 
favoring oxidation reactions and r e s u l t i n g i n profound decrease 
of tenacity. 

As f a r as the s t i f f n e s s i s concerned, g r a f t i n g has an apprec­
i a b l e influence on the s t i f f n e s s of both KPM rayon and defatted 
jute f i b e r . However for bleached j u t e , the s t i f f n e s s has been 
found to decrease. The r e s u l t s have been shown i n Tables 1 and 2 
and g r a p h i c a l l y represented i n Figure 3 which represents three 
d i f f e r e n t r e l a t i o n patterns f o r three d i f f e r e n t kinds of samples. 
In the case of defatted j u t e , r i s e of temperature from 30 C to 
50 C reduces % increase of s t i f f n e s s l i n e a r l y from about 11% to 
2%. In other words, higher temperature has been found to favor 
lesser increases i n s t i f f n e s s . For KPM rayon increase of tem­
perature from 30 C to 4
s u b s t a n t i a l l y from abou
from 40 C to 50 C increase of s t i f f n e s s i s not so prominent. 
Opposite r e s u l t s have been obtained for bleached ju t e where a 
decrease of s t i f f n e s s was observed when g r a f t i n g was c a r r i e d out 
at a temperature of 30, 40 & 50 C. A maximum of about 5% decrease 
i n s t i f f n e s s has been observed for grafted bleached j u t e . The 
o v e r a l l e f f e c t of g r a f t i n g on the t e n s i l e properties of f i b e r was 
found to be rather obscure to propose any d e f i n i t e mechanism. 
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7 
Photochemical Grafting on Wood Cellulose 

J. P. FOUASSIER 

Laboratoire de Photochimie Générale, Equipe de Recherche Associée au CNRS, 
Ecole Nationale Supérieure de Chimie, 68093 Mulhouse Cedex, France 

UV light induced grafting onto wood cellulose is re­
ported for severa
tiated by free radica
tophenone and benzophenone derivatives. Percent graf­
ting-time conversion curves are determined as a func­
tion of the initiators, monomers, pulps and additives. 
Additional typical results obtained in IR spectros­
copy, GPC and thermal analysis are reported. A discus­
sion about the use of a photochemical procedure in ob­
taining cellulose graft copolymers is presented. 

1. INTRODUCTION 
Photochemical and photophysical processes i n c e l l u l o s e and 

relate d compounds have received considerable attention during the 
l a s t decades, r e s u l t i n g i n research work concerned with the impro­
vement of c e l l u l o s i c materials v i a physical and chemical m o d i f i ­
cations. One method was to apply a copolymer between the c e l l u l o s e 
and a synthetic polymer which are generally grafted by free 
r a d i c a l reactions. 

Two routes can be explored with a view to modify the surface 
properties of c e l l u l o s i c s . The f i r s t one involves chemical reac­
tions involving the f u n c t i o n a l groups of c e l l u l o s e . The second 
route can be achieved through i r r a d i a t i o n or thermal g r a f t i n g 
of monomers onto c e l l u l o s e . 

Several r a d i c a l reactions have been extensively studied as a 
function of the e x c i t a t i o n e.g. γ i r r a d i a t i o n , U.V. i r r a d i a t i o n , 
redox chemical i n i t i a t o r s , heating, dye-sensitized reaction. Some 
of these investigations are reported i n t h i s volume. 

U n t i l recently, few studies of UV l i g h t induced g r a f t i n g of 
c e l l u l o s i c s have been reported (e.g.1-7 and references t h e r e i n ) . 

I t further appears that s e n s i t i z e d photografting reactions 
are more a t t r a c t i v e , since longer wavelengths of e x c i t a t i o n may be 
used, thus increasing the p o s s i b i l i t y of a p o t e n t i a l l y valuable 
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commercial e x p l o i t a t i o n . Moreover, less degradation of c e l l u l o s e 
i s obtained. However, t h i s kind of reaction requires a knowledge 
of the photoreactivity of the i n i t i a t o r with respect to the che­
mical nature of the monomer and the macromolecule. 

Our previous papers i n t h i s f i e l d dealt with photosensitized 
free r a d i c a l generation on c e l l u l o s e (8) and photochemical graf­
t i n g of various monomers i n presence of a large v a r i e t y of i n i ­
t i a t o r s onto cotton (9) and starch (10). Several parameters of the 
gr a f t i n g reaction have been investigated : incident l i g h t i n t e n s i ­
t y , i r r a d i a t i o n wavelength, temperature, oxygen e f f e c t , i r r a d i a ­
t i o n time, p h o t o - i n i t i a t o r concentration, monomer concentration 
and presence of additives. The r e s u l t s obtained make i t possible 
to determine the most suitable conditions for g r a f t i n g and to 
discuss the mechanism of reaction

The present report extend
various monomers, using several p h o t o - i n i t i a t o r s , onto wood c e l l u ­
l o s i c materials. Moreover, i t gives the p o s s i b i l i t y to discuss 
some problems r e l a t e d to the photochemical g r a f t i n g . 
2. EXPERIMENTAL 

a) Materials 
Several samples of commercial d i s s o l v i n g pulp from softwood 

were used : bleached pulp (whiteness 92 % ) , almost e n t i r e l y free 
of l i g n i n , containing about 94 % α c e l l u l o s e (I) y paper pulp (II) 
(whiteness : 91,5 %) ; mechanical yellow pulp ( I I I ) (containing 
l i g n i n ) , Kraft Laponia pulp (IV), whiteness : 92 % ) . 

Benzoin derivatives and benzophenone derivatives were commer­
c i a l products of the highest p u r i t y grade. They are 2,2 - dime-
thoxy-2-phenyl acetophenone (DMPA), benzophenone (BP), 4-benzoyl-
benzoic acid (BBA), 3,3',4,4'-benzophenone and te t r a c a r b o x y l i c 
dianhydride (BTCD). 

Methyl methacrylate (MMA) was washed with a s o l u t i o n of so­
dium carbonate, dried over calcium chloride and d i s t i l l e d under 
reduced pressure and nitrogen. A c r y l o n i t r i l e was washed with 
s u l f u r i c acid (5 % ) , sodium carbonate (5 %) and w a t e r ; a f t e r 
drying, the monomer was d i s t i l l e d under reduced pressure and 
nitrogen. Styrene was washed with sodium hydroxyde (10 %) and 
water, dried and d i s t i l l e d . THF was p u r i f i e d by washing and 
d i s t i l l a t i o n . 

- Graft copolymerization 

The c e l l u l o s e sample was generally treated according to the 
procedure described previously (9). In some experiments, the 
c e l l u l o s e sample was treated with an aqueous s o l u t i o n of sodium 
hydroxide (17,6 %) for 2 h at room temperature and washed with 
water to n e u t r a l i t y for 24 h. The swollen sample was obtained 
a f t e r f i l t r a t i o n . 
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In the photosensitized experiments, the c e l l u l o s e sample was 
treated with a s o l u t i o n of the i n i t i a t o r i n acetone f o r 1 h at 
room temperature and the solvent evaporated i n a i r . When t h i s 
kind of adsorption was not possible, the i n i t i a t o r was dissolved 
i n THF and added to the reactant medium. 

Graft copolymerization was c a r r i e d out at a chosen temperatur 
re, f o r a given time i n nitrogen, by i r r a d i a t i n g reaction c e l l s 
containing 80 ml of d i s t i l l e d water, O.5g of treated or untreated 
c e l l u l o s e sample and a v a r i a b l e amount of monomer. The U.V. l i g h t 
source was a high pressure mercury lamp (HPK 125 W). For the 
sensitized experiments, suitable wavelengths were chosen through 
a pass band f i l t e r centered around 366 nm. The incident l i g h t 
i n t e n s i t y was determined through actinometry measurements. Typi­
c a l values were i n the range of 2 xl0 1 6photons cm^s"*1 on the 
sample. 

The i r r a d i a t e d sample
hours (we v e r i f i e d that subsequent extraction did not modify the 
r e s u l t s ) with the following solvents, according to the monomer : 
acetone (methyl m e t h a c r y l a t e ) ; benzene ( s t y r e n e ) ; N,N-dimethyl-
formamide ( a c r y l o n i t r i l e ) . 

The percent g r a f t i n g i s considered (see discussion) as the 
weight increase of the dried c e l l u l o s e sample a f t e r extraction. 
The percent homopolymer i s calculated as the r a t i o weight of 
homopolymer over the weight of o r i g i n a l monomer. 

3. RESULTS AND DISCUSSION 
3.1. Grafting experiments 

a) Investîgation^of^the^general^ËEâïïÉÊËEË 
The r e s u l t s of the graft copolymerization on c e l l u l o s e i n 

various conditions are shown as a function of the i r r a d i a t i o n 
time, i n i t i a t o r concentration, monomer concentration, presence 
of a d d i t i v e . 

Table I shows the evolution of the percent g r a f t i n g and per­
cent homopolymer as a function of the i r r a d i a t i o n time. A f a s t 
increase i n g r a f t i n g was observed for short i r r a d i a t i o n times 
whereas longer ones resulted i n a decreased percent g r a f t i n g . 

Table I I shows an optimum value of the i n i t i a t o r concentration. 
The percent g r a f t i n g may be expected to increase as a function of 
the amount of i n i t i a t o r up to a c r i t i c a l concentration. At higher 
concentrations, the percent g r a f t i n g decreases presumably i n 
connection with secondary reactions induced by the i n i t i a t o r 
r a d i c a l s . 

The percent g r a f t i n g and the percent homopolymer are a func­
t i o n of the monomer concentration (Table I I I ) . An optimum value 
i s obtained. The maximum of the percent g r a f t i n g i s strongly 
dependent on the comparative values of the MMA and i n i t i a t o r 
concentrations. 
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Table I : Percent g r a f t i n g and percent homopolymer as a 
~" function of time. 

MMA : 5 g ; THF : 5 cm 3; sample (I) : 0,5g; 
water : 8 0 g ; λ = 365 nm; Τ = 20°C. 

I n i t i a t o r I n i t i a t o r 
amount (mg) 

I r r a d i a t i o n 
time (h) 

% g r a f t i n g % homopolymer 

50 1 13,4 -
BP 50 2 28,2 -

50 

50 1 14,4 -
DMPA 50 2 30,2 10,2 

50 3 10,4 13,6 

50 1 7,4 -
BBA 50 2 23 -

50 3 16 -

25 1 21,6 -
25 lh30 29,2 2,2 
25 2 30,8 8,9 

BBA 25 3 36,4 9,7 
25 4 52,2 20,8 
25 5hl5 30 54 
25 6 38 61,5 

50 1 47,4 -
BTCD 50 2 57,2 30,6 

50 3 26 57,5 
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Table I I : Percent g r a f t i n g versus i n i t i a t o r amount; 
sample ( I ) ; monomer : MMA; i n i t i a t o r : BTCD; 
water (80 cm3) + THF (5 cm3) 

I n i t i a t o r % % I r r a d i a t i o n 
amount (mg) gr a f t i n g homopolymer time (h) 

5 12 2 
10 40 - 2 
25 81 25,3 2 
50 57 30,6 2 

Table I I I : Percent g r a f t i n g versus t i m e ; 
monomer : MMA; i n i t i a t o r : BTCD 

I n i t i a t o r Time Monomer % 
amount (mg) (h) amount (g) gr a f t i n g 

25 1 1 0 
25 1 2,5 0 
25 1 5 4 
25 2 1 2 
25 2 2,5 19,2 
25 2 5 40 
25 3 1 17,4 
25 3 2,5 30 
25 3 5 55,4 
25 4 5 34 
50 1 1 2 
50 1 2,5 36,4 
50 1 5 47,4 
50 2 5 57,2 
50 3 5 26 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



88 GRAFT COPOLYMERIZATION OF LIGNOCELLULOSIC FIBERS 

When using p h o t o i n i t i a t o r s such as phenyl acetophenone d e r i ­
v a t i v e s , a ddition of an hydrogen donating solvent (Table IV) to 
the system improved u l t i m a t e l y the percent g r a f t i n g and, i n addi­
t i o n , the concentrations of i n i t i a t o r required were lower. More­
over, the presence of THF i s necessary with benzophenone de r i v a ­
t i v e s . These r e s u l t s are i n agreement with s i m i l a r observations 
with respect to MMA polymerization i n s o l u t i o n ; i n f a c t , the 
rate of polymerization was enhanced i n the presence of THF. 

However, addition of amine molecules (triethylamine TEA) did 
not increase the percent g r a f t i n g . 

b) G r a f t i n g i £ t h e D r e s e n c e o f v a r i o u s i n i t i a t o r s 

The r e s u l t s of the
lose i n the presence o
shown i n Figure 1 which disp l a y the time dependence on the percent 
g r a f t i n g . In a general way, one observes a rapid increase of the 
percent g r a f t i n g w i t h i n two hours of i r r a d i a t i o n with wavelength 
of 365 nm. For longer i r r a d i a t i o n times, the percent g r a f t i n g 
curves l e v e l o f f ; i n some cases the percent g r a f t i n g decreases. 
This was also reported i n the previous paper (9). 

At f i r s t s i g h t , benzophenone compounds appear to be the most 
e f f i c i e n t p h o t o - i n i t i a t o r for the copolymerization reaction, whe­
reas phenylacetophenone d e r i v a t i v e s do not rank among the best. 
In comparison, 2,2-dimethoxy-2-phenylacetophenone seems even 
poorly e f f i c i e n t , although t h i s compound i s generally considered 
as very r e a c t i v e i n UV curing (11) or i n s o l u t i o n photopolymeri-
za t i o n of v i n y l monomers (12). 

Table i y ; Typical e f f e c t s ot the amount of THF on the 
percent g r a f t i n g . Sample I ; monomer : MMA; 
water : 80 cm3. 

I n i t i a t o r I n i t i a t o r THF amount max % g r a f t i n g 
amount (mg) (cm3) 

max % g r a f t i n g 

DMPA 50 0 25 
50 5 30 
25 0 18 
25 5 25 

BBA 25 0 0 
25 5 52 
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Figure 1. Percent grafting vs. time. The monomer was MM A; the initiators were 
BP {!), DMPA (2), BBA (3), and BTCD (4). 
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Addition of THF i s necessary with benzophenone derivatives 
and enhances the e f f i c i e n c y of phenyl acetophenone derivatives 
as shown by the following reactions (the photochemistry of these 
compounds are very well known i n homogeneous solutions) : 

Benzophenone derivatives : 

hv - S ^ Τ (1) 

THF 

DMPA 

ke t y l r a d i c a l [ - c - \ + C e l l * (2) 

\ ' o J 

k e t y l r a d i c a l + THF* (3) 

Cell-H 
OH 

0 R 
(4) R = Rf = OCH3 α-cleavage 

° + T H F ^THF* + 0 

(S) 
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A better s o l u b i l i z a t i o n of the i n i t i a t o r i n the mixture water-
THF may also play a part i n the improved e f f i c i e n c y . 

c ) Graf t i n g o f various2°-S2îSÈI£ 2 D Ë 2 £ Ë I I H I 2 Ë È 

The experiments were c a r r i e d out with three monomers. Some 
t y p i c a l r e s u l t s are reported i n Table V. In a general way, v a r i ­
ous percent graftings were obtained depending on the monomer-
i n i t i a t o r couple. The percent g r a f t i n g may be adjusted to a 
given value by modification of the experimental conditions. 

Table V : Typical maximum percent g r a f t i n g as a function of 
the nature of the i n i t i a t o r , monomer and pulp. 

Sample I n i t i a t o

(I) BTCD (25 mg) MMA (5g) 40 % 
(I) BTCD (50 mg) MMA (5g) 57 
(I) BTCD (25 mg) AN (3g) 13 
( I D BTCD (25 mg) MMA (5g) 60 
(I I I ) BTCD (25 mg) MMA (3g) 20 
(IV) DMPA (25 mg) Styrene(2g) 46 

The differences i n r e a c t i v i t y are due presumably to s p e c i f i c 
quenching of the reactive species by the monomer and to the 
s p e c i f i c r e a c t i v i t y between the monomer and the r a d i c a l s created 
upon the c e l l u l o s i c backbone. 

As reported i n l i t e r a t u r e (13) the i r r a d i a t i o n of a c e l l u l o s e 
sample at 254 nm r e s u l t s i n gl u c o s i d i c bond s c i s s i o n and C - H 
bond s c i s s i o n . Recent r e s u l t s i n photosensitized experiments (15) 
show that the same behaviour can be obtained : 

h v . . . . 
I n i t i a t o r • excited i n i t i a t o r 

£ C e l l u l o s e sample 

Energy transfer or H abstraction 
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thus, g r a f t copolymer should occur through : 
- recombination reaction 

THF βΜ + ' C e l l • THF M - C e l l 

- glucosidic scission or C-H bond scission, initiation, 
propagation, eg : 

C e l l * + M • C e l l - M* • C e l l * 

- occlusion of homopolymer in the cellulosic chain 

d) Graftingontovarious£ul£S 

Recent t y p i c a l r e s u l t
Table V. They show a strong influence of the nature of the p u l p ; 
s p e c i a l l y i n the rate of the reaction (Figure 2). More r e s u l t s 
are needed for a det a i l e d discussion of these e f f e c t s . 

3.2. Analysis of the grafted samples 

a) Thermalanal^sis 
The r e s u l t s are reported i n Figure 3 and show the t y p i c a l 

behaviour of the grafted sample compared to that of PMMA and 
c e l l u l o s e . From the experimental curves, i t i s concluded that the 
polymer chain i s chemically l i n k e d onto the c e l l u l o s i c backbone. 
In curve B, the f i r s t and second peaks correspond to the unsatu­
rated chain end and to the saturated chain end of the polymer 
re s p e c t i v e l y . In curve C., one observes that the peak corresponding 
to polymer chains terminated through disproportion have disap­
p e a r e d ; t h i s points out the f a c t that the c e l l u l o s i c macromole-
cules could be crosslinked by PMMA chains. 

b) InfraredS£ectrosco££ 
A t y p i c a l IR spectrum i s shown by Figure 4. One can see the 

d i f f e r e n c i a l spectrum between c e l l u l o s e and a blend homopolymer 
c e l l u l o s e . The IR spectrum of the grafted sample e x h i b i t s the 
c h a r a c t e r i s t i c bands of c e l l u l o s e and PMMA. 

Moreover, a pl o t of the IR absorbance shows that the e x t i n c ­
t i o n c o e f f i c i e n t of the blends are higher than that of the 
grafted copolymer (Figure 5). These two arguments are i n favour 
of the presence of chemically linked PMMA chains. 

c) A n a l y j i s o f t h e g r a f t s 

The grafted polymer was separated from the c e l l u l o s e by 
hydrolyzing with 72 % H^SO^. The molecular weights were determined 
by GPC a f t e r n e u t r a l i z a t i o n , washing and drying. The molecular 
weights are generally high ( T y p i c a l l y 900 000) and the p o l y d i s -
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Figure 2. Percent grafting vs. time. The initiator was BTCD (25 mg); the mono­
mer was MMA (3 g); and the three pulps 1, II, III (1-3). 
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Temperature 
300 350 400 °C 

Figure 3. Typical DTG thermogram obtained in thermal analysis. Key: A, cellu­
lose; B, PMMA; C., graft copolymer. 
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% P M M A 

Figure 5. IR absorbances (v = 1730 cm'1) as a function of PMMA content in a 
graft sample (O) and in a blend copolymer (A). 
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p e r s i t y has the usual value obtained i n r a d i c a l homopolymeriza-
t i o n . I t seems that there are few linkages between the polymer 
and the c e l l u l o s i c chain. Complete r e s u l t s on the analysis of the 
grafts w i l l be published l a t e r (14). 

4. DISCUSSION AND CONCLUSION 

The aim of t h i s work was to obtain graft copolymers of c e l l u ­
lose with monomers and to study the d i f f e r e n t p o s s i b i l i t i e s of a 
photo-induced r a d i c a l r e a c t i o n . The use of UV l i g h t seems very 
promising, due to the large possible v a r i e t y of experimental 
g r a f t i n g conditions. The r e s u l t s presented i n t h i s paper appeared 
i n the perspective of a series dealing with an i n v e s t i g a t i o n of 
the g r a f t i n g reactions onto natural substrates

The f o l l o w i n g point
i n v e s t i g a t i o n w i l l be published l a t e r ( 14)): 

a) The photochemical g r a f t i n g of monomers onto commercial 
paper pulps can be developed as a laboratory process. In t h i s 
case, the treated pulp corresponds to O.5g dry weight. The expe­
rimental procedure involves the i r r a d i a t i o n of a heterogeneous 
suspension of pulp and monomer i n water. 

b) As shown i n previous experiments (9) conducted with other 
substrates, the g r a f t i n g reaction i s dependent on a l o t of f a c ­
tors : experimental conditions (wavelength of i r r a d i a t i o n , i n c i ­
dent l i g h t i n t e n s i t y , temperature, oxygen, pH...), monomer, 
i n i t i a t o r , pulp, a d d i t i v e . . . 

c) In such experiments, the rates of g r a f t i n g (% g r a f t i n g 
mn"1) can reach values about 1 % mn"1 f o r a power density of 
i l l u m i n a t i o n i n the range of 15 mW cm""2 at λ = 366 nm. 

d) Preliminary r e s u l t s i n thermal analysis and i n f r a red 
spectroscopy suggest that the grafted sample contains polymer 
chains which are chemically linked onto the c e l l u l o s i c backbone. 

Extensive works (14) are now i n progress to obtain complete 
informations upon the number of g r a f t s , the number of s c i s s i o n s 
and the DP of the grafts as a function of the various conditions 
of g r a f t i n g . Additionnai data w i l l be also provided by i n f r a red 
and Raman spectroscopy, E.S.C.A. and thermal a n a l y s i s . Other 
works are also c a r r i e d out upon the analysis of the physical 
properties of the grafted samples. 

Last but not the l e a s t , we would l i k e to discuss some of 
important points which can be pointed out i n the use of a photo­
chemical procedure i n obtaining graft copolymers of ligno 
c e l l u l o s i c materials. 

a) The f i r s t problem i s related to the discussion concerning 
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the problem between a graft copolymer sample and a sample co n t a i ­
ning occlusion of homopolymer i n the substrate without chemical 
bonding. I t seems that homopolymerization predominates i n a 
presence of a p h o t o - i n i t i a t o r i n contrast of a d i r e c t UV e x c i t a ­
t i o n of the substrate. (However, the photosensitized g r a f t i n g i s 
more a t t r a c t i v e since i t gives the p o s s i b i l i t y to select the 
c h a r a c t e r i s t i c s of the samples (9). In our case, we show that the 
polymer, remaining even a f t e r a d r a s t i c solvent e x t r a c t i o n , i s 
strongly f i x e d on the c e l l u l o s e . 

In many experiments, i t appears that such d r a s t i c solvent 
extraction can remove the major part of the synthetic polymer, 
showing that the grafted polymer presents, i n point of f a c t , a 
good "adhesive 1 1 bondability. However, i n the case of surface 
modification, a heavy g r a f t i n
permanence i s a functio
i n the solvents used i n the common course of subsequent treatments. 
So i t can be inferred that t h i s notion of g r a f t i n g may be depen­
dent on the e f f i c i e n c y of the solvent e x t r a c t i o n . 

b) The second problem i s related to the improved physical 
properties of the grafted pulp as a function of the % g r a f t i n g 
and the c h a r a c t e r i s t i c s of the grafts (DP, molecular weight, 
number of g r a f t s , number of bonds between the c e l l u l o s e and the 
grafted polymer. In a general way, i t i s known that a r a d i c a l 
type polymerization y i e l d s very long growing chains and consequen­
t l y , the DP are high and the number of grafts (G) i s low. The 
question i s to have a substantial amount of grafted samples i n 
order to ( i ) obtain the DP and G dependence on the experimental 
conditions, to ( i i ) determine the physical properties of the 
samples and to ( i i i ) t r y to e s t a b l i s h a structure property r e l a ­
t i o n ship. This type of work i s important since i t could define 
a d d i t i o n a l experiments i n which the DP of the grafts would be 
adjusted. However, many experimental r e s u l t s (e.g.2) support the 
fact that an improvment of the physical properties can be achie­
ved through graft c e l l u l o s e even with long chain polymers. 

c) The t h i r d problem concerns the tra n s p o s i t i o n of these 
experiments to a p i l o t scale or an i n d u s t r i a l process. We are 
tr y i n g to develop a photo chemical reactor i n which pulp sample 
of about 50g can be treated. Our f i r s t attempts do not always 
y i e l d to su c c e s s f u l l r e s u l t s and up to now, the reasons of that 
are not very clear (even i f we take into account the problem of 
l i g h t penetration). 

In conclusion, we would l i k e to dwell on the fa c t that the 
present study demonstrates the f e a s a b i l i t y of a photochemical 
treatment, through a g r a f t i n g reaction, of a c e l l u l o s i c substrate. 
I t i s obvious that the r e s u l t s cannot be e a s i l y extrapolated to 
the case of an i n d u s t r i a l process of surface modification of the 
pulps. In f a c t , due to i t s low penetration, UV l i g h t can be 
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reserved i n surface treatment, during or af t e r the making of 
paper. However, we are convinced that such a study i s of i n t e r e s t 
for the understanding of processes such those occuring i n the 
photopolymerization of d i or t r i f u n c t i o n n a l monomers i n order to 
get coatings for paper or wood (14). 
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8 
Photoinduced Grafting Reactions in Cellulose and 
Cellulose Derivatives 

DAVID N.-S. HON 
Virginia Polytechnic Institute and State University, Department of Forest Products, 
Blacksburg, VA 24061-0299 
HOW-CHING CHAN 
Mount Sinai School of Medicine, The City University of New York, 
New York, NY 10029 

Photoinduced free radicals generated in cellulose 
and cellulose derivatives
ethyl cellulose
cellulose and carboxymethyl cellulose, were examined 
by electron spin resonance (ESR) spectroscopy, and 
their capability of initiating graft copolymerization 
was studied. ESR findings revealed that a high 
concentration of free radicals was generated in all 
samples irradiated with ultraviolet light of λ > 254 nm 
and λ > 280 nm. Free radicals generated in cellulose 
were due to chain scission, dehydrogenation, and 
dehydroxymethylation reactions, whereas free radicals 
generated in cellulose derivatives were due to 
cleavage of substituted side chains. Grafting 
reactions of cellulose took place at the main back­
bone, whereas grafting reactions of cellulose 
derivatives took place at the substituted side 
chains. High degrees of grafting and grafting 
efficiency were inevitably obtained from samples 
treated with ultraviolet light of λ > 280 nm in homo­
geneous media. 

C e l l u l o s e , the most abundant renewable a g r i c u l t u r a l raw 
materi a l , i s transformed into m u l t i f a r i o u s products a f f e c t i n g 
every phase of our d a i l y l i f e . The presence of activ e hydroxyl 
groups i n c e l l u l o s e has been u t i l i z e d i n a v a r i e t y of chemical 
reactions to produce commercially important c e l l u l o s e d e r i v a t i v e s , 
such as c e l l u l o s e ethers and c e l l u l o s e esters. Although the 
p r a c t i c a l purpose of c e l l u l o s e d e r i v a t i z a t i o n i s by and large 
to improve various properties of the o r i g i n a l c e l l u l o s e , these 
c e l l u l o s e d erivatives are often not competitive with most of 
the petrochemically derived synthetic polymers. In order 
to provide a better market p o s i t i o n for c e l l u l o s e d e r i v a t i v e s , 
there i s l i t t l e doubt that further chemical modification i s 
required. Grafting of v i n y l monomers onto c e l l u l o s e and 

0097-6156/82/0187-0101$6.00/0 
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In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



102 GRAFT COPOLYMERIZATION OF LIGNOCELLULOSIC FIBERS 

cellulose derivatives may improve the i n t r i n s i c properties of 
these polymers. 

Several papers dealing with grafting reactions i n cellulose 
derivatives have been reported recently. Bardhan et a l . (1) 
and Mukhopadhyay et a l . (2) grafted acrylamide and a c r y l i c 
acid, respectively, onto methyl cellulose using potassium 
persulfate as the i n i t i a t o r . Hebeish et a l . (3, 4) grafted 
a c r y l o n i t r i l e and methyl acrylate onto acetylated cotton and 
p a r t i a l l y carboxymethylated cotton. Grafting of methyl 
methacrylate to cellulose n i t r a t e by eerie ion i n i t i a t i o n has 
been developed by Santappa and his co-workers (5, 6). The 
radiation induced grafting of a c r y l o n i t r i l e onto cyanoethylated 
cotton and cellulose acetate have been investigated by Arthur 
et a l . (7) and by Stannett et a l . (8), respectively. Grafting 
of styrene to carbonilate
done by Guthrie et a l .
u l t r a v i o l e t l i g h t for grafting v i n y l monomers onto cellulose, 
there i s as yet no l i t e r a t u r e available on photoinduced grafting 
reactions i n cellulose derivatives. Research on grafting 
v i n y l monomers onto cellulose derivatives by u l t r a v i o l e t l i g h t 
i s i n progress i n our laboratory. This paper w i l l report the 
detection of photoinduced free radicals i n cellulose and 
various cellulose derivatives, namely, methyl cellulose, ethyl 
cellulose, acetyl cellulose, hydroxyethyl cellulose and 
carboxymethyl cellulose, and their capability of i n i t i a t i n g 
graft copolymerization. The electron spin resonance (ESR) 
studies reveal that most of the free radicals were generated 
at the substituted side chains of cellulose derivatives by 
u l t r a v i o l e t l i g h t and these free radicals are responsible for 
grafting and homopolymerization reactions. 

Experimental 

Materials. Cellulose and cellulose derivatives used for 
this study are summarized i n Table 1. Commercial products 
were used as received without further p u r i f i c a t i o n s . Methyl 
methacrylate was used as the monomer, which was p u r i f i e d by 
sodium hydroxide/sodium chloride extraction followed by d i s ­
t i l l a t i o n under reduced pressure (10). 

Methods 

Photoirradiation and ESR Measurements. The samples of 
cellulose and cellulose derivatives were packed uniformly into 
clear fused Suprasil quartz tubes (O.D. 4 mm), which did not 
produce any ESR signal during the irradiated sequences. The 
quartz tubes containing the samples were evacuated to a 
constant pressure (10 ~6 mm Hg) and sealed. The source of 
u l t r a v i o l e t i r r a d i a t i o n was a high pressure mercury-xenon 
compact arc lamp (Conrad Hanovia type 901 B0011, 200 W) which 
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emitted wavelengths ranging from 254 nm to 2000 nm, with the 
strongest wavelength at 365 nm. For c e r t a i n studies, a Corning 
glass f i l t e r (color s p e c i f i c a t i o n number, 0-53; glass code 
number, 7440) was used to eliminate wavelengths shorter than 
280 nm. In all cases of u l t r a v i o l e t i r r a d i a t i o n , the distance 
between l i g h t source and sample was about 30 cm, and the 
sample was kept i n l i q u i d nitrogen i n a Dewar f l a s k . ESR 
spectra of i r r a d i a t e d samples i n the Dewar f l a s k were recorded 
using a spectrometer (Varian Ε-12) operated at X-band with 100 
KHz modulation. The spectra were recorded at 9.3 GHz at 
3300 gauss. The g values were measured by comparison with the 
p i t c h sample provided by Varian Associates. 

Graft Copolymerization. Graft copolymers of c e l l u l o s e 
and c e l l u l o s e d e r i v a t i v e s were prepared i n a quartz reactor 
containing O.5 g oven drie
water at 45°C. The g r a f t i n
i r r a d i a t e d with the u l t r a v i o l e t l i g h t of λ 254 nm and λ 
280 nm. Grafted products of c e l l u l o s e were washed with 
d i s t i l l e d water and extracted with acetone for 72 hours to 
remove homopolymers; grafted products of c e l l u l o s e d e r i v a t i v e s 
were washed and extracted with benzene repeatedly, the f i n a l 
products were then freeze-dried. Degree of g r a f t i n g and 
g r a f t i n g e f f i c i e n c y were c a l c u l t e d according to the following 
formula: 

A-B Degree of g r a f t i n g (%) = — - χ 100 
Β 

Grafting e f f i c i e n c y (%) = A-B 
(A-B) + C X 1 0 0 

Where A i s weight of grafted sample a f t e r e x t r a c t i o n , Β i s 
weight of o r i g i n a l sample (oven-dry), and C i s weight of 
homopolymer. 

Results and Discussion 

Photoinduced Free Radicals i n C e l l u l o s e and C e l l u l o s e 
Derivatives. Most c e l l u l o s e and c e l l u l o s e d e r i v a t i v e s are 
susceptible to photochemical reaction i n the presence of 
u l t r a v i o l e t l i g h t below the wavelength of 340 nm (11) v i a a 
free r a d i c a l process. These free r a d i c a l intermediates may be 
capable of i n i t i a t i n g g r a f t copolymerization reaction i f they 
are not decayed r a p i d l y or undergo secondary termination 
reactions. The detection of free r a d i c a l s generated i n 
c e l l u l o s e and c e l l u l o s e d e r i v a t i v e s by u l t r a v i o l e t l i g h t was 
studied. ESR spectra of c e l l u l o s e and c e l l u l o s e d e r i v a t i v e s 
used f o r t h i s study are shown i n Figures 1 and 2 f o r samples 
treated with u l t r a v i o l e t l i g h t of λ 280 nm and λ 254 nm 
r e s p e c t i v e l y . I t i s obvious that free r a d i c a l s were generated 
i n all samples i r r a d i a t e d with both l i g h t sources. The ESR 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



8. HON AND CHAN Photoinduced Grafting Reactions 105 

Figure 1. ESR spectra of cellulose and cellulose derivatives irradiated with UV 
light of λ 280 nm for 60 min at 77 K. Spectra were recorded at 77 K. Key: a, 
cellulose; b, methylcellulose; c, ethylcellulose; d, acetylcellulose; e, hydroxyethyl-

cellulose; f, carboxymethylcellulose. 
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signals derived from samples irradiated with l i g h t of λ 280 nm 
exhibited i l l - d e f i n e d multiplet hyperfine s p l i t t i n g while 
prominent signals with better resolution were observed from 
those with l i g h t of λ 254 nm because of higher energy involved. 
From the l a t t e r l i g h t source, an eleven-line signal with a g 
value of 2.003 was detected in cellulose, and seven-line 
signals with i d e n t i c a l g values were detected from methyl 
cellulose, ethyl cellulose, acetyl cellulose, hydroxyethyl 
cellulose (weak) and carboxymethyl cellulose (weak). 

Interpretation of the eleven-line signal of cellulose has 
been published elsewhere (12), It was the result of superimposing 
signals generated from six kinds of radi c a l species, as a 
consequence of chain scission, dehydrogenation and dehydroxy-
methylation reactions in photoirradiated cellulose. Details 
of the mechanism of fre
elsewhere (13, 14). A
photoirradiated methyl cellulose (Figure 3). When this photo-
irradiated sample was warmed gradually from 77°K to ambient 
temperature for 1 minute and kept again at 77°K, a poorly 
resolved f i v e - l i n e spectrum was observed (Figure 3b). When i t 
was warmed for 5 minutes, the signal was further decayed to a 
singlet signal with a line-width of 21 gauss (Figure 3c). By 
subtracting b from a i n Figure 3, a quartet spectrum with 
intensity r a t i o 1:3:3:1 i s obtained (Figure 3d). Since this 
four-line signal has a s p l i t t i n g constant of 22.8 gauss, we 
assigned this signal to methyl radicals. Consequently, i t i s 
obvious that demethylation took place i n methyl cellulose, as 
shown i n equation 1. 

Cellulose — 0CH3
 h v ψ Cellulose — O. + . CH 3 (1) 

(singlet) (quartet) 

The singlet signal i s hence due to the alkoxy r a d i c a l , 
which has a longer l i f e time than carbon radicals at ambient 
temperature. 

When ethyl cellulose was irradiated with l i g h t of λ 254 
nm for 60 minutes at 77°K, a complicated eleven-line signal 
was observed (Figure 4). When this sample was warmed to 
ambient temperature for 5 minutes, only a singlet signal with 
a line-width of 26 gauss was observed. Analyzing the s p l i t t i n g 
constants of the multi-intensity resonance peaks, i t reveals 
that, i n addition to the singlet component, the spectrum was 
superimposed with two signals: a strong s i x - l i n e component 
with a hyperfine s p l i t t i n g constant of 25 gauss (V in Figure 
4), and a weak f i n e - l i n e component with a hyperfine s p l i t t i n g 
constant of 25 gauss (ο i n Figure 4). This implies that 
deethylation took place pre f e r e n t i a l l y during photoirradiation 
to create a radi c a l pair of s i x - l i n e and singlet components. 
A hydrogen abstraction reaction also l i k e l y occurred generating 
the f i v e - l i n e component. Accordingly, the mechanisms are 
i l l u s t r a t e d i n equations 2, 3 and 4. 
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20G 

Figure 3. Changes in ESR spectra of 
methylcellulose. Key: a, initial spectrum 
observed at 77 Κ immediately after irra­
diation with light of λ 254 nm at 77 Κ 
for 60 min; b, after sample was warmed 
to ambient temperature for 1 min; c, after 
sample was warmed to ambient tempera­
ture for 5 min; d, a quartet component 
which was obtained by subtracting b 

from a. 

Figure 4. ESR spectra of ethylcellulose irradiated with UV light of λ 254 nm 
at 77 Κ for 60 min. Spectra were recorded at 77 K. Dotted line signal was ob­

tained after sample was warmed to ambient temperature for 5 min. 
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Cellulose - 0 - CH CH — • Cellulose - O. +-CH CH 
Ζ J L J ( 2 ) 

(singlet) (6-line) 

Cellulose - 0 - CH 2CH 3 Cellulose - 0 - CH2"CH2* (3) 
(5-line) 

Cellulose - 0 - CH 2CH 3 Cellulose - 0 - CH - CH 3 (4) 
(5-line) 

The hyperfine s p l i t t i n g constant of the s i x - l i n e component 
i s closed to the ethyl radicals of ethyl iodide (15). 

A prominent seven-line signal was observed from acetyl 
cellulose when irradiated with l i g h t of λ 254 nm for 60 
minutes at 77°K (Figur
methyl cellulose, reveale
hyperfine s p l i t t i n g constant of 22.8 gauss was generated, 
indicating deacetylation and demethylation took place, as 
i l l u s t r a t e d i n equations 5 and 6. 

8 0 
C e l l u l o s e — O C — C H Q Cellulose—O. +-8—CH3 (5) 

CO +-CH3 

C e l l u l o s e - 0 — C — C H 3 • • Cellulose — 0 C. +.CH3 (6) 

Details of the free r a d i c a l formation mechanism were d i s ­
cussed elsewhere (16). 

When hydroxyethyl cellulose was irradiated with the same 
l i g h t , a seven-line signal was also observed (Figure 6). When 
this sample was warmed to ambient temperature, a f i v e - l i n e 
signal with a hyperfine s p l i t t i n g constant of 29 gauss disappeared, 
only a singlet signal with a line-width of 24 gauss was 
observed. It i s clear that dehydroxyethylation took place for 
this sample. Reaction i s shown i n equation 7. 

Cellulose —0—CH 2—CH 20H — ^ Cel l u l o s e - O . + 
(Singlet) (7) 
•CH2CH20H 
(5-line) 

A seven-line l i k e signal was detected from carboxymethyl 
cellulose irradiated with u l t r a v i o l e t l i g h t of 254 nm (Figure 
7). When this sample was warmed to ambient temperature for 60 
seconds, this multiplet spectrum was transformed rapidly into 
a prominent doublet signal with a hyperfine s p l i t t i n g constant 
of 20 gauss. This indicated that the primary free radicals 
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Figure 5. Changes in ESR spectra of acetylcellulose. Key: a, initial spectrum 
observed at 77 Κ immediately after irradiation with UV light of λ 254 nm at 
77 Κ for 60 min; b, after sample was warmed to ambient temperature for 1 min; 
c, after sample was warmed to ambient temperature for 5 min; d, a quartet com­

ponent which was obtained by subtracting b from a. 
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Figure 7. ESR spectra of carboxymethylcellulose irradiated with UV light of 
λ 254 nm at 77 Κ for 60 min. Spectra were recorded at 77 K. Dotted line 
signal was obtained when sample was warmed to ambient temperature for 1 min. 
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generated were transformed i n t o a r a d i c a l s i t e a t t r i b u t i n g the 
doublet s i g n a l . Based on the chemical structure of carboxy-
methyl c e l l u l o s e , i t i s l i k e l y that the following reaction 
took place (equation 8): 

From t h i s ESR information, i t i s obvious that more free 
r a d i c a l s were generated when samples were i r r a d i a t e d with 
u l t r a v i o l e t l i g h t of λ 254 nm than those with l i g h t of λ 
280 nm. Several types of free r a d i c a l s were generated i n 
c e l l u l o s e due to chain s c i s s i o n
methylation, whereas fre
d e r i v a t i v e s were by and large due to the cleavage of the 
substituted side chains. 

G r a f t a b i l i t y of Photoinduced C e l l u l o s i c Free Radicals. 
Various free r a d i c a l s are generated i n c e l l u l o s e and c e l l u l o s e 
d e r i v a t i v e s by u l t r a v i o l e t l i g h t , which may be capable of 
i n i t i a t i n g g r a f t copolymerization reactions with v i n y l monomers. 
The g r a f t a b i l i t y of these photoinduced free r a d i c a l s i n 
homogeneous and heterogeneous media was studied. 

The degree of g r a f t i n g and g r a f t i n g e f f i c i e n c y of g r a f t i n g 
reactions induced with u l t r a v i o l e t l i g h t of λ 280 nm and 
λ 254 nm were s c r u t i n i z e d . 

The r e s u l t s obtained by using u l t r a v i o l e t l i g h t of λ 
280 nm are shown i n Figures 8 and 9 f o r degree of g r a f t i n g and 
g r a f t i n g e f f i c i e n c y r e s p e c t i v e l y . I t appears that the degree 
of g r a f t i n g increased as the function of i r r a d i a t i o n time. 
A f t e r four hours, the degree of g r a f t i n g for various samples 
are i n the order of fibrous carboxymethyl c e l l u l o s e c e l l u l o s e 

hydroxyethyl c e l l u l o s e e t h y l c e l l u l o s e methyl c e l l u l o s e 
powdered carboyxmethyl c e l l u l o s e a c e t y l c e l l u l o s e . 

Powdered carboxymethyl c e l l u l o s e and a c e t y l c e l l u l o s e showed 
a rather low degree of g r a f t i n g . However, the g r a f t i n g e f f i c i e n c y 
f o r these samples varied. A f t e r four hours of reaction, they 
are i n the order of fibrous carboxymethyl c e l l u l o s e hydroxy­
e t h y l c e l l u l o s e methyl c e l l u l o s e powdered carboxymethyl 
c e l l u l o s e e t h y l c e l l u l o s e c e l l u l o s e a c e t y l c e l l u l o s e . 

When carboxymethyl c e l l u l o s e and hydroxyethyl c e l l u l o s e 
were used as the substrates, the g r a f t i n g e f f i c i e n c y was over 
90%, i n d i c a t i n g that fewer homopolymers were produced. I t i s 
of great i n t e r e s t to observe that e t h y l c e l l u l o s e , c e l l u l o s e 
and a c e t y l c e l l u l o s e , which were all dispersed i n the g r a f t i n g 
mixture, exhibited low g r a f t i n g e f f i c i e n c y , whereas carboxy­
methyl c e l l u l o s e , hydroxyethyl c e l l u l o s e and methyl c e l l u l o s e , 
which were dissolved i n the g r a f t i n g s o l u t i o n , exhibited high 
g r a f t i n g e f f i c i e n c y . These findings suggest that g r a f t i n g 

primary r a d i c a l s heat 
(8) 

Cell—0—CH—COOH 
(doublet) 
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Irradiation Time (h) 

Figure 8. Degree of grafting for cellulose and cellulose derivatives initiated by 
UV light of λ y 280 nm. Key: a, fibrous carboxymethylcellulose; b, cellulose; c, 
hydroxyethylcellulose; d, ethylcellulose; e, methylcellulose; f, powdered carboxy­

methylcellulose; g, acetylcellulose. 
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Irradiation Time (h) 

Figure 9. Grafting efficiency for cellulose and cellulose derivatives initiated by 
UV light of λ 280 nm. Key: a, fibrous carboxymethylcellulose; b, hydroxyethyl-
cellulose; c, methylcellulose; d, powdered carboxymethylcellulose; e, ethylcellulose; 

f, cellulose; g, acetylcellulose. 
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reaction carrying out i n a homogeneous system achieves a high 
degree of g r a f t i n g with less homopolymer formation. The 
gra f t i n g reactions are not favored i n a heterogeneous system 
and a high degree of homopolymer formation i s l i k e l y to 
occur. However, when the g r a f t i n g reactions were c a r r i e d out 
using u l t r a v i o l e t l i g h t of λ 254 nm, the degree of g r a f t i n g 
(Figure 10) and g r a f t i n g e f f i c i e n c y (Figure 11) were rather 
low f or all samples, implying that a large amount of 
homopolymer was formed. This may be ascribed to the shorter 
wavelengths and higher energy involved, which created greater 
amounts of free r a d i c a l s i n c e l l u l o s e and c e l l u l o s e d e r i v a t i v e s . 
Most of the low molecular free r a d i c a l s generated from the 
samples are l i k e l y to undergo a homopolymerization reaction. 
As a r e s u l t , the g r a f t i n g e f f i c i e n c y i s decreased. 

Conclusions 

Based on the ESR and gr a f t copolymerization reactions 
studied on c e l l u l o s e and p a r t i c u l a r l y on c e l l u l o s e d e r i v a t i v e s , 
the following conclusions may be drawn: 

1. Free r a d i c a l s were generated i n c e l l u l o s e and c e l l u l o s e 
d e r i v a t i v e s i r r a d i a t e d with u l t r a v i o l e t l i g h t of λ 254 nm 
and λ 280 nm. More free r a d i c a l s were generated by using 
the former l i g h t due to the shorter wavelength, i . e . , stronger 
energy of the l i g h t . Several types of free r a d i c a l s were 
generated i n c e l l u l o s e due to chain s c i s s i o n , dehydrogenation 
and dehydroxymethylation reactions; whereas free r a d i c a l s 
generated i n c e l l u l o s e d e r i v a t i v e s , namely, carboxymethylcellulose, 
methyl c e l l u l o s e , e t h y l c e l l u l o s e , hydroxymethyl c e l l u l o s e and 
ac e t y l c e l l u l o s e , were by and large due to the cleavage of the 
substituted side chains. Grafting reactions of c e l l u l o s e took 
place at the main backbone, whereas g r a f t i n g reactions of 
c e l l u l o s e derivatives took place at the substituted side 
chains. 

2. Free r a d i c a l s i n c e l l u l o s e and c e l l u l o s e 
d e r i v a t i v e s by u l t r a v i o l e t l i g h t of λ 254 nm and λ 280 nm 
were capable of i n i t i a t i n g g r a f t i n g reactions. A high degree 
of g r a f t i n g e f f i c i e n c y , that i s , low degree of homopolymer 
formation, was observed from samples using u l t r a v i o l e t l i g h t 
of λ 280 nm. Due to the shorter wavelength, high energy 
involved from the l i g h t of λ 254 nm, although more free 
r a d i c a l s were generated from the substrates, they were 
unfavorably p a r t i c i p a t i n g i n the homopolymer formation reaction. 

3. Grafting reactions c a r r i e d out i n the homogeneous 
medium for carboxymethyl c e l l u l o s e , methyl c e l l u l o s e , and 
hydroxyethyl c e l l u l o s e , always achieved higher degree of 
g r a f t i n g e f f i c i e n c y than those samples such as c e l l u l o s e , 
e t h y l c e l l u l o s e and a c e t y l c e l l o s e , i r r a d i a t e d i n the hetero-
geneus medium. 
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120 

Irradiation Time (h) 

Figure 10. Degree of grafting for cellulose and cellulose derivatives initiated by 
UV light of λ y 254 nm. key: a, fibrous carboxymethylcellulose; b, ethylcellulose; 
c, methylcellulose; d, cellulose; e, powdered carboxymethylcellulose; f, hydroxy-

ethylcellulose; g, acetylcellulose. 
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Figure 11. Grafting efficiency for cellulose and cellulose derivatives initiated by 
UV light of λ 254 nm. Key: a, fibrous carboxymethylcellulose; b, cellulose; c, 
powdered carboxymethylcellulose; d, methylcellulose; e, ethylcellulose; f, hydroxy-

ethylcellulose; g, acetylcellulose. 
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9 
Photoinduced Graft Copolymerization of 
Cellulose Derivatives 

TAKAHASHI AKIRA and TAKAHASHI SHIRŌ 

Kogakuin University, Department of Industrial Chemistry, Faculty of Engineering, 
Shinjuku-ku, Tokyo, 160, Japan 

Photoinduced graft copolymerization of cellulose 
derivatives especiall
the absence of a
gated. Grafting of methyl methacrylate onto dialde
hyde and dicarboxyl celluloses proceeded more easily 
than onto monocarboxyl cellulose. The grafting e f f i ­
ciency of the former two samples attained to 95-100%. 
The observation shows that graft reaction starts with 
the photolysis of carbonyl groups and that the degree 
of grafting and the apparent number of grafted chains 
are varied with the species and the positions of 
carbonyl groups. The effects of wavelength, graft­
ing activity of monomer and solvent were also examined. 
Grafting to nitrocellulose took place by the photo­
lysis of nitro groups and the grafted chains were 
shortened because of the degradative chain transfers. 
Whereas grafting to acetylcellulose hardly occurred 
with higher acetic acid contents or increasing degree 
of polymerization. In case of regenerated cellulose, 
grafting to the end of cellulose proceeds more readily 
than to the medium. 

Photoinduced graft copolymerization of v i n y l monomer onto 
c e l l u l o s e i n the presence of such a photosensitizer as dyes (I), 
metal ions (2,3) or hydrogen peroxide (4) have been reported. In 
every case, the g r a f t i n g e f f i c i e n c i e s were usually low. Grafting 
onto c e l l u l o s e containing photodecomposable groups was also car­
r i e d out by a few researchers. Kadooka et a l . (5) reported that 
acrylamide and a c r y l o n i t r i l e e a s i l y grafted to cellophane treated 
with methyl v i n y l ketone. Accordingly, i t i s expected that by 
introducing functional groups into c e l l u l o s e , i t may accelerate 
the photo induced graft polymerization and increase the apparent 
number of grafted chains. The authors reported that the photo­
induced graft copolymerization onto dialdehyde c e l l u l o s e d e r i v a ­
t i v e s occurred e a s i l y and homopolymer scarcely produced (6-9). 

0097-6156/82/0187-0119$6.50/0 
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This paper describes the graft polymerization of various 
monomers onto c e l l u l o s e d e r i v a t i v e s containing carbonyl groups 
without photosensitizer. E s p e c i a l l y the e f f e c t s of fun c t i o n a l 
group, wavelength, monomers, solvent and reaction temperature on 
the g r a f t i n g , the chain length and the apparent number of grafted 
chains are investigated. 

Experimental 

Preparation of Cellulose Derivatives. The c e l l u l o s e d e r i v a ­
t i v e s were prepared by the methods shown i n Figure 1 using a p u r i ­
f i e d cotton l i n t e r (C-) c e l l u l o s e . The 2,3-dialdehyde (A1-) c e l ­
l u l o s e was prepared by t r e a t i n g the C-cellulose with sodium perio-
date (10). The 2,3-dicarboxyl (Cd-) c e l l u l o s e was obtained by 
oxydizing the A l - c e l l u l o s
carboxyl (Cm-) c e l l u l o s
with nitrogen dioxide gas (12). The content of oxidized groups, 
namely carbonyl and carboxyl groups, were determined by the 
methods using semicarbazide (13) and calcium acetate (14), r e ­
spectiv e l y . 

Carbonyl group contents of A l - c e l l u l o s e increased with pro­
longing the sodium periodate oxidation time, with very l i t t l e 
formation of carboxyl groups. Oxidizing A l - c e l l u l o s e with sodium 
c h l o r i t e converted 90-97% of carbonyl groups into carboxyl groups 
(Cd-cellulose). The r e s u l t s i n d i c a t e that the bond between C2 and 
C3 p o s i t i o n of glucose unit i s open. 

Cm-cellulose mainly contained carboxyl groups at C5 and also 
s l i g h t carbonyl groups (12). The Cm-cellulose having 90 mmol 
func t i o n a l groups contained O.6% nitrogen which was determined by 
the elementary analysis (Fig. 9). Treating Cm-cellulose with 
sodium borohydride reduced the carbonyl groups and o x i d i z i n g i t 
with sodium c h l o r i t e decreased the carbonyl groups. 

Ni t r o (N-) c e l l u l o s e was prepared by n i t r i z i n g the C - c e l l u ­
lose with the mixtures of s u l f u r i c and n i t r i c acid s o l u t i o n with 
various concentration r a t i o s . 

Commercial a c e t y l (Ac-) c e l l u l o s e (Daicel Co., Ltd.) was 
prepared by p a r t i a l hydrolysis of t r i a c e t a t e obtained by acety-
l a t i n g the C-cellulose with a mixture of ac e t i c anhydride, a c e t i c 
acid and s u l f u r i c a c i d . 

Regenerated (R-) c e l l u l o s e was obtained by hydrolyzing the 
Ac-cellulose with sodium hydroxide-acetone aqueous s o l u t i o n (15). 
According to the Alexander and M i c h e l l 1 s report (16), the degree 
of polymerization of R-cellulose was determined v i s c o m e t r i c a l l y , 
a f t e r i t was n i t r a t e d with the mixture of phosphoric anhydride 
and fumic n i t r i c acid then dissolved i n ethyl acetate. 

Reagents. Using monomers, stylene (St) and methyl methacry-
l a t e (MMA) were d i s t i l l e d at reduced pressure, and a c r y l o n i t r i l e 
(AN), v i n y l acetate (VAc) and methyl acrylate (MA) were d i s t i l l e d 
at ordinary pressure under nitrogen using a Widmer d i s t i l l e d 
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Figure 1. Preparation of cellulose derivatives. 
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apparatus. The f i f t e e n species of organic solvents adding poly­
merization system were all p u r i f i e d by d i s t i l l a t i o n . 

Graft Polymerization. The c e l l u l o s e was weighed into a 
quartz (Q) and a Pyrex (Ρ) tube (15 mm i n diameter and 110 mm 
long). Then water, organic solvent (not used i n some cases) and 
monomer were placed i n i t flushed with nitrogen gas. The reaction 
vessel was fix e d into a Riko rotary photochemical reactor and 
ir r a d i a t e d with u l t r a v i o l e t l i g h t (160W low pressure mercury 
lamp). The energy d i s t r i b u t i o n of the l i g h t source i s shown i n a 
previous paper (6). The polymerization tubes were shaken w e l l 
every f i v e minutes i n addition to the s t i r r i n g with the i n s t r u ­
ment. The polymerization product was pr e c i p i t a t e d into methanol 
or water containing hydroquinone. Then, the homopolymer was 
thoroughly extracted, i
acetone, PSt with hot benzene
mide. The t o t a l conversion, the degree of g r a f t i n g and the g r a f t ­
ing e f f i c i e n c y were calculated by the method reported previously 
(17). 

I s o l a t i o n of Grafted Chain and Measurement of Molecular 
Weight. The PMMA grafted was obtained by hydrolyzing the graft 
copolymer with 72% s u l f u r i c acid (18) and p u r i f i e d by r e p r e c i p i -
t a t i o n . The molecular weight was determined by the v i s c o s i t y of 
acetone s o l u t i o n (19). The apparent number of grafted chains was 
calculated from the degree of g r a f t i n g per 100g c e l l u l o s e and the 
molecular weight of gr a f t s . 

Results and Discussion 

Graft onto 2,3-Dialdehyde C e l l u l o s e . F i g . 2 shows the 
re s u l t s of the graft polymerization of methyl methacrylate onto 
A l - c e l l u l o s e having various carbonyl contents. The degree of 
gr a f t i n g r a p i d l y increased with increasing carbonyl groups, up 
to 50 mmol carbonyl groups and leveled o f f . The g r a f t i n g e f f i ­
c iencies were as large as 95%. The presence of a small amount of 
carbonyl groups greatly shortened the chain length (P Q-tube) 
and increased the apparent numbers of grafted chains (Q P-tube). 
The calculated r e s u l t s show that using a Q-tube, one seventieth 
of the carbonyl groups becomes a r a d i c a l s i t e . Hardly any graft 
reaction occurred using the C-cellulose under the same conditions 
shown i n F i g . 2 and i n the system adding sodium periodate without 
l i g h t (20). These r e s u l t s suggest that the graft polymerization 
proceeds mainly v i a the photolysis of carbonyl groups and these 
groups p a r t i c i p a t e not only the i n i t i a t i o n reaction but also the 
termination with growing polymer r a d i c a l s . Furthermore, since 
using a Q-tube caused the s c i s s i o n of the trank polymer besides 
the photolysis of carbonyl groups (6), the g r a f t i n g to the chain 
end i s also possible. Ogiwara et a l . (21) observed that i r r a d i a ­
t i o n with u l t r a v i o l e t l i g h t on A l - c e l l u l o s e resulted a c y l radicals. 
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C = 0 cont. ( mmol/ IOOg cell.) 
Figure 2. Effect of carbonyl group content on the yield of copolymer, molecular 
weight, and apparent number of grafted chains in the pMMA-grafted dialdehyde-
cellulose. Conditions: cellulose, O.3 g; H20, 10 mL; MM A, 2 mL at 50° C for 1 h. 

Key (reaction tube): O, quartz; Φ, Pyrex. 
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F i g . 3 indicates the g r a f t i n g a c t i v i t y of monomer onto the 
A l - c e l l u l o s e containing 40.5 mmol carbonyl groups. The g r a f t i n g 
rate decreased i n the following order : methyl acryl a t e methyl 
methacrylate v i n y l acetate a c r y l o n i t r i l e stylene. Appar­
ently the monomer with high p o l a r i t y grafts e a s i l y accept acry­
l o n i t r i l e . Furthermore the g r a f t i n g e f f i c i e n c i e s were very high, 
e s p e c i a l l y a c r y l o n i t r i l e and methyl methacrylate, except v i n y l 
acetate. 

Grafting reactions were also c a r r i e d out i n organic solvents. 
F i g . 4 shows the polymerization of methyl methacrylate i n the 
f i f t e e n species of organic solvents having various d i e l e c t r i c con­
stants and water systems without c e l l u l o s e . The numbers i n the 
fig u r e express the d i e l e c t r i c constants of the solvent i n the 
order. As the organic solvent (No. 1-6) with the d i e l e c t r i c con­
stants around 2 was added
value of dioxane (No. 2)
highest. As the solvents with d i e l e c t r i c constants above 8 were 
used, the conversion increased, except cyclohexane (No. 11). 
These r e s u l t s reveal c l e a r l y that the polymerization i s extremely 
affected by the d i e l e c t r i c constant of the solvent, and also the 
a f f i n i t y with water and the mechanisms of primary r a d i c a l forma­
t i o n by photolysis. 

By taking in t o account those data, the graft polymerization 
of methyl methacrylate onto c e l l u l o s e was done using the solvents 
(No. 2, 12, 13 and 14-) water system (Fig. 5). Increasing the 
solvent concentrations decreased the degree of g r a f t i n g , but all 
of the g r a f t i n g e f f i c i e n c i e s were at high l e v e l s of 85-95%. 
These indi c a t e that the graft polymerization took place between 
c e l l u l o s e r a d i c a l s and monomers. The chain length decreased with 
increasing the solvent concentrations and were markedly affected 
by solvent used. 

From these r e s u l t s , the chain transfer constants to the s o l ­
vent were determined by the Mayo fs equation (22). 

1 / Pn = 1 / Pno + Cs χ [s] / [M] 

where [s] and [M] are the i n i t i a l concentration of solvent and 
monomer, res p e c t i v e l y . Cs i s the chain transfer constant of the 
solvent. As demonstrated i n F i g . 6, 1 / Pn vs. [s] / [M] have 
l i n e a r r e l a t i o n s h i p s and Cs are determined by the slopes of 
these l i n e s . The r e s u l t s obtained are shown i n Table I . Cs 
values decrease i n the order of carbone t e t r a c h l o r i d e i-butanol 

acetone dimethyl formamide. These values show good agreement 
with the values obtained by the homogeneous system (23). Conse­
quently, the degree of g r a f t i n g and the chain length can be con­
t r o l l e d by adding the solvent with various chain transfer con­
stants. 

Graft onto 2 ,3-Dicarboxyl C e l l u l o s e . Cd-celluloses with 
d i f f e r e n t carboxyl group contents were grafted with methyl metha-
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Figure 3. Effect of reaction time on the yield of copolymer in the various vinyl 
polymer-grafted dialdehydecellulose using a quartz tube. Conditions: cellulose 
(C = 0, 40.5 mmol/100 g), O.3 g; monomer, 1.5 M ; H2Of (12 — monomer) mL; 

50°C. Key: 0, MA; •, MM A; Δ, VAc; V, AN; O, St. 
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Figure 4. Effect of dielectric constant of solvents on the total conversion in the 
polymerization of MM A in solvent-water systems using a quartz tube. Conditions: 
H20, 8 mL; solvent, 2 mL; MMA, 2 mL; at 50°C for 3 hr. The solvents (and 
dielectric constants) are 1, C6H12 (2.02); 2, CItH802 (2.21); 3, CClh (2.23); 4, C6H6 

(2.27); 5, C6H5CH3 (2.38); 6, CHCl3 (4.70); 7, CH3Cl (8.9); 8, (CH3)3COH (12.2); 
9, C2H5COCH3 (15.45); 10, CHs(CH2)2CH2OH (17.7); 11, C6H10O (18.3); 12, 
(CH3)2CHCH2OH (18.7); 13, (CH3)2CO (20.5); 14, HCON(CH3)2 (36.71); 15, 

CH3CN(37.5). 
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Figure 5. Effect of organic solvent concentration on the yield of copolymer and 
molecular weight of grafted chains in the pMMA-grafted dialdehydecellulose using 
a quartz tube. Conditions: cellulose (C = 0, 29.8 mmol/100 g), O.3 g; HzO + 
solvent, 10 mL; MMA, 2 mL; 50°C. Key to solvent: O, CClk, 1.5 h; X, (CH3h-

CHCH2OH, 1.25 h; A , HCON(CH3)2,1 h; 0,(CH3)2CO, 3 h. 
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Figure 6. Plots of 1/Pn vs. [S]/[M]. Key to solvent: O , CClk, 1.5 h; X , (CHa)r 

CHCH2OH, 1.25 h; A, HCON(CH3)2,1 h; Ο, (CH3)2CO, 3 h. 
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c r y l a t e (Fig. 7). As compared with F i g . 2, the degrees of g r a f t ­
ing and the apparent numbers of grafted chains r a p i d l y increased 
with a s l i g h t increase i n carboxyl groups and became constant 
a f t e r 10 mmol. In t h i s case, d i f f e r e n t from the A l - c e l l u l o s e , 
one out of twenty-five carboxyl groups becomes a r a d i c a l s i t e 
( i n case of quartz tube). This suggests that the i n i t i a t i o n 
mechanisms of the c e l l u l o s e having carboxyl groups are d i f f e r e n t 
from those of the c e l l u l o s e having carbonyl groups. The t r i a n g l e 
i n F i g . 7 shows the r e s u l t s of the g r a f t i n g of methyl methacry-
l a t e onto Cd-cellulose treated with sodium borohydride. The 
degree of g r a f t i n g and the apparent number of grafted chains were 
lower than those of Cd-cellulose. Since carboxyl groups are not 
reduced with sodium borohydride, these differences are a t t r i b u t e d 
to the reduction of the chain ends. Consequently, i t i s concluded 
that the g r a f t i n g take
d i c a r b o x y l i c groups an

F i g . 8 shows the e f f e c t of polymerization temperature on the 
g r a f t i n g . The degree of g r a f t i n g increased as the temperature 
and carboxyl group contents increased. The g r a f t i n g e f f i c i e n c i e s 
were 90-95%. The apparent a c t i v a t i o n energies of the graft copo­
lymerization calculated by Arrhenius 1 p l o t s are shown i n Table I I . 
These values are extremely smaller than that of the o r i g i n a l 
r a d i c a l polymerization. These support that the g r a f t i n g s t a r t s 
with the photolysis of carboxyl groups. 

Graft onto Mono-Carboxyl Cellulose. The graft polymerization 
of Cm-cellulose and i t s derivatives with methyl methacrylate are 
shown i n F i g . 9. The degree of g r a f t i n g of Cm-cellulose decreased 
with increasing the f u n c t i o n a l group contents. However, as the 
Cm-cellulose was reduced or oxidized, the degree of g r a f t i n g i n ­
creased, and decreased i f the c e l l u l o s e samples (contained O.6 1$) 
had 60 and 80 mmoles fu n c t i o n a l groups. As compared with the 
r e s u l t s of Cd-cellulose (Fig. 7), the degree of g r a f t i n g , the 
g r a f t i n g e f f i c i e n c y and the apparent number of grafted chains were 
considerably low. From these r e s u l t s , the graft polymerization 
i s extremely affected by the substituted p o s i t i o n of the func­
t i o n a l groups and also by the r a d i c a l formed. Elmolenko et^ a l . 
(24) reported that i r r a d i a t i o n with u l t r a v i o l e t on Cm- and Cd-
c e l l u l o s e resulted i n dehydration. However the precise mechanisms 
are not c l e a r , t h i s must be studied i n the future. 

As described above, since the degree of g r a f t i n g of Cm-cellu­
lose containing n i t r o groups decreased, the g r a f t i n g of n i t r o c e l ­
l u l o s e was investigated. The degree of g r a f t i n g increased with 
increases of n i t r o group contents (Q P-tube) and the g r a f t i n g 
e f f i c i e n c i e s were as high as 85-95%, as shown i n F i g . 10. How­
ever, by comparing with the r e s u l t s of A l - and Cd-celluloses, 
the degree of g r a f t i n g , the chain length and the numbers of grafts 
were low and rather near the values of Cm-cellulose. The graft 
reaction of C-cellulose did not occur i n the same conditions and 
the i n f r a r e d spectrum showed the decrease i n n i t r o group 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



130 GRAFT COPOLYMERIZATION OF LIGNOCELLULOSIC FIBERS 

0 10 20 3 0 AO 55 
COOH cont. (mmol / lOOgcel l . ) 

Figure 7. Effect of carboxyl group content on the yield of copolymer, molecular 
weight, and apparent number of grafted chains in the pMMA-grafted dicarboxyl-
cellulose. Conditions: cellulose, O.3 g; H20, 10 mL; MM A, 2 mL. Key (reaction 

tube): open mark, quartz (50°C., 1 h); half closed mark, Pyrex (40°C., 1 h). 
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Figure 8. Effect of reaction temperature on the yield of copolymer in the pMMA-
grafted dicarboxylcellulose using a Pyrex tube. Conditions: cellulose, O.3 g; H20, 
10 mL. Key [cellulose COOH content (mmol/100 g)]: O, 6.8; Δ, 18.1; 0, 55.O. 

Key (reaction time): open mark, 1 h; half closed mark, 1.4 h. 

T a b l e I I . A p p a r e n t a c t i v a t i o n e n e r g i e s o f g r a f t i n g 
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Figure 9. Effect of carboxyl and carbonyl group content on the yield of copolymer 
and apparent number of grafted chains in the pMMA-grafted monocarboxylcellu-
lose derivatives using a quartz tube. Key (cellulose treatment): O, original; A, 

treated with NaBH4; Ο, treated with NaClOB. 
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Figure 10. Effect of nitrogen content on the yield of copolymer, molecular weight, 
and apparent number of grafted chains in the pMMA-grafted nitrocellulose. Con­
ditions: cellulose, O.3 g; H20, 10 mL; MM A, 2 mL; at 50° C for 1 h; Key (reaction 

tube): O, quartz; 3 , Pyrex. 
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i n t e n s i t i e s at 1640, 1280 and 840 cm - 1 a f t e r i r r a d i a t i o n with 
u l t r a v i o l e t l i g h t (Fig. 11). From these r e s u l t s , i t i s apparent 
that the g r a f t i n g of N-cellulose s t a r t s by the photolysis of 
n i t r o groups. Furthermore, the chain lengths of A l - ( F i g . 2) and 
Cd- (Fig. 7) c e l l u l o s e were 1-1.8 χ 10 6 and 1.6-2.5 χ 10 6, respec­
t i v e l y . But the values of N-cellulose were extremely small, 
O.3-O.6 χ 10 6. These suggest that the degradative chain transfer 
to n i t r o groups may occur. The precise mechanism i s now studied. 
Chapiro eit a l . (25) observed that the graft copolymerization of 
v i n y l acetate and styrene by the radioactive methods occurred by 
the chain transfer to n i t r o groups. 

Graft onto A c e t y l c e l l u l o s e . The graft copolymerization of 
methyl methacrylate onto the Ac-cellulose obtained by p a r t i a l 
hydrolysis of t r i a c e t a t
acid contents, the degre
a c e t y l groups or the degree of polymerization, and above 50% 
a c e t i c acid content, the degree of g r a f t i n g was almost zero. The 
degree of g r a f t i n g and the apparent number of grafted chains us­
ing a Q-tube were greater than those of using a P-tube. These 
ind i c a t e that the graft polymerization does not proceed by the 
photolysis of a c e t y l groups, but by the s c i s s i o n of c e l l u l o s e . 
Kudrna (26) reported that on i r r a d i a t i o n with 248 nm l i g h t , the 
g l u c o s i d i c bond i n t r i a c e t y l c e l l u l o s e was ruptured; on i r r a d i a ­
t i o n with longer 248 nm l i g h t , the acetate group was s p l i t o f f 
and v i n y l polymers were grafted without chain s c i s s i o n . 

Therefore, the hydrolyzed c e l l u l o s e acetate was used to exa­
mine the graft which took place at the end of celulose. F i g . 13 
presents the r e s u l t s . In case of degree of polymerization 95 and 
145 R - c e l l u l o s e, increasing monomer concentration resulted i n 
increases of the degree of g r a f t i n g and the apparent number of 
grafted chains. But the values for degree of polymerization 162 
R-cellulose were constant. The g r a f t i n g e f f i c i e n c y was high at 
a low degree of polymerization. 

The chain transfer constant to the polymer was determined by 
the following equation (27). 

1 / Pn = 1 / Pno + Cp χ [p] / [M] 

where [p] and [M] are the i n i t i a l concentration of the trank 
polymer and the monomer, re s p e c t i v e l y . Cp i s the chain transfer 
constant to the trank polymer. As shown i n F i g . 14 (top), the 
plots of 1 / Pn and [p] / [M] show l i n e a r i t y . Cp are obtained 
by the d e c l i n i n g of the slope, then the r e s u l t s are shown i n 
Table I I I . The Cp values increase with decreasing the degree of 
polymerization of R-cellulose. These values are almost equal to 
the value (1.0 χ 10 - l +) obtained by the homogeneous copolymeriza­
t i o n between the c e l l u l o s e model sample and a c r y l o n i t r i l e (28). 

Since Cp i s the value summarized all the bonds i n the trank 
polymer, the chain transfer constant to the end and the medium 
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Figure 11. IR spectra of nitrocellulose by film method. Original sample 1, with­
out hv; 2, with hv for 1 h;3, with hv for2h. 
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Figure 12. Effect of combined acetic acid content on the yield of copolymer and 
apparent number of grafted chains in the pMMA-grajted acetylcellulose. Condi­
tions: cellulose, O.3 g; H2Of 10 mL; MM A, 2 mL; at 60° C for 4 h. Key (reaction 

tube): O, quartz; Φ, Pyrex. 
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Figure 13. Effect of monomer concentration on the yield of copolymer and appar­
ent number of grafted chains in the pMMA-grafted regenerated cellulose using a 
quartz tube. Conditions: cellulose, O.3 g; H20, (12 — monomer) mL; at 50°C for 

6.25 h. Degree of cellulose polymerization: O, 95; Δ, 145; and 0,162. 
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Figure 14. Top: Plots of 1/Pn vs. [P]/[Af]. Bottom: Plots of Cp vs. 1/Pa. 
Degree of cellulose polymerization: O, 95; A, 145; and 0,162. 
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Table I I I . C h a i n t r a n s f e r c o n s t a n t of t r a n k polymers 

C e l l u l o s e Degree o f Cp C p E C p M 

sample p o l y m e r i z a t i o n (ΧΙΟ" 4) ( X l 0 ~ 2 ) ( X 1 0 ~ 5 ) 

95 1.5 
Regenerated- 14 5 1.0 1.4 O.8 

162 O.9 

also were examined to c a l c u l a t

C P = CPM + CPE X 1 ' P a 

where G-- and C., are the chain transfer constant to the end and PE PM 
the medium of the trank polymer. Pa i s the degree of polymeriza­
t i o n of the trank polymer. As shown i n F i g . 14 (bottom), the 
r e l a t i o n of Cp to 1 / Pa shows a st r a i g h t l i n e . C p E and C p M are 
determined by the d e c l i n i n g of the l i n e and the i n t e r s e c t i o n of 
Y a x i s , r e s p e c t i v e l y . These r e s u l t s are given i n Table I I I . I t 
i s concluded that using a R-cellulose with a low degree of poly­
merization, the g r a f t i n g more e a s i l y proceeds to the end than 
the medium of the trank polymer. 
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Acid Effect in UV- and Radiation-Induced 
Grafting of Styrene to Cellulose 

CHYE H. ANG, JOHN L. GARNETT and STAN V. JANKIEWICZ 
The University of New South Wales, Kensington, N.S.W., Australia 2033 
DAVID SANGSTER 
Australian Atomic Energy Commission, Lucas Heights, N.S.W., Australia 2033 

Further work on the mechanism of the acid enhancement 
in both UV and gamm  graftin  i  reported  Th
copolymerisation o
to cellulose is use  system
grafting and homopolymer formation in both radiation 
systems. Analysis of the homopolymer from the graft­
ing runs indicates that acid reduces the chain length, 
but increases the numbers, of grafted chains. 
Variables affecting the homopolymer yields in acid 
have been examined and include radiation dose, dose-
rate and concentration of monomer in solvent. Water 
is shown to have a different effect to acid. Mn 
values on all homopolymers from the above runs are 
lower in acid than in neutral solution. The sig­
nificance of the molecular weight data in grafting and 
homopolymerisation is discussed especially with respect 
to possible commercial applications of the graft copolymers 
of cellulose. 

UV and i o n i s i n g r a d i a t i o n are useful i n i t i a t o r s f or the 
g r a f t i n g of a v a r i e t y of monomers to c e l l u l o s e and i t s 
derivatives (1 - 11). Methods for enhancing the y i e l d of 
copolymerisation are important e s p e c i a l l y with c e l l u l o s e which 
i s a backbone polymer s e n s i t i v e to r a d i a t i o n decomposition (1,12). 
Thus at 1θ6 rads, i r r a d i a t e d c e l l u l o s e e x h i b i t s carbonyl group 
formation, carboxyl group formation and chain cleavage i n the 
approximate r a t i o of 20:1:1. At s l i g h t l y above 10° rads 
c e l l u l o s e becomes completely soluble i n 1% NaOH. I t i s there­
fore preferable to keep the t o t a l r a d i a t i o n dose to a minimum 
when r a d i a t i o n g r a f t i n g to c e l l u l o s e and any additives which 
w i l l accelerate the copolymerisation would be u s e f u l . 

Recently i n c l u s i o n of mineral acid i n the g r a f t i n g s o l u t i o n 
was found to enhance the g r a f t i n g y i e l d s f or a t y p i c a l system 
such as the copolymerisation of styrene i n methanol to c e l l u l o s e 
i n the presence of gamma rays (13). The acid e f f e c t now appears 
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to be a r e l a t i v e l y general phenomenon i n these reactions, being 
applicable i n the g r a f t i n g of a wide range of monomers to a 
va r i e t y of natural and synthetic trunk polymers (14,15,16). 
Analogous acid enhancement e f f e c t s have also been observed i n 
UV g r a f t i n g reactions (15,17), e s p e c i a l l y those processes which 
are accelerated by s e n s i t i s e r s . However, the mechanism of the 
acid e f f e c t , p a r t i c u l a r l y f o r the gamma ray g r a f t i n g of monomers, 
such as methyl methacrylate, to p o l y o l e f i n s (18,19) i s 
con t r o v e r s i a l . The i n i t i a l suggestion was that the acid enhance­
ment e f f e c t was due to increased G(H) y i e l d s from reaction between 
the increased H + concentration i n the s o l u t i o n with thermalised, 
secondary electrons from the primary r a d i o l y s i s act (13,14). 
Other workers have proposed that dissolved oxygen and even traces 
of water may be contributing factors i n the phenomenon (18). 

In the present work
ef f e c t i n both UV and gamm
p a r t i c u l a r l y molecular weight studies on the species present i n 
the g r a f t i n g s o l u t i o n s . The s i g n i f i c a n c e of these acid e f f e c t s 
i n possible commercial applications of the r e s u l t i n g copolymers 
of c e l l u l o s e i s also b r i e f l y mentioned. 

Experimental 

For the g r a f t i n g experiments, methanol ( A l l i e d Corp., 
acetone-free, ACS reagent grade) and 1,4-dioxan ( a n a l y t i c a l 
grade) were used as solvents. The mineral acids were a n a l y t i c a l 
reagent grade w h i l s t styrene was donated by Monsanto (Aust.) Ltd. 
I n h i b i t o r was removed from monomer by washing with d i l u t e sodium 
hydroxide. Two methods for subsequently p u r i f y i n g the styrene 
were adopted. In the f i r s t , styrene was d i s t i l l e d under reduced 
pressure, the middle 80% f r a c t i o n c o l l e c t e d , stored at -2°C on 
fused calcium c h l o r i d e , then r e d i s t i l l e d under reduced pressure 
immediately p r i o r to use. In the second procedure, styrene was 
p u r i f i e d by passing down an alumina column (4). Monomer obtained 
from both methods was checked for p u r i t y by gas chromatography. 
Because of the possible problem from trace impurities present i n 
methanol, p a r t i c u l a r l y , t h i s solvent was fractionated twice i n 
the presence of 2,4-dinitrophenylhydrazine and concentrated 
s u l f u r i c a c i d , the f r a c t i o n a t i o n being performed i n a dry 
atmosphere as previously outlined (20). 

In the r a d i a t i o n g r a f t i n g work, experiments were performed 
i n spent f u e l element and cobalt-60 f a c i l i t i e s of the A u s t r a l i a n 
Atomic Energy Commission, dose rates being determined by ferrous 
s u l f a t e dosimetry (G(Fe)= 15.6). For the s p e c i f i c i r r a d i a t i o n s , 
which were ca r r i e d out i n quadruplicate, small s t r i p s (5 χ 4cm) 
of c e l l u l o s e (Whatman No. 41, W.R. Balston Pty. Ltd., double 
acid-washed chromatography grade) were e q u i l i b r a t e d at 65% 
r e l a t i v e humidity f or 24 h at 23°C., folded into test tubes 
(16 χ 1.2 cm), monomer s o l u t i o n (6ml) added to the tubes which 
were then l i g h t l y stoppered. After i r r a d i a t i o n , the s t r i p s 
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were washed with cold methanol to remove r e s i d u a l acid and 
monomers. The s t r i p s were then extracted i n benzene for 100 h 
dri e d , humidified to 65% r e l a t i v e humidity at 23°C fo r 24 h and 
weighed. Removal of acid i n cold solvent p r i o r to extr a c t i o n i s 
es s e n t i a l otherwise any r e s i d u a l acid present attacks the 
c e l l u l o s e during hot solvent treatment leading to decomposition 
of the grafted polymer. 

For the UV g r a f t i n g experiments, a P h i l i p s 90W high pressure 
mercury vapour lamp f i t t e d with a quartz envelope was u t i l i s e d . 
Sample preparation was s i m i l a r to the i o n i s i n g r a d i a t i o n method 
except that tubes with larger volumes (25ml) of g r a f t i n g 
s o l u t i o n containing s e n s i t i s e r were used. Tubes were held i n a 
ro t a t i n g rack and were generally i r r a d i a t e d at a distance of 12cm 
from the source. Actinometry was performed by using the uranyl 
n i t r a t e - o x a l i c acid system

For r a d i o l y s i s studie
c e l l u l o s e , i . e . homopolymer runs, tubes were e i t h e r l i g h t l y 
stoppered or sealed o f f at 10 Torr a f t e r three freeze-thaw 
cycles. For the molecular weight determinations on the homo-
polymers, oligomer s o l u t i o n was poured int o excess methanol, the 
pr e c i p i t a t e d polystyrene c o l l e c t e d , dried and analysed by g.p.c. 
on a Waters Associates Model ALG/GPS201 instrument. 

Results 

Typical acid enhancement e f f e c t s i n the g r a f t i n g of styrene 
to c e l l u l o s e i n the presence of gamma rays are shown i n Figure 1. 
Methanol which wets and swells the backbone polymer i s a good 
solvent for the polymerisation whereas the longer chain a l c o h o l , 
n-octanol, i s a poor g r a f t i n g solvent for c e l l u l o s e . This f i n d i n g 
i s consistent with previous experimental observations (4,14). 
Inclusion of mineral acid i n the methanol monomer s o l u t i o n leads 
to a marked increase i n g r a f t i n g y i e l d at all styrene con­
centrations studied, both at the Trommsdorff peak and at con­
centrations w e l l removed from t h i s region. I f n-octanol i s 
added to methanol, the mixed solvent (50/50 v/v) gives improved 
gr a f t i n g y i e l d s when compared to eit h e r of the two i n d i v i d u a l 
alcohols. Addition of acid to the mixed solvent systems en­
hances the polymerisation up to 35% monomer concentration at the 
ra d i a t i o n dose and dose-rate studied. 

In l i k e manner, i n c l u s i o n of mineral acid i n the photo-
se n s i t i s e d g r a f t i n g of styrene i n methanol to c e l l u l o s e enhances 
the polymerisation y i e l d s s i g n i f i c a n t l y (Figure 2). The r e s u l t s 
obtained with phosphoric and s u l f u r i c acids were consistent with 
e a r l i e r data (13,14). Dioxan i s also a usefu l solvent f o r these 
reactions when uranyl ion i s used as s e n s i t i s e r . However dioxan 
i s not as e f f i c i e n t as methanol for the g r a f t i n g reaction. The 
gr a f t i n g i n dioxan e x h i b i t s a Trommsdorff peak at 60% monomer 
concentration. The r e s u l t s i n Figure 2 also show that the un-
sen s i t i s e d process does occur i n dioxan as i n other solvents, but 
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Figure 1. Gamma ray grafting of styrene in alcohols to cellulose in neutral and 
acid solutions. Dose, O.2 χ 106 rad at 4 χ 104 rad/h. Key: A, octanol; O, metha­
nol; Δ, methanol/l-octanol( 1:1); ., methanol + 1% H2SOk (v/v); •, methanol/ 

octanol (1:1) + 1% H2SO. 
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i s markedly less e f f i c i e n t unless uranyl ions or organic sen-
s i t i s e r s are present. 

Homopolymer Formation. The data i n Figure 2 show that i n the 
UV system homopolymer formation i s competitive with g r a f t i n g . A 
s i m i l a r s i t u a t i o n e x i s t s when i o n i s i n g r a d i a t i o n i s the i n i t i a t o r 
and acid enhances the homopolymer y i e l d s as w e l l as the g r a f t i n g 
(15). Furthermore, i n preliminary studies (15), i t has been 
found that i n the presence of a trunk polymer such as c e l l u l o s e , 
i . e . g r a f t i n g conditions, the y i e l d and molecular weight of the 
homopolymer formed i s unaffected under the experimental r a d i a t i o n 
conditions used. Since homopolymer y i e l d s are independent of the 
presence of c e l l u l o s e , the homopolymer reaction can be studied 
by following the simple r a d i a t i o n polymerisation of styrene i n an 
appropriate solvent. Aci
homopolymer systems and
to analogous g r a f t i n g reactions. For the present work, dioxan 
i s a s u i t a b l e solvent since ( i ) i t s o l u b i l i s e s polystyrene and 
the monomer so l u t i o n remains homogeneous during i r r a d i a t i o n and 
( i i ) i t i s a u s e f u l solvent f o r g r a f t i n g styrene to c e l l u l o s e . 
I t i s thus possible to investigate the conditions under which 
common intermediates may e x i s t i n both g r a f t i n g and homopoly-
merisation processes. The r e s u l t s i n the following Tables I -
V I I I thus concern acid e f f e c t s i n the r a d i a t i o n homopolymerisation 
of styrene i n dioxan. 

Variables A f f e c t i n g Conversion to Polystyrene. The 
conversion of styrene i n dioxan (30% w/w) reaches a maximum at 
approximately O.1M H2S04 (Table 1). Beyond t h i s a c i d i t y , the 
y i e l d of hompolymer i s not s i g n i f i c a n t l y increased under the 
r a d i a t i o n conditions used. At acid concentrations i n excess of 
O.7M there i s a f a l l o f f i n y i e l d of polystyrene which may be 
a t t r i b u t e d to the lower s o l u b i l i t y of polystyrene at higher acid 
l e v e l s so that continued polymerisation i s hampered by increasing 
i m m i s c i b i l i t y . The data i n the same table show that the e f f e c t 
of water on the homopolymerisation i s d i f f e r e n t from that of 
a c i d . The polymer conversion i s also favored at the lower 
monomer concentrations (Table I I ) and i s enhanced by the presence 
of acid at each monomer concentration studied. The conversion i s 
also d i r e c t l y proportional to the t o t a l r a d i a t i o n dose (Table I I I ) 
and inversely proportional to the dose rate (Table IV). The 
add i t i o n of acid i n each case enhanced the r e s u l t i n g y i e l d s of 
homopolymer. 

Molecular weight data (M values) for the above runs are 
p a r t i c u l a r l y u s e f u l . Thus M values decrease with increasing 
a c i d i t y , the major e f f e c t of acid i n c l u s i o n again occurring i n 
the 0 - O.1M H2SO4 range (Table V). Inclusion of acid does not 
change the molecular weight p r o f i l e s of these samples. Polymers 
c o l l e c t e d from neutral and a c i d i f i e d s o l u t i o n all e x h i b i t normal 
Gaussian d i s t r i b u t i o n s i n t h e i r molecular weights. In the 
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TABLE I. Ef f e c t of Acid and Water on Conversion 
of Styrene i n Dioxan to Polystyrene* 2-

Reagent 
Cone. (M) H 20 

Conversion (% w/w) 
H 2S0 4 

0 37 37 
O.1 - 50 
O.3 43 52 
O.5 - 51 
O.7 - 50 
1.0 - 43 

— Styrene i n 
dose 6.5 χ 

dioxan 
10 6 d 

(30% w/w). 
 4.0

Total 
10 4 rad/h

TABLE I I . E f f e c t of Styrene Concentration on the Conversion of 
Monomer to Polymer i n Presence of S u l f u r i c A c i d — 

Styrene Concentration Conversion (% w/w) 
(% v/v) Neutral O.1M H 2S0 4 

20 10.9 14.9 
40 10.5 14.8 
60 9.7 14.1 
80 8.9 12.3 
90 7.8 11.0 

— Dioxan s o l u t i o n . Total dose of 1.6 χ 10° rad 
at dose rate of 3.3 χ 10 4 rad/hr at 23°C. 

TABLE I I I . E f f e c t of Total Dose on the Conversion of Styrene 
Monomer to Polymer i n Presence of S u l f u r i c Acid£ 

Total Dose Conversion (% w/w) 
(10 6 rad) Neutral O.1M H 2S0 4 

O.18 1.4 2.1 
O.94 7.8 9.8 
1.14 9.5 12.4 
1.90 14.5 18.8 
2.86 19.9 27.0 
3.82 25.8 34.2 
4.78 33.0 42.0 

— Styrene i n dioxan (30% w/w). Dose rate of 4.0 
x 10 4 rad/hr at 23°C. 

American Chemical 
Society Library 

1155 16th St. N. W. 
Washington, O. C. 20036 
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TABLE IV. Ef f e c t of Dose Rate on Conversion of Monomer 
to Polymer i n Presence of S u l f u r i c A c i d . u 

Dose Rate Conversion (% w/w) 
(103 rad/hr) Neutral O.1 H 2S0 4 

90 12.4 16.9 
52 16.2 21.1 
33 19.8 27.7 
24 24.2 33 
18.5 35.6 46.4 
9.1 44 53.2 

— Styrene i
χ 10 6 ra

TABLE V. Ef f e c t of Acid and Water on Molecular Weight 
of Polymer Formed from Styrene i n Dioxan 

H 2S0 4 *n H 20 *n 
(M) (M) 

O.0 15,300 O.0 15,300 
O.1 11,300 - -O.3 10,700 O.3 14,500 
O.5 10,600 - -O.7 10,100 - -1.0 8,000 - -
— Styrene i n dioxan (30% w/w). Ί Fotal dose 

of 6.5 χ 10 6 rad at 4.0 χ 10 k rad/hr. 

TABLE VI. E f f e c t of Styrene Concentration on M n of Polymer 
Formed from Styrene i n Presence of S u l f u r i c A c i d . — 

Styrene Concentration 
(% v/v). Neutral O.1 M H 2S0 4 

20 17,900 13,050 
40 37,450 29,550 
60 58,600 52,350 
80 84,450 78,200 
90 112,550 92,000 

— Dioxan s o l u t i o n . Total dose of 1.6 χ 10 rad 
at dose rate of 3.3 χ 10 4 rad/hr at 23°C. 
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presence of equimolar amounts of water, the M values do not 
decrease to the same extent as with a c i d , suggesting d i f f e r e n t 
mechanistic pathways for the e f f e c t of the two a d d i t i v e s ^ As the 
concentration of styrene i n the s o l u t i o n increases, the M values 
increase (Table V I ) . With the t o t a l dose, M reaches a maximum 
at 2 χ 10 rad (Table VII) and i s inversely proportional to dose-
rate (Table V I I I ) . Inclusion of acid f o r each of the runs i n 
Tables VI to V I I I leads to a lowering of the corresponding M 
value. The increased y i e l d s of polymer of lower molecular 
weight has a pronounced e f f e c t on the rate of v i s c o s i t y increase 
for a c i d i f i e d samples compared with neutral s o l u t i o n s . A f t e r 
exposure to 7.5 χ 10 rad delivered at 4 χ 10 rad/hr samples 
containing ^SO^ i n the range O.3-O.7M increased 800% on s t a r t i n g 
v i s c o s i t y whereas the neutral reference increased by only 450%. 

Discussion 

Mechanism of Acid E f f e c t i n Radiation Grafting. In e a r l i e r 
studies (13,14,15,21) on the mechanism of the acid e f f e c t on 
r a d i a t i o n g r a f t i n g of styrene (MH) i n dioxan or methanol (SH) 
to cellulose(Cell-ÔH)the sequence of events depicted i n Equations 
(1) - (9) was proposed to explain the phenomenon. Thus, 
c e l l u l o s e can undergo bond 

Cell-OH — Ce l l - 0 " + H (1) 
SH — S* + H (2) 
Cell-OH + H — Cel l - 0 * + H 2 (3) 
Cell-OH + S* — Cel l - 0 * + HS (4) 
Cell-OH + H + — Cell-OH^ (5) 
Cell-0H+ + e — (Cell-OH)*+ H (6) 
(Cell-OH)* — C e l l - 0 ' + H (7) 
SH + H — SH + (8) 
SHt + e — SH + H (9) 

rupture by d i r e c t i r r a d i a t i o n e f f e c t s y i e l d i n g s i t e s for g r a f t i n g 
(Equation 1). Hydrogen abstraction reactions involving r a d i o l y t i c 
fragments from the solvent can also a c t i v a t e the backbone polymer 
(Equations 2 - 4 ) . Hydrogen ions from the added acid can 
e q u i l i b r a t e with the c e l l u l o s e to form i o n i c species which can 
capture thermalised electrons from the primary r a d i a t i o n act to 
give excited c e l l u l o s e molecules and H atoms (equations 5 and 6). 
Decomposition of the excited c e l l u l o s e molecules y i e l d s r a d i c a l 
s i t e s for g r a f t i n g and a d d i t i o n a l H atoms (Equation 7). In the 
presence of methanol or dioxan solvent, a d d i t i o n a l hydrogen atoms 
can be formed by reactions depicted i n Equations 8 and 9. Overall 
the acid e f f e c t was therefore a t t r i b u t e d to increased G(H) y i e l d s 
i n a c i d i f i e d solvent upon i r r a d i a t i o n , leading to enhanced H 
atom scavenging and the creation of more g r a f t i n g s i t e s i n the 
trunk polymer by abstraction reactions. Radical scavenger styrene 
can then react with the above species leading to the observed 
acid enhancement i n both g r a f t i n g and homopolymerisation processes. 
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TABLE V I I . E f f e c t of Total Dose on M n Molecular Weight of 
Polystyrene Produced i n Presence of S u l f u r i c A c i d . — 

Total Dose 
(106 rad) Neutral *n 

O.1 M H 2S0 4 

O.18 22,900 19,800 
O.94 23,500 19,500 
1.14 
1,90 
2.86 25,100 18,200 
3,82 22,150 16,640 
4.78 21,000 16,400 

a 
Styrene i n dioxan (30% v/v). Dose rate of 
4.0 χ 10 4 rad/hr at 23°C. 

TABLE V I I I . E f f e c t of Dose Rate on M n Molecular Weight 
of Polystyrene Produced i n Presence of S u l f u r i c 
A c i d . ^ 

Dose Rate 
(10 3 rad/hr) Neutral O.1M H 2S0 4 

90 17,800 13,600 
52 21,500 17,360 
33 25,500 22,900 
24 30,200 26,300 
18.5 33,800 24,800 
9.1 41,100 33,300 

a 
Styrene i n dioxan (30% v/v). Total dose of 
2.15 χ 10 6 rad at 26°C. 
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In more recent fundamental studies on the r a d i o l y s i s of 
binary mixtures of aromatic compounds with methanol (22), an i n ­
crease i n scavenging products was observed i n the presence of 
added ac i d . Extrapolated to the styrene - dioxan (or methanol) 
system, t h i s would mean an increase i n concentration of styrene-
dioxan (or methanol) intermediates (MSe) i n acid s o l u t i o n s . 
Combined with the increase i n G(H) i n the presence of a c i d , 
leading to more g r a f t i n g s i t e s by abstraction reactions, the 
increase i n MS' species should lead to an enhancement i n both 
graft and homopolymer at c e r t a i n monomer concentrations. In 
terms of the charge-transfer model fo r g r a f t i n g (13,14), the 
binary mixture study also suggests that acid may a f f e c t the 
s t a b i l i t y of the intermediate complex formed i n the copoly­
mer i s a t ion leading to possible changes i n the subsequent 
mechanistic pathway fo
polymer, e s p e c i a l l y involvin

Significance of Present Homopolymerisation Data. The r e s u l t s 
from the current homopolymerisation experiments can now be used 
to r e f i n e the above mechanisms for homopolymerisation and, by 
extrapolation, to g r a f t i n g processes also. The fa c t that i n ­
c l u s i o n of c e l l u l o s e (or other trunk polymer) i n the monomer 
sol u t i o n ( i . e . g r a f t i n g conditions) does not a l t e r the M n values 
can be used to advantage since there i s no need to incorporate 
c e l l u l o s e i n the subsequent experiments involv i n g studies of the 
variables a f f e c t i n g the molecular weights of the oligomers i n 
the g r a f t i n g s o l u t i o n . I t i s p a r t i c u l a r l y important from the 
homopolymer runs i n the tables that acid not only c o n s i s t e n t l y 
increases the conversion to polymer, i t also reduces s i g n i f i c a n t l y 
the Mn values i n all experiments studied i n Tables V-VIII. The 
oligomer formed i n acid s o l u t i o n therefore contains shorter chains 
and, to explain the higher conversions, must be present i n greater 
numbers. Such a conclusion would be consistent with an enhance­
ment i n G(H) y i e l d s with i n c l u s i o n of acid (Equations 6,7 and 9), 
leading u l t i m a t e l y to much higher r a d i c a l concentrations i n the 
reaction s o l u t i o n . Higher r a d i c a l concentrations would not only 
d i r e c t l y increase the extent to which polymerisation occurs but 
would also achieve a greater incidence of r a d i c a l termination by 
combination. The end r e s u l t i s s i g n i f i c a n t l y greater numbers of 
shorter chains. The i n t e r p l a y between these two factors i s 
responsible for the observed enhancement i n rate of v i s c o s i t y 
increase i n the monomer s o l u t i o n containing acid during 
i r r a d i a t i o n . 

This explanation f o r the acid e f f e c t on the r a d i a t i o n poly­
merisation of styrene solutions has a d i r e c t a p p l i c a t i o n i n a 
g r a f t i n g context i n that higher G(H) y i e l d s or lowered e f f e c t i v e 
concentrations of r a d i c a l scavenging impurities w i l l enhance 
e x i s t i n g hydrogen abstraction reactions from the substrate to 
create p o t e n t i a l g r a f t i n g s i t e s as w e l l as increasing the 
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concentration of oligomer chains i n the bulk of the s o l u t i o n . 
Because there i s a dynamic equilibrium between bulk monomer 
sol u t i o n and monomer s o l u t i o n absorbed by trunk polymer, any 
change i n properties of the oligomer i n the bulk s o l u t i o n must 
a f f e c t the properties and nature of the g r a f t . Thus although the 
oligomer chains are shorter i n acid g r a f t i n g s o l u t i o n s , the 
numbers of these chains are higher and, because of the smaller 
s i z e of these chains, the r a d i c a l intermediates associated with 
them can d i f f u s e more r e a d i l y i n t o the swollen trunk polymer to 
give enhanced y i e l d s owing to higher concentration and higher 
m o b i l i t i e s associated with t h e i r smaller s i z e . The lower M n 

and larger numbers of shorter chains i n the presence of acid are 
also consistent with the induced and enhanced Trommsdorff peaks 
observed i n r a d i a t i o n g r a f t i n g ( 1 3 , 1 4 ) , since the lower molecular 
weights lead to a high s o l u b i l i t
s o l u t i o n , r e s u l t i n g i n a
Trommsdorff peak and a reduction i n chain termination, leading to 
a marked acc e l e r a t i o n i n g r a f t i n g . This i n t e r p r e t a t i o n would 
also explain why the gel e f f e c t i n r a d i a t i o n polymerisation i s 
strongly dependent on structure of solvent, those solvents that 
are strong hydrogen atom donors i n a r a d i a t i o n chemistry context 
being the most e f f i c i e n t i n accelerated g r a f t i n g . F i n a l l y i n 
the current styrene-dioxan system, the data show that the r o l e s 
of water and acid are s i g n i f i c a n t l y d i f f e r e n t , an important 
conclusion i n view of the analogous controversy i n the methyl 
methacrylate - methanol g r a f t i n g s o l u t i o n ( 1 4 , 1 8 , 1 9 , 2 3 ) . 

Mechanism of the Acid E f f e c t i n U V Grafting and Homo-
polymerisation. I t i s of i n t e r e s t that acid also enhances both 
the g r a f t i n g and homopolymer y i e l d s under c e r t a i n experimental 
conditions for the analogous photosensitised copolymerisation 
of styrene i n methanol and/or dioxan to c e l l u l o s e . Preliminary 
M n experiments ( 1 5 ) on these U V homopolymerSJJ s i m i l a r to the data 
i n Table V , i n d i c a t e that acid a f f e c t s the M n values 
s i g n i f i c a n t l y , i n some instances reducing them to even lower 
values than i n the corresponding i o n i s i n g r a d i a t i o n work. How­
ever the acid e f f e c t i n U V g r a f t i n g appears to be more 
complicated than i n the gamma ray system. Thus acid i t s e l f can 
a f f e c t c e l l u l o s e i n two ways ( i ) producing both i n t e r c r y s t a l l i n e 
and i n t r a c r y s t a l l i n e swelling which loosens the "order-disorder" 
structure of the c e l l u l o s e making i t more accessible to reagents 
and ( i i ) acting as a c a t a l y s t i n the hydrolysis of the c e l l u l o s e 
leading to u n c o i l i n g of the chains and improved monomer 
a c c e s s i b i l i t y . Such hydrolysis reactions involve an intermediate 
complex between the g l y c o s i d i c oxygen and the proton. In the 
presence of U V , breakage of the g l y c o s i d i c bond of the complex 
i s f a c i l i t a t e d leading to a d d i t i o n a l g r a f t i n g s i t e s . 

In the s e n s i t i s e d U V copolymerisation, r a d i c a l pathways 
s i m i l a r to the i o n i s i n g r a d i a t i o n process are a v a i l a b l e for 
g r a f t i n g (Equations ( 1 0 - 1 2 , 4 , U 0 ^ + being representative s e n s i t i s e r ) . 
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Thus grafting sites can be formed by 

U0Î;+ + hv (UO^)* (10) 

(UO**)* +Cell-0H U 0 2
+ + H + + Cell-0" (11) 

(U(2 +)* + SH S' + H + + UO* (12) 

intermolecular hydrogen abstraction of the cellulose with excited 
sensitiser molecules or solvent radicals. Because of the 
residual water i n cellulose (/W% at ambient conditions) acid 
enhancement effects i n photosensitised grafting may be observed 
by processes similar to the s u l f u r i c acid catalysed photopoly-
merisation of monomers i
where i n the presence o

S 0 4
2 " + H 20 — SO^ + H' (13) 

+ 
S04* + H 30 H oS0 4 + OH* (14) 

Importance of Acid Effects i n Radiation and UV Induced 
Grafting and Homopolymerisation. In preparative terms, i t i s 
sign i f i c a n t that i n both the simple polymerisation of monomers 
such as styrene and the grafting to cellulose by the same 
monomers i n the presence of gamma rays or UV, acid can enhance 
yields of products. Thus, i n the presence of acid, lower t o t a l 
radiation doses are required to achieve a particular percentage 
graft, therefore the trunk polymers are exposed to lower 
radiation doses resulting i n less degradation. Molecular weight 
studies show that the oligomer chains are shorter i n acid 
grafting solutions, but the number of chains i s high. This 
leads to lower M n values for homopolymers and would be expected 
to affect the length of the grafted chains in cellulose. This 
point i s being c l a r i f i e d at present by digesting the grafted 
celluloses and analysing the synthetic copolymer component. The 
inclusion of acid i n both homopolymer and grafting systems thus 
possesses the additional advantage of yielding homopolymers and 
copolymers with potentially different structures and properties 
to the corresponding materials from neutral solution. The acid 
effect thus increases the spectrum of polymers and copolymers 
available for i n d u s t r i a l applications due to structural differences. 
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11 
Graft Copolymer of Cellulose Nitrate 

K. S. V. SRINIVASAN and D. N.-S. HON 
Virginia Polytechnic Institute and State University, Department of Forest Products, 
Blacksburg, VA 24061-0299 
M. SANTAPPA 
Central Leather Research Institute, Adyar, Madras, India 

Grafting of vinyl monomers onto cellulose nitrate 
in heterogeneou
by ceric ions, an
sobutyronitrile, respectively, have been studied. 
Isolation of graft copolymers from homopolymers 
and unreacted cellulose nitrate was conducted by 
using selective solvent extraction technique. 
The graft copolymers were characterized by infra­
red spectroscopy, gel permeation chromatography, 
viscosity measurements, and nuclear magnetic 
resonance. The effects of various grafting para­
meters, viz., initiator concentration, monomer 
concentration, reaction time and the substrate 
concentration on grafting efficiency and degree 
of grafting were examined. Probable grafting 
reaction mechanisms for heterogeneous and homo­
geneous media are proposed. 

Methods f o r graft copolymerization of v i n y l monomers onto 
c e l l u l o s e i n i t i a t e d by u l t r a v i o l e t i r r a d i a t i o n (1-3), high energy 
r a d i a t i o n (4-9), redox and oxidation reactions (10-12), and 
mechanoreactions (13-15) have been extensively investigated i n 
d i f f e r e n t parts of the world. However, g r a f t i n g of v i n y l mono­
mers onto c e l l u l o s e d e r i v a t i v e s as a means of a l t e r i n g properties 
of the base polymer has attracted l i t t l e a t t e n t i o n u n t i l recently. 
The graft copolymerization of methyl methacrylate and a c r y l o n i -
t r i l e onto methyl c e l l u l o s e i n the absence of r a d i c a l i n h i b i t o r s 
(16) and by the persulphate ion (17), and of styrene onto c e l l u ­
lose acetate (18), has been reported. M o d i f i c a t i o n of c e l l u l o s e 
n i t r a t e has not been reported u n t i l recently i n the l i t e r a t u r e 
despite i t s v e r s a t i l e a p p l i c a t i o n i n surface coating and leather 
i n d u s t r i e s (19-22). 

Cellulose n i t r a t e f i l m cast from s o l u t i o n i s highly b r i t t l e 
and i s made f l e x i b l e f or surface coating applications by the 
addition of p l a s t i c i z e r s l i k e dibutylphthalate, d i o c t y l p h t h a l a t e , 
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etc. (23,24). The drawback with these p l a s t i c i z e r s i s that they 
tend to migrate on aging, r e s u l t i n g i n b r i t t l e n e s s of the f i l m . 
We have envisaged that one of the best means of a l t e r i n g the 
properties of c e l l u l o s e n i t r a t e could be by g r a f t i n g of v i n y l 
monomers onto c e l l u l o s e n i t r a t e . By proper choice of v i n y l mono­
mers, the desired f l e x i b i l i t y of the c e l l u l o s e n i t r a t e f i l m 
could be achieved and migration of molecules could be prevented 
because the copolymers are chemically grafted to the c e l l u l o s e 
n i t r a t e . In addition to t h i s property, g r a f t i n g of proper v i n y l 
monomers could impart high gloss, water repellency, and degrada­
t i o n from UV l i g h t to c e l l u l o s e n i t r a t e f i l m . This paper deals 
with the g r a f t i n g of monomers to c e l l u l o s e n i t r a t e i n i t i a t e d by 
eerie ammonium n i t r a t e i n heterogeneous medium and by benzoyl 
peroxide and a z o b i s i s o b u t y r o n i t r i l e i n homogeneous media and 
the c h a r a c t e r i z a t i o n of

Experimental 

Materials. Commercially a v a i l a b l e c e l l u l o s e n i t r a t e 
(h sec)(CN) with 11.8-12.2% nitrogen content supplied by Ashahi 
Chemicals and Hercules, Inc., was p u r i f i e d by washing with water 
and drying under vacuum. Methyl methacrylate monomer supplied 
by Rohm and Haas was freed from i n h i b i t o r bv washing with sodium 
hydroxide s o l u t i o n , drying over anhydrous sodium sulphate, and 
d i s t i l l i n g under vacuum.Ceric ammonium n i t r a t e (CAN) reagent grade 
was used without p u r i f i c a t i o n . A stock s o l u t i o n of O.1N c e r i c 
s o l u t i o n i n IN n i t r i c acid was prepared and stored i n a r e f r i g ­
erator p r i o r to the experiment. Benzoyl peroxide (BPO), azobi­
s i s o b u t y r o n i t r i l e (AIBN), methanol, benzene, petroleum ether, 
and methyl i s o b u t y l ketone were A.R. grade and used without 
p u r i f i c a t i o n . 

Methods 
Ceric I o n - I n i t i a t e d Graft Copolymerization. The r e q u i ­

s i t e amount of c e l l u l o s e n i t r a t e was dispersed i n 300 ml of water 
i n a Waring blender a f t e r allowing the polymer to swell f o r 30 
minutes. The heterodispersed s o l u t i o n was then transferred to a 
three-necked f l a s k equipped with a glass s t i r r e r and a nitrogen 
i n l e t . The required quantity of monomer and the i n i t i a t o r were 
added, and then the p u r i f i e d nitrogen was purged i n t o the s o l u ­
t i o n f o r 30 minutes. The polymerization was allowed to proceed 
for a s p e c i f i e d length of time at 30°C. Hydroquinone was added 
at the end of the reaction time to arrest the polymerization. The 
grafted products were separated by f i l t r a t i o n and were washed 
with d i s t i l l e d water repeatedly. 

Benzoyl Peroxide and A z o b i s i s o b u t y r o n i t r i l e - I n i t i a t e d 
Graft Copolymerization. Cellulose n i t r a t e (CN) (10 g) was d i s ­
solved i n methyl i s o b u t y l ketone (90 ml) i n a three-necked f l a s k 
and to t h i s s o l u t i o n methyl methacrylate (10 ml) and benzoyl 
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peroxide (1 g) were added; dry nitrogen was passed through the 
sol u t i o n for 30 minutes. The nitrogen was then stopped and the 
reaction vessel was immersed i n a thermostatic bath maintained 
at 70°C., and the polymerization was car r i e d out with gentle s t i r ­
r i n g . A f t e r 3 hours, the contents were poured i n t o an excess of 
petroleum ether (b.p. 60-80°C) to p r e c i p i t a t e the copolymer. 

V i s c o s i t y . The v i s c o s i t y measurements of the PMMA 
graft chains obtained by hydrolysis of graft copolymer were car­
r i e d out i n benzene at 30°C using an Ubbelhode viscometer, and 
the number average molecular weight of the grafted chain was c a l ­
culated using the equation(Z5): 

[η] = 8.96 χ 10- 5Μ 0. 7 6 

The d e f i n i t i o n s of g r a f t i n g parameter

τ η - Wt. of (CN-g-PMMA) - wt. of CN 1 Λ Π Percent Grafting = * f- χ 100 Wt. of NC 

Grafting E f f i c i e n c y (%) = 

Wt. of PMMA grafted 1 Q Q 

Wt. of PMMA grafted + Wt. of homopolymer (PMMA) X 

Number of Grafting Sites = 

Wt. of PMMA grafted/Mol, wt. of grafted PMMA 
Wt. of CN used/Mol. wt. of CN 

Infrared Spectra (IR) - Infrared spectra of c e l l u l o s e n i t r a t e , 
poly (methyl methacrylate) and c e l l u l o s e nitrate-g-poly(methyl 
methacrylate) f i l m s were recorded using a Perkin-Elmer 337 grat­
ing IR spectrophotometer. 

Nuclear Magnetic Resonance (NMR) - NMR spectra of c e l l u l o s e 
nitrate-g-poly(methyl methacrylate) and c e l l u l o s e n i t r a t e were 
recorded i n deuterated acetone using Perkin-Elmer-R-32 (90 MHz). 

Gel Permeation Chromatography (GPC): GPC of all samples were 
recorded with a Waters Associates Model 244 high-pressure l i q u i d 
chromatograph using a d i l u t e s o l u t i o n (O.02% i n tetrahydrofuran 
and a flow rate of 5 ml/min). The chromatograph was connected 
with four microstyragel columns i n series (pore s i z e 10 6, 10 5, 
ιο\ ίο3 I). 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



158 GRAFT COPOLYMERIZATION OF LIGNOCELLULOSIC FIBERS 

Results and Discussion 

An i n i t i a l t r i a l run of experiments was c a r r i e d out to graft 
various monomers (styrene, v i n y l acetate, a c r y l i c a c i d , a c r y l a -
mide, methyl methacrylate, methyl acrylate) onto c e l l u l o s e n i t r a t e 
i n i t i a t e d by c e r i c ions. No graft copolymerization was found to 
occur with styrene, v i n y l acetate, acrylamide and a c r y l i c a c i d , 
though g r a f t i n g did occur with methyl methacrylate and methyl 
acry l a t e . Between these monomers, higher g r a f t i n g percentage 
and g r a f t i n g e f f i c i e n c y were observed for methyl methacrylate 
than methyl acrylate. Brauer and Termini (26) have also observed 
the absence of g r a f t i n g with many monomers onto collagen (protein) 
when c e r i c ions were used as the i n i t i a t o r . This could be due 
to the s p e c i f i c r e a c t i v i t y of the monomer towards the s p e c i f i c 
backbone. 

I s o l a t i o n and Characterization of Grafted Products. The pro­
duct obtained by the above copolymerization contains the backbone 
polymer ( c e l l u l o s e n i t r a t e ) , graft copolymer, and homopolymer. 
Solvent extraction procedure was employed for i s o l a t i o n of the 
graft copolymer. The products separated by f i l t r a t i o n were soxh-
l e t extracted for 72 hours with benzene to remove poly(methyl 
methacrylate) homopolymer. The remaining products were again 
soxhlet extracted with methanol f o r 72 hours to remove unreacted 
c e l l u l o s e n i t r a t e . The remaining product i s hence a true graft 
copolymer. This i s one of the few instances i n graft copolymeri­
zation where complete separation of the i n d i v i d u a l polymer can 
be achieved. 

The i n f r a r e d spectra of c e l l u l o s e n i t r a t e and the c e l l u l o s e 
nitrate-g-poly(methyl methacrylate) are shown i n Figure 1. 
Figure l a shows the i n f r a r e d spectrum of c e l l u l o s e n i t r a t e char­
acterized by a broad medium band at 3400 cm"1 due to the hydroxyl 
group of c e l l u l o s e n i t r a t e and perhaps a trace amount of moisture 
i n the sample, a weak absorption at 2900 cm - 1 i n d i c a t i n g a small 
number of C-H linkages, and 1280 cm - 1 and 1655 cm""1 c h a r a c t e r i s ­
t i c of covalent -ONO2 asymétrie and symmetric stretching v i b r a ­
t i o n s , r e s p e c t i v e l y . Figure lb shows the IR spectrum of pure 
graft copolymer completely separated from poly(methyl methcrylate) 
and c e l l u l o s e n i t r a t e backbone. I t shows a small peak for the 
C=0 group at 1740 cm - 1 i n d i c a t i n g that attachment of poly(methyl 
methacrylate) homopolymer to n i t r o c e l l u l o s e backbone took place. 

This graft copolymer was hydrolyzed with 6N HC1 at 115°C for 48 
hrs to separate poly(methyl methacrylate)-grafted chains from 
c e l l u l o s e n i t r a t e . The IR spectrum of t h i s poly(methyl metha­
cryl a t e ) gave a more pronounced C=0 peak at 1740 cm - 1 (Figure 2). 
A physical blend of c e l l u l o s e n i t r a t e and poly(methyl methacry­
late) a f t e r soxhlet extraction with appropriate solvent for 
poly(methyl methacrylate), however, shows no peak at 1740 cm""1 

due to C=0 group. This further substantiates the formation of a 
true graft copolymer. 
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The nuclear magnetic resonance spectra of c e l l u l o s e n i t r a t e 
and of cellulose-g-poly(methyl methacrylate) a f t e r separation 
from c e l l u l o s e n i t r a t e and poly(methyl methacrylate), are shown 
i n Figures 3 and 4, respectively. The graft copolymer shows the 
presence of (XCH3 proton at 1.06, i n d i c a t i n g the presence of 
poly(methyl methacrylate) chains attached to c e l l u l o s e n i t r a t e . 

Gel permeation chromatography (GPC) of poly(methyl methacry­
la t e ) and c e l l u l o s e n i t r a t e showed e l u t i o n volume peaks at 62.5 
ml for PMMA and at 87.5 for c e l l u l o s e n i t r a t e (Figure 5), due to 
th e i r difference i n molecular weight. A mixture of poly(methyl 
methacrylate) and c e l l u l o s e n i t r a t e of the same r a t i o as that of 
the graf t copolymer was recorded and two peaks i n e l u t i o n volume 
at almost i d e n t i c a l p ositions were observed  This shows that 
the constituent homopolymer
mixture. The i s o l a t e d
e l u t i o n volume at 80.0 ml. The second peak i n e l u t i o n volume i s 
absent i n s p i t e of poly(methyl methacrylate) attached to c e l l u ­
lose n i t r a t e as revealed by in f r a r e d spectrum. Hence, these 
r e s u l t s i n d i c a t e that GPC can be used as a technique to d i f f e r e n ­
t i a t e between homopolymer, physical mixture, and graft copolymer. 

Grafting Parameters 

Effe c t of Variables on Grafting I n i t i a t e d by Ceric Ions 

Eff e c t of Grafting Time. The ef f e c t of g r a f t i n g 
time on molecular weight of the grafted chain and g r a f t i n g per­
centage i s given i n Table I and Figure 6. In the stages of 
graft copolymerization (up to 75 min), the c e r i c ion i n i t i a t e s 
a large number of growing PMMA branches. This i s r e f l e c t e d by 
an increase i n the g r a f t i n g percentage up to 75 min; with g r a f t ­
ing time greater than t h i s , the g r a f t i n g percentage remains more 
or le s s constant. The number average molecular weight of the 
grafted chains also increased up to 75 min and then remained 
constant. 

E f f e c t of I n i t i a t o r Concentration. The ef f e c t of 
i n i t i a t o r concentration on the g r a f t i n g percentage and on the 
number average molecular weight of the grafted chains i s shown i n 
Table I I and Figure 7. A s i g n i f i c a n t increase i n g r a f t i n g per­
centage was achieved when CAN concentration was 1.7 χ 10~ 3 mol/1 
and at higher concentration the degree of g r a f t i n g decreased 
s l i g h t l y . The number average molecular weight of the grafted 
chains also increased up to t h i s concentration and further i n ­
crease i n concentration caused a decrease i n number average 
molecular weight of the grafted chains. The probable reason f or 
t h i s i s that a greater number of g r a f t i n g s i t e s were created by 
increase i n the c e r i c ion concentration. 
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3 2 1 

Figure 3. NMR spectrum of cellulose nitrate. 

5 4 3 2 1 0 
δ Scale 

Figure 4. NMR spectrum of cellulose nitrate-g-poly(methyl methacrylate). 
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Table I. Ef f e c t of Grafting Time on Percentage Grafting 
and Molecular Weight 

Time Grafting % 

Mol. Wt. of 
Grafted Chains 

M n χ 10 5 

No. of Grafting 
Sites mole/mole 

30 10.0 O.7 O.019 
75 25.0 1.5 O.021 
120 21.7 
180 22.0 1.7 O.017 
300 25.0 1.8 O.017 

Grafting Conditions: Cellulose n i t r a t e - 6 g; [MMA] - O.25 mol/l; 
[CAN] - 1.7 χ 10" 3 mol/l; Temperature - 30°C.; Total volume -
300 ml. (Reprinted with permission from reference 19.) 

Table I I . E f f e c t of I n i t i a t o r Concentration on Percent Grafting 
and Molecular Weight 

No. 
[CAN] 

mol/l χ 10 3 

Grafting 
% 

Molecular 
Weight 

M n χ 10" 5 

No. of Grafting 
Sites mole/mole 

1 1.0 10.0 O.8 O.016 
2 1.7 25.0 1.5 O.021 
3 2.7 23.3 1.3 O.023 
4 3.3 23.3 1.2 O.025 

Grafting Conditions: Cellulose n i t r a t e - 6 g; Time - 75 min.; 
[MMA] - O.25 mol/l; Total volume - 300 ml; Grafting temperature -
30°C. (Reprinted with permission from reference 19.) 
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ϋ 
Ζ 

ο 

TIME, min 

Figure 6. Effect of grafting time on the graft copolymerization of methyl meth­
acrylate onto cellulose nitrate with ceric ammonium nitrate as initiator. (Reprinted, 

with permission, from Ref. 19. Copyright 1979, Wiley.) 

[CAN] χ ΙΟ"3 mol L - 1 

Figure 7. Effect of ceric ammonium nitrate concentration on the graft copolymeri­
zation of methyl methacrylate onto cellulose nitrate. (Reprinted, with permission, 

from Ref. 19. Copyright 1979, Wiley.) 
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E f f e c t of V a r i a t i o n of Monomer and Cellulose 
N i t r a t e . The e f f e c t of varying monomer concentration and c e l l u ­
lose n i t r a t e on the g r a f t i n g percentage i s shown i n Figures 8 and 
9 and Tables I I I and IV. As the monomer concentration increased, 
the g r a f t i n g percentage and the number average molecular weight 
increased. I t reached a maximum at a concentration of O.22 mol/l 
and then decreased. The addition of higher monomer content 
caused agglomeration of c e l l u l o s e n i t r a t e r e s u l t i n g i n the forma­
t i o n of lumps. The g r a f t i n g percentage increased up to 6 g of 
c e l l u l o s e n i t r a t e and then decreased further with increase i n 
c e l l u l o s e n i t r a t e . This i s due to the increase i n the r e l a t i v e 
r a t i o of c e l l u l o s e n i t r a t e to c e r i c ion. 

Grafting of V i n y l Monomers to Cellulose N i t r a t e i n 
Homogeneous Phase I n i t i a t e
t y r o n i t r i l e . One of th
i s the formation of homopolymer and i t s subsequent e f f e c t s on 
g r a f t i n g e f f i c i e n c y . I f the homopolymer formed i s insoluble i n 
monomer so l u t i o n or medium i n which the g r a f t i n g reaction i s 
c a r r i e d out, t u r b i d i t y occurs and the g r a f t i n g becomes e r r a t i c 
or even causes premature termination. Hence, the y i e l d of homo­
polymer, which i s always a competing reaction to g r a f t i n g , i s an 
extremely important factor i n the g r a f t i n g process. For indus­
t r i a l a p p l i c a t i o n s , i f the homopolymer formed i s i n s o l u t i o n and 
does not i n t e r f e r e with the properties of the grafted product, 
i t can be used as such i n surface coating and other a p p l i c a t i o n s . 
Hence, the g r a f t i n g of v i n y l monomers i n homogeneous medium i s 
preferred to the heterogeneous phase to achieve greater e f f i ­
ciency of g r a f t i n g and for d i r e c t a p p l i c a t i o n s . 

E f f e c t of Variables on Grafting Reaction i n Homogeneous 
Medium. Tables V and VI and Figure 10 show the e f f e c t of benzoyl 
peroxide (BPO) and a z o b i s i s o b u t y r o n i t r i l e (AIBN) concentrations 
on the percent g r a f t i n g , g r a f t i n g e f f i c i e n c y , and number average 
molecular weights of the grafted PMMA chains. The maximum i n 
percent g r a f t i n g was obtained at BPO = 3.46 χ 10~ 2 mol/l and then 
decreased with further increase i n concentration. I t i s presumed 
that up to t h i s c r i t i c a l i n i t i a t o r concentration, all the i n i t i a ­
tor r a d i c a l produced by decomposition of the i n i t i a t o r i s u t i l i z e d 
i n producing r a d i c a l s on the backbone polymer and/or homopolymer 
r a d i c a l s . After the excess concentration of BPO = 1.77 χ 10~ 2 

mol/l and AIBN = 5.11 χ 10~ 2 mol/l, i n i t i a t o r r a d i c a l s are mostly 
involved i n accelerating homopolymer formation. Consequently, 
the molecular weights of the grafted chains decrease with increase 
i n the i n i t i a t o r concentration. 

Tables VII and V I I I and Figure 11 show the e f f e c t of reac­
t i o n time on the percent g r a f t i n g , g r a f t i n g e f f i c i e n c y , and 
molecular weight of the grafted chains for BPO and AIBN systems. 
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< 
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O.05 O.10 O.15 0-20 0-25 0 3 0 

[MONOMER] mole Γ 

Figure 8. Effect of monomer concentration on the graft copolymerization of methyl 
methacrylate onto cellulose nitrate with eerie ammonium nitrate as initiator. (Re­

printed, with permission, from Ref. 19. Copyright 1979, Wiley.) 

L 5 8 10 

C E L L U L O S E N I T R A T E , g m s 

Figure 9. Effect of cellulose nitrate concentration on the graft copolymerization 
of methyl methacrylate onto cellulose nitrate with eerie ammonium nitrate as 

initiator. (Reprinted, with permission, from Ref. 19. Copyright 1979, Wiley.) 
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Table III. E f f e c t of Monomer Concentration on 
Percentage Grafting and Molecular Weight 

No. 
[MMA] 
mol/l 

Grafting 
% 

Molecular Weight 
M n χ 10 5 

1 O.06 Trace 
2 O.09 4.0 
3 O.16 10.0 1.1 
4 O.22 
5 O.25 16.0 O.8 

Grafting conditions: Cellulose n i t r a t e - 5 g; Temperature -
30°C.; Time - 75 min; [CAN] - 1.7 Χ 1(Γ3 mol/l; Total volume -
300 ml. (Reprinted with permission from reference 19.) 

Table IV. E f f e c t of Cel l u l o s e N i t r a t e on Percentage 
Grafting and Molecular Weight 

No. 
Cellulose 

N i t r a t e (g) 
Grafting 

% 
Molecular Weight 

Μ χ 10 5 

η 

1 4 15.0 
2 5 16.0 O.8 
3 6 25.0 1.5 
4 8 6.3 1.9 
5 10 5.0 

Grafting conditions: [MMA] - O.25 mol/l; Temperature - 30°C.; 
[CAN] - 1.7 χ 10" 3 mol/l; Total volume - 300 ml. (Reprinted 
with permission from reference 19.) 
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Table V. Effe c t of I n i t i a t o r Concentration on Grafting 
Reaction with BPO as I n i t i a t o r 

No. 
[BPO] 

mol/1 χ 10 2 

Percent 
Grafting 

Grafting 
E f f i c i e n c y 

(%) 
Molecular Weight 

M n χ 10 4 

1 O.692 19.2 63.6 1.43 
2 1.385 27.2 71.0 1.28 
3 2.078 38.7 72.9 1.21 
4 2.771 
5 3.464 
6 4.157 42.8 73.5 1.17 
7 4.850 41.4 83.2 1.18 

Grafting conditions: Cellulose n i t r a t e - 1.0 g; [MMA] - O.626 
mol/1; Time - 3 hrs; Temperature - 70 ± O.1°C.; Total volume -
15.0 ml. 

Table VI. E f f e c t of I n i t i a t o r Concentration on Grafting 
Reaction with AIBN as I n i t i a t o r 

No. 
[AIBN] 

mol/1 χ 10" 2 
Percent 
Grafting 

Grafting 
E f f i c i e n c y 

% 
Molecular Weight 

Μη χ I0h 

1 1.023 31.8 75.0 O.97 
2 2.044 40.0 74.1 O.86 
3 3.068 52.0 80.8 O.82 
4 4.088 56.9 85.6 O.77 
5 5.115 64.0 91.4 O.72 
6 6.132 29.1 39.7 O.66 
7 8.176 28.5 48.6 O.64 

Grafting conditions: Cellulose n i t r a t e - 1.0 g; |MMA] - O.626 
mol/1; Time - 3 hrs; Temperature - 70 ± O.1°C.; Total volume -
15 ml. 
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1.0 2.0 3.0 4.0 5.0 

[ B P O ] x I O ' 2 m o l Γ 1 [ A I B N ] Χ 10 2 m o l f ' 

Figure 10. Effect of initiator concentration on the graft copolymerization of 
methyl methacrylate onto cellulose nitrate initiated by a, benzoyl peroxide and 
by azobisisobutyronitrile. Key: O, grafting efficiency; ., percent grafting. 

4 0 8 0 120 160 180 

TIME, MIN. 

Figure 11. Effect of time on the graft copolymerization of methyl methacrylate 
onto cellulose nitrate initiated by a, benzoyl peroxide and b, azobisisobutyronitrile. 

Key: ., grafting efficiency; O, percent grafting. 
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Table VII. Eff e c t of Reaction Time on Grafting Reaction 
with BPO as I n i t i a t o r 

No. 
Time 
(min) 

Percent 
Grafting 

Grafting 
E f f i c i e n c y 

% 
Molecular Weight 

Μη χ I0k 

1 30 — — — 

2 60 9.0 44.1 1.00 
3 90 23.2 64.9 1.06 
4 120 23.
5 180 42.7 77.3 1.18 
6 210 45.6 80.6 1.20 

Grafting conditions: Cellulose 
mol/1; Temperature - 70 ± O.1°C 
Total volume - 15.0 ml. 

n i t r a t e - 1; [BPO] - 2. .0 g; [MMA] - O.626 
77 χ 1 0 - 2 mol/1; 

Table V I I I . E f f e c t of Reaction Time on 
with AIBN as I n i t i a t o r 

Grafting Reaction 

No. 
Time 
(min) 

Percent 
Grafting 

Grafting 
E f f i c i e n c y 

% 
Molecular Weight 

Μ χ 101* η 

1 30 4.8 44.6 O.58 
2 60 17.2 60.1 O.54 
3 90 28.1 67.7 O.59 
4 150 50.3 80.6 O.60 
5 180 56.9 85.6 O.72 

Grafting conditions: Cellulose n i t r a t e - 1.0 g; Temperature -
70 ± O.1°C.; [AIBN] - 4.08 Χ 10" 2 mol/1; [MMA] - O.626 mol/1; 
Total volume - 15.0 ml. 
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I t can be seen that both percent g r a f t i n g and g r a f t i n g e f f i c i e n c y 
gradually increase with increase i n g r a f t i n g time. High molecular 
weight chains are formed i n short reaction times, and the mole­
cular weight increases with prolonged times. 

Tables IX and X and Figure 12 show the dependence of percent 
g r a f t i n g and g r a f t i n g e f f i c i e n c y on methyl methacrylate concen­
t r a t i o n . I t can be seen that the percent g r a f t i n g increased 
with the monomer concentration i n the i n i t i a l stages and a f t e r 
reaching a maximum remained almost constant. In BPO-initiated 
rea c t i o n , g r a f t i n g e f f i c i e n c y increased i n i t i a l l y and then de­
creased with increase i n monomer concentration. With AIBN as 
i n i t i a t o r , high values of g r a f t i n g e f f i c i e n c y were obtained even 
at very low monomer concentrations, and then the g r a f t i n g e f f i ­
ciency decreased with the increase of monomer concentration. 
This shows that at low
r a d i c a l s formed are u t i l i z e
i n i t i a t i n g homopolymerization of MMA. The molecular weights of 
the i s o l a t e d PMMA gra f t s were found to increase with increase i n 
monomer concentration with both i n i t i a t o r s . 

D e n i t r a t i o n and Unsaturation of Cellu l o s e N i t r a t e 

Estimation of Nitrogen. Nitrogen analysis i n c e l l u l o s e 
n i t r a t e , graft copolymer and c e l l u l o s e n i t r a t e as treated i n 
gra f t i n g experiments but i n the absence of monomer was attempted 
with the view that i t would help inevaluating the mechanism of 
gr a f t i n g reactions. The conventional nitrometer and Kj e l d a h l 
methods are not s u i t a b l e f o r the estimation of nitrogen on c e l l u ­
lose n i t r a t e since the gr a f t copolymer i s not completely soluble 
i n s u l f u r i c a c i d . Hence, volumetric (27) and c o l o r i m e t r i c (28) 
methods developed.for the determination of percent nitrogen i n 
c e l l u l o s e n i t r a t e were used. The r e s u l t s obtained by these 
methods are given i n Table XI. A difference of 4.9% i n nitrogen 
content by volumetric study was found between the ungrafted 
samples and grafted c e l l u l o s e n i t r a t e . C e l l u l o s e n i t r a t e as 
treated i n the g r a f t i n g reaction conditions i n the absence of 
monomer also showed a loss of nitrogen (2.3%). A reduction i n 
the i n t e n s i t y of -ONO2 peak i n the IR spectra of grafted c e l l u l o s e 
compared to c e l l u l o s e n i t r a t e also supports the above r e s u l t of 
the reduction of nitrogen content i n the grafted samples (Figures 
1 and 2). 

Unsaturation. The c e l l u l o s e molecule i s a saturated 
one. Cellulose n i t r a t e as treated i n the graft copolymerization 
reaction conditions i n the absence of monomer was found to be 
unsaturated by bromination method (Table X I ) . The amount of 
unsaturation was estimated as O.14 per anhydroglucose u n i t . 

K i n e t i c Aspects of AIBN-Initiated Graft Copolymer­
i z a t i o n . Benzoyl peroxide i s much more successful i n giving 
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Table IX. Effe c t of Monomer Concentration on Grafting 
Reaction with BPO as I n i t i a t o r 

No. 
[MMA] 
mol/1 

Percent 
Grafting 

Grafting 
E f f i c i e n c y 

% 
Molecular Weight 

Μη χ I0h 

1 O.313 10.8 42.8 O.36 
2 O.626 42.7 77.3 1.18 
3 O.939 68.9 82.5 1.54 
4 1.253 58.
5 1.566 57.0 36.4 3.72 
6 1.879 59.9 34.2 — 
Grafting conditions: Cellulose n i t r a t e - 1.0 g; [BPO] - 2.77 Χ 
10" 2 mol/1" 1; Total volume - 15.0 ml; Temperature - 70°C.; Time -
180 min. 

Table X. Effe c t of Monomer Concentration on Grafting Reaction 
with AIBN as I n i t i a t o r 

[MMA] 
Grafting 

[MMA] Percent E f f i c i e n c y Molecular Weight 
No. mol/1 Grafting % Μη χ 10 4 

1 O.313 37.4 96.3 O.43 
2 O.626 62.4 87.4 O.77 
3 O.939 69.6 66.5 1.07 
4 1.253 70.2 49.9 1.66 
5 1.566 69.5 41.7 — 6 1.879 72.6 38.6 3.10 

Grafting conditions: Cellulose n i t r a t e - 1.0 g; [AIBN] - 4.19 Χ 
10~ 2 mol/1; Total time - 15.0 ml; Temperature - 70°C.; Time -
180 min. 
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Table XI. Determination of Nitrogen Content and Unsaturation 

% Nitrogen 
Sample A a B* Unsaturation 0 

Cellulose n i t r a t e 11.3 11.6 No 

Cellulose n i t r a t e treated^ 9.0 9.5 Yes 

Cellulose nitrate-g-PMMA 6.4 5.2 — 

'Obtained from colorimete

'obtained from volumetry study. 

Obtained from bromination study. 

^Cellulose n i t r a t e treated under i d e n t i c a l g r a f t i n g conditions 
without monomer. 

[ M M A ] , mo l I 1 

Figure 12. Effect of monomer concentration on the graft copolymerization of 
methyl methacrylate onto cellulose nitrate initiated by a, benzoyl peroxide and b, 

azobisisobutyronitrile. Key: O, grafting efficiency; ., percent grafting. 
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graft copolymers by the chain transfer mechanism than i s AIBN, 
which forms r a d i c a l s with weak hydrogen-abstracting properties 
(29). Although some authors aver that AIBN produces no g r a f t i n g 
while others maintain that i t produces a small percentage of 
g r a f t i n g (30-32), i n t h i s study the very fact that AIBN produces 
a greater amount of graft copolymer of v i n y l monomers onto c e l l u ­
lose n i t r a t e rules out the p o s s i b i l i t y of a chain transfer mech­
anism fo r the g r a f t i n g of v i n y l monomers onto c e l l u l o s e n i t r a t e 
i n homogeneous medium. The a c t i v a t i o n of energy for spontaneous 
decomposition of AIBN i s about 30 k c a l mole - 1. Rao et a l . (33) 
have reported the a c t i v a t i o n energy of 10.7 k c a l mole - 1 i n the 
case of g r a f t i n g of a c r y l i c acid onto polyester f i b e r s and the 
probable mechanism i n t h i s case i s that the i n i t i a t i n g species 
obtained for g r a f t i n g appears to be only the growing homopolymer 
abstracting hydrogen fro
for the AIBN-and BPO-initiate
c e l l u l o s e n i t r a t e was found to be 18 k c a l mole"  and 16 k c a l 
mole" 1, res p e c t i v e l y . The higher a c t i v a t i o n energy obtained i n 
our study may r u l e out the p o s s i b i l i t y of a chain transfer 
mechanism. 

Probable Mechanism of Grafting. Cellulose n i t r a t e molecules 
do not have a l a b i l e atom (as i n the case of p o l y v i n y l chloride 
or chlorinated rubber) which can be abstracted to create a 
g r a f t i n g s i t e on i t by free r a d i c a l i n i t i a t o r s such as BPO or 
AIBN. The p o s s i b i l i t y of g r a f t i n g s i t e s on the c e l l u l o s e n i t r a t e 
molecule may therefore be either (a) at the free hydroxyl group, 
(b) at the n i t r o group, or (c) by some rearrangement i n anhydro-
glucose unit (AGU). I t i s w e l l known that the hydroxyl group 
i n the c e l l u l o s e molecule can form reactive s i t e s only with redox 
i n i t i a t o r s l i k e e e r i e , manganic, etc., but have been i n e f f e c t i v e 
with i n i t i a t o r s l i k e BPO or AIBN. We have observed no polymeri­
zation of MMA or g r a f t i n g of MMA onto c e l l u l o s e n i t r a t e i n the 
absence of i n i t i a t o r s . Hence, the e l i m i n a t i o n of n i t r o group may 
not be causing the r a d i c a l s i t e to i n i t i a t e g r a f t i n g . The e l i m i ­
nation of the NO2 group and the formation of unsaturation on the 
polysaccharide may be a r e a c t i v e s i t e f o r the i n i t i a t o r to i n i ­
t i a t e the polymerization. Under mild conditions of oxidation of 
c e l l u l o s e , i t has been found that a keto group i s formed at the 
C2 without C2-C3 bond cleavage (34). McGee et a l . concluded that 
the presence of a keto group i n AGU r e s u l t i n g from the oxidation 
of c e l l u r o n i c acid by nitrogen dioxide would enolize to an un­
saturated structure (35). Hence, the probable mechanism for 
g r a f t i n g of v i n y l monomers to c e l l u l o s e n i t r a t e may be due to the 
r a d i c a l of i n i t i a t o r attacking the unsaturated p o s i t i o n being 
formed i n the c e l l u l o s e n i t r a t e (after removal of the NO2 group 
and enolization) to create a r a d i c a l s i t e on the substrate to 
i n i t i a t e a graft copolymer (Figure 13). 

In the case of c e l l u l o s e n i t r a t e g r a f t i n g i n i t i a t e d by 
eerie ammonium n i t r a t e , g r a f t i n g may probably be due to a complex 
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Figure 13. Probable mechanism of grafting of methyl methacrylate onto cellulose 
nitrate. Key: Enol, enolization; In, initiator; M, monomer. 
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formation between the eerie ion and the NO2 group and subsequent 
formation of a r a d i c a l on the backbone, r e s u l t i n g i n g r a f t i n g . 
We have not had any experimental evidence yet for the v a l i d i t y 
of t h i s mechanism. 

Conclusions 

The present i n v e s t i g a t i o n revealed that the g r a f t i n g of 
v i n y l monomers onto c e l l u l o s e n i t r a t e can be s u c c e s s f u l l y c a r r i e d 
out using eerie ammonium n i t r a t e i n heterogeneous aqueous media 
and benzoyl peroxide and a z o b i s i s o b u t y r o n i t r i l e i n homogeneous 
organic media. Separation of graft copolymer from poly(methyl 
methacrylate) homopolymer and c e l l u l o s e n i t r a t e backbone has 
been c a r r i e d out by s e l e c t i v e solvent e x t r a t i o n . IR, NMR, and 
GPC studies have substantiate
lymer. The e f f e c t s of variou
tor concentration, monomer concentration, reaction time and the 
substrate concentration on g r a f t i n g percentage, g r a f t i n g e f f i ­
ciency, and the number average molecular weight of the grafted 
chains were examined. The g r a f t i n g of v i n y l monomers onto 
c e l l u l o s e n i t r a t e i n homogeneous media gives r i s e to higher per­
centage of g r a f t i n g than that i n heterogeneous media. This i s 
due to the p r e c i p i t a t i o n and interference of homopolymer during 
the reaction i n the heterogeneous medium. A probable mechanism 
for g r a f t i n g of v i n y l monomers onto c e l l u l o s e n i t r a t e has been 
proposed. I t i s l i k e l y that i n i t i a t o r r a d i c a l s attack unsaturated 
groups formed i n c e l l u l o s e n i t r a t e , by d e n i t r a t i o n and e n o l i z a t i o n , 
to i n i t i a t e graft copolymerization reactions. 
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12 
Computer Simulations of Grafting Reactions of 
Styrene onto Pre-irradiated Cellulose Acetate 

TAMIO YASUKAWA and KENKICHI MURAKAMI 

Tohoku University, Chemical Research Institute of Nonaqueous Solutions, 
980 Sendai, Miyagi, Japan 

Grafting of styrene onto gamma-ray pre-irradiated 
cellulose acetate from styrene/MeOH mixture solu­
tions at 50°C wer
on the basis of kinetic parameters obtained by the 
bromine labelling method:average growth rate,average 
termination probability and initiation rate. In or­
der to check the validity of models,the molecular 
weight distributions of graft chains were calculated 
and compared with observed ones.Those models where 
all graft radicals were assumed to have equal reac­
t ivit ies gave much narrow distributions relative to 
observations,whereas fair agreements were obtained 
with some models where growth rates of graft radi­
cals were assumed to be diverged largely. Agreements 
were improved by assuming that local recombination 
rates are somewhat correlated with local growth 
rates. These results suggest that reactions proceed 
non-uniformly: graft radicals around the surface of 
micro-crystals grow and terminate more rapidly than 
those located inner parts of c rys ta l s , which may 
result in uneven distributions of graft components 
in final products. 

One of the most fundamental factors to characterize graft 
copolymers is the distr ibution of graft chains. It is generally 
observed that the molecular weight distr ibution of graft chains 
in copolymers prepared by heterogeneous reactions i s considerably 
different from that of homopolymers obtained by homogeneous reac­
tions under similar conditions. F u r t h e r , graft chains are not 
always distributed uniformly throughout materials. Heterogeneous 
reactions are generally d i f f i c u l t to study by ordinary analytical 
procedures owing to their complicated natures and computer sirrn 
ulation seems to be helpful. In a preceeding paper Q J , we reported 
some preliminary results obtained by the simulation of grafting 
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reactions of styrene onto pre-irradiated cellulose acetate f i lms. 
In that study,however, the effects of heterogeneity of trunk poly­
mer have not been discussed f u l l y . I n the present s t u d y , we shall 
study this effect in terms of the molecular weight distr ibution of 
graft chains MWD, as well as the spacial distr ibution of grafted 
components in copolymer!c m a t e r i a l s , by employing more elaborate 
simulation models. 

Kinetic Parameters 

Cellulose acetate films CA ( DP=380, acetic acid content 
ffi/o, thickness O.05 mm ) were irradiated with gamma-ray5from a 

Co source at dryice temperature to a total dose 4 χ 10 rad. 
Grafting was performed at 50°C from styrene/MeOH mixtures under 
nitrogen atmosphere and kinetic parameters were determined by the 
bromine-labelling metho
netic parameters for the styrene/Me0H=l/l system where GR denotes 
average growth rate of graft r a d i c a l s ; PR,average probability of 
termination of one graft radical and DA, rate of i n i t i a t i o n ( i . e . 
the number of CA radicals which react for the f i r s t time with 
styrene monomer to i n i t i a t e grafting reaction at time t ). 

Simulation Models 

Primary CA radicals produced by gamma-ray inamorphous regions 
decay out rapidly by recombinations or reactions with impurities. 
Hence, effective active sites for grafting may pr incipal ly be l o ­
cated within or near the surface of micro-crystals as was shown 
for pre-irradiated polyethylene (3J. Figure 2 shows a schematic 
i l l u s t r a t i o n of reaction s i t e s . Growth rates of graft radicals 
located within crystal l ine parts ( region I ) may be much smaller 
than those located on the surface of m i c r o - f i b r i l s (region VII). 

In order to take into consideration the effects of diverged 
r e a c t i v i t i e s of graft r a d i c a l s , we divided reacting sites into 
several parts, and kinetic parameters for respective regions were 
determined as follows. Over-all grafting rate is given by 

rate = GR(t) jfna^t) = Igr . (t)-na. (t) (1) 
where na.(t) and gr.(t) denote the number of graft radicals and 
local growth rate in the i region at time t . For convenience1 

s a k e , ratios of gr. are assumed to be constant in the course of 
reactions and gr 2 was tentatively chosen as the reference to de­
fine a parameter β . 

ΒΊ. = gr.(t)/grz{t) (2) 
Local rate of i n i t i a t i o n in respective regions are given by 

da.(t) = γ . *DA(t) (3) 
with l γ . = 1 ; i . e . , γ . i s the distr ibution coeff icient of 
i n i t i a t i n g uA radicals in each region. 
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0 20 ώ 60 

REACTION ΤΙΓΈ (min) 

Figure 1. Kinetic parameters for grafting of styrene onto pre-irradiated cellulose 
acetate films at 50°C from a styrene/MeOH (1/1) solution. Key: GR, average 
growth rate of graft radical; PR, average termination probability; DA, initiation 

rate of grafting. (Adapted from Figure 6 of Ref. 2.) 

II - IV 

Figure 2. A schematic illustration of reaction sites. 
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At the f i r s t stage of grafting r e a c t i o n , following relations 
hold 

GR(l) I d a ^ l ) = I d a . t D - g r ^ t ) (4) 

η = 1 (5) 
We might c a l l the plot of γΊ. against 3- the i n i t i a t i o n rate 
spectrum for short. In Figure 3 are shown some examples of i n i t i ­
ation rate spectra employed in the present study. 

Grafting reactions are assumed to proceed independently in 
respective regions:!.e., graft radicals in each region have the 
same growth r a t e , chain terminations by recombination and dispro-
portionation take place princiapally between radicals belonging to 
the same region and a chain transfer to polymer reproduces an 
active s i t e in the same region. Hence, the time variation of the 
number of graft radical
is given by (]) 

n.(L,t) = n . t L - g r ^ t - D . t - D - d ^ ^ . i L . t ) - p t r ) 
(6) 

π Ί . ( 1 , ΐ ) = da.(t) + p t r p I n . ( L , t - l ) 
where p -(L,t) and p. denote the probabil it ies of chain termina­
tion by 5 recombination and chain t r a n s f e r s , which are determined 
by following relations 

PR(t) I na.(t) = I p r ^ t j - n a . i t ) (7) 
P ^ i t ) I n.(L,t) = I ( p C j i ( L , t ) + p t r ) . n . ( L , t ) 

Ptr = VM [ M ] + k t r S [ S ] + k t r P ^ 
with ordinary abbreviations for rate constants and reaction com­
ponents. The exact estimation of p. for heterogeneous reactions 
is p r a c t i c a l l y impossible and tentative values in the range O.01 
through O.001 per minute were assigned and checked. 

In most kinetic studies of radical polymerizations, i t has 
been assumed that the values of all rate constants are scarcely 
influenced by the chain length of radicals. Recently,however, 
several workers(4 - 8) reported that the value of k. decreases 
appreciably with chain length and that the rate constant for 
recombination between radicals with degrees of polymerization n 
and m can roughly be expressed as f o l l o w s ; 

t,nm to 
The a value for bulk polymerization of styrene at 60°C was found 
to be ca. O.1 (4) and i t is considered to be influenced by s o l ­
vent natures and viscosity of reaction medium. Hence, several 
simulations were performed to study this effect with α = O.0, 
O.2, O.33 and O.5. When k t can be expressed by e q ( 8 ) , 
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Figure 3. Initiation rate spectra employed in the present study. Key: REF, ref­
erence spectrum without divergence; R5, growth rates diverge from O.1 GR to 

5 GR; RIO, growth rates diverge from O.1 GR to 10 GR. 
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the term p c . ( L , t ) in eq(7) can be rewritten as follows; 
l p ^ ^ L . t J . n ^ L . t ) = P C O j i I L - . n ^ L . t ) (9) 

where p Q . i s the normalization coeff icient specif ic to each 
region. ' 

The termination by recombination is a diffusion-controlled 
reaction and i s , a c c o r d i n g l y , sensitive to the nature of envir­
onments of active s i t e s . Hence, i t would be probable that the 
probability of termination by recombination is correlated with 
the degree of divergence of growth rate : e . g . , graft radicals l o ­
cated on the surface of micro-crystals may have an enhanced termi­
nation rate by virtue of the re lat ively high degree of swelling by 
monomer solutions, as compared with those radicals trapped inner 
parts of crystals. In order to examine the effect of this correla­
t i o n , a parameter 6 i
the overall rate of termination by recombination can be expressed 
by 

overall rate of recombination = 

C 0 l ή ( 1 C".n.(L,t) ) (11) 
i L 1 

The simulation of grafting reactions and calculation of MWD 
was performed as follows : starting from t = 0 with all n.(L,0)= 
O.0, the time variation of all n.(L,t) was calculated at every 
minute of reaction by combining eqs( 6 - 1 1 ) . Concurrently,the 
chain length distr ibution of inert graft chains formed by recombi­
nation and chain transfers in espective minutes of reaction was 
calculated and was separately accumulated. At the f i n a l stage of 
reaction ( 60 minutes ) , all graft radicals still active were 
terminated uni-molecularly and were added to the accumulated 
records of MWD data. This procedure was performed independently 
on each region and the resulting local MWD was added to obtain 
the overall MWD. 

Results 

In Figure 4 are shown MWD calculated for reaction time 60 
minutes with three i n i t i a t i o n rate spectra given in Figure 3 and 
α = O.0 ( i . e . , termination rate i s assumed to be independent of 
chain length ). The MWD obtained with crude model REF where all 
graft radicals have the same growth rate and termination prob­
a b i l i t y i s much narrow relative to observed o n e , whereas the 
MWD obtained with RIO spectrum agrees f a i r l y w e l l . This result 
indicates that r e a c t i v i t i e s of graft radicals are diverged consid­
erably. 

Figure 5 shows the MWD calculated with RIO spectrum and α = 
O.0 for δ = o . o , o.2 and O.33. With any value of δ , model 
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systems where the termination rate of graft radicals is assumed 
to be independent of chain length f a i l to give satisfactory agree­
ments with the observation. In Figures 6 and 7 are shown the MWD 
calculated with α = O.33 and O.5 for various values of δ 
Reasonable agreements with the observation were obtained by the 
combination of parameter values in ranges α = O.33 - O.5 and δ = 
O.2 - O.33. The same sets of parameter values give satisfactory 
MWD for copolymers obtained from 1/3 and 3/1 styrene/MeOH solu­
tions,too. The effects of these parameters are closely correlated 
one another and,consequently, i t is d i f f i c u l t to choose a certain 
set of values as the def init ive one. The present results,however, 
indicate clearly that the growth rate of graft radicals is larae-
ly diverged and that the probability of termination by recombina­
tion is somewhat chain-length dependent. Furthermore,it is sug­
gested that there is a weak positive correlation between local 
termination probabil it ie

Figure 8 shows partial MWD in respective regions calcu­
lated with RIO spectrum, α = O.5 and δ = O.2. It would be note­
worthy that the numbers of graft chains in regions V - VII are 
3 , 2 and O.5 % of the total chains respectively,while f a i r l y 
large weight fractions of graft chains are found in these regions 
by virtue of large molecular weight of chains. 

Discussion 

Swelling of amorphous parts of CA films by monomer solutions 
under the conditions of present work is rapid and is nearly com­
pleted within a few minutes and the styrene/MeOH ratios within 
films are pract ical ly equal to those of outer s o l u t i o n s ( £ ) . H e n c e , 
slow rates of i n i t i a t i o n DA(t) shown in Figure 1 indicate that 
active sites for grafting are mainly those radicals trapped with­
in and around the surface of m i c r o - f i b r i l s and that grafting re­
actions start when monomer solutions swell crystal l ine parts and 
monomer molecules arrive at active sites as was shown for pre-
irradiated polyethylene systems C D . With the progression of 
g r a f t i n g , the swelling of crystal l ine parts advances and CA rad­
i c a l s trapped inner parts of micro-crystals come to react. Mannan 
and Luftfar (1QJ observed that the micro-structure of cellulose 
f ibre changes in paral lel with the degree of grafting. 

Slow growth rates of graft radicals indicate that effective 
concentrations of monomer around active ends of graft radicals 
are quite low. The rate-determining step would be the diffusion 
of monomer molecules within and around the surface of micro-
crystals. Hence, i t would be reasonable to assume that growth 
rate of graft radicals within crystal l ine parts is much slower 
than those located outside throughout reactions. 

In the present s t u d y , the value of γ . which designates the 
distr ibution of i n i t i a t i o n rates in respective regions is assumed 
to remain constant in the course of reactions. E v i d e n t l y , this 
assumption is crude : i . e . , in the i n i t i a l stages of r e a c t i o n s , 
most graft chains might be formed in the v i c i n i t i e s of the sur-
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12. YASUKAWA AND MURAKAMI Computer Simulations of Grafting 191 

face of micro-fibrils,whereas new graft radicals may principally 
be formed within crystalline parts in the latter stages. Thus, 
eq(5) does not hold strictly in the latter stages and the value of 
γ . should be variated with time. More elaborate studies on this 

line are now in progress. 
Figure 8 indicates that there are a small number of high mo­

lecular weight graft chains around the surface of micro-crystals, 
whereas many short graft chains are distributed within crystalline 
parts. Thus,the spacial distribution of graft components is far 
from uniform and due regards may well be paid to this heterogene­
ous distribution in the discussion of some properties of copoly­
mers sensitive to microstructures. 

Literature Cited 

1. Yasukawa,T.;Murakami,K. J.Polymer Sci.Polymer Chem.Edition, 
1975 , 1 3 , 17. 

2. Yasukawa,T;Takahashi,T.;Murakami,K. Ibid. 1973,11,2547. 
3. Yasukawa,T.;Takahashi,T.;Murakami,K.;Araki,K.;Sasuga,T; 

Ohmichi,H. Ibid. 1972 , 10 , 259. 
4. Yasukawa,T;Takahashi,T.;Murakami,K. J.Chem.Phys. 

1973 , 59 , 3937. 
5. D 'Odr i sco l l ,K .F . ;Mahabadi ,Η.Κ. J.Polymer Sci. Polymer Chem. 

Edition, 1976 , 14 , 869. 
6. Horie,K.;Mita,I. Macromolecules , 1978 , 11 , 1175. 
7. Yasukawa,T;Murakami,K. Polymer , 1980, 21 , 1423. 
8. Yasukawa,T.;Murakami,K. Macromolecules , 1981 , 14 , 227. 
9. Yasukawa,T.;Sasaki,Y.;Murakami,K. Makromol.Chem. 

1972 , 153 , 323. 
10. Mannan,Kh.M.; Lutfar,L.B. Polymer , 1980 , 21 , 777. 

RECEIVED December 24, 1981. 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



13 
Cross-linking in Saponified Starch-g-
Polyacrylonitrile 

GEORGE F. FANTA, ROBERT C. BURR, and WILLIAM M. DOANE 

Northern Regional Research Center, Agricultural Research Service, 
U.S. Department of Agriculture, Peoria, IL 61604 

Evidence, based on solubility data in DMSO, was 
obtained for crosslinking during the graft polymerization 
of acrylonitrile ont
apparently occurs by y  growing 
PAN macroradicals. Crosslinking also occurs between 
starch and PAN during alkaline saponification. Soluble 
(and thus uncrosslinked) starch-g-PAN polymers were 
rendered partially insoluble by alkaline saponification, 
as was a synthetic mixture of starch and PAN. Although 
PAN wi l l crosslink with itself if saponifications are 
carried out in ethanol-water systems containing 
predominantly ethanol, PAN:PAN crosslinking does not take 
place during aqueous saponifications. Since the individual 
grafted granules of starch are crosslinked, these granules 
maintain their integrity after alkaline saponification and 
exist in the saponificate as highly swollen gel particles. 
When the saponificate is dried, these gel particles 
coalesce into either films or macroparticles which will 
not redisperse back into gel when placed in water. These 
properties are analogous to those of crosslinked rubber 
latexes and may be similarly explained by assuming 
interdiffusion of polymer chain ends on the surfaces of 
individual gel particles, followed by hydrogen bonding 
between these polymer chains. If dry saponified starch-g-
PAN is heated, its ability to absorb water is reduced; 
however, this absorbency loss is not related to loss of 
hydrogen-bonded water from the graft copolymer. 

A c r y l o n i t r i l e graft polymerizes r e a d i l y with e i t h e r 
granular or pasted starch to y i e l d s t a r c h - g - p o l y a c r y l o n i t r i l e 
(PAN), and reactions are generally c a r r i e d out i n water with 
eerie ammonium n i t r a t e as the i n i t i a t i n g system (1). Reaction 
of starch-j*-PAN with a l k a l i at elevated temperatures converts 
the n i t r i l e substituents of PAN to a mixture of carboxamide 

0097-6156/82/0187-0195$6.25/0 
© 1982 American Chemical Society 
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196 GRAFT COPOLYMERIZATION OF LIGNOCELLULOSIC FIBERS 

and a l k a l i metal carboxylate and y i e l d s a family of f i n a l 
products that are useful as thickeners (2) and as water 
absorbents (3, 4). Although saponified (hydrolyzed) starch-g-
PAN (HSPAN) i s hyd r o p h i l i c and e x h i b i t s extensive swelling i n 
aqueous systems, Taylor and Bagley (5) have shown that i t e x i s t s 
l a r g e l y as insoluble gel p a r t i c l e s . We l a t e r showed by scanning 
electron microscopy (6) that these p a r t i c l e s maintain the 
outward appearance of the o r i g i n a l PAN-grafted starch granules. 
Since both starch and saponified PAN are soluble i n aqueous 
a l k a l i , the fact that a copolymer of the two components i s not 
only i n s o l u b l e but still bears some physical resemblance to the 
o r i g i n a l starch-g-PAN precursor, as i t swells and imbibes water, 
i s i n d i c a t i v e of c r o s s l i n k i n g i n the f i n a l saponified product. 
The purpose of t h i s research was to gain some i n s i g h t as to how 
t h i s c r o s s l i n k i n g migh
of the properties of HSPA
ge l a t i n i z e d starch gives thickening agents and water absorbents 
with superior properties, we used granular, unpasted starch i n 
nearly all of t h i s study because f i n a l products are easier to 
handle. Any conclusions based on r e s u l t s obtained with granular 
starch would c e r t a i n l y be applicable to g e l a t i n i z e d starch. 

Results and Discussion 

C r o s s l i n k i n g During Graft Polymerization. Perhaps the 
most obvious reaction path leading to c r o s s l i n k i n g i n HSPAN 
i s the combination of two growing PAN macroradicals during the 
graft polymerization step. Combination of a PAN and a starch 
macroradical would give the same f i n a l r e s u l t s . Since the 
high degree of swelling of HSPAN i n water indicates a low 
c r o s s l i n k density, only a few such chain combinations would be 
s u f f i c i e n t to produce the observed physical properties. C e r i c -
i n i t i a t e d aqueous polymerizations of a c r y l o n i t r i l e i n the 
presence of polyols have been studied, and evidence has been 
presented for termination by chain combination at low eerie 
ion concentrations (79 8). 

To gain some i n s i g h t i n t o whether c r o s s l i n k i n g by free 
r a d i c a l combination indeed takes place during graft polymeri­
zation reactions with starch, a number of these polymerizations 
were run under c a r e f u l l y c o n t r o l l e d conditions, and the 
s o l u b i l i t i e s i n dimethylsulfoxide (DMSO) of the r e s u l t i n g 
starch g r a f t copolymers were determined at 75°C. Since starch 
and PAN are i n d i v i d u a l l y soluble under these conditions, we 
assumed that a t o t a l l y uncrosslinked graft copolymer of the 
two components would be soluble a l s o , and that the s o l u b i l i t y 
of a p a r t i c u l a r polymer would thus decrease as i t s c r o s s l i n k 

n i t r a t e i n i t i a t i o n (Ce k -.starch anhydroglucose unit [AGU] molar 
r a t i o of 1:100) and t h e i r respective s o l u b i l i t i e s i n DMSO are 
shown i n Table I. When corn starch was allowed to react with 

density increased. with eerie ammonium 
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eerie ammonium n i t r a t e i n the absence of a c r y l o n i t r i l e (No. 2), 
i t s s o l u b i l i t y was reduced from 100% to 36%: a r e s u l t which 
p a r a l l e l s an e a r l i e r study with wheat starch (9). Although 
starch can thus be rendered p a r t i a l l y i n s o luble by reaction 
with eerie i o n , we w i l l l a t e r show that by allowing c e r i c -
treated starch to react with a l k a l i under the conditions of 
sa p o n i f i c a t i o n , we obtain a product that i s highly soluble i n 
wa|er. Therefore, any c r o s s l i n k s introduced by reaction with 
Ce apparently have no large bearing on the f i n a l properties 
of HSPAN. 

When starch was graft polymerized with a c r y l o n i t r i l e to 
give a product containing 52% grafted PAN, the s o l u b i l i t y of 
the r e s u l t i n g starch-£-PAN i n DMSO was only 8% (No. 3, Table I ) , 
a r e s u l t which immediately suggests c r o s s l i n k i n g during the 
polymerization reaction
to termination of growin
t i o n , g r a f t polymerization i n the presence of a chain transfer 
agent should not only lower the molecular weight of grafted 
PAN but should increase s o l u b i l i t y i n DMSO as w e l l . Exactly 
t h i s e f f e c t was observed when the graft polymerization was 
repeated i n the presence of 1-hexanethiol (No. 4). Graft 
molecular weight was decreased by about a factor of 5, while 
s o l u b i l i t y i n DMSO increased approximately f o u r f o l d . When 
1-hexanethiol was included iiji the reaction mixture when starch 
was allowed to react with Ce 4 i n the absence of a c r y l o n i t r i l e , 
we obtained a starch product that was only 28% soluble i n 
DMSO (No. 5). 

Since the p a r t i a l i n s o l u b i l i t y of the starch - c e r i c 
ammonium n i t r a t e reaction product complicates the i n t e r p r e t a t i o n 
of s o l u b i l i t y data, we ran a second ser i e s of graft 
polymerizations using cobalt-60 as an i n i t i a t o r i n an attempt 
to remove t h i s v a r i a b l e (Table I I ) . I f combination of PAN 
macroradicals i s occuring during graft polymerization, i t 
should occur during cobalt-60 i n i t i a t e d polymerizations as 
w e l l as i n those i n i t i a t e d by eerie ammonium n i t r a t e . In 
the f i r s t four reactions of Table I I , starch was i r r a d i a t e d 
as a water s l u r r y under g r a f t polymerization conditions, but 
i n the absence of a c r y l o n i t r i l e , to determine the influence 
of d i f f e r e n t doses of i r r a d i a t i o n on starch s o l u b i l i t y . 
An e f f e c t of t o t a l dose on starch s o l u b i l i t y was indeed 
observed, and t h i s can perhaps be ascribed to competing 
radiation-induced degradation and c r o s s l i n k i n g (10, 11). One 
path leading to c r o s s l i n k i n g might be ac e t a l and hemiacetal 
formation through carbonyl groups formed by i r r a d i a t i o n (12). 
Since maximum s o l u b i l i t y (95%) was observed at O.1 Mrad, t h i s 
t o t a l dose was used i n subsequent graf t polymerizations with 
a c r y l o n i t r i l e . 
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In numbers 5-7 of Table I I , starch-g-PAN copolymers 
containing d i f f e r e n t amounts of grafted PAN were prepared by 
the mutual i r r a d i a t i o n of starch and varying amounts of 
a c r y l o n i t r i l e i n water. Although values for % add-on i n these 
three reactions ranged from 13-38%, and graft molecular weights 
varied from 30,000 to 180,000, s o l u b i l i t i e s i n DMSO were not 
greatly d i f f e r e n t (26-34%). The roughly threefold reduction i n 
s o l u b i l i t y observed by the incorporation of as l i t t l e as 13% 
PAN i n t o the starch matrix i s a good i n d i c a t i o n that graft 
polymerization had led to c r o s s l i n k i n g . Although complete 
DMSO s o l u b i l i t y was not achieved when graft polymerizations 
were run i n the presence of 1-hexanethiol (No. 8) or 2-
mercaptoethanol (No. 9), both of these chain transfer agents 
enhanced s o l u b i l i t y . Numbers 5 and 9 of Table I I make an 
es p e c i a l l y good compariso  sho  th  e f f e c f  chai
transfer agent on s o l u b i l i t y
g r a f t M v i n the two polymers are s i m i l a r . 

C r o s s l i n k i n g During A l k a l i n e Saponification. Although 
granules of starch-g-PAN are apparently crosslinked, the PAN 
moiety i s not i t s e l f a network polymer, since removal of the 
starch component gives a material that i s r e a d i l y soluble (e.g., 
i n DMF, for M determination). We, therefore, needed to know 
i n i t i a l l y whether the saponified PAN moiety was likewise 
soluble or whether aqueous a l k a l i n e s a p o n i f i c a t i o n causes the 
PAN portion of starch-g-PAN to c r o s s l i n k with i t s e l f . A 
c e r i c - i n i t i a t e d starch-g-PAN containing 50% PAN (M :64,000) 
was thus prepared and saponified i n aqueous a l k a l i , and the 
r e s u l t i n g HSPAN was i s o l a t e d by methanol p r e c i p i t a t i o n and 
dried. Enzymatic hydrolysis of t h i s product removed the 
starch component and afforded saponified PAN with M = 44,000, 
as determined by membrane osmometry. Since s a p o n i f i c a t i o n of 
the PAN moiety gives soluble polymer with a molecular weight 
not greatly d i f f e r e n t from i t s PAN precursor, PAN:PAN 
c r o s s l i n k i n g i s apparently not occurring to a large extent 
during a l k a l i n e s a p o n i f i c a t i o n i n water. 

We next examined the e f f e c t of running the saponfications 
i n aqueous ethanol instead of i n water, since a l c o h o l -
containing solvent systems are also being used f o r some 
saponified starch-g-PAN preparations (13). Contrary to aqueous 
saponfications, we found evidence that c r o s s l i n k i n g of the 
PAN moiety does take place i n t h i s solvent system, although i t 
i s highly dependent on the ethanol:water r a t i o . I n i t i a l l y , we 
examined the s a p o n i f i c a t i o n of PAN homopolymer i n solvent 
combinations ranging from 95% ethanol to a 1:1 mixture of 95% 
ethanol and water (Table I I I ) . C r o s s l i n k i n g i n the d i f f e r e n t 
solvents was compared by determining percent soluble polymer 
i n the undried s a p o n i f i c a t i o n reaction mixtures a f t e r 
exhaustive d i a l y s i s against d i s t i l l e d water. Brookfield 
v i s c o s i t i e s of these water dispersions also served as an 
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13. FANTA ET AL. Saponified Starch-g-Polyacrylonitrile 201 

Table I I I . Influence of Ethanol:Water Ratio on A l k a l i n e 
S a p o n i f i c a t i o n a 

Saponified PANb Saponified starch-g-PAN^ 
dispersion dispersion 

95% EtOH H 20 (ml) Solubles V i s c o s i t y Solubles Absorbency of 
(ml) (%) cpc (% s o l i d s ) (%) insoluble g e l e 

8.9 0 64 4,600 (O.25) 31 150 
8.0 O.88 84 300 (O.27) 27 140 
7.56 1.32 71 200 (O.26) 
4.44 4.44 100 19 (O.24) 28 310 

a2.00 g of 50% NaOH adde
a c r y l o n i t r i l (PAN) or 1.0
heated under r e f l u x for 3 h. Saponified dispersions were dialyzed 
against d i s t i l l e d water. 
hi of PAN: 49,000. 
c B r o o k f i e l d v i s c o s i t y at 30 rpm. 
dNo. 3, Table I. 
eExpressed as grams of water-swollen gel per gram of dry polymer. 

i n d i c a t o r f o r c r o s s l i n k i n g ; since the v i s c o s i t y of a 
cros s l i n k e d , p a r t i a l l y soluble, swollen gel network would be 
higher than the corresponding uncrosslinked polymer s o l u t i o n . 
Although c r o s s l i n k i n g c l e a r l y occurs i n 95% ethanol, as 
indicated by a water s o l u b i l i t y of only 64% for saponified 
PAN and a Brookf i e l d v i s c o s i t y of 4600 cp for the aqueous 
reaction mixture at O.25% s o l i d s , s o l u b i l i t i e s progressively 
increase and Br o o k f i e l d v i s c o s i t i e s decrease with increasing 
water contents of the solvent systems. When saponified i n a 
1:1 s o l u t i o n of 95% ethanol and water, PAN apparently does not 
c r o s s l i n k to a s i g n i f i c a n t extent, since the r e s u l t i n g 
saponified PAN i s 100% water soluble, and the B r o o k f i e l d 
v i s c o s i t y of the s o l u t i o n i s only 19 cp. 

The s a p o n i f i c a t i o n of a e e r i e - i n i t i a t e d starch-g-PAN was 
l i k w i s e examined at the d i f f e r e n t ethanol-water r a t i o s , and 
these r e s u l t s are also shown i n Table I I I . Once again, 
s o l u b i l i t i e s were determined f o r undried water dispersions 
a f t e r exhaustive d i a l y s i s . B r o o k f i e l d v i s c o s i t y was not used 
as a measure of c r o s s l i n k i n g f o r these HSPAN preparations, 
because i n d i v i d u a l gel p a r t i c l e s could not absorb all of the 
ava i l a b l e water at O.22% s o l i d s and thus could not e x i s t i n 
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the c l o s e l y packed state which i s necessary for the attainment 
of meaningful v i s c o s i t i e s Ç5). To more r e l i a b l y estimate the 
extent of c r o s s l i n k i n g , the i n s o l u b l e g e l was separated from 
excess s o l u t i o n by f i l t r a t i o n and freeze dried. The weight of 
freeze-dried s o l i d was determined, and water absorbency was then 
expressed as grams of swollen g e l per gram of dry polymer. Low 
cr o s s l i n k d e n s i t i e s would thus give highly water-swollen gels 
and high absorbency numbers. Although the percent solubles did 
not vary greatly with the ethanol content of the s a p o n i f i c a t i o n 
mixture, 1:1 ethanol (95%)-water produced an ins o l u b l e HSPAN 
gel f r a c t i o n with about twice the absorbency of those prepared 
at higher ethanol contents. We can therefore assume that some 
PAN:PAN c r o s s l i n k i n g l i k e w i s e has taken place at high ethanol 
concentrations, as was observed for PAN homopolymer. 

Although the formatio
s a p o n i f i c a t i o n of starch-g-PA
extent only when alcohol i s the major component of the 
sap o n i f i c a t i o n solvent system, some c r o s s l i n k i n g between starch 
and PAN occurs even when saponifications are c a r r i e d out i n 
water or i n 1:1 ethanol (95%)-water (Table IV). Evidence for 
t h i s starch:PAN c r o s s l i n k i n g was obtained by saponifying two 
t o t a l l y DMSO-soluble (and thus not crosslinked) starch-g-PAN 
polymers and then showing that: (1) The r e s u l t i n g saponified 
polymers had only a p a r t i a l s o l u b i l i t y i n water, and (2) they 
gave viscous aqueous dispersions of gel at low concentrations 
(about O.25% s o l i d s ) . The f i r s t soluble starch-£-PAN (No. 2, 
Table IV) was prepared by dispersing starch graft copolymer 
No. 1 i n hot DMSO and then subjecting the dispersion to treatment 
with ultrasound to mechanically degrade the polymer. Residual 
g e l was removed from the DMSO s o l u t i o n by f i l t r a t i o n , and the 
soluble polymer was then i s o l a t e d by alcohol p r e c i p i t a t i o n . 
The second soluble starch-g-PAN (No. 3) was prepared by 
subjecting another starch g r a f t copolymer to a mild acid 
hydrolysis to p a r t i a l l y depolymerize the starch moiety. The 
ethanol-water solvent system apparently promotes a greater 
number of starch:PAN c r o s s l i n k s than water, as evidenced by the 
lower s o l u b i l i t i e s (45 vs. 71% and 42 vs. 65%) and the higher 
v i s c o s i t i e s for water dispersions (2400 vs. 920 cp and 690 vs. 
220 cp). 

The next l o g i c a l step to prove c r o s s l i n k i n g between starch 
and PAN was to saponify a 1:1 ph y s i c a l mixture of starch and 
PAN and to show that the r e s u l t i n g saponificate had s o l u b i l i t y 
and v i s c o s i t y properties d i f f e r e n t than those of the saponificate 
of the i n d i v i d u a l components. Numbers 4, 5, and 6 (Table IV) 
show the r e s u l t s of saponifying starch, c e r i c - t r e a t e d starch, 
and PAN homopolymer. Saponifications i n water and i n ethanol-
water gave complete or nearly complete s o l u b i l i t i e s as w e l l as 
low v i s c o s i t i e s f o r the dialyzed s o l u t i o n s . Although 
s a p o n i f i c a t i o n of the p h y s i c a l mixture (No. 7) i n water gave 
about the same r e s u l t s as the i n d i v i d u a l components, 
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s a p o n i f i c a t i o n i n ethanol-water gave a product that was 85% 
soluble and that had a Br o o k f i e l d v i s c o s i t y of 1000 cp at O.25% 
s o l i d s i n water. 

Although the number of starch:PAN c r o s s l i n k s i n HSPAN i s 
too low to permit t h e i r i d e n t i f i c a t i o n by spectroscopy, we can 
propose a reasonable c r o s s l i n k i n g mechanism based on the known 
reactions of PAN and starch with a l k a l i . When PAN i s heated 
with a l k a l i , a deep red-brown color i s produced due to 
n u c l e o p h i l i c - i n i t i a t e d polymerization through the n i t r i l e 
groups to y i e l d a polyimine type of conjugated r i n g structure 
(14, 15). This conjugated ladder-type polymer i s then opened i n 
a second reaction to give a polyacrylamide, which i s then 
further hydrolyzed to the observed p o l y ( a c r y l i c acid s a l t - c o -
acrylamide). Under the conditions of Table IV, a crosslinked 
g i n a l product i s not observed^i
OH (and to a les s e r extent

i n i t i a t e s the n i t r i l e polymerization and then reacts to open 
the conjugated r i n g structure. In the presence of starch, 
however, starch alkoxide can also serve as the nucleophile, 
thus leading to the observed c r o s s l i n k i n g . The close proximity 
of starch and PAN, when the two polymers are chemically bonded 
through gra f t polymerization, would favor these reactions. 

The r o l e of the conjugated polyimine intermediate i n the 
observed c r o s s l i n k i n g can be seen by comparing the s a p o n i f i c a t i o n 
of a starch-g-PAN (No. 9, Table IV) with that of a starch-g-
polyacrylamide prepared under the same conditions (No. 10). 
Although polyacrylamide i s an intermediate i n the conversion 
of PAN to p o l y ( a c r y l i c a c i d salt-co-acrylamide), the polyimine 
structure i s of course not formed during i t s s a p o n i f i c a t i o n . 
Both starch-g-PAN and starch-g-polyacrylamide were prepared by 
cobalt-60 i n i t i a t i o n , since acrylamide does not graft e f f i c i e n t l y 
i n the presence of eerie ammonium n i t r a t e (16). Both graft 
copolymers were i r r a d i a t e d with ultrasound to give t o t a l l y 
soluble products; the u l t r a s o n i c treatment of starch-g-PAN was 
ca r r i e d out i n DMSO, while that of starch-g-polyacrylamide was 
run i n water. 

Saponifications of these g r a f t copolymers were ca r r i e d out 
i n 1:1 ethanol (95%)-water (Table IV). Reaction No. 8 shows 
the s a p o n i f i c a t i o n r e s u l t s f o r starch-g-PAN before treatment 
with ultrasound; and although the in s o l u b l e gel f r a c t i o n was 
more highly swollen, the % solubles was the same as for starch-
g-PAN prepared with eerie i n i t i a t i o n (No. 1). A f t e r 
s o l u b i l i z a t i o n by treatment with ultrasound, starch-g-PAN gave 
a s a p o n i f i c a t i o n product that was only 51% water-soluble and 
that showed a Br o o k f i e l d v i s c o s i t y of 2900 cp at O.25% s o l i d s 
i n water. The corresponding starch-g-polyacrylamide, however, 
gave a t o t a l l y water-soluble s a p o n i f i c a t i o n product with low 
v i s c o s i t y , i n d i c a t i n g that c r o s s l i n k i n g did not occur. 
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Film Formation. From our f i r s t studies of HSPAN, i t was 
apparent that continuous f i l m s can be formed by simply allowing 
water dispersions of the polymer to evaporate to dryness (17). 
These fi l m s are unique i n that they do not revert back to the 
o r i g i n a l g el p a r t i c l e s when placed i n water. Rather, the 
en t i r e f i l m swells as a continuous e n t i t y as i t imbibes water; 
and w i t h i n a few minutes, a highly swollen sheet of gel i s 
formed that has enough t e n s i l e strength to allow i t to be 
c a r e f u l l y manipulated without breaking. I f these f i l m s are 
redispersed i n water with rapid s t i r r i n g (e.g., Waring Blendor 
for short periods of time), the r e s u l t i n g dispersion w i l l again 
form a f i l m with s i m i l a r properties if i t i s allowed to 
evaporate to dryness. Swollen f i l m s derived from g e l a t i n i z e d 
starch g r a f t copolymers possess more strength and conti n u i t y 
than s i m i l a r f i l m s prepare

Bonding of i n d i v i d u a
give larger conglomerates of highly absorbent polymer i s also 
observed when other i s o l a t i o n techniques are used, e.g., 
alcohol p r e c i p i t a t i o n or drum drying (4). However, if alcohol 
p r e c i p i t a t i o n i s c a r r i e d out by slow addition of alcohol to the 
water dispersion, HSPAN tends to p r e c i p i t a t e as i n d i v i d u a l g e l 
p a r t i c l e s rather than as larger chunks, and the r e s u l t i n g dried 
polymer therefore gives very smooth water dispersions when 
hydrated (18). 

To v e r i f y that these f i l m - and conglomerate-forming 
properties of HSPAN were not rela t e d to the s t i c k i n g together 
of i n d i v i d u a l g e l p a r t i c l e s by the minor amount of soluble 
polymer present i n s a p o n i f i c a t i o n mixtures, f i l m s were cast 
from water dispersions of HSPAN polymers, prepared from e i t h e r 
granular or g e l a t i n i z e d starch, from which the solubles had 
been extracted with water. These f i l m s were indeed continuous, 
and they absorbed water to form continuous gel sheets. We also 
observed that addition of 10% of ei t h e r saponified PAN or 
soluble starch to HSPAN prepared from granular starch did not 
outwardly a l t e r f i l m properties. 

To explain the fact that HSPAN swells i n water to form 
ge l sheets or macroparticles rather than d i s i n t e g r a t i n g i n t o a 
gel d i s p e r s i o n , we i n i t i a l l y f e l t that chemical bonding must 
take place between i n d i v i d u a l p a r t i c l e s of water-swollen g el 
as water evaporates. Although we cannot t o t a l l y eliminate t h i s 
p o s s i b i l i t y , the proposal of primary chemical bonding i s not 
necessary to explain the behavior of these f i l m s and 
conglomerates. For example, V o y u t s k i i (19) has reviewed the 
formation of f i l m s from vulcanized rubber latexes and concludes 
that f i l m formation i n these systems i s observed because of 
i n t e r d i f f u s i o n of ends of i n d i v i d u a l macromolecules i n adjacent 
l a t e x p a r t i c l e s . This d i f f u s i o n can take place even though 
i n d i v i d u a l l a t e x p a r t i c l e s are cros s l i n k e d , 3-dimensional 
networks; and the conti n u i t y of the r e s u l t i n g f i l m s , even when 
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p a r t i a l l y swollen i n a hydrocarbon solvent, can be ascribed 
to Van der Waals forces between interwoven polymer ends. 
Bradford and Vanderhoff (20) have also prepared f i l m s from 
crosslinked l a t e x p a r t i c l e s . These authors studied a 65:35 
styrene-butadiene copolymer crosslinked with varying amounts of 
divinylbenzene and found that although the incorporation of 
divinylbenzene retarded the coalescence of latex p a r t i c l e s , 
these p a r t i c l e s did indeed coalesce, presumably due to a 
s i m i l a r i n t e r d i f f u s i o n of polymer chain ends. 

The analogy between crosslinked l a t e x p a r t i c l e s and the 
p a r t i c l e s of water-swollen HSPAN i s obvious. In addition to 
Van der Waals forces, hydrogen bonding between the hydrophilic 
polymer chains can also take place, and some of these 
hydrogen bonds could be quite strong, as evidenced by the w e l l -
known phenomenon of amylos
resistance of retrograde
to the vulcanized rubber latexes can also be seen i n the f a c i l e 
conversion of HSPAN f i l m to ge l p a r t i c l e s by a short period of 
high-speed s t i r r i n g i n water, followed by the reformation of 
a f i l m s i m i l a r to the o r i g i n a l by simply drying the water 
dispersion. V o y u t s k i i (22) found that a f i l m prepared from 
vulcanized l a t e x gave a continuous rubber sheet on cold m i l l i n g , 
presumably because the absence of primary chemical bonding 
between i n d i v i d u a l p a r t i c l e s allows them to e a s i l y s l i d e with 
respect to each other; the same type of secondary (Van der 
Waals) bonds can then r e a d i l y reform. In contrast, a rubber 
f i l m that was vulcanized a f t e r i t had been prepared, and was 
thus crosslinked throughout the e n t i r e polymer matrix, was 
converted to a rubber crumb on m i l l i n g . 

I f the formation of continuous f i l m s from HSPAN gel i s 
indeed l a r g e l y due to hydrogen bonding and Van der Waals forces 
between i n t e r d i f f u s e d polymer chains, rather than to the 
formation of primary chemical bonds, t h i s property should not 
be unique to the starch g r a f t copolymers but should be 
exhi b i t e d , at le a s t to some extent, by other water-swollen, 
hydr o p h i l i c gels as w e l l . This p r o b a b i l i t y was v e r i f i e d 
experimentally for a commercial thickening agent (Carbopol 941) 
and a commercial water absorbent (Permasorb 10). Water 
dispersions of both of these polymers (neither of which contain 
starch) formed f i l m s when dri e d ; and although the water-swollen 
f i l m s were more e a s i l y disintegrated than those from HSPAN, 
they did remain i n t a c t if they were not agitated. Carbopol i s 
a p a r t i c u l a r l y good polymer for comparison, since Taylor and 
Bagley Ç5, 23) have studied i t s rheology and gel content and 
i n these respects have found i t to be quite s i m i l a r to HSPAN. 

Heat-Induced C r o s s l i n k i n g of Dry Polymer. When a dry 
sample of HSPAN i s heated, the polymer gradually loses i t s 
capacity to absorb water (24), and t h i s absorbency loss 
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increases with both temperature and the duration of the heat 
treatment. P h y s i c a l mixtures of starch and saponified PAN 
also c r o s s l i n k when heated (25). An increase i n hydrogen 
bonding between polymer chains (e.g., through starch hydroxyls) 
due to removal of bound water molecules at the higher 
temperatures could explain these fi n d i n g s ; however, if t h i s 
mechanism were operating, loss of absorbency should p a r a l l e l 
the loss of water when HSPAN i s heated. This i s not what we 
observed experimentally (Table V). When samples of polymer, 

Table V. Influence of Water Loss on Absorbency 
of Saponified Starch-g-PAN a 

Heating conditions 
Temp.,QC Time, h Weight Loss, % Absorbency b, g/g 

25 (control) = 730 
60 1 2.4 680 
80 1 6.8 700 

100 1 10.4 680 
120 1 12.8 680 
140 1 14.8 480 
100 3 12.4 700 
100 (vacuum) 3 14.1 680 

aA commercial sample prepared from gelatininzed starch (SGP 502S, 
Henkel Corp., screened to 100-200 mesh, water content: 14.2%. 
b D i s t i l l e d water. 

containing 14.2% water, were heated i n an oven for 1 hr at 
temperatures ranging from 60 to 120°C., absorbencies of the 
heated polymers were not greatly affected, even though nearly 
all of the water had been driven o ff at 100-120°C., as 
evidenced by weight loss of the samples. The fact that, even 
at these temperatures, a small amount of water was still 
retained by the polymer was apparently not the reason that 
absorbency did not decrease. When two separate polymer samples 
were heated i n the oven for 3 hr at 100°C., the f i r s t at 
atmospheric pressure and the second under a vacuum of about 
3 mm Hg, both polymers showed about the same absorbency, even 
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though the vacuum-heated polymer had v i r t u a l l y all of i t s 
water removed. 

When a sample of HSPAN was heated f o r 1 hr at 140°C 
(Table V), i t s weight loss was a c t u a l l y s l i g h t l y greater than 
the o r i g i n a l water content of 14.2%, and there was also a 
s i g n i f i c a n t decrease i n water absorbency. A condensation type 
of c r o s s l i n k i n g reaction with loss of v o l a t i l e s might account 
for these observations, and ei t h e r hydroxyl, carboxamide, or 
carboxyl substituents could p a r t i c i p a t e i n such reactions at 
t h i s high temperature. A choice among the several mechanistic 
pathways must await further research. 

Conclusions 

There are a numbe
contribute to give HSPA
c r o s s l i n k i n g occurs during the graft polymerization reaction of 
a c r y l o n i t r i l e with starch, probably by combination of PAN 
macroradicals. Further c r o s s l i n k i n g w i t h i n the granule 
structure takes place during a l k a l i n e s a p o n i f i c a t i o n . 
C r o s s l i n k i n g of PAN with i t s e l f can occur when saponifications 
are c a r r i e d out i n systems composed predominantly of alcohol; 
however, starch:PAN c r o s s l i n k i n g i s the major reaction i n 
solvents which contain mainly water. As a r e s u l t of these 
c r o s s l i n k i n g reactions, i n d i v i d u a l granules of starch-£-PAN 
do not di s i n t e g r a t e when saponified with hot a l k a l i , but r e t a i n 
t h e i r i n t e g r i t y and e x i s t i n water as highly swollen gel 
p a r t i c l e s . Aqueous dispersions of these gels thus have high 
v i s c o s i t y , when all the free water has been absorbed and the 
gel p a r t i c l e s are i n a c l o s e l y packed state. 

When viscous aqueous dispersions of HSPAN are spread onto 
a Teflon-coated tray and allowed to dry, i n d i v i d u a l gel 
p a r t i c l e s k n i t together to form continuous f i l m s . Gel p a r t i c l e s 
also coalesce to form larger conglomerates when the polymer 
i s i s o l a t e d from water by other techniques, such as alcohol 
p r e c i p i t a t i o n or drum drying. Dry HSPAN does not redisperse 
back i n t o gel p a r t i c l e s when placed i n water but swells as 
eit h e r a continuous f i l m or as macroparticles as i t imbibes 
water. The formation of primary chemical bonds between 
i n d i v i d u a l g el p a r t i c l e s need not be proposed to account for 
these properties. The behavior of HSPAN i s s i m i l a r i n many 
respects to the published behavior of crosslinked rubber 
latexes, and HSPAN properties may be s i m i l a r l y explained by 
assuming i n t e r d i f f u s i o n of polymer chain ends on the surfaces 
of gel p a r t i c l e s , followed by hydrogen bonding between these 
polymer chains. 

When dry HSPAN i s heated, i t s a b i l i t y to absorb water i s 
diminished. This loss of absorbency i s not related to loss 
of bound water and therefore cannot be due to a d d i t i o n a l 
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hydrogen bonding. A condensation type of c r o s s l i n k i n g reaction 
i s probably occurring between hydroxyl, carboxamide, or 
carboxyl substituents at high temperatures. 

Experimental 

Materials. Granular Globe P e a r l corn starch (Globe 3005; 
water content about 10%) was from CPC In t e r n a t i o n a l . 
A c r y l o n i t r i l e (Eastman p r a c t i c a l grade) was fractionated at 
atmospheric pressure through a 15-in. Vigreux column, and 
a center cut was c o l l e c t e d . Ceric ammonium n i t r a t e was 
Fisher c e r t i f i e d ACS grade. PAN homopolymer was Polymeric 
A c r y l o n i t r i l e Type A from DuPont. 

Graft Polymerization
s l u r r y of 10 g of starc
a slow stream of nitrogen f o r 1 hr at room temperature; 15 g 
of a c r y l o n i t r i l e was then added, followed a f t e r 5 min by a 
s o l u t i o n of O.338 g of c e r i c ammonium n i t r a t e i n 3 ml of IN 
n i t r i c a c i d . In the reaction run with 1-hexanethiol, c e r i c 
ammonium n i t r a t e s o l u t i o n was added f i r s t , followed a f t e r 
5 min by a s o l u t i o n of 1.0 g of mercaptan i n 15 g of 
a c r y l o n i t r i l e . The r e s u l t i n g mixture was allowed to s t i r f o r 
2 hr at 25-27°C (temperature maintained with ice-water) and 
then was d i l u t e d with 200 ml of ethanol. The pH was adjusted 
to 6-7 with sodium hydroxide s o l u t i o n , and the polymer was 
i s o l a t e d by f i l t r a t i o n , washed with water and ethanol, and 
vacuum dried at 60°C. Ungrafted PAN was removed by repeated 
ex t r a c t i o n of the polymer with dimethylformamide (DMF) at 
room temperature. 

Graft Polymerization. Cobalt-60 I n i t i a t i o n . The cobalt-
60 source was a Gammacel 200 uni t from Atomic Energy of 
Canada, Ltd. Dose rate at the center of the chamber was O.44-
O.42 Mrad/hr, as calculated from the o r i g i n a l dosimetry data 
provided by the manufacturer and the decay rate of cobalt-60. 

A s t i r r e d s l u r r y of 10 g of starch i n 100 ml of water was 
sparged with a slow stream of nitrogen f o r 30 min at room 
temperature, and a c r y l o n i t r i l e (5, 10, or 15 g) was added. 
In reactions run with mercaptans, e i t h e r 1.0 g of 1-hexanethiol 
or O.1 g of 2-mercaptoethanol was dissolved i n 15 g of 
a c r y l o n i t r i l e . The reaction mixture was s t i r r e d magnetically 
and i r r a d i a t e d with cobalt-60 to a t o t a l dose of O.1 Mrad. 
The reaction mass thickened with the onset of polymerization, 
and most reaction mixtures were too t h i c k to s t i r by the end 
of the i r r a d i a t i o n period. Reaction temperature reached 40-
50°C due to the exothermic polymerizations. The reaction mass 
was allowed to stand f o r 2 hr at ambient temperature, and the 
polymer was i s o l a t e d by f i l t r a t i o n , washed with water and 
with ethanol, and vacuum dried at 60°C. Ungrafted PAN was 
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removed from the polymer by repeated ex t r a c t i o n with DMF 
at room temperature. 

A s i m i l a r procedure was used to prepare starch-g-
polyacrylamide, and 15 g of acrylamide (97%, Polysciences) was 
used i n the polymerization. A f t e r i r r a d i a t i o n , the reaction 
mass was extracted several times with water to remove ungrafted 
polyacrylamide, and the g r a f t copolymer was washed with ethanol 
and vacuum dried at 60°C. Weight percent polyacrylamide i n 
the g r a f t copolymer (% add-on) was 35%, based on the weight 
gain of starch. 

Characterization of Graft Copolymers. Starch was removed 
from starch-g-PAN by heating 2 g of gr a f t copolymer i n 150 ml 
of O.5N hydrochloric acid f or 1.5 hr under r e f l u x . The 
re s i d u a l PAN was separate
and with ethanol, and
amount of carbohydrate remaining to be near the l i m i t of 
d e t e c t a b i l i t y of about 5%. Percent add-on was calculated by 
weight loss on acid h y d r o l y s i s , and the molecular weight of 
PAN (M ) was determined from i t s i n t r i n s i c v i s c o s i t y i n DMF 
so l u t i o n (26). Grafting frequency, expressed as the average 
number of anhydroglucose u n i t s (AGU) per grafted PAN chain, 
was calculated from % add-on and M of PAN. 

ν 
S o l u b i l i t y Determination i n Dimethylsulfoxide (DMSO). 

About 2-2.5 g of polymer, which had been previously oven 
d r i e d , was allowed to stand overnight at room temperature 
over water i n a closed container. Water contents of these 
moistened polymers ranged from 13-22%, depending on 
PAN content. About 1.2 g (accurately weighed) of moistened 
polymer was dispersed i n 200.0 g of DMSO, and the r e s u l t i n g 
mixture was s t i r r e d and heated to 75°C. The f l a s k was 
stoppered, and the dispersion was heated with occasional 
s t i r r i n g i n a 75°C oven f o r 22 hr and then was cooled to 
room temperature. The mixture was centrifuged, and the 
supernatant was gra v i t y f i l t e r e d through f l u t e d Whatman 54 
paper. A weighed portion of f i l t r a t e was evaporated to near 
dryness, and the polymer was p r e c i p i t a t e d with 95% ethanol, 
washed with 95% ethanol, and dried. Percent s o l u b i l i t y 
was calculated from the weight of dry soluble polymer and 
the i n i t i a l weight of polymer used, a f t e r correcting f or % 
moisture. 

Preparation of DMSO-Soluble Starch-g-PAN Samples and 
Water-Soluble Starch-g-Polyacrylamide. Five grams of starch-
g-PAN (prepared by ei t h e r c e r i c - or cobalt-60 i n i t i a t i o n ) was 
dispersed i n 333 g of DMSO, and the dispersion was heated for 
2 hr at 115°C. The cooled dispersion was then treated with 
ultrasound for 10 min to mechanically rupture gel p a r t i c l e s and 
to render the polymer soluble (Branson S o n i f i e r , Model S 125; 
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set for maximum output) the treated dispersion then was allowed 
to f i l t e r through f l u t e d Whatman 54 paper. The f i l t r a t e was 
concentrated, and the polymer was pr e c i p i t a t e d with 95% ethanol. 
The polymer was removed by f i l t r a t i o n , washed with 95% ethanol, 
and dried under vacuum at 60°C. A portion of so n i f i e d starch-
g-PAN wassubjected to acid h y d r o l y s i s , and % add-on by weight 
loss and M v of grafted PAN were determined. Total s o l u b i l i t y 
i n DMSO at 75°C was confirmed for the c e r i c - i n i t i a t e d starch-&-
PAN preparation. 

Starch-g-PAN with 40% add-on (M of PAN:35,000) was 
prepared by c e r i c i n i t i a t i o n as described above, with the 
exception that only 10 g of a c r y l o n i t r i l e was used. Five 
grams of t h i s g r a f t copolymer was dispersed i n 200 ml of 
water, and concentrated hydrochloric acid was added to give 
a pH of 2.O. The mixtur
and the polymer was i s o l a t e
suspended i n water, the pH was adjusted to 6.5 with sodium 
hydroxide s o l u t i o n , and the polymer was again separated by 
f i l t r a t i o n . The polymer was washed with water and with ethanol 
and dried under vacuum at 60°C. The y i e l d was 4.357 g of 
starch-g-PAN, which was 99% soluble i n DMSO at 75°C. The % 
add-on was 46%, as calculated from the o r i g i n a l 40% add-on 
and the loss of O.643 g of starch by acid hydrolysis. 

Five grams of starch-g-polyacrylamide was dispersed i n 
333 ml of water and the mixture was heated for 4.5 hr at 95-
100°C. The cooled dispersion was then treated with ultrasound, 
as described for starch-g-PAN i n DMSO. The r e s u l t i n g s o l u t i o n 
was g r a v i t y - f i l t e r e d through f l u t e d Whatman 54 paper, and 
the f i l t r a t e was freeze-dried to give 4.4 g of polymer. To 
give a denser, more compact product, which might more c l o s e l y 
resemble soluble starch-g-PAN, the freeze-dried polymer was 
dispersed i n 20 ml of water, and the polymer was p r e c i p i t a t e d 
from the t h i c k paste by addition of ethanol. The polymer 
was separated by f i l t r a t i o n , washed with ethanol, and vacuum 
dried at 60°C. 

Preparation of Starch-PAN Synthetic Mixture. Solutions 
of both starch and PAN homopolymer were prepared i n DMSO at 
1% s o l i d s . Equal weights of the two solutions were combined 
and then concentrated under vacuum. The polymer mixture was 
pre c i p i t a t e d with ethanol, and the p r e c i p i t a t e d s o l i d was 
washed with ethanol and dried under vacuum at 60°C. PAN 
content of the mixture was 45%, as determined by weight loss on 
acid h y d r o l y s i s . 

A l k a l i n e Saponifications i n Water. A suspension of 1.0 g 
of starch-g-PAN or starch-PAN p h y s i c a l mixture i n 9 ml of O.7N 
sodium hydroxide ( i n a 25 ml Erlenmeyer f l a s k ) was heated on a 
steam bath f o r 5-10 min u n t i l the mixture thickened s u f f i c i e n t l y 
to preclude s e t t l i n g . Reactions with either starch or PAN 
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homopolymer were run with O.5 g of polymer. The f l a s k was 
loosely stoppered (to permit escape of ammonia) and heated f o r 
3 hr i n a 95-100°C oven. The reaction mass was then d i l u t e d 
with water (75 or 150 ml, depending on the weight of polymer 
saponified) and dialyzed against d i s t i l l e d water. A known 
weight of the dialyzed dispersion (pH about 7) was freeze 
dried to determine % s o l i d s . The dispersion was d i l u t e d with 
water to O.25% s o l i d s , and the Broo k f i e l d v i s c o s i t y was 
obtained at 30 rpm. With some dispersions, a well-drained 
i n s o l u b l e g el f r a c t i o n could be i s o l a t e d by gr a v i t y f i l t r a t i o n 
through f l u t e d Whatman 54 paper. A weighed portion of t h i s 
i n s o l u b l e g el was freeze-dried, and the absorbency (expressed 
as grams of water-swollen g e l per gram of dry polymer) was 
calculated from the weight of freeze-dried s o l i d . To reduce 
v i s c o s i t y and polymer s w e l l i n g
with hydrochloric aci
dispersion was allowed to g r a v i t y f i l t e r through f l u t e d 
Whatman 54 paper. The percent soluble polymer was calculated 
from the % s o l i d s i n both the f i l t r a t e and the u n f i l t e r e d 
d i s p e r s i o n , as determined by freeze-drying. 

A l k a l i n e Saponifications i n Aqueous Ethanol. A s o l u t i o n 
of 2 g of 50% sodium hydroxide i n 4.44 ml of water and 4.44 ml 
of 95% ethanol was prepared, and 1 g of ei t h e r starch-g-PAN 
or starch-PAN p h y s i c a l mixture was added. Reactions with starch 
or PAN homopolymer were run with O.5 g of polymer. The mixture 
was heated under r e f l u x f o r 3 hr, and the r e s u l t i n g reaction 
mass was dispersed i n water, dialyzed, and analyzed as described 
f o r saponifications i n water. Saponifications run at higher 
ethanol:water r a t i o s were c a r r i e d out i n a s i m i l a r manner. 

Enzymatic Hydrolysis of HSPAN. HSPAN f o r t h i s p a r t i c u l a r 
experiment was prepared as follows. Five grams of starch-g-PAN 
(prepared from granular starch, 50% add-on, M of PAN:64,000) 
i n 45 ml of O.7N sodium hydroxide s o l u t i o n was heated for 3 hr 
at 95-100°C. The reaction mass was added to 500 ml of methanol, 
and the mixture was subjected to high-shear s t i r r i n g (Waring 
Blendor) f o r 1 min. HSPAN was separated by f i l t r a t i o n , washed 
with methanol, and vacuum dried at 60°C. 

Two grams of HSPAN was added to 500 ml of water, the 
pH was adjusted from 9 to 6.5 with d i l u t e hydrochloric a c i d , 
and O.1 ml of Thermamyl 60L enzyme s o l u t i o n (Novo Enzyme Corp.) 
was added. The r e s u l t i n g mixture was heated at 95°C for 21 hr, 
and the c l e a r yellow s o l u t i o n was exhaustively dialyzed against 
d i s t i l l e d water. Freeze drying yielded 1.235 g of polymer, 
which contained only about 5% r e s i d u a l carbohydrate (by 
i n f r a r e d a n a l y s i s ) . The number average molecular weight of 
t h i s polymer was 44,000, as determined i n O.15N sodium chloride 
s o l u t i o n on a Melabs Model CSM-2 membrane osmometer equipped 
with a B-19 membrane (Schleicher and Schuell Co.). 
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Film Formation. Starch-g-PAN samples used for t h i s study 
were prepared as described above, except that the small amounts 
of PAN homopolymer were not removed by DMF ext r a c t i o n . For the 
g r a f t polymerization with g e l a t i n i z e d starch, the starch-water 
s l u r r y was heated f o r 30 min at 85°C before reaction at room 
temperature with a c r y l o n i t r i l e and c e r i c ammonium n i t r a t e . 
Saponifications i n these experiments were c a r r i e d out by 
s t i r r i n g . 5 5 g of graft copolymer with 450 ml of O.7N sodium 
hydroxide s o l u t i o n i n a sigma mixer f o r 2 hr at 90-100°C. 
The reaction mass was s t i r r e d with 3 1. of methanol, and 
HSPAN was i s o l a t e d by f i l t r a t i o n . The polymer was washed 
with 90:10 methanol-water, dried under vacuum at 40°C., and 
ground to pass 40 mesh ( y i e l d : 63-64 g). 

Either 1.0 g of HSPAN from granular starch or O.5 g of 
the polymer derived fro
800 ml of water, and th
overnight at room temperature. The mixture was centrifuged 
(1500 X g) and the supernatant decanted. The gel f r a c t i o n 
was subjected to three more water extractions and was then 
spread onto a Teflon-coated tray and dried i n a forced a i r 
oven at about 40°C. 

HSPAN f i l m s containing 10% by weight of e i t h e r 
saponified PAN or soluble starch were prepared by separately 
saponifying starch-g-PAN (prepared from granular starch by 
c e r i c - i n i t i a t i o n ) and PAN homopolymer and then d i a l y z i n g 
the saponificates. Starch s o l u t i o n was prepared by d i s s o l v i n g 
an acid-modified starch (Clinton 290B) i n water. Solutions/ 
dispersions were then combined i n the desired r a t i o s ( a f t e r 
determining concentrations by freeze drying) and were dried 
on Teflon-coated trays. 

A f i l m from Carbopol 941 (B. F. Goodrich) was prepared 
by dispersing O.5 g of polymer i n 200 ml of water. Sodium 
hydroxide s o l u t i o n was added to adjust the pH to 7.5, and 
the dispersion was then dried on a Teflon-coated tray. 

A f i l m from Permasorb 10 (National Starch & Chemical 
Corp.) was prepared by dispersing O.50 g of polymer i n 200 ml 
of water and drying the dispersion on a Teflon-coated tray. 

Influence of Heating on Absorbency and Moisture Loss. 
The HSPAN used i n t h i s study was a commercial sample prepared 
from g e l a t i n i z e d starch (SGP 502 S, Henkel Corp.), which we 
screened to give a f r a c t i o n that passed 100 mesh but was 
retained by 200 mesh. The water content was 14.2%, as determined 
by drying i n an Abderhalden drying apparatus f o r 4 hr under 
vacuum (1 mm Hg) at 100°C over Ρ2°5. 

Duplicate O.5 g samples of HSPAN were accurately weighed 
in t o small glass-stoppered v i a l s , and the open v i a l s were 
kept f o r 1 hr i n an oven heated to the desired temperature. 
The v i a l s were stoppered, allowed to cool i n a desiccator, 
and then weighed to determine the percentage of the o r i g i n a l 
sample weight l o s t through v o l a t i l i z a t i o n . Percent weight 
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loss of two duplicate samples generally did not d i f f e r by 
more than O.2. 

To determine water absorbency, an accurately weighed 5 
mg sample of HSPAN was allowed to soak for 30 min i n 50 ml 
of d i s t i l l e d water. The swollen polymer was then separated 
from unabsorbed water by screening through a tared 280 
mesh sieve, which was 4.8 cm i n diameter. The polymer on the 
sieve was allowed to drain f o r 20 min, and the sieve was 
then weighed to determine the weight of water-swollen g e l . 
Absorbency was calculated as grams of water per gram of 
polymer. No corre c t i o n f or r e s i d u a l moisture i n the polymer 
was applied. Absorbencies were run i n duplicate, and r e s u l t s 
agreed to w i t h i n 10%. 
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Grafting Reaction of Dextran onto Polymer 
Surface 
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In an attempt to make a non-biological polymeric 
material biocompatible, dextran was covalently 
coupled onto th
material selecte
copolymer which is crystalline and not soluble 
in water. Hydroxyl groups at and near the surface 
were f i r s t urethanated with hexamethylene diiso-
cyanate to introduce the reactive isocyanate 
groups onto the surface. Dextran or aminodextran 
was then grafted onto the surface via urethane 
or urea linkage formation by using the introduced 
isocyanate groups. The extent of grafting reaction 
could be followed, though qualitatively, by 
measuring the contact angle of the grafted surface 
against water, since the surface became in­
creasingly hydrophilic as the grafting pro­
ceeded. Observed streaming potentials also 
supported the grafting reaction of dextran onto 
the surface. However, the surface properties 
of grafted materials were found to depend markedly 
on the reaction conditions under which the iso­
cyanate groups were introduced to the surface. 
Evaluation of the blood compatibility using 
whole blood showed that the polymeric surface 
became more blood-compatible when grafted with 
a sufficient amount of dextran. 

Polymer complexes or composites from synthetic and natural­
ly occurring macromolecules sometimes provide materials possess­
ing novel, attractive properties, p a r t i c u l a r l y when we are 
able to successfully combine the bio l o g i c a l a c t i v i t y of naturally 
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occurring polymers with the excellent stability, physical 
and chemical, of synthetic polymers (1). One of the typical 
examples is the enzyme-immobilized complex, which has been 
used in biochemical basic researches and industries. 

Recently, considerable attention has been directed on 
biomaterials that are used in contact with living tissue 
and biological fluids for medical applications. One of the 
primary requisites for the biomedical materials is not to 
adversely affect the biological components and the entire 
living organism. This is called biocompatibility. It has 
been reported that a synthetic material becomes blood-compatible 
when i t is attached or complexed with urokinase, a plasminogen 
activator (2,3) and with heparin, which inhibits formation 
of fibrin (4,5). Shimizu and his coworkers have demonstrated 
that coating of polymeri
enhances their histocompatibilit
revealed that blood compatibility may be attained when the 
material has a diffuse surface which differs from the rigid 
clear surface of conventional materials (8)(See the model 
inserted in Figure 1). It seems likely that the diffuse 
material, once hydrated, will interact with the living tissue 
only to an insignificant extent, in other words, be inert 
to the living tissue with which i t is in contact, because 
there exists a dilute aqueous polymer layer at the interface, 
behaving like a cushion. 

Such a diffuse surface may be most easily generated 
by graft copolymerization of a water-soluble monomer or by 
coupling reaction of a water-soluble macromolecule onto a 
material with a clear surface. The graft chains generated 
should not exert any positive interaction with the living 
components and hence preferably be nonionic, nontoxic, and 
stable against the attack of hydrolytic enzymes in biological 
fluids. Among the water-soluble macromolecules which may 
satisfy these demands is dextran. This nonionic and water-
soluble poly-α -1,6-D-glucose has been clinically used as 
a blood plasma substitute (9). 

In the present work we have used, therefore, dextran 
as the water-soluble macromolecule to be coupled and a film 
of an ethylene-vinyl alcohol copolymer (EVAL) as the substrate 
material. This copolymer has hydroxyl groups but is insoluble 
in water and can be injection-molded to yield a material 
with good mechanical properties. The coupling reaction of 
dextran onto the film surface will be achieved by using di-
isocyanate, since dextran, as well as EVAL, has hydroxyl 
groups which readily react with isocyanate under formation 
of urethane linkage. 

Experimental 

Materials. The film of EVAL which contains the ethylene 
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unit by 33 mol% and has a thickness of 20μπι, was donated 
by Kuraray Co. Ltd., Osaka, Japan. It was f i r s t cut into 
1 χ 2 cm, size. The film strips were immersed in 1 Ν NaOH 
solution at room temperature for two days, then washed success­
ively with distilled water followed by methanol, and finally 
subjected to Soxhlet extraction with methanol for two days. 
The purified films were dried under vacuum at room temperature 
and stored in a desiccator before used. Dextran powder of 
molecular weight 200,000 - 300,000, donated by Meito Sangyo 
Co. Ltd., Nagoya, Japan, was fi r s t dissolved in water and 
reprecipitated with ethanol. After filtration the residue 
was dried at room temperature and stored until used. Amino-
dextrans were synthesized by Williamson's reaction (10) which 
is briefly described as follows. To 30 ml of 5N NaOH containing 
7 g of dextran, 7 g
reaction mixture was
for given durations. After neutralization with HC1, the 
solution was subjected to dialysis with deionized water. 
The degree of amino substitution was determined with the 

conductivity measurement. Hexamethylene diisocyanate was 
distilled under reduced pressure and stored in ampoules. 
Solvents such as toluene, acetone, n-hexane were distilled 

by normal procedures. Ferric chloride and di-n-butyltin di-
laurate were used without further purification. 

Coating of glass capillaries and tubes with EVAL. The 
glass capillaries with diameter of O.5 mm and length of 15 
cm, and glass tubes with length of 5 cm were washed with 
dichromate in concentrated sulfuric acid for 1 hr at 100° 
C., followed by washing with distilled water, and preserved 
by immersing in water or dimethyl sulfoxide (DMSO). The 
cleaned capillaries and tubes were dipped in 5 wt% EVAL solution 
in DMSO and then dried at 100*C. 

Reaction. Urethanation of EVAL films and EVAL-coated 
glass capillaries and tubes was carried out at 30 eC with 
either 100% hexamethylene diisocyanate (HMDI) or 10 vol% 
HMD I solution in toluene, both in the presence of di-n-butyltin 
dilaurate (O.07 vol%) as catalyst. The urethanated surface 
was thoroughly washed with pure acetone to wash away the 
unreacted HMDI and the catalyst, and then immersed in 3.8 
wt% aqueous solution of aminodextran without catalyst or 
in 10 wt% aqueous solution of the unmodified dextran containing 
2 wt% ferric chloride which is an urethanation catalyst. 
The ungrafted dextran was removed from the surface by washing 
thoroughly the graft material with water. The surfaces grafted 
with dextran or aminodextran were subjected to the measurement 
of contact angle (with films) and streaming potential (with 
glass capillaries) and to evaluatioin of blood compatibility 
by ex vivo test using whole blood from dogs (with glass tubes). 
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The method of the surface characterizations and the animal 
experiment are the same as those described in a previous work(8). 

Results and Discussion 

Grafting reaction. Figure 1 shows the scheme of the 
coupling reaction of dextran, with or without primary amino 
group, onto the EVAL surface. The coupling reaction is to 
take place via urethane linkage when the unmodified dextran 
is used and via urea linkage when dextran possesses amino 
groups, because urea is formed with a much faster rate than 
urethane if catalyst is not present. We employed both the 
unmodified dextran and the amino dextran, which was obtained 
by substitution of a small amount of hydroxyl groups with 
primary amine obtaine
of the degree of substitutio
in Figure 2. No attempt was made to increase the degree of 
substitution to a higher extent than that reached in this 
experiment, since too high substitution must lead to a signifi­
cant alteration of the original nature of dextran. 

Introduction of the isocyanate group onto the EVAL was 
carried out by reacting the EVAL either with pure HMDI or 
with HMDI diluted with toluene to a mixing ratio of HMDI/toluene= 
1/9 by volume. As described below, the addition of toluene 
to HMDI gave a large effect on the surface properties of dextran-
coupled EVAL. Therefore, i t is convenient to present the 
experimental results by dividing them into two, i.e., urethanation 
with 100% HMDI and urethanation with 10% HMDI. In both cases 
we did not determine the exact extent of urethanation. If 
necessary, i t is possible to determine the amount of urethanated 
hydroxyl groups by fluorescence spectroscopy, as described 
in a previous work (11). 

Urethanation with 100% HMDI: Change in contact angles 
against water for the films urethanated with 100% HMDI, followed 
by coupling with aminodextran having 5.38 mol% of amino group, 
is given in Figures 3 and 4. The advancing and receding contact 
angles of grafted films were measured by the inverted bubble 
method throughout this work in order to avoid the film surface 
from drying (12). Figure 3 represents the contact angles 
for the films urethanated with 100% HMDI for different durations 
but coupled with the aminodextran for 1 hr. On the other 
hand, Figure 4 includes the contact angle plots for the films 
urethanated with 100% HMDI for 3 hr, but coupled with the 
aminodextran for different periods. Therefore, the contact 
angles at the zero reaction time in Figure 3 are identical 
to those for the starting virgin film of EVAL, while the contact 
angles at the zero reaction time in Figure 4 correspond to 
those for the film urethanated with HMDI. Strictly speaking, 
the latter film has no isocyanate any more but amino groups 
because the measurement of contact angles was made after hydro-
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REACTION TIME, min 

Figure 2. Degree of substitution (DS) of hydroxyl groups as a function of reac­
tion time for the reaction of dextran with 2-chloroethylamine (80°C). 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



14. TANIGUCHI ET AL. Grafting of Dextran 223 

I ι ι ι ι ι ι ι ι I 
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REACTION T I M E , M I N . 

Figure 3. Effect of duration of urethanation with 100% HMDI on the contact 
angles of EVAL films grafted with aminodextran for 1 h at a polymer concentra­

tion of 3.8 wt; DS = 5.38 mol%. Key: O, advancing; ., receding. 

80i 1 1 1 1 1 1 1 1 1 
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REACTION T I M E , M I N . 

Figure 4. Effect of duration of coupling reaction with aminodextran (DS — 5.38 
mol%) on the contact angles of EVAL films grafted. Urethanation was carried 

out for 3 h with 100% HMDI. Key: O, advancing; ., receding. 
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lysis of the isocyanate to the amino groups, as follows: 
EVAL-0C0NH-(-CH2^6NC0 + H 2 ° ^ EVAL-0C0NH-(-CH2-)-6NH2 + CO2 

Comparison of the contact angles at the zero reaction time 
reveals that conversion of the hydroxyl groups on the EVAL 
surface to amino hydrocarbon enhances the film wettability 
to a small extent. From Figures 3 and 4 i t is concluded that 
urethanation of the film comes to a maximum level within 60 
min and the coupling reaction within 20 min. It should be 
noted that the decrease in contact angles is actually due 
to the covalent bonding of dextran on the EVAL, but not due 
to a physical adsorption of dextran, because the contact angles 
after keeping the urethanated film in contact with aminodextran, 
are dependent on the duration of urethanation. 

Although the extent of reaction cannot be quantitatively 
estimated from the contac
of information on th
For instance, the remarkable difference in the advancing and 
receding contact angle observed in Figures 3 and 4 implies 
that the surface structure may be considerably different from 
that of conventional polymers such as polyethylene and cellulose 
which exhibit no large difference in the advancing and receding 
contact angle. The phenomenon that the advancing contact 
angle is significantly different from the receding contact 
angle is referred to as the hysteresis of contact angle and 
often reported to be observed, for instance, for water-swollen 
gels (13). There is, however, no approved explanation for 
the reason of the contact angle hysteresis, but i t seems likely 
that a distinct hysteresis of contact angle will appear if 
the surface has such unstable structure as hydrophilic segments 
or chains at the surface may migrate into the interior of 
the material upon drying. The EVAL films urethanated with 
100% HMDI and then coupled with aminodextran gave a slight 
increase in contact angle when drying treatment was applied 
to the grafted films, which, otherwise, were in any case kept 
immersed in water throughout the present work. 

The large hysteresis of contact angle, together with 
the noticeable influence of drying on the contact angle, suggests 
that the density of graft dextran chains at the EVAL surface 
is rather low. Thus, to roughly learn the extent of urethana­
tion, we measured the infrared spectrum of the urethanated 
film. The result is given in the curve b of Figure 5. Compari­
son of this spectrum (curve b, Figure 5) with the one for 
the starting EVAL (curve a, Figure 5), reveals that no peak 
characteristic of urethane linkage can be detected in the 
infrared spectrum of the urethanated film. This result denotes 
that urethanation took place to a very small extent, probably 
restricted to the region at the film surface. 

In addition to the coupling reaction with aminodextran, 
we attempted to couple the unmodified dextran to the urethanated 
EVAL film using ferric chloride, a water-soluble catalyst, 
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for urethanation. The coupling reaction of dextran through 
urethanation was found to take place almost similarly to that 
of aminodextran (the leveling-off contact angles were 45° for 
advancing and 20°for receding). 

Urethanation with 10% HMDI. The infrared spectrum of 
the EVAL film urethanated with 10% HMDI in toluene is given 
in the curve c of Figure 5. As is obvious, the spectrum has 
the peak characteristic of urethane linkage around 1700 cm~-
This is in marked contrast with that of film urethanated with 
100% HMDI. Presence of urethane bonds in such a conventional 
infrared spectrum strongly indicates that urethanation has 
taken place not only at the surface but also in the interior 
of the film. This is highly reasonable because toluene is 
diffusable into the films without difficulty, enabling the 
HMDI molecules to reac

Figure 6 shows th
with 10% HMDI for various durations but coupled with dextran 
in every case for 4 min, while the contact angles of films 
urethanated with 10% HMDI for 140 min but coupled with dextran 
for various durations are represented in Figure 7. In both 
cases the unmodified dextran was used instead of the aminodextran 
and ferric chloride was added to the reaction mixture by 2 
wt% as catalyst. It is apparent from Figures 6 and 7 that 
urethanation of the film with 10% HMDI reaches the highest 
level within 100 min and grafting with dextran within 1 min. 
The reaction rate should, of course, depend on the catalyst 

concentration. 
Some interesting features are recognized in the contact 

angle plots. By comparing the contact angles at the zero 
reaction time in Figure 7 with those in Figure 4 i t is obvious 
that the film urethanated with 10% HMDI followed by hydrolysis 
has lower contact angles than that through urethanation with 
100% HMDI. Moreover, coupling of dextran onto the urethanated 
film leads to a remarkable decrease in contact angles. It 
is noteworthy that the hysteresis of contact angle substantially 
disappears as the coupling reaction of dextran approaches 
to saturation The leveling-off contact angles (15° and 13°) 
are close to the advancing and receding contact angle of cellu­
lose (12.0° and 11.8° ) (11). These values seem to be the lowest 
contact angles that nonionic polymeric surfaces may have. 

The above findings strongly suggest that a high density 
of dextran chains at the film surface will be attained when 
dextran is coupled to the EVAL film which has been urethanated 
with HMDI in the presence of toluene. It appears that the 
dextran grafting reaction is not limited merely to the film 
surface, but at variance with the simple model depicted in 
Figure 1, has taken place also in the region near the surface. 
This is in contrast with the coupling reaction onto the 

film urethanated with 100% HMDI. Apparently, the films grafted 
with dextran through urethanation with 10% HMDI were much 
more slippery in a hydrated state than those with 100% HMDI. 
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Figure 7. Effect of duration of coupling reaction with dextran on the contact 
angles of EVAL films grafted. Urethanation was carried out for 140 min with 

10% HMDI in toluene. Key: O, advancing; Φ, receding. 
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Surface properties. As described above, the contact 
angles of films against water are decreased upon grafting 
with dextran, indicating that the hydrophobic surface of EVAL 
film has transformed to hydrophilic. The change in surface 
properties can be also studied by determining the zeta potential. 
As we have previously demonstrated, i t provides a valuable 
information regarding the interfacial structure when the material 
is in contact with an aqueous environment (8). The zeta poten­
t i a l is defined as the potential at the slipping plane or 
the plane of shear located at the zone from which ions are 
displaced by the flowing electrolyte solution. 

Figure 8 shows the zeta potentials against pH of the flow­
ing electrolyte solution for the virgin EVAL and grafted with 
pure dextran after urethanatio
flowing solution was adjuste
ionic strength being kept to 10~3. As is seen in Figure 8, 
the zeta potentials are negative over the whole range of 
pH studied. This may be due to selective adsorption of negative 
ions on the surface as is the case for most of the nonionic 
polymers such as polyethylene. It is expected that contribution 
of the adsorbed ions to the zeta potential will be decreased 
with the increasing extent of dextran covering on the material 
surface because of shifting of the slipping plane. The rather 
small variation in zeta potential upon grafting with dextran 
implies that the surface is not densely grafted by the dextran 
chains. 

On the other hand, the zeta potentials of the EVAL uretha­
nated with 10% HMDI, followed by coupling with the unmodified 
dextran, have much smaller negative values than those of the 
EVAL urethanated with 100% HMDI and then coupled with dextran. 
The result is given in Figure 9, where the zeta potentials 
of the EVAL urethanated, followed by hydrolysis, are also 
given together with those of the EVAL coupled with the amino­
dextran whose degree of substitution is 5.38 mol%. It is 
seen that the surface grafted with unmodified dextran through 
urethanation with 10% HMDI gives the zeta potentials which 
are much close to zero in comparison with those urethanated 
with 100% HMDI and then coupled with dextran. This suggests 
a higher surface density of dextran in the modification with 
10% HMDI, in accordance with the result of the contact angle. 
Expectedly, zeta potentials of positive value are observed 
over a wide range of PH for the surface having the grafted 
aminodextran chains. The difference in zeta potential between 
the urethanated and subsequently hydrolyzed surface and the 
virgin EVAL is rather small to suggest that the surface, uretha­
nated and then hydrolyzed, carries a relatively small amount 
of negative fixed charge. 

Finally, to examine the biocompatibility of the modified 
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surfaces, we followed thrombus formation which occurred when 
they were allowed to come into contact with the whole blood 
of dog for different durations. Figures 10 and 11 represent 
the result for the dextran-coupled surfaces, together with 
that of glass which was used as reference. Thrombus formation 
was not studied for the aminodextran-coupled ones, oecause 
the ionic charge could affect the blood compatibility. The 
ordinate of Figures 10 and 11 is the optical density at 540 
nm of the aqueous solutions obtained by filtrating the mixtures 
made from pure water and the blood which had been brought 
into contact with the various surfaces. The more the thrombus 
is formed, the lower is the optical density, because the formed 
thrombi occlude the red blood cells which would, otherwise, 
release hemoglobin molecules through hemolysis. As can be 
seen from Figures 10 an
through urethanation wit
of more amounts of thrombi than before grafting. On the other 
hand, i t is apparent that the EVAL grafted with dextran through 
urethanation with 10% HMDI in toluene is good in blood compati­
bi l i t y in comparison with the virgin EVAL. Further evaluation 
of blood compatibility with a different method is currently 
being carried out for the modified surfaces, since the method 
applied in this work is not sufficiently sensitive for the 
evaluation of blood compatibility. 

O.5 

Figure 10. Ex vivo evaluation of blood compatibility of urethanation with 100% 
HMDI. Key: O , glass; ., virgin EVAL; Δ, EVAL urethanated for 3 h with 

100% HMDI grafted with dextran for 1 h. 
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O.51 1 1 1 1 1 Γ 

T I M E , M I N . 

Figure 11. Ex vivo evaluation of blood compatibility of urethanation with 10% 
HMDI in toluene. Key: O, glass; ., virgin EVAL; A , EVAL urethanated for 

140 min with 10% HMDI in toluene grafted with dextran for 4 min. 

Conclusions 
Aminodextran and dextran can be coupled rapidly to the 

urethanated EVAL film through urea or urethane formation, 
as evidenced by contact angle and zeta potential. IR assay 
shows that the coupling reaction has taken place not only 
at the film surface but also in the interior. 

Dextran-coupled surfaces give rise to thrombus formation 
to a lesser extent than the virgin hydrophobic surface. Although 
antithrombogenicity of the modified surfaces should be further 
estimated with more effective methods in vitro as well as 
in vivo we may conclude that the grafting reaction of dextran 
onto the EVAL surface is promising for preparing the blood-
compatible material, especially when we recall that the crystal­
line EVAL has good chemical and mechanical properties as implan­
table material. If dextran has short lifetime in contact 
with body fluids, we can graft water-soluble polymers much 
more stable against hydrolysis, such as poly(vinyl alcohol). 
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15 
Graft Copolymerization of Acrylonitrile onto 
Bamboo Using IR Spectroscopic Technique as a 
Probe 

K. C. LIN, Y. S. WU, T. H. TAN, and T. L. TAI 

National Taiwan University, Department of Chemistry, Taipei, Taiwan, ROC 

Graft copolymerization of ac r y l o n i t r i l e onto bamboo 
using ceric salt as a
for the formation of graf
the infrared method. Both spectroscopic and gravimetric 
determinations were performed in evaluating the grafting 
percentages. Results indicate that, due to the possible 
formation of ceric-adsorbed species, grafting percentages 
evaluated by the la t t e r method were found to be less reliable. 
In the presence of relat i v e l y high concentration of ceric 
ion, severe deviation from the true value of grafting 
percentage might even be the result of oven-drying the 
initial products of graft copolymerization before removing 
homopolymers from the grafting system. The grafting reaction 
was found to depend strongly on the concentration of ceric 
ion and the maximum grafting occurred in a range around O.15 
mol/l at 40°C. In addition, the polymer branches of graft 
copolymers were characterized by gel permeation chromato­
graphy. The effect of l i g n i n contained in bamboo on graft 
copolymerization reaction was also examined. 

Bamboo, a l i g n o c e l l u l o s i c m a t e r i a l , i s a n a b u n d a n t 
n a t u r a l r e s o u r c e in some p a r t s o f t h e w o r l d . A l t h o u g h t h e 
u s e o f e e r i e s a l t s f o r i n i t i a t i n g g r a f t c o p o l y m e r i z a t i o n o f 
v i n y l monomers o n c e l l u l o s i c m a t e r i a l h a s b e e n e x t e n s i v e l y 
i n v e s t i g a t e d ( l - l 6 ) , i n f o r m a t i o n c o n c e r n i n g g r a f t e d bamboo i s 
r a t h e r s c a r c e in t h e l i t e r a t u r e . The g r a f t c o p o l y m e r i z a t i o n 
o f m e t h y l m e t h a c r y l a t e o n t o bamboo u s i n g e e r i e s a l t s a s a n 
i n i t i a t o r h a s p r e v i o u s l y b e e n s t u d i e d b y u s u s i n g i n f r a r e d 
s p e c t r o s c o p y (17-19) . The f o r m a t i o n o f g r a f t c o p o l y m e r s 
c o u l d b e d e t e c t e d b y t h e a p p e a r a n c e o f some c h a r a c t e r i s t i c 
a b s o r p t i o n s a t t r i b u t e d t o t h e p o l y m e r b r a n c h e s o f t h e g r a f t 
c o p o l y m e r s . T h e g r a f t i n g w a s f o u n d t o b e n o t o n l y d e p e n d e n t 
s t r o n g l y on t h e c o n c e n t r a t i o n o f e e r i e i o n , b u t a l s o 
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i n f l u e n c e d b y some o t h e r f a c t o r s s u c h a s t h e c o n c e n t r a t i o n o f 
m o n o m e r s , t h e a m o u n t o f s w e l l i n g a g e n t , t h e a c i d i t y o f t h e 
a q u e o u s s o l u t i o n , t h e r e a c t i o n t e m p e r a t u r e , t h e r e a c t i o n t i m e 
a n d e v e n t h e g r a f t i n g p r o c e d u r e s ( 1 8 ) . The g r a f t i n g o f 
m e t h y l m e t h a c r y l a t e o n t o bamboo w a s s h o w n t o o c c u r a t t h e 
c e l l u l o s e c o m p o n e n t . 

I n t h e p r e s e n t i n v e s t i g a t i o n , t h e g r a f t i n g o f a c r y l o n i ­
t r i l e o n t o bamboo w a s c o n d u c t e d in a s i m i l a r m a n n e r . B y 
o p t i m i z i n g all o t h e r f a c t o r s w h i c h c o u l d a f f e c t t h e g r a f t i n g , 
t h e e f f e c t o f t h e c o n c e n t r a t i o n o f e e r i e i o n o n t h e g r a f t i n g 
w a s e x a m i n e d . The g r a f t i n g p e r c e n t a g e s w e r e e v a l u a t e d w i t h 
b o t h g r a v i m e t r i c a n d s p e c t r o s c o p i c m e t h o d s , a n d t h e r e l i a ­
b i l i t y o f t h e d a t a o b t a i n e d w a s c h e c k e d b y h y d r o l y z i n g 
g r a f t e d bamboo s a m p l e s a n d i s o l a t i n g t h e p o l y a c r y l o n i t r i l e 
b r a n c h e s o f g r a f t c o p o l y m e r s
o b t a i n i n f o r m a t i o n c o n c e r n i n
in bamboo o n t h e g r a f t c o p o l y m e r i z a t i o n r e a c t i o n . I n 
a d d i t i o n , t h e p o l y m e r b r a n c h e s o f t h e g r a f t c o p o l y m e r s w e r e 
c h a r a c t e r i z e d b y g e l p e r m e a t i o n c h r o m a t o g r a p h y . 

E x p e r i m e n t a l 

S a m p l e s a n d R e a g e n t s . T h e bamboo s a m p l e s u s e d w e r e 
t h r e e - y e a r o l d M u l i ( M e l o c a n n a b a c c i f e r a ) , o b t a i n e d f r o m t h e 
T a i w a n F o r e s t R e s e a r c h I n s t i t u t e . The s a m p l e s w e r e p r e p a r e d 
b y s t r i p p i n g o f f t h e o u t e r m o s t w a x y s u r f a c e a n d t h e n g r i n d i n g 
t h e m i n t o p o w d e r . The bamboo p o w d e r w a s t h e n s c r e e n e d 
t h r o u g h a 60 m e s h s i e v e a n d d r i e d in a n o v e n a t 110 C t o 
c o n s t a n t w e i g h t . 

A c r y l o n i t r i l e monomer ( f o r s y n t h e s i s ) o b t a i n e d f r o m E . 
M e r c k w a s e x t r a c t e d w i t h 6 - 8 $ a q u e o u s s o d i u m h y d r o x i d e s o l u ­
t i o n t h r e e t i m e s in a s e p a r a t i o n f u n n e l f o r r e m o v i n g i n h i b i ­
t o r . T h e l i q u i d monomer w a s t h e n w a s h e d w i t h d i s t i l l e d w a t e r 
s e v e r a l t i m e s a n d d r i e d o v e r a n h y d r o u s c a l c i u m c h l o r i d e . 

C e r i c ammonium n i t r a t e (GR g r a d e ) w a s u s e d w i t h o u t 
p u r i f i c a t i o n . A c e t o n e a n d N , N - d i m e t h y l f o r m a m i d e (DMF) w e r e 
f r e s h l y d i s t i l l e d u n d e r r e d u c e d p r e s s u r e b e f o r e u s e . 

H o l o c e l l u l o s e w a s i s o l a t e d f r o m bamboo p o w d e r s b y 
r e m o v i n g l i g n i n a n d r e s i n o u s c o m p o u n d s u s i n g a l t e r n a t e 
t r e a t m e n t s o f g l a c i a l a c e t i c a c i d a n d s o d i u m c h l o r i t e a t 
70 -80 C f o r t h r e e h o u r s a c c o r d i n g t o t h e m e t h o d o f K u a n d 
C h i o u (20). 

G r a f t C o p o l y m e r i z a t i o n . D r i e d bamboo s a m p l e (O.25 g ) 
w a s f i r s t s w o l l e n in 40 m l d i s t i l l e d w a t e r f o r a t l e a s t 15 
m i n u t e s a t r o o m t e m p e r a t u r e in a 50 m l , s t o p p e r e d , E r l e n m e y e r 
f l a s k . The f l a s k w a s t h e n p l a c e d in a t h e r m o s t a t e d w a t e r 
b a t h m a i n t a i n e d a t 40 + 1 ° C . B y a d d i n g O.8 m l o f d i l u t e 
n i t r i c a c i d (O.005 M) a n d 1.25 m l o f a c r y l o n i t r i l e monomer 
i n t o t h e f l a s k w i t h s t i r r i n g , f o l l o w e d b y t h e a d d i n g o f a 
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c e r t a i n a m o u n t o f i n i t i a t o r i n t o t h e r e a c t i o n m i x t u r e , c o ­
p o l y m e r i z a t i o n r e a c t i o n w a s i n i t i a t e d . T h e g r a f t i n g r e a c ­
t i o n w a s d i s c o n t i n u e d o n e h o u r l a t e r b y c o o l i n g t h e r e a c t i o n 
m i x t u r e down t o r o o m t e m p e r a t u r e a n d t h e r e a c t i o n m i x t u r e w a s 
t h e n a l l o w e d t o s t a n d o v e r n i g h t . T h e r e a c t i o n p r o d u c t s w e r e 
f i l t e r e d a n d w a s h e d w e l l w i t h d i s t i l l e d w a t e r s e v e r a l t i m e s . 
T h e y w e r e t h e n s o a k e d a n d e x t r a c t e d r e p e a t e d l y w i t h 2 0 0 m l 
N, N - d i m e t h y l f o r m a m i d e s e v e r a l t i m e s d u r i n g a p e r i o d o f 1 2 - 1 6 
h o u r s u n t i l t h e g r a f t e d s a m p l e s h o w e d a n e g l i g i b l e l o s s o n 
f u r t h e r e x t r a c t i o n . The g r a f t e d s a m p l e w a s f i n a l l y w a s h e d 
r e p e a t e d l y w i t h a c e t o n e a n d t h e n e i t h e r v a c u u m - d r i e d o r d r i e d 
in a n o v e n a t 1 0 0 ° C t o c o n s t a n t w e i g h t . 

F o r t h e p u r p o s e o f e v a l u a t i n g t h e w e i g h t o f h o m o p o l y m e r 
o c c l u d e d in t h e r e a c t i o n p r o d u c t , t h e initial p r o d u c t s o f 
g r a f t c o p o l y m e r i z a t i o n
s o a k i n g - e x t r a c t i o n t r e a t m e n t
e v e n t h o u g h t h o r o u g h l y e x t r a c t e d w i t h N , N - d i m e t h y l f o r m a m i d e , 
t h e s a m p l e o b t a i n e d c o u l d g a i n c o n s i d e r a b l e w e i g h t o w i n g t o 
t h e f o r m a t i o n o f c e r i c - a d s o r b e d s p e c i e s . 

E v a l u a t i o n o f G r a f t i n g P e r c e n t a g e . I n t h e g r a v i m e t r i c 
m e t h o d , all t h e r e s u l t s a r e b a s e d on t h e i n c r e a s e in w e i g h t 
o f t h e s u b s t r a t e a f t e r g r a f t i n g , f o l l o w e d b y t h o r o u g h e x t r a c ­
t i o n a n d w a s h i n g . The g r a f t i n g p e r c e n t a g e i s c o m p u t e d a s t h e 
p e r c e n t i n c r e a s e in t h e w e i g h t o f g r a f t e d s a m p l e o v e r t h e 
o r i g i n a l w e i g h t o f bamboo s a m p l e a s f o l l o w s : 

W g " W o 
G r a f t i n g P e r c e n t a g e = — = χ 1 0 0 $ 

w o 

w h e r e Wg i s t h e w e i g h t o f g r a f t e d bamboo a n d W 0 i s t h e 
o r i g i n a l w e i g h t o f bamboo s a m p l e . 

I n t h e s p e c t r o s c o p i c m e t h o d , t h e g r a f t i n g p e r c e n t a g e s 
w e r e e v a l u a t e d w i t h t h e a i d o f a c a l i b r a t i o n c u r v e . The 
c a l i b r a t i o n w a s o b t a i n e d b y p l o t t i n g t h e g r a f t i n g p e r c e n t a g e s 
c a l c u l a t e d o n t h e b a s i s o f t h e p e r c e n t in w e i g h t o f p o l y -
a c r y l o n i t r i l e o v e r t h a t o f bamboo v e r s u s t h e b a n d i n t e n s i t y 
r a t i o b e t w e e n t h e n i t r i l e a b s o r p t i o n o f p o l y a c r y l o n i t r i l e a n d 
t h e h y d r o x y l a b s o r p t i o n o f b a m b o o . F o r e a c h c a l i b r a t i o n 
p o i n t , a c e r t a i n g i v e n a m o u n t o f p o l y a c r y l o n i t r i l e a n d bamboo 
w e r e u s e d a n d t h e K B r p e l l e t s w e r e p r e p a r e d q u a n t i t a t i v e l y 
f o r i n f r a r e d m e a s u r e m e n t s . T h e i n f r a r e d s p e c t r a w e r e 
r e c o r d e d o n a P e r k i n - E l m e r 580 i n f r a r e d s p e c t r o p h o t o m e t e r in 
a b s o r b a n c e m o d e . S i m i l a r p r o c e d u r e s w e r e c a r r i e d o u t t o 
o b t a i n t h e c a l i b r a t i o n c u r v e f o r h o l o c e l l u l o s e - p o l y a c r y l o n i -
t r i l e c o p o l y m e r s . 

H y d r o l y s i s o f B a m b o o - P o l y a c r y l o n i t r i l e C o p o l y m e r . I n 
o r d e r t o i s o l a t e t h e p o l y m e r b r a n c h e s o f t h e g r a f t c o p o l y m e r s 
a n d t o c h e c k t h e a c c u r a c y o f t h e g r a f t i n g p e r c e n t a g e s 
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e v a l u a t e d in t h e g r a v i m e t r i c a n d t h e s p e c t r o s c o p i c m e t h o d s , 
t h e h y d r o l y s i s o f g r a f t c o p o l y m e r s w a s c a r r i e d o u t . A 
m i x t u r e o f O.25 g o f g r a f t e d bamboo s a m p l e a n d 125 m l o f 75$ 
a q . Z n C l 2 s o l u t i o n w a s s t i r r e d o v e r n i g h t w i t h a m a g n e t i c 
s t i r r e r . A n e q u a l v o l u m e o f 6 IT HC1 w a s a d d e d , a n d t h e 
m i x t u r e w a s s t i r r e d f o r 1-2 h o u r s . The c o n t e n t s o f t h e 
f l a s k w e r e c o n t i n u o u s l y h e a t e d f o r a n o t h e r 4 h o u r s w i t h c o n ­
s t a n t s t i r r i n g a t 100°C. A f t e r t h e c o m p l e t i o n o f t h e r e a c ­
t i o n , p o l y a c r y l o n i t r i l e w a s p r e c i p i t a t e d in m e t h a n o l - ^ O 
(3:1) m i x e d s o l v e n t , f i l t e r e d , w a s h e d w i t h d i s t i l l e d w a t e r , 
a n d d i s s o l v e d in N , N - d i m e t h y l f o r m a m i d e . P o l y a c r y l o n i t r i l e 
c o u l d a g a i n p r e c i p i t a t e o u t b y p o u r i n g t h e s o l u t i o n i n t o 
w a t e r w i t h s t i r r i n g . A f t e r r e p e a t i n g w a s h i n g a n d d i s s o l v i n g 
p r o c e d u r e s t h r e e t i m e s , t h e p r e c i p i t a t e o f p o l y a c r y l o n i t r i l e 
w a s f i n a l l y d r i e d in o v e n a t °C t o c o n s t a n t w e i g h t , a n d 
t h e g r a f t i n g p e r c e n t a g

D e t e r m i n a t i o n o f A d s o r b e d C e r i c I o n . I n d e t e r m i n i n g t h e 
a m o u n t o f c e r i c i o n a d s o r b e d o n t h e g r a f t c o p o l y m e r s , t h e 
v o l u m e t r i c t i t r a t i o n w a s c o n d u c t e d . H e r e , a g i v e n e x c e s s 
a m o u n t o f f e r r o u s s u l f a t e s o l u t i o n (O.01 N) w a s a d d e d i n t o 
t h e a q u e o u s s o l u t i o n o f h y d r o l y s i s a n d t h e n t h e s o l u t i o n w a s 
b a c k - t i t r a t e d w i t h O.01 Ν c e r i c ammonium s u l f a t e in a 1 Ν 
s u l f u r i c a c i d s o l u t i o n u s i n g o - p h e n a n t h r o l i n e a s a n i n d i c a ­
t o r . I n s o d o i n g , t h e a m o u n t o f c e r i c i o n a d s o r b e d o n t h e 
g r a f t e d bamboo s a m p l e c o u l d t h u s b e d e t e r m i n e d . 

M o l e c u l a r W e i g h t D e t e r m i n a t i o n . The m o l e c u l a r w e i g h t 
d i s t r i b u t i o n s o f t h e i s o l a t e d p o l y a c r y l o n i t r i l e b r a n c h e s w e r e 
o b t a i n e d w i t h a W a t e r s A s s o c i a t e s M o d e l ALC/GPC 244 g e l 
p e r m e a t i o n c h r o m a t o g r a p h y u n i t e q u i p e d w i t h a M o d e l 730 d a t a 
m o d u l e . E i t h e r t w o μ - b o n d a g e l Ε - l i n e a r c o l u m n s o r f o u r M -
s t y r a g e l c o l u m n s , o f p o r e s i z e s 1θ4, 10*, 500 a n d 100 A , w e r e 
u s e d t o o b t a i n t h e g e l p e r m e a t i o n c h r o m â t o g r a m s , w h i c h w e r e 
c a l i b r a t e d w i t h s e v e n s t a n d a r d p o l y s t y r e n e s a m p l e s in t h e 
r a n g e f r o m 2.2 χ 1θ3 t o 2.0 χ 1θ5. The c h r o m a t r o g r a m s o f t h e 
g r a f t e d p o l y a c r y l o n i t r i l e s a m p l e s w e r e o b t a i n e d b y i n j e c t i n g 
300,ml o f a O.5-1.0 fo s o l u t i o n in N , N - d i m e t h y l f o r m a m i d e . 
Ν , Ν - d i m e t h y l f o r m a m i d e w a s c h o s e n a s t h e e l u t i n g s o l v e n t , a n d 
t h e f l o w r a t e w a s m a i n t a i n e d a t 1.0 m l / m i n . 

R e s u l t s a n d D i s c u s s i o n 

I n f r a r e d S p e c t r a o f G r a f t e d B a m b o o . I t h a s b e e n d e m o n ­
s t r a t e d t h a t t h e o c c u r r e n c e o f g r a f t c o p o l y m e r i z a t i o n o f 
m e t h y l m e t h a c r y l a t e o n t o bamboo c a n b e a c c e r t a i n e d b y t h e 
p r e s e n c e o f c h a r a c t e r i s t i c a b s o r p t i o n s o f p o l y m e r b r a n c h e s in 
t h e i n f r a r e d s p e c t r u m (17-19)» in a d d i t i o n t o t h e w e i g h t 
i n c r e a s e d in bamboo s a m p l e s . I n t h i s s t u d y , s i m i l a r p r o c e ­
d u r e s w e r e c o n d u c t e d f o r t h e g r a f t i n g o f a c r y l o n i t r i l e . The 
f o r m a t i o n o f g r a f t c o p o l y m e r c o u l d e a s i l y b e d e t e c t e d b y t h e 
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p r e s e n c e o f t h e d i s t i n c t i v e a n d c h a r a c t e r i s t i c n i t r i l e 
a b s o r p t i o n a t a r o u n d 2260 c m - 1 o r t h e C H 2 d e f o r m a t i o n 
v i b r a t i o n a t a r o u n d 1460 cm""l. 

A t y p i c a l i n f r a r e d s p e c t r u m o f bamboo w h i c h w a s g r a f t -
c o p o l y m e r i z e d w i t h a c r y l o n i t r i l e i s s h o w n in F i g u r e 1. F o r 
t h e p u r p o s e o f c o m p a r i s o n , t h e b a c k g r o u n d s p e c t r u m o f bamboo 
a n d t h a t o f p o l y a c r y l o n i t r i l e a r e a c c o m p a n i e d w i t h i t . A s 
b e i n g o b s e r v e d in t h e c a s e o f m e t h y l m e t h a c r y l a t e , t h e v i b r a ­
t i o n a l a b s o r p t i o n s o f t h e p o l y a c r y l o n i t r i l e b r a n c h e s o f 
g r a f t e d bamboo o c c u r r e d a t a b o u t t h e same f r e q u e n c y p o s i t i o n s 
a s t h o s e o f p o l y a c r y l o n i t r i l e (21-26) . B a n d s b e l o n g i n g t o 
p o l y m e r b r a n c h e s c o u l d e a s i l y b e i d e n t i f i e d a n d a s s i g n e d . A s 
l i g n i n c a n r e a c t q u i t e e a s i l y w i t h o x i d i z i n g a g e n t s u c h a s 
c e r i c i o n , b a n d s a t 1604 1510, 1460, 1440, 1340, 1250 a n d 
843 c m " 1 w h i c h a r e a s s i g n e
w o u l d d e c r e a s e in t h e i
I t i s o f i n t e r e s t t o n o t e t h a t a n i n t e n s e b a n d w h i c h w a s 
o b s e r v e d a t I67O cm-1 may b e a t t r i b u t e d t o -CONH9 (22.) a n d 
p r o b a b l y n o t t o a C=N s t r e t c h i n g a b s o r p t i o n r e s u m i n g f r o m t h e 
p a r t i a l n i t r i l e p o l y m e r i z a t i o n . 

I t i s w o r t h w h i l e t o m e n t i o n h e r e t h a t o c c a s i o n a l l y a 
p e c u l i a r s h a r p a n d s t r o n g b a n d m i g h t a p p e a r a t 1386 cm-1 in 
t h e s p e c t r u m o f g r a f t e d b a m b o o . S i n c e t h i s b a n d w a s n o t 
o b s e r v e d in t h e s p e c t r u m o f g r a f t e d h o l o c e l l u l o s e , we t h o u g h t 
t h a t e i t h e r b e n z e n e - a l c o h o l e x t r a c t o r l i g n i n m i g h t b e r e ­
s p o n s i b l e f o r t h e a p p e a r a n c e o f t h i s b a n d . A s s h o w n in 
F i g u r e 2, t h e c o m p a r a t i v e e x a m i n a t i o n o f t h e i n f r a r e d s p e c t r a 
o b s e r v e d f o r t h e e x t r a c t o b t a i n e d b y S o x h l e t - e x t r a c t i o n o f 
bamboo s a m p l e s w i t h b e n z e n e - a l c o h o l m i x e d s o l v e n t (67/33 
v/v </o) f o r 72 h o u r s , a n d t h a t f o r t h e r e a c t i o n p r o d u c t 
b e t w e e n t h e e x t r a c t a n d c e r i c i o n c o u l d e v i d e n t l y d e m o n s t r a t e 
t h e o r i g i n o f t h e b a n d . 

G r a f t C o p o l y m e r i z a t i o n o f A c r y l o n i t r i l e o n t o B a m b o o . 
The e f f e c t o f c e r i c i o n c o n c e n t r a t i o n o n t h e g r a f t c o p o l y ­
m e r i z a t i o n o f a c r y l o n i t r i l e o n t o bamboo i s s h o w n in F i g u r e 3 . 
A s c a n b e s e e n , t h e g r a f t i n g p e r c e n t a g e i n c r e a s e s t o a 
maximum a n d t h e n d e c r e a s e s w i t h f u r t h e r i n c r e a s e in t h e c o n ­
c e n t r a t i o n o f t h e i n i t i a t o r . The o p t i m u m c o n c e n t r a t i o n o f 
t h e i n i t i a t o r w a s f o u n d a t a r o u n d O.15 M . 

The g r a f t i n g p e r c e n t a g e s o n b o t h c u r v e ( A ) a n d c u r v e ( B ) 
w e r e c a l c u l a t e d g r a v i m e t r i c a l l y , w h i l e t h o s e o n c u r v e (c) 
w e r e e v a l u a t e d s p e c t r o s c o p i c a l l y . The d a t a p o i n t s o n c u r v e 
( A ) w e r e o b t a i n e d in t h e c a s e o f t h e r e a c t i o n p r o d u c t s o f t h e 
g r a f t i n g r e a c t i o n b e i n g o v e n d r i e d a t 100°C b e f o r e e x t r a c t i n g 
h o m o p o l y m e r s f r o m t h e g r a f t i n g s y s t e m . T h o s e o n c u r v e ( B ) 
a n d c u r v e (c) w e r e o b t a i n e d w i t h o u t d r y i n g t r e a t m e n t . I n 
f a c t , t h e b a n d i n t e n s i t i e s o f t h e c h a r a c t e r i s t i c n i t r i l e a b ­
s o r p t i o n f o r g r a f t c o p o l y m e r s o n c u r v e ( A ) d o n o t i n c r e a s e 
p r o p e r l y a n d c o r r e s p o n d i n g l y w i t h t h e i n c r e a s e in w e i g h t o f 
g r a f t c o p o l y m e r s e v e n t h o u g h t h e h o m o p o l y m e r s w e r e c a r e f u l l y 
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I » I I I 

4000 3000 2000 1500 1000 500 cm"1 

Figure 1. IR spectra. Key: A, , bamboo grafted with acrylonitrile; B, , 
background spectrum of bamboo; C., —. , background spectrum of polyacrylo­

nitrile. 

A 

I . I I I I I I 1 1 1 I I I 1 ' ' ' 
4000 3000 1800 1400 1000 600 300 

Figure 2. IR spectra. Key: A, benzene-alcohol extract obtained from bamboo; 
Bt benzene-alcohol extract after reacting with ceric ion. 
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a n d t h o r o u g h l y e x t r a c t e d . T h i s may i n d i c a t e t h a t t h e r e l i a ­
b i l i t y o f g r a f t i n g p e r c e n t a g e s o n c u r v e (A) i s q u e s t i o n a b l e . 

B y i s o l a t i n g t h e p o l y m e r b r a n c h e s o f g r a f t c o p o l y m e r s , 
t h e t r u e g r a f t i n g p e r c e n t a g e s f o r g r a f t e d bamboo s a m p l e s o n 
c u r v e ( A ) c o u l d b e e v a l u a t e d . A s bamboo s a m p l e s c o u l d b e 
h y d r o l y z e d in a n a c i d s o l u t i o n c o n t a i n i n g a c e t i c a n h y d r i d e , 
t h e g r a f t e d bamboo s a m p l e s w e r e h y d r o l y z e d a n d t h e p r e c i p i t a ­
t e s o f p o l y a c r y l o n i t r i l e c o u l d b e o b t a i n e d . I n f a c t , t h e 
g r a f t i n g p e r c e n t a g e s c o m p u t e d f r o m t h e p r e c i p i t a t e s o f p o l y ­
a c r y l o n i t r i l e g i v e a g o o d a p p r o x i m a t i o n t o t h e t r u e v a l u e s . 
The g r a f t i n g p e r c e n t a g e s s o e v a l u a t e d d e c r e a s e r e m a r k a b l y b u t 
a r e a g r e e a b l e w i t h t h e r e s u l t s s h o w n o n c u r v e ( B ) . 

To f i n d t h e c a u s e o f t h i s d i s c r e p a n c y , t h e d e t e r m i n a t i o n 
o f t h e a m o u n t o f c e r i c i o n a d s o r b e d o n t h e bamboo s a m p l e s w a s 
a t t e m p t e d . . The w e i g h
c o p o l y m e r w a s d e t e r m i n e
p e r c e n t a g e s b a s e d o n t h e w e i g h t o f o r i g i n a l bamboo s a m p l e s . 
R e s u l t s o f t h e a m o u n t o f c e r i c - a d s o r b e d s p e c i e s a n d p o l y ­
a c r y l o n i t r i l e p r e c i p i t a t e a n d t h e sum o f t h e s e two v a l u e s a r e 
g i v e n in T a b l e I . O b v i o u s l y , t h e h i g h g r a f t i n g p e r c e n t a g e s 
shown o n c u r v e (A) a r e n o t t r u e a n d c a n b e a c c o u n t e d f o r 
s a t i s f a c t o r i l y a s t h e sum o f c e r i c - a d s o r b e d s p e c i e s a n d 
g r a f t e d p o l y a c r y l o n i t r i l e . I n c o n s e q u e n c e , s e v e r e d e v i a t i o n 
f r o m t h e t r u e v a l u e o f g r a f t i n g p e r c e n t a g e c o u l d b e a r e s u l t 
o f d r y i n g t r e a t m e n t o f t h e r e a c t i o n p r o d u c t s b e f o r e r e m o v i n g 
h o m o p o l y m e r s f r o m t h e g r a f t i n g s y s t e m , e s p e c i a l l y in t h e 
p r e s e n c e o f r e l a t i v e l y h i g h c o n c e n t r a t i o n o f c e r i c i o n . 

The g r a f t i n g p e r c e n t a g e s o f g r a f t e d bamboo s a m p l e s 
e v a l u a t e d w i t h o u t g i v i n g a n y h e a t t r e a t m e n t a r e g i v e n in 
T a b l e I I . V a l u e s o b t a i n e d f r o m t h e g r a v i m e t r i c m e t h o d a r e 
s o m e w h a t h i g h e r t h a n t h o s e o b t a i n e d f r o m t h e s p e c t r o s c o p i c 
m e t h o d . T h i s i s p r o b a b l y due t o t h e d i f f i c u l t y in r e m o v i n g 
b o t h h o m o p o l y m e r a n d a d s o r b e d c e r i c i o n t h o r o u g h l y . 

A s s h o w n in F i g u r e 3* t h e g r a f t i n g p e r c e n t a g e i n c r e a s e s 
w i t h i n c r e a s i n g c o n c e n t r a t i o n o f t h e i n i t i a t o r u p t o O.16 M . 
T h e r e a f t e r , f u r t h e r i n c r e a s e in c e r i c i o n c o n c e n t r a t i o n 
b r i n g s a b o u t l o w e r g r a f t i n g y i e l d s . T h i s phenomenum w a s 
a s c r i b e d t o f a s t t e r m i n a t i o n o f t h e g r o w i n g p o l y m e r c h a i n s 
o w i n g t o t h e p r e s e n c e o f e x c e s s c e r i c i o n (15) . V a r m a a n d 
N a r a s i m h a m ( 2 8 ) h a v e p o i n t e d o u t t h a t in t h e c o p o l y m e r i z a t i o n 
o f c e l l u l o s e , t h e r a t e o f p o l y m e r i z a t i o n s h o u l d i n c r e a s e w i t h 
i n c r e a s e in c e r i c i o n c o n c e n t r a t i o n a t l o w c o n c e n t r a t i o n o f 
c e r i c i o n , b u t t h e s i t u a t i o n w o u l d b e r e v e r s e d a t h i g h e r c o n ­
c e n t r a t i o n s o f c e r i c i o n . T h e r e f o r e , a maximum g r a f t i n g p e r ­
c e n t a g e i s o b t a i n e d a t a p a r t i c u l a r o p t i m u m c o n c e n t r a t i o n o f 
c e r i c i o n , b e y o n d w h i c h t h e g r a f t i n g p e r c e n t a g e d e c r e a s e s 
p r o g r e s s i v e l y . The p r e s e n t r e s u l t s a r e in a g r e e m e n t w i t h o u r 
p r e v i o u s f i n d i n g f o r m e t h y l m e t h a c r y l a t e - g r a f t e d bamboo ( 1 8 ) , 
a n d a r e a l s o c o n s i s t e n t w i t h t h e r e s u l t s o b t a i n e d f o r g r a f t e d 
c e l l u l o s e b y o t h e r i n v e s t i g a t o r s (15 , 2 8 , 29) . 
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T a b l e . I I . G r a f t i n g p e r c e n t a g e s o f g r a f t e d b a m b o o . 

C e r i c I o n 

C o n c e n t r a t i o n S p e c t r o p h o t o m e t r i c G r a v i m e t r i c 

( K ) M e t h o d M e t h o d 

O.02 O.7 O.7 
O.04 6.2 8 . 5 
O.06 14.2 14 .8 

O.08 19.2 26.4 
O.10 2 8 . 1 2 8 . 8 

O.12 34.7 39.2 

O.14 36 .8 43.2 
O.16 39.4 46 .8 

O.18 35.9 35.7 
O.20 25.5 37.2 

W e i g h t o f bamboo s a m p l e : O.25 g 
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The maximum g r a f t i n g p e r c e n t a g e f o r a c r y l o n i t r i l e -
g r a f t e d "bamboo w a s f o u n d t o f a l l in t h e r a n g e 40-50$. The 
maximum v a l u e s a r e q u i t e c o m p a r a b l e w i t h t h e d a t a r e p o r t e d 
b y H e b e i s h e t a l . (6) f o r g r a f t e d c o t t o n . 

F o r t h e p u r p o s e o f t h e c h a r a c t e r i z a t i o n o f t h e g r a f t 
c o p o l y m e r s , p o l y a c r y l o n i t r i l e b r a n c h e s w e r e i s o l a t e d f r o m t h e 
g r a f t e d bamboo t h r o u g h h y d r o l y s i s . G e l p e r m e a t i o n c h r o m a t o ­
g r a p h y w a s u s e d t o d e t e r m i n e t h e m o l e c u l a r w e i g h t d i s t r i b u ­
t i o n s . F i g u r e 4 s h o w s some o f t h e t y p i c a l g e l p e r m e a t i o n 
c h r o m â t o g r a m s o b t a i n e d . A s c a n b e s e e n , t h e m o l e c u l a r 
w e i g h t s o f p o l y a c r y l o n i t r i l e b r a n c h e s o f g r a f t e d bamboo a r e 
r a t h e r l o w a n d t h e m o l e c u l a r w e i g h t d i s t r i b u t i o n s a r e q u i t e 
b r o a d , c o m p a r i n g w i t h t h o s e o f p o l y m e r b r a n c h e s o f g r a f t e d 
c e l l u l o s e . 

I t i s o f i n t e r e s
F i g u r e 4* a d r a s t i c c h a n g
w e i g h t d i s t r i b u t i o n w a s o b s e r v e d a s c e r i c i o n c o n c e n t r a t i o n 
c h a n g e d f r o m O.04 M t o O.08 M, w h i l e t h e p a t t e r n o f t h e 

m o l e c u l a r w e i g h t d i s t r i b u t i o n r e m a i n e d a b o u t t h e same t h e r e ­
a f t e r , e x c e p t in t h e l o w e r i n g o f t h e m o l e c u l a r w e i g h t d i s ­
t r i b u t i o n . I n f a c t , t h e m o l e c u l a r w e i g h t d i s t r i b u t i o n o f 
i s o l a t e d p o l y a c r y l o n i t r i l e b r a n c h e s e x h i b i t s o n l y a d i f f u s e d 
b r o a d b a n d c e n t e r e d a t a r o u n d 1.2 χ 1θ5 a t l o w c e r i c i o n c o n ­
c e n t r a t i o n , b u t e x h i b i t s t w o s e p a r a t e d b a n d s a t h i g h e r c e r i c 
i o n c o n c e n t r a t i o n . A w e a k b r o a d b a n d a n d a n i n t e n s e b r o a d 
b a n d c e n t e r e d a t a r o u n d 1.4 x 105 a n d 5.4 x 103, r e s p e c t i v e l y * 
w e r e o b s e r v e d in t h e g e l p e r m e a t i o n c h r o m a t o g r a m s w i t h c e r i c 
i o n c o n c e n t r a t i o n a t O.14 M . A p p a r e n t l y , t h e p o l y m e r c h a i n s 
o f g r a f t e d bamboo a r e s e v e r e l y s h o r t e n e d a s a r e s u l t o f f a s t 
t e r m i n a t i o n o f c o p o l y m e r i z a t i o n w h i c h s e e m s t o o c c u r a t a b o u t 
O.08 M o f c e r i c i o n c o n c e n t r a t i o n . T h e n u m b e r a n d t h e b r o a d ­
n e s s o f t h e b a n d o b s e r v e d f o r m o l e c u l a r w e i g h t d i s t r i b u t i o n 
o f g r a f t e d bamboo may n o t o n l y i n d i c a t e t h e c o m p l e x i t y o f t h e 
g r a f t i n g r e a c t i o n b u t may a l s o r e v e a l t h e p o s s i b l e e x i s t e n c e 
o f m u l t i p l e g r a f t i n g s i t e s o r t h e f o r m a t i o n o f two d i f f e r e n t 
t y p e s o f p o l y m e r i c s p e c i e s . 

G r a f t C o p o l y m e r i z a t i o n o f A c r y l o n i t r i l e o n t o H o l o c e l l u -
l o s e . I n o r d e r t o i n v e s t i g a t e t h e i n f l u e n c e o f l i g n i n u p o n 
t h e g r a f t i n g , t h e g r a f t c o p o l y m e r i z a t i o n o f a c r y l o n i t r i l e 
o n t o h o l o c e l l u l o s e w a s u n d e r t a k e n . F i g u r e 5 s h o w s t h e in­
f r a r e d s p e c t r u m o b t a i n e d f o r g r a f t e d h o l o c e l l u l o s e . A s c a n 
b e s e e n , t h e a b s o r p t i o n b a n d s d u e t o l i g n i n d i s a p p e a r a n d t h e 
c h a r a c t e r i s t i c f e a t u r e s o f t h e p o l y m e r b r a n c h e s a r e e x h i b i t e d 
in t h e s p e c t r u m . I n f a c t , w i t h o u t t h e p r e s e n c e o f l i g n i n , 
t h e g r a f t i n g r e a c t i o n c o u l d f a v o r a b l y p r o c e e d b e t w e e n 
h o l o c e l l u l o s e a n d a c r y l o n i t r i l e a n d t h e h i g h e r g r a f t i n g p e r ­
c e n t a g e s c o u l d t h u s b e o b t a i n e d . R e s u l t s o f g r a f t c o p o l y ­
m e r i z a t i o n o f a c r y l o n i t r i l e o n t o h o l o c e l l u l o s e w e r e s h o w n in 
F i g u r e 6 a n d t h e e x p e r i m e n t a l d a t a w a s g i v e n in T a b l e I I I . 
The maximum g r a f t i n g p e r c e n t a g e c o u l d r e a c h a r o u n d 60-70$ 
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Bamboo—Polyacrylonitrile 
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Figure 4. Molecular weight distribution jor polyacrylonitrile branches of grafted 
bamboo. 
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Holocellulose-Polyacrylonitrile 

4000 3000 2000 1500 1000 500 c m ~ 

Figure 5. IR spectra. Key: A, , holocellulose grafted with acrylonitrile; B, 
, background spectrum of holocellulose; C., , background spectrum of 

polyacrylonitrile. 

Holocellulose-Polyacrylonitrile 
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Figure 6. Effect of ceric ion concentration on the graft copolymerization of acrylo­
nitrile onto holocellulose. Key: Δ, using gravimetric method; 0, using spec­

troscopic method. 
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T a b l e I I I . G r a f t i n g p e r c e n t a g e s o f g r a f t e d h o l o c e l l u l o s e . 

C e r i c I o n G r a f t i n g P e r c e n t a g e ( $ ) 

C o n c e n t r a t i o n S p e c t r o p h o t o m e t r i e G r a v i m e t r i c 

(M) M e t h o d M e t h o d 

O.01 11.9 12.1 
O.06 44.9 49.1 
O.09 56.1 60.8 
O.11 59-1 66.4 
O.12 61.3 69.6 

O.14 61.1 67.2 
O.15 59.1 65.6 
O.18 58.1 58.9 
O.20 44.6 50.2 

W e i g h t o f h o l o c e l l u l o s e s a m p l e : O.25 g 
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w h i c h i s a b o u t a h a l f f o l d i n c r e a s e in c o m p a r i s o n w i t h t h e 
maximum g r a f t i n g p e r c e n t a g e o f g r a f t e d "bamboo. A s M u l i 
"bamboo c o n t a i n s 21$ l i g n i n a n d 4*8$ b e n z e n e - a l c o h o l e x t r a c t , 
t h e i n c r e a s e in g r a f t i n g p e r c e n t a g e s f o r g r a f t e d h o l o c e l l u ­
l o s e c a n n o t b e a c c o u n t e d f o r p u r e l y b a s e d o n t h e d i f f e r e n c e 
in c h e m i c a l c o m p o s i t i o n s b e t w e e n bamboo a n d h o l o c e l l u l o s e . 
E v i d e n t l y , t h e g r a f t c o p o l y m e r i z a t i o n o f bamboo w i t h a c r y ­
l o n i t r i l e w o u l d b e r e t a r d e d c o n s i d e r a b l y a n d t h a t t h e p o l y ­
m e r c h a i n s o f g r a f t e d bamboo w o u l d b e s h o r t e n e d g r e a t l y in 
t h e p r e s e n c e o f l i g n i n . 

F o r c h a r a c t e r i z i n g t h e p o l y a c r y l o n i t r i l e b r a n c h e s o f 
g r a f t e d h o l o c e l l u l o s e , g e l p e r m e a t i o n c h r o m a t o g r a p h i c 
m e a s u r e m e n t s w e r e a l s o t a k e n . A l s o , t h e e f f e c t o f l i g n i n o n 
t h e g r a f t c o p o l y m e r i z a t i o n b e t w e e n bamboo a n d a c r y l o n i t r i l e 
w a s e x a m i n e d b y c o m p a r i n g m o l e c u l a r w e i g h t d i s t r i b u t i o n f o r 
g r a f t e d bamboo a n d g r a f t e d h o l o c e l l u l o s e . Some t y p i c a l gel 
p e r m e a t i o n c h r o m a t o g r a m s f o r g r a f t e d h o l o c e l l u l o s e a r e s h o w n 
in F i g u r e 7. S i m i l a r
h o l o c e l l u l o s e a s f o r g r a f t e
F i g u r 7* m o l e c u l a r w e i g h t d i s t r i b u t i o n s f o r g r a f t e d h o l o ­
c e l l u l o s e a r e much h i g h e r t h a n t h o s e f o r g r a f t e d b a m b o o . I n 
f a c t , a s i n g l e b a n d c e n t e r e d a t 4.5 χ 105 w a s o b s e r v e d f o r 
m o l e c u l a r w e i g h t d i s t r i b u t i o n o f g r a f t e d h o l o c e l l u l o s e a t l o w 
c e r i c i o n c o n c e n t r a t i o n ( O . O l M ) . H o w e v e r , a s t h e c o n c e n t r a ­
t i o n o f c e r i c i o n i n c r e a s e d , t h e maximum p o s i t i o n o f t h e b a n d 
s h i f t e d t o w a r d l o w e r m o l e c u l a r w e i g h t , a n d t h e b a n d b e c a m e 
b r o a d e r o n t h e s i d e o f l o w e r m o l e c u l a r w e i g h t . A c t u a l l y , f o r 
g r a f t e d h o l o c e l l u l o s e w i t h c e r i c i o n c o n c e n t r a t i o n a t O.12 M, 
t h e f i r s t b a n d s h i f t e d down t o 2.2 χ 105 a n d a s e c o n d b a n d 
c e n t e r e d a t a r o u n d 9.0 χ 1θ4 - 1.0 χ 1θ5 a p p e a r e d , w h i c h i s 
c o m p a r a b l e w i t h t h e v a l u e o b t a i n e d f o r g r a f t e d c e l l u l s e ( 8 ) . 
A c c o r d i n g l y , t h e d i f f e r e n c e in m o l e c u l a r w e i g h t d i s t r i b u t i o n s 
f o r g r a f t e d bamboo a n d g r a f t e d h o l o c e l l u l o s e i s q u i t e r e m a r k ­
a b l e a n d may r e f l e c t t h e i n f l u e n c e o f l i g n i n o n t h e g r a f t i n g 
c o p o l y m e r i z a t i o n o f b a m b o o . 

C o n c l u s i o n s 

T h e r e s u l t s o f t h e p r e s e n t s t u d y o n t h e g r a f t c o p o l y ­
m e r i z a t i o n o f a c r y l o n i t r i l e o n t o bamboo c a n b e s u m m a r i z e d a s 
f o l l o w s : (1) T h e a p p e a r a n c e o f t h e n i t r i l e a b s o r p t i o n a t 2260 
c n r 1 c a n b e u s e d a s a c r i t é r i u m f o r t h e f o r m a t i o n o f g r a f t 
c o p o l y m e r s . 

(2) T h e g r a f t i n g r e a c t i o n d e p e n d s s t r o n g l y o n t h e c o n ­
c e n t r a t i o n o f c e r i c i o n a n d t h e maximum g r a f t i n g o c c u r s in a 
r a n g e a r o u n d O.15 M f o r g r a f t e d bamboo a n d a r o u n d O.12 M f o r 
g r a f t e d h o l o c e l l u l o s e a t 40°C. 

(3) G r a f t i n g p e r c e n t a g e s e v a l u a t e d w i t h t h e s p e c t r o -
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H o l o c e l l u l o s e - P o l y a c r y l o n i t r i l e 
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Figure 7. Molecular weight distribution for polyacrylonitrile branches of grafted 
holocellulose. 
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scopic method are probably more reliable than those evalua­
ted with the gravimetric method due to the possible conta­
mination of ceric adsorbed species. 

(4) As the consequence of the use of large amount of 
ceric salt in copolymerization reaction, severe deviation 
from the true value of grafting percentage may result if the 
initial products of graft copolymerization are oven-dried 
before removing homopolymers from the grafting system. 

(5) The maximum grafting percentage for a c r y l o n i t r i l e 
grafted bamboo was found to f a l l in the range of 40"~50$* 
while the maximum for grafted holocellulose was around 60-70$ 
for the experimental condition used. 

(6) By comparing the difference in molecular weight 
distribution and the difference in grafting percentages for 
grafted bamboo and grafte
tained that the graft
bamboo would be retarded considerably and the polymer chains 
of grafted bamboo would be shortened greatly in the presence 
of l i g n i n . 

Acknowledgements 

Financial support from National Science Council of the 
Republic of China i s gratefully acknowledged. 

Literature Cited 

1. Mino, G.; Kaizerman, S. J. Polymer Sci. 1958, 31, 242. 
2. Iwakura, Y.; Kurosaki, T.; Imai, Y. J. Polymer Sci. 

1965, A. 3, 1185. 
3. Kulkarni, A. Y.; Mehta, P. C. J. Appl. Polymer Sci. 

1965, 9, 2633. 
4. Arthur, J. C.; Baugh, P. J.; Hinozosa, O. J. Appl. 

Polymer Sci. 1966, 10, 1591. 
5. Kulkarni, A. Y.; Mehta, P. C. J. Appl. Polymer Sci. 

1968, 12, 1321. 
6. Hebeish, Α.; Mehta, P. C. J. Appl. Polymer Sci. 

1968, 12, 1625. 
7. Ogiwara, Y.; Ogiwara, Y.; Kubota, H. J. Polymer Sci. 

1968, A-1, 6, 1489. 
8. Morris, N. J.; Blouin, F. A.; Arthur, J. C. J. Appl. 

Polymer Sci. 1968, 12, 373. 
9. Huang, R. Y. M.; Chandramouli, P. J. Appl. Polymer Sci. 

1968, 12, 2549. 
10. Huang, R. Y. M.; Chandramouli, P. J. Polymer Sci. 

1969, A-1, 7, 1393. 
11. Rao, S. R.; Kapur, S. L. J. Appl. Polymer Sci. 

1969, 13, 2619. 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



250 GRAFT COPOLYMERIZATION OF LIGNOCELLULOSIC FIBERS 

12. Kubota, H.; Ogiwara, Y. J. Appl. Polymer Sci. 
1969, 13, 1569. 

13. Ogiwara, Y.; Kubota, H.; Arai, K. J. Appl. Polymer Sci. 
1970, 14, 1049. 

14. Kantouch, Α.; Hebeish, Α.; El-Rafie, M. H. J. Appl. 
Polymer Sci. 1971, 15, 1007. 

15. Hebeish, Α.; Kantouch, A.; El-Rafie, M. H. J. Appl. 
Polymer Sci. 1971, 15, 11. 

16. Mansour, O. Y.; Nagaty, A. J. Polymer Sci., Polymer 
Chem. Ed., 1974, 12, 1887. 

17. Lin, K. C.; Lin, Y. S.; Hus, T. C. J. Chinese Chem. Soc. 
1980, 27, 83. 

18. Lin, K. C.; Lin, Y. S.; Hu, C. T. Proc. Natl. Sci. 
Counc. B, ROC 1981, 5, 26

19. Hu, C. T.; Wu, Y
20. Ku, Y. C.; Chiou

Chemical Composition of Important Bamboos in Taiwan"; 
Taiwan Foresty Institute; Taipei, Taiwan, 1966; p 1-7. 

21. Liang, C. Y.; Krimm, S. J. Polymer Sci. 1958, 31, 531. 
22. Matsubara, I. B u l l . Chem. Soc., Japan, 1961, 34, 1710. 
23. Yamadera, R. J. Polymer Sci. 1961, 50, S4. 
24. Liang, C. Y.; Pearson, F. G.; Marchessault, R. H. 

Spectrochim Acta 1961, 17, 568. 
25. Tadokoro, H.; Murahashi, S.; Yamadera, R.; Kamei, T. 

J. Polymer Sci. 1963, A-1, 1, 3029. 
26. Yamadera, K.; Tadokora, H.; Murahashi, S. J. Chem. Phys. 

1964, 41, 1233. 
27. Polcin, J.; Rapson, W. H. Pulp and Paper Canada, 

1971, 72, 69. 
28. Varma, B. S.; Narasimham, Veena. J. Appl. Polymer Sci. 

1972, 16, 3325. 
29. Ogiwara, Y.; Ogiwara, Y.; Kubota, H. J. Polymer Sci. 

1967, A-1, 5, 2791. 

RECEIVED January 22, 1982. 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



16 
Grafting of Some Vinyl Monomers onto 
Lignocellulose and Cellulose in the Presence of 
Lignin 
OLFAT Y. MANSOUR and AHMED NAGATY 
Cellulose and Paper Laboratory, National Research Centre, 
Sh. El Tahrir, Dokki, Cairo, Egypt 
AL-FOUNS BESHAY 
Monoufya University, Faculty of Science, A.R. of Egypt 

Sodium bisulfite-china clay proved to be an efficient 
initiator for homopolymerizatio
tion of methyl methacrylat
reactions using ceric ammonium sulfate, sodium bisul-
fite-soda lime glass or -china clay are inhibited or 
retarded on adding soda lignin to the grafting medium. 
This may relate to the inhibiting effect of the quino-
noid groups present in lignin; also to the consumption 
of the ceric initiator in oxidizing of the lignin. 
The extent of inhibition and retardation depends on 
the amount of added lignin, the initiator used and 
the grafting temperature. Lignin in-situ of the lig-
nocellulosic substrate effects inhibition or retarda­
tion only on using ceric ammonium sulfate as initiator. 
This may relate to the presence of the in-situ lignin 
in the form of polyhydric alcohols which on oxidation 
are transformed into quinones. Ceric consumed in oxi­
dation and the quinone groups subsequently formed may 
both contribute for the inhibition or retardation of 
the grafting process. In analogy to soda lime glass 
and china clay, lignin of the lignocellulosic substrate 
acts with sodium bisulfite as an initiator system for 
grafting of polymethyl methacrylate onto lignocellu­
lose. In this case, on subjecting the lignocellulosic 
substrates to the same chemical treatment, the lignin 
content of the treated samples being the governing 
factor for the rate and yield of grafting, while the 
structure of lignin is the governing factor on subject­
ing to different chemical treatments. 

T i r z i n a (1) found that a l k a l i l i g n i n retarded the polymeriza­
t i o n of styrene in dimethyl sulfoxide and strongly i n h i b i t e d 
polymerization in the presence of oxygen and benzoyl peroxide. 

S t r a f o r e l l i (2) investigated the e f f e c t of l i g n i n on the 
graft copolymerization of methyl methacrylate i n i t i a t e d by azo-

0097-6156/82/0187-0253$6.00/0 
© 1982 American Chemical Society 
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b i s i s o b u t y r o n i t r i l e . Kubota and Ogiwara (3) examined the e f f e c t 
of l i g n i n in a c e r i c i o n - i n i t i a t e d graft copolymerization of 
methyl methacrylate on h i g h - y i e l d pulp d e l i g n i f i e d to d i f f e r e n t 
l i g n i n l e v e l s . E r d e l y i (4) prepared a series of pulps by the 
s u l f a t e cooking process and subsequent hypochlorite bleaching, 
and determined t h e i r g r a f t a b i l i t y in a system using c e r i c ammonium 
su l f a t e as i n i t i a t o r and a c r y l o n i t r i l e as monomer. From the l a t ­
ter three studies, i t was arrived at that a higher concentration 
of c a t a l y s t i s required if copolymerization i s to be c a r r i e d out 
in the presence of l i g n i n . Also, the presence of l i g n i n generally 
reduces polymerization rate and gives r i s e to prolonged i n h i b i ­
t i o n periods at higher l i g n i n l e v e l s (5). 

Given the fact that l i g n i n i s e a s i l y oxidized by most con­
ventional oxidants which are in turn often used to i n i t i a t e copo­
lymerization, one expect
i n h i b i t , the reaction a
t i a l l y in the reaction with l i g n i n . Moreover, the reaction of 
l i g n i n with oxidants gives r i s e to the formation of quinonoid 
structures which have pronounced retarding and/or i n h i b i t i n g pro­
p e r t i e s (5). 

However, there are some in d i c a t i o n s that higher l i g n i n con­
tent may not always be to the detriment of pulp g r a f t a b i l i t y (6). 
Hornof et a l . (7) showed that in the case of s u l f i t e pulp copoly­
merization with a c r y l o n i t r i l e by the xanthate method, the grafting 
e f f i c i e n c y increased with r i s i n g l i g n i n content while the t o t a l 
conversion remained almost constant. Kraft pulp, on the other 
hand, gave a higher t o t a l conversion to polymer with r i s i n g l i g ­
n i n content, with a simultaneous increase in the amount of homo-
polymer. 

The same authors (5) showed also in another work that the 
presence of larger amounts of l i g n i n in b i s u l f i t e pulps may have 
a favourable e f f e c t on g r a f t i n g p o l y a c r y l o n i t r i l e using the c e l ­
l u l o s e xanthate-hydrogen peroxide redox system to i n i t i a t e the 
copolymerization reaction. The p l o t s of the t o t a l conversion as 
w e l l as of polymer loading show a minimum centered around approxi­
mately 15% of l i g n i n . 

In the present work, the e f f e c t of adding l i g n i n and the 
presence of in-situ l i g n i n on the g r a f t a b i l i t y onto c e l l u l o s e has 
been investigated. 

Experimental 

Cotton l i n t e r and bagasse ground to 40 mesh and extracted 
with methanol-benzene 1:1, also a l k a l i n e treated bagasse and 
bagasse semichemical pulp were grafted with a c r y l o n i t r i l e , e t h y l 
acryl a t e or methyl methacrylate. Grafting was c a r r i e d out under 
p u r i f i e d nitrogen with occasional light-hand shaking. Ceric 
ammonium s u l f a t e was used as i n i t i a t o r for g r a f t i n g the two form­
er monomers (8), while sodium b i s u l f i t e - s o d a lime glass (9) or 
sodium b i s u l f i t e - c h i n a clay f o r g r a f t i n g the l a t t e r . Ceric 
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ammonium su l f a t e concentration was O.08 or O.1 g% in 1% s u l f u r i c 
acid (pH about 1.0) and sodium b i s u l f i t e concentration was O.1 g%. 
Liquor, monomer and soda lime glass or china clay to c e l l u l o s e 
r a t i o s were 30:1, 3:1 and 1:1, respectively. 

Homopolymerization reactions were also c a r r i e d out with the 
use of methyl methacrylate monomer. 

After the reaction period, the reaction mixture was f i l t e r e d 
through a dried and weighed sintered glass c r u c i b l e G3, washed 
thoroughly u n t i l free from r e s i d u a l monomer and other reagents, 
dried, and then weighed. The crude grafted c e l l u l o s e s were ex­
tracted with a su i t a b l e solvent f o r the removal of the homopoly­
mer; dimethylformamide (DMF) for p o l y a c r y l o n i t r i l e , tetrahydro-
furan (THF) for p o l y ( e t h y l a c r y l a t e ) , and acetone fo r poly(methyl 
methacrylate). Extraction was ca r r i e d out u n t i l no further homo-
polymer was removed. A
cient to bring about t h i s
followed. F i n a l l y , the samples were dried and weighed. 

The percentage conversion of monomer to polymer for homo-
polymerization reactions and the gr a f t i n g y i e l d s f o r the g r a f t i n g 
ones were calculated according to the following equations: 

Conversion % = (B-S)/M 

Crude g r a f t i n g y i e l d C % = [(F-S)-Z]/Z 

True g r a f t i n g y i e l d A % = [(G-S)-Z]/Z 

where Β i s the weight of polymer; S i s the weight of glass or 
china clay; M i s the weight of monomer; Ζ i s the weight of c e l l u ­
lose; F i s the weight of crude grafted c e l l u l o s e (before extrac­
t i o n ) ; and G i s the weight of grafted c e l l u l o s e (after extraction). 

The c e r i c consumption was determined according to the method 
of Mino and Kaizerman (10) as nanomole c e r i c ammonium su l f a t e per 
100 g c e l l u l o s e . 

Preparation of Materials. Soda l i g n i n was prepared from 
bagasse by subjecting to soda cooking conditions (11), namely, 
20% sodium hydroxide based on dry raw material, l i q u o r to c e l l u ­
lose r a t i o 5:1, at 150°C., for one hour. L i g n i n was p r e c i p i t a t e d 
and separated through ce n t r i f u g a t i o n from the cooking l i q u o r , 
washed with hydrochloric acid (1%) and then with water to neutral­
i t y ; a f t e r washing, the l i g n i n was obtained by centrifuging. The 
washed l i g n i n preparation was found to contain less than 1% ash. 

Soda lime glass (SLG) was made by El-Nasr Company, Egypt, 
from the reaction of Maadi sand (900 p a r t s ) , sodium carbonate 
(300 p a r t s ) , dolmite (CaC0 3, MgC03) (190 p a r t s ) , limestone (63 
parts) and sodium s u l f i t e (12 pa r t s ) . The f i n a l composition of 
the soda lime glass i s : S i 0 2 , 71.65%; R 20 3, 1.82%; CaO, 8.63%; 
MgO, 3.27%; Na 20, 14.63%. 
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Cotton l i n t e r was p u r i f i e d by Kier b o i l i n g and then bleached 
with the 4-stage bleaching method, namely, c h l o r i n a t i o n , hot 
a l k a l i - r e f i n i n g , hypochlorite and chlorine dioxide steps. 

Bagasse ground to 40 mesh, hot extracted with methanol-ben-
zene mixture (1:1) in a soxhlet apparatus and then d e l i g n i f i e d 
with a c i d i f i e d sodium c h l o r i t e at pH 4.5. 

Bagasse of 40 mesh was also subjected to a l k a l i n e treatments 
with sodium hydroxide of 2 and 4% concentration and ammonium 
hydroxide of concentration 12.5 and 25% at a l i q u o r r a t i o 20:1, 
at room temperature, for 24 hrs. The samples were washed thor­
oughly with d i s t i l l e d water and then treated with 10% a c e t i c 
a c i d , rewashed with d i s t i l l e d water t i l l acid free and f i n a l l y 
l e f t to dry at room temperature. 

Semichemical pulp of bagasse prepared by the acid s u l f i t e 
cooking was obtained fro

Results and Discussion 

Dudzik et a l . (12) found that i t i s possible to introduce 
and trap d i f f e r e n t amounts of sulfur-containing free r a d i c a l s 
i n s i d e the framework of the synthetic z e o l i t e s . 

Soda lime glass of the composition: S1O2, 71.65%; R2O3, 
1.82%; CaO, 8.63%; MgO, 3.27%; Na 20, 14.63%, when used with 
sodium b i s u l f i t e proved to be a good i n i t i a t o r system for poly­
merization and graft polymerization of methyl methacrylate onto 
c e l l u l o s e ( 9 ) . A scheme dealing with the mechanism of i n i t i a t i o n 
has been proposed assuming trapping of the b i s u l f i t e r a d i c a l 
i nside the glass framework to form a so-called sulfur-impregnated 
s o l i d . Such a s o l i d has paramagnetic properties and acts on the 
methyl methacrylate monomer and c e l l u l o s e as any f r e e - r a d i c a l -
producing source, i . e . , i n i t i a t o r , thus leading to polymerization 
and graft polymerization onto c e l l u l o s e . 

China clay having very nearly the empirical composition: 
A l 2 O 3 . 2 S i O 2 . 2 H 2 O (13) was used as soda lime glass with sodium b i ­
s u l f i t e as an i n i t i a t o r system for g r a f t i n g polymethyl methacry­
l a t e onto c e l l u l o s e . 

Figure 1 shows a s l i g h t increase in the rate of g r a f t i n g 
when using sodium b i s u l f i t e - c h i n a clay i n i t i a t o r system compared 
with sodium b i s u l f i t e - s o d a lime glass, while the increase in the 
rate of homopolymerization and the conversion % was d i s t i n c t 
(Figure 2). 

When used with china clay as an i n i t i a t o r , sodium b i s u l f i t e 
prepared one day before gave higher rate of polymerization and 
conversion %, compared with the one f r e s h l y prepared (Figure 2). 
A s i m i l a r r e s u l t was achieved on using sodium b i s u l f i t e - s o d a 
lime glass as an i n i t i a t o r system ( 9 ) . 

Grafting in Presence of Added L i g n i n . Ceric ammonium s u l ­
fate i s an e f f e c t i v e i n i t i a t o r for g r a f t i n g polyethyl a c r y l a t e 
and p o l y a c r y l o n i t r i l e onto pure c e l l u l o s e s (8), while sodium 
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Figure 1. Grafting rate using two sodium bisulfate initiator systems. Lignin (g%) 
using china clay for crude grafting yield (C): Ο — Ο , O.0; .—., O.0005; # ., 
1.33; and for true grafting yield (Α): χ — χ , O.0; Ο Ο, O.0005. Lignin 
(g%) using glass for crude grafting yield (C): . —Φ, O.0; Η h O.0005; 

χ - - - χ , 1.33. 
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Figure 2. Homopolymediation of methyl methacrylate in presence of china clay 
or glass. Key (china clay): χ — X , sodium bisulfite freshly prepared; Ο — Ο , 
sodium bisulfite prepared one day before. Key (glass): -\ Κ sodium bisulfite 

prepared one day before. 
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b i s u l f i t e - s o d a lime glass (9) and sodium b i s u l f i t e - c h i n a clay are 
e f f e c t i v e for g r a f t i n g polymethyl methacrylate. High g r a f t i n g 
y i e l d s are thus achieved. 

Addition of 1.33% of soda l i g n i n to the g r a f t i n g systems 
i n h i b i t e d the g r a f t i n g reactions completely (zero g r a f t i n g yields) 
(Figures 1, 3, 4 and 5). 

Minimizing the percent of added l i g n i n to O.27 resulted in 
gr a f t i n g of the monomers onto c e l l u l o s e , however, the rate and 
y i e l d of graftings were sharply decreased compared with those 
achieved in absence of l i g n i n (Figures 3, 4 and 5). 

I t was observed that there are c e r t a i n s o l u b i l i t i e s of l i g ­
n i n in monomers. Experiments were conducted using only monomer 
dissolved l i g n i n . The percent of l i g n i n dissolved in each mono­
mer was determined and was found O.002% in both a c r y l o n i t r i l e 
and e t h y l acrylate and
gr a f t i n g systems, the percentage
spectively. Figures 1, 3, 4 and 5 show that the presence of such 
traces of l i g n i n in the g r a f t i n g media still r e s u l t in sharp 
decrease in the rate and y i e l d of g r a f t i n g compared with those 
due to absence of l i g n i n . The decrease may be as high as that 
due to the presence of O.27% l i g n i n (Figures 3 and 4). 

Again, from Figures 1, 3, 4 and 5 i t i s clear that the pre­
sence of traces of l i g n i n in the graft polymerization system 
p a r t i a l l y retards the g r a f t i n g reaction when sodium b i s u l f i t e -
soda lime glass or -china clay are used as i n i t i a t o r s . Here, 
retardation i s a t t r i b u t e d to the quinonoid groups present in 
soda l i g n i n . Strong retardation i s achieved when the i n i t i a t o r 
i s eerie ammonium s u l f a t e . The l a t t e r r e s u l t r e l a t e s to the 
p r e f e r e n t i a l consumption of the i n i t i a t o r in o x i d i z i n g l i g n i n (5). 

I t was also observed that at the same percent of the l i g n i n 
added, the decrease in the rate and y i e l d of g r a f t i n g i s higher 
on lowering the g r a f t i n g temperature (Figures 3, 4 and 5). This 
may r e l a t e to a higher e f f i c i e n c y for the retarding or i n h i b i t i n g 
properties of l i g n i n at the lower temperature. 

Grafting in the Presence of I n - s i t u L i g n i n . Extracted 
ground and semi chemical pulp of bagasse of the l i g n i n contents 
19.6 and 1.89%, re s p e c t i v e l y , were subjected to g r a f t i n g with 
et h y l acrylate and a c r y l o n i t r i l e using O.08 g eerie ammonium s u l ­
fate/100 ml as i n i t i a t o r . The r e s u l t s as i l l u s t r a t e d in Figure 6, 
show absence of g r a f t i n g as indicated by the zero g r a f t i n g y i e l d s 
achieved. I n s u f f i c i e n t rate and y i e l d of graftings were only 
observed on g r a f t i n g the semichemical pulp with a c r y l o n i t r i l e 
at 30°C. For the extracted bagasse with high l i g n i n content, 
i n h i b i t i o n (zero g r a f t i n g y i e l d ) took place also even on increas­
ing the concentration of eerie ammonium s u l f a t e to O.1 g/100 ml. 
Inhibited g r a f t i n g was also affected on using a l k a l i n e treated 
ground bagasse. I n h i b i t i o n of the g r a f t i n g process has been 
related to the p r e f e r e n t i a l consumption of the i n i t i a t o r in o x i ­
d i z i n g l i g n i n . This i s revealed by comparing the eerie consumed by 
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Figure 3. Rate of grafting. Conditions: initiator, eerie ammonium sulfate (O.08 
g/100 mL, 1% H2SOh); monomer, ethyl acrylate; 30°C. Lignin (g%): O—O, 

O.0; X-X, O.0002; .—., O.27; Χ — X , 1.33. 
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T i m e h r s . 

Figure 4. Rate of grafting. Conditions: initiator, eerie ammonium sulfate (O.08 
g/100 mL, 1% HgSOt); monomer, acrylonitrile; 30°C. Lignin (g%) for crude 
grafting yield (C): O—O, O.0; Ο Ο, O.0002; χ — χ , O.27; Χ Χ, 

1.33. Lignin (g%) for true grafting yield (A): .—., O.0; Φ . , O.0002. 
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Figure 5. Grafting rate of two monomers. Conditions: initiator, eerie ammonium 
sulfate (O.08 g/100 mL, 1% H2SO^). Lignin (g%) using ethyl acrylate (40°C): 
O—O, O.0; . ., O.0002; -\ h 1-33. Lignin (g%) using acrylonitrile 
(40°C): Ο Ô, O.0; χ χ, O.0002; .—., 1.33. Lignin (g%) using ethyl 

acrylate (60°C): .—., O.0; Χ — X , O.27. 

Figure 6. Grafting rate of semichemical pulp. Conditions: initiator, eerie am­
monium sulfate (O.08 g/100 mL, 1% H2SO^; 30°C. Key (monomer): O—O, 
acrylonitrile; .—., ethyl acrylate. Grafting rate of extracted bagasse. Condi­
tions: monomer, ethyl acrylate; 60°C. Key (initiator, eerie ammonium sulfate): 

X—X, O.08 g/100 mL, 1 % H2S04; Η b O.10 g/100 mL, 1 % H2SOk. 
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the l i g n o c e l l u l o s i c substrate bagasse semichemical pulp and the 
pure c e l l u l o s e cotton l i n t e r , where the former substrate showed 
a sharp increase in the eerie consumed at the early stages 
(Figure 7). 

On using sodium b i s u l f i t e - s o d a lime glass as i n i t i a t o r f o r 
g r a f t i n g polymethyl methacrylate onto ground bagasse of the l i g ­
nin content of 19.6%, low rate and y i e l d of g r a f t i n g were 
achieved. The same was also obtained when g r a f t i n g was c a r r i e d 
out in presence of sodium b i s u l f i t e alone, i . e . , in the absence 
of soda lime glass. The rate and y i e l d of graftings were as low 
as in the presence of soda lime glass (Figure 8). 

Reducing the l i g n i n content to 4%, then to 2.62% through 
d e l i g n i f i c a t i o n with a c i d i f i e d sodium c h l o r i t e , increased the 
rate and y i e l d of g r a f t i n g progressively in the absence of soda 
lime glass. 

Semichemical pulp
higher rate and y i e l d of g r a f t i n g (Figure 8). 

The r e s u l t s achieved above reveal the following: 
(1) For g r a f t i n g polymethyl methacrylate onto l i g n o c e l l u l o s i c 
substrates, sodium b i s u l f i t e may be used alone, i . e . , in the 
absence of soda lime glass or china clay. I t i s worthy to men­
t i o n that g r a f t i n g onto pure c e l l u l o s e s f a i l e d to take place in 
absence of soda lime glass (9); (2) l i g n i n already present in 
the c e l l u l o s i c substrate, i . e . , in-situ, does not possess r e t a r d ­
ing or i n h i b i t i n g properties on the process of g r a f t i n g of poly­
methyl methacrylate in the presence of sodium b i s u l f i t e . This 
r e l a t e s to that l i g n i n i s present in plant as polyhydric alcohols 
and not as quinones. I t acquires the quinonoid structure respon­
s i b l e for the i n h i b i t i n g properties only on i s o l a t i o n (14). 

Grafting polymethyl methacrylate succ e s s f u l l y onto p a r t i a l l y 
d e l i g n i f i e d bagasse or semichemical pulp on using sodium b i s u l f i t e 
alone, i . e . , in the absence of soda lime glass or china clay may 
not be contributed to the inorganic matter, p a r t i c u l a r l y s i l i c a , 
present in bagasse, since: 
1. S i l i c a i s l e s s e f f i c i e n t than soda lime glass in i n i t i a t i n g 
the g r a f t i n g of polymethyl methacrylate in presence of sodium b i ­
s u l f i t e (9). The r e s u l t s achieved with semichemical pulp show 
very high rate and y i e l d of graftings (Figure 8). 
2. Crude g r a f t i n g y i e l d s higher than 100% could be only achieved 
at soda lime glass to c e l l u l o s e r a t i o O.5:1 and further increased 
at 1:1. A maximum y i e l d higher than 200% was achieved at 2:1 
r a t i o (15). In the present work, the amount of inorganic matter 
determined as ash content i s 4.029% fo r bagasse and 1.115% fo r 
semichemical pulp. In other words, the r a t i o of inorganic matter 
( i n which s i l i c a forms one of i t s constituents) to c e l l u l o s e i s 
O.04:1 for the former and O.01:1 for the l a t t e r and hence these 
r a t i o s are i n s u f f i c i e n t to produce the high g r a f t i n g y i e l d s 
achieved with the p a r t i a l l y d e l i g n i f i e d bagasse and the semichemi­
c a l pulp. 
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Figure 7. Ceric ammonium sulfate consumption for cotton linter: Ο — Ο , 30° C.; 
.—., 60°C.; and for semichemical pulp: H h 30°C.; χ — X , 60°C. 
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Figure 8. Graft polymerization of methyl methacrylate. Onto bagasse: Φ ., 
in absence of glass; Ο Ο, in presence of glass. Onto semichemical pulp: 
Ο — Ο , in absence of glass; Φ—., in presence of glass. Onto delignifted bagasse: 

Χ — X , 4.00% lignin; Η f-, 2.60% lignin. 
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From the above, i t may be concluded that in analogy to the 
mechanism of g r a f t i n g i n i t i a t e d by sodium b i s u l f i t e - s o d a lime 
glass system (9), l i g n i n with i t s network structure configuration 
may play the r o l e of soda lime glass in trapping the b i s u l f i t e 
r a d i c a l inside i t s framework forming a sulfur-impregnated s o l i d 
of paramagnetic properties which act on the methyl methacrylate 
monomer and c e l l u l o s e as any free-radical-producing source, thus 
leading to polymerization and graft polymerization onto c e l l u l o s e . 

Again, i t i s noteworthy that the y i e l d of g r a f t i n g was prac­
t i c a l l y the same at equilibrium on carrying out the g r a f t i n g 
process on semichemical pulp in presence and absence of soda lime 
glass (Figure 8). 

Subjecting the ground bagasse to tr e a t i n g with 2 and 4% 
sodium hydroxide decreased the l i g n i n content to 11.19 and 7.36%, 
res p e c t i v e l y ; while t r e a t i n
l i q u o r to c e l l u l o s e r a t i o
and 11.61%, resp e c t i v e l y . 

Figure 9 shows that for the same a l k a l i n e treatment (sodium 
or ammonium hydroxide), the sample of the lower l i g n i n content 
showed again higher rate and y i e l d of gra f t i n g s . For d i f f e r e n t 
a l k a l i n e treatments, samples treated with ammonium hydroxide 
were of higher g r a f t i n g rates and y i e l d s than those treated with 
sodium hydroxide, in sp i t e of the higher l i g n i n content of those 
of the former treatment. Also, the rate and y i e l d of graftings 
were higher for the bagasse subjected to a l k a l i n e treatments than 
that treated with acid c h l o r i t e (Figures 8 and 9), in sp i t e again 
of the higher l i g n i n content of the former samples. This may 
re l a t e to differences in the structure of the r e s i d u a l l i g n i n 
due to p r e f e r e n t i a l removal of d i f f e r e n t l i g n i n f r a c t i o n s and 
combined hemicelluloses, accompanying d i f f e r e n t chemical t r e a t ­
ments. 

In conclusion, the l i p n i n content i s the governing factor 
for the rate and y i e l d of g r a f t i n g of polymethyl methacrylate 
in the presence of sodium b i s u l f i t e onto l i g n o c e l l u l o s i c substrate 
when the l a t t e r i s subjected to the same chemical treatment. For 
d i f f e r e n t chemical treatments, the structure of the r e s i d u a l l i g ­
n i n i s the governing factor. In other words, the extent to which 
l i g n i n i n t e r f e r e s with the g r a f t i n g reaction varies from one type 
of c e l l u l o s i c substrate to another, depending l a r g e l y on i t s 
chemical h i s t o r y . A s i m i l a r achievement was arri v e d at by 
Hornof et a l . (5), although t h e i r studies were d i f f e r e n t from 
those of ours. 
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Figure 9. Grafting rate onto bagasse treated with ammonium hydroxide: 
Ο Ο, 10:1; .—., 20:1; and with sodium hydroxide: Χ — X , 2%; 

O—O, 4%. 
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The Xanthate Method of Grafting 
Part IX: Grafting of Acrylonitrile onto 
High-Yield Hardwood Pulp 

Β. V. KOKTA, R. C. LO, and C. DANEAULT 
Centre de Recherche en Pâtes et Papiers, Université du Québec à Trois-Rivières, 
C.P. 500, Trois-Rivières, Québec, Canada G9A 5H7 

Hardwood pulp was copolymerized with acrylonitrile 
as a monomer usin  th  xanthat  graftin  method
Grafting has bee
ferrous ion and hydroge  peroxide
operating conditions on grafting was investigated. 
Among the factors studied, the most important were 
initial pH, the concentration of hydrogen peroxide 
and the pulp/monomer ratio. Grafting parameters 
has been compared to that of softwood pulps. In 
addition, the effect of different residual concen­
tration of lignin in pulp was examined. Sodium 
chlorite served as the delignification agent. The 
results showed minimum grafting at 6-8% lignin level. 
Finally, the optimum set of reaction conditions, 
which gives almost 100% grafting efficiency at very 
high conversion level has been proposed. 

The xanthate method of g r a f t i n g , discovered by Faessinger 
and Conte (1) i s one of the most promising f o r i n d u s t r i a l a p p l i ­
cation. In our laboratory we have been working on the optimiza­
t i o n of xanthate method. In order to develop an e f f i c i e n t method 
we have t r i e d to reduce the homopolymer formation to a minimum and 
consequently to increase g r a f t i n g e f f i c i e n c y . Maximum monomer 
conversion was another important objective in the developing of a 
cheap g r a f t i n g method. We have shown that f o r low l i g n i n pulps 
(2),for high y i e l d pulps (3,4.), as w e l l as f o r mechanical (5) and 
thermomechanical pulps (6,7), the xanthate method could be o p t i ­
mized by properly adjusting the reaction conditions l i k e the hy­
drogen peroxide concentration, the initial pH and the pulp/mono­
mer r a t i o . The pulps used in the above mentioned references (2-
7) were softwood ones (spruce and balsam f i r ) . 

I t was shown that, in general, the paper properties could be 
improved by the g r a f t i n g of acrylamide onto low strength pulps 
( l i k e high y i e l d and mechanical pulps) (8). I t i s w e l l known 
that hardwood pulp f i b e r s are considerably shorter (about 1 m i l l i -
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meter) compare to softwood f i b e r s (about 3 m i l l i m e t e r s ) . In ad­
d i t i o n , hardwood f i b e r s , being less compressable than the s o f t ­
wood ones give generally low strength pulps. Therefore, i t seems 
l o g i c a l that g r a f t i n g on hardwood pulps would improve t h e i r mecha­
n i c a l properties (9). Unfortunately very l i t t l e have been p u b l i ­
shed on g r a f t i n g hardwood pulps using the xanthate method with the 
exception of work done by Young (10). He has found, that g r a f t i n g 
e f f i c i e n c i e s in case of aspen could be close to 53% f o r both the 
styrene and a c r y l o n i t r i l e monomers. Conversion values obtained 
were 76.5% and 17% f o r a c r y l o n i t r i l e and styrene, r e s p e c t i v e l y . 

The objective of t h i s work was to optimize g r a f t i n g parame­
ters f o r hardwood pulp in general and aspen in p a r t i c u l a r . The 
monomer used was a c r y l o n i t r i l e . 
Experimental 

a) M a t e r i a l s ; 
Pulp: the high y i e l

brightness 46.6%, C.S.F. 325, l i g n i n 14.8%. 
Monomer: a c r y l o n i t r i l e (Eastman Chemical Grade) was p u r i f i e d 

by d i s t i l l a t i o n ; the c e n t r a l f r a c t i o n was c o l l e c t e d and stored in 
a r e f r i g e r a t o r in dark b o t t l e s . 
A l l other chemicals employed in the work were a n a l y t i c a l grade 
and were used as supplied by manufacturers. 

b) D e l i g n i f i c a t i o n of pulps : 
Sodium c h l o r i t e was used as the bleaching agent at pH 4. The 

concentration of c h l o r i t e required to obtain a given degree of de­
l i g n i f i c a t i o n was determined by preliminary experimentation. 

In a bleaching operation, the required quantity of pulp (150 
g a i r - d r i e d ) was desintegrated and placed i n t o a polyethylene 
bag. The calculated amount(from 2 to 12%) of NaC10 2 dissolved in 
300 ml water was subsequently added and the mixture was homogeni­
zed by t r i t u r a t i o n . The pH was adjusted to 4 with s u l f u r i c a c i d , 
and the mixture was once again homogenized and the pH readjusted 
if necessary. The bag, placed in a controlled-temperature bath 
was maintained at 50°C f o r 120 minutes. A f t e r bleaching, the 
pulp was f i l t e r e d , washed 5 times with 1000ml aliquots of water 
and then subjected to a l k a l i n e e x t r a c t i o n by sodium hydroxide 
(1.5% by weight in respect to dry pulp) at 80 C during 1 hour. 
The extracted pulp was thoroughly washed u n t i l pH 7 and then 
vacuum f i l t e r e d to approximately 20% of consistency. A l l pulps 
were preserved in a r e f r i g e r a t o r . 

The pulps prepared by t h i s procedure as w e l l as the non 
bleached high y i e l d b i s u l f i t e pulp have been characterized by the 
standard methods of the Canadian Pulp and Paper Association (CPPA 
Technical Section) as shown in Table I. 

c) Procedures used: 
The technique of pulp pre-conditionning as w e l l as the poly­

merization conditions have been described in a previous paper (11). 
S p e c i f i c conditions used in t h i s work were as follows : 

Pulp conditioning: Pulp 9.0 ί O.02 g (oven-dried weight); 
p a r t i a l mercerization at 25°C., 45 min. in 300 ml O.75 Ν NaOH; (so­
l u b i l i t y in NaOH:3.5%); xanthation, 2 hrs in presence of CS ? va-
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TABLE I 

Properties of Pulps Prepared by C h l o r i t e D e l i g n i f i c a t i o n . 

Pulp Kappa a 

index index 

ΒΊ-0 86.3 14.8 2.2 16.4 

BT-1 74.5 12.8 2.1 22.4 

BT-2 62.0 10.7 1.9 24.8 

BT-3 52.8 9.1 2.0 24.5 

BT-4 37.2 6.4 1.8 23.7 

BT-5 31.8 5.5 1.8 23.2 

BT-6 25.4 4.4 1.5 22.5 

aCPPA standard G.18. 

bCPPA standard G.22. 

CTAPPI standard T237 su.63. 
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pors, 25°C.; washing, 300 ml of a c i d i f i e d (pH:4.5) d i s t i l l e d water-, 
ion exchange, 2 min in 150 ml of O.004% (NH,) ?Fe(S0,) ; washing, 
250 ml of d i s t i l l e d water (pH: 6.5). 

Copolymerization; Monomer, a c r y l o n i t r i l e , 9.09 g; impregna­
t i o n 15 min, 25°C.; surfactant (Tween-80), O.9 g; d i s t i l l e d water, 
210 ml; ^2°2 ( c o n c - 3 0 % ) 5 m l H2 S°4 t o p H : 5 ; r e a c t i o n time, up 
to 19 hrs; atmosphere, nitrogen; reaction temperature, 25 C.; 
quenching of polymerization: washing of product with d i s t i l l e d 
water and 1% of K 2S 20^, 5 min; washing with 1000 ml of d i s t i l l e d 
water. 

Extractions; The apparent l e v e l of g r a f t i n g , polymer loading 
and conversion was determined by Soxhlet e x t r a c t i o n using dime­
t h y l formamide. The oven dry weight was corrected f o r pulp l o s t 
in the mercerization step. Grafting parameters were defined as 
follows : 

Polymer loading, %
Grafting e f f i c i e n c y , %: (A-B)/(D-B) χ 100 
Degree of conversion, %: (D-B)/(C) χ 100 

where A i s weight of product a f t e r copolymerization and extrac­
t i o n , Β i s weight of pulp, C i s weight of monomer charged; and D 
i s weight of product a f t e r copolymerization. 
Results and Discussion 

1) E f f e c t of Operating Conditions on Grafting E f f i c i e n c y and 
Conversion. 

a) Dependence of g r a f t i n g on initial pH. 
Dependence of g r a f t i n g on initial pH i s i l l u s t r a t e d in Figu­

re 1. Grafting e f f i c i e n c y i s not much affected by pH, even though 
the optimum value seems to be between pH 4 and 7. This i s a l i t ­
t l e lower than the values obtained f o r mechanical softwood pulp, 
for which maximum g r a f t i n g e f f i c i e n c y was in the proximity of pH 
6-9 (4). In case of softwood k r a f t semibleached pulp (2% l i g n i n ) , 
g r a f t i n g e f f i c i e n c y was d i r e c t l y proportional to pH up to the va­
lue of pH 10 when i t reached 83% (2). 

As f a r as conversion i s concerned, there i s a sharp increase 
from 5% conversion at pH= 1 to 70% conversion at pH=4 where the 
conversion stays constant up to pH*7. This compares w e l l to the 
values f o r softwood mechanical pulp f o r which the conversion was 
highest at pH«5 (67.8%), (4). On the other way, conversion va­
lues f o r softwood semibleached k r a f t pulp were highest at pHr2 
(87%) and than s t e a d i l y decreased to the 55% value at ρΗ=8 and to 
0% at pH=10 (2). From the r e s u l t s shown above, i t seems apparent 
that the e f f e c t of pH on g r a f t i n g i s s i m i l a r f o r high l i g n i n pulps 
e i t h e r hardwood as in t h i s study or softwood mechanical pulp (4). 

Considering that both g r a f t i n g e f f i c i e n c y as w e l l as conver­
sion in t h i s study shows optimal values f o r pH 4 - 7, we have used 
pH 5 which favors the attachment of ferrous ion on p a r t i a l c e l l u ­
lose xanthate and other i o n exchange groups present. (The term 
" p a r t i a l c e l l u l o s e xanthates" stands f o r xanthates bound s t a t i s t i ­
c a l l y to any component of the pulp ( c e l l u l o s e , hemicellulose, l i ­
g nin). The importance of the presence of ferrous ions on g r a f t i n g 
i s shown in Diagrams I - I I - I I I , which show reaction mechanism sug-
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Figure 1. Dependence of conversion (Ο) and grafting efficiency (+) on pH. 
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Diagram I. Activation of cellulose xanthate by hydrogen peroxide. 

2b) Ce l l -CH 2 - 0 -C - S - (CH 2 -CHX) -

Cell - C H 2 - O. 
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A ) Formation of radicals OH 

I- C e l l - C H 2 - 0 - C - S ~ + H 2 0 2 

C e l l - C H 2 - 0 « 

C e l l - C H 2 - 0 - C - S * + OhT + OH" 

C e l l - C H - O H 

Π - F e 2 + + H o 0 2 ^ 2 

B) Homopolymerization 

HT - η CH 2 = CHX + OH - H - 0 - [ c H 2 - CHX - ] -

homopolymer 

Diagram II. 

C e l l - C H 2 - 0 - C - S ~ + F e ; 

C e l l - C H 2 - 0 < 

η C H 2 « CHX 

Cell 

C e l l - C H 2 - 0 - C - S , + F e c 

- c s 9 

C e l l - C H - O H 

η C H 2 = C H X 

OH, 
- C H 2 - 0 - f fcH2-CHx]-

n 

Diagram III. Activation of cellulose xanthate by ferric ion. 

C e l l - Ç - £ c H 2 - C H X - ] — 

Η Π 
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gested by Teichmann (12) and Krassig (13). Even though the g r a f t ­
ing r eaction could be carry out without ferrous i on present ( d i a ­
gram II) as was shown by Dimov and Pavlov (14) in case of pure 
c e l l u l o s e , the presence of l i g n i n makes g r a f t i n g extremely slow 
in the absence of ferrous i o n . The ferrous i o n , when oxidized to 
f e r r i c i o n appears to contribute to an increased g r a f t i n g e f f i ­
ciency as shown in diagram I I I (15). 

b) Dependence of g r a f t i n g on time. 
Dependence of g r a f t i n g e f f i c i e n c y and monomeric conversion 

on reaction time are shown in Figures 2 and 3. I t i s shown that 
a rapid polymerization takes place during the f i r s t 2 hrs of the 
reacti o n ; the rate then decreases, and a f t e r about 8 hrs the reac­
t i o n almost ceases. I t i s i n t e r e s t to note that g r a f t i n g e f f i ­
ciency i s d i r e c t l y proportional to time during the f i r s t 2 h r s of 
the reaction and a f t e r tha
l e v e l . I t seems that th
I I I ) i s remakably suppressed at pH 5 at which there i s not very 
much ferrous i o n in s o l u t i o n to form free OH r a d i c a l and polymeri­
za t i o n takes place mostly on p a r t i a l l y xahthated c e l l u l o s e . 

c) Dependence of g r a f t i n g on hydrogen peroxide. (Figure 4) 
I t i s evident that in the i n t e r v a l studied there i s an i n c r e a ­

se of g r a f t i n g e f f i c i e n c y (from 80 to 90%) and increase in conver­
sion with Ĥ Ô  concentration up to 3g of peroxide (14.28g/l). 
Further increase of peroxide does not have much influence. This 
i s in agreement with our previous work with softwood mechanical 
pulp (4). 

The higher concentration of peroxide leads to a greater num­
ber of grafted chaînes with lower molecular weights (2). 

d) Dependence of g r a f t i n g on monomer quantity. 
The next set of experiments has been done to e s t a b l i s h the 

e f f e c t of monomer concentration on g r a f t i n g . Figure 5 shows the 
dependence of t o t a l conversion and g r a f t i n g e f f i c i e n c y on the quan­
t i t y of monomer used. While the monomer conversion i s increasing 
up to the 90% l e v e l when monomer/pulp r a t i o reaches one and then 
stays constant, the g r a f t i n g e f f i c i e n c y decreases at the same t i ­
me. This indicates that the homopolymerization i s favored by the 
presence of more monomer. This phenomenon i s probably due to a 
greater rate of incidence of chain transfer by monomer. As was 
indicated in our previous work with softwood k r a f t pulp (2), 
which showed s i m i l a r e f f e c t of monomer concentration on g r a f t i n g 
of a c r y l o n i t r i l e , the possible t r a n s f e r of growing g r a f t chains 
to monomer causes a formation of homopolymer in the system unless 
an immediate transfer back to the backbone material can take p l a ­
ce. The l a t t e r process i s more probable when there i s a higher 
pulp monomer r a t i o and better g r a f t i n g e f f i c i e n c y i s therefore 
expected at low monomer concentration. 

In addition, at higher pulp/monomer r a t i o there i s r e l a t i v e ­
l y higher amount of p o t e n t i a l l y a ctive s i t e s per quantity of mo­
nomer used; therefore the copolymerization reaction in the pro­
ximity s i t e s i s more probable than the homopolymerization in s o l u ­
t i o n . 
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Figure 3. Dependence of conversion (O) and grafting efficiency (+) on reaction 
time. 
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Figure 4. Dependence of conversion (Ο) and grafting efficiency (+) on quantity 
of hydrogen peroxide. 

θί , , , , , , , , , , . ίο 
Ο 3 6 9 1 2 1 5 1 8 

A C R Y L O N I T R I L E ( G R ) 

Figure 5. Dependence of conversion (+) and grafting efficiency (O) on quantity 
of monomer. 
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e) Dependence of g r a f t i n g on temperature. 
A n e g l i g i b l e e f f e c t of temperature on g r a f t i n g i s shown in 

Figure 6. I t i s obvious that the temperature does not have any 
e f f e c t on g r a f t i n g e f f i c i e n c y and a very small e f f e c t on conver­
si o n . These r e s u l t s are not s u r p r i s i n g in view of the s i m i l a r 
r e s u l t s in our previous work (11). I t seems that the p o s i t i v e ef­
f e c t which the increase of temperature exerts on the i n i t i a t i o n 
and propagation of polymerization compensates f o r the negative 
e f f e c t of s a p o n i f i c a t i o n (increased rate of s a p o n i f i c a t i o n of the 
xanthate groups in a c i d i c medium before the r a d i c a l formation as 
indicated in diagram I ) . 

Fortunately, g r a f t i n g at 25 C i s advantageous from the ener­
g e t i c point of view. 

2) E f f e c t of L i g n i n on Grafting E f f i c i e n c y , Conversion and 
Polymer Loading

a) E f f e c t of Bleachin
In order to f i n d out how the r e s i d u a l l i g n i n a f f e c t s g r a f t ­

ing parameters, high y i e l d hardwood pulp of aspen was bleached 
with several d i f f e r e n t concentrations of sodium c h l o r i t e in order 
to prepare pulp with decreasing l i g n i n content. As in our pre­
vious work with softwood pulp (3) sodium c h l o r i t e was selected as 
the bleaching agent in order to minimize c e l l u l o s e degradation. 
The r e s u l t i n g pulps were characterized by standard methods and 
t h e i r properties are l i s t e d in Table I . 

The l i g n i n content of the pulps varies from 14.8% down to 
4.4%. Even though the v i s c o s i t y of pulp was not measured, i t 
was shown in our previous work that the method of bleaching used 
does not degrade c e l l u l o s e (3). 

b) E f f e c t of L i g n i n on Conversion. 
I t i s evident from Figure 7, that high b i s u l f i t e hardwood 

pulp behaves in a s i m i l a r fashion as high b i s u l f i t e softwood 
pulp (16). The plots of conversion versus l i g n i n content i n d i c a ­
te the presence of a minimum. This minimum conversion i s obser­
ved at approximately 8-10% of l i g n i n and occurs quite r e g u l a r l y 
and independently of the time of reaction. At the shorter reac­
t i o n time used (O.5 h r ) , only 2.5% conversion i s observed. Poly­
merization increases in 1 hr reaction time to 10% conversion and 
in case of 18 hrs polymerization f a i r l y high conversions are r e ­
corded throughout the range of l i g n i n content employed. The pre­
sence of a small minimum i s nonetheless notable. In case of s o f t ­
wood high y i e l d s u l f i t e pulp, the minimum of conversion was s i t u a ­
ted at about 4% higher (e%.} 12-15%) than the hardwood range, (16). 

c) E f f e c t of L i g n i n on Polymer loading. 
Figure 8 shows the dependence of polymer loading as a func­

t i o n of l i g n i n content. Once again, i t i s possible to observe 
the presence of a minimum on the polymer loading-versus-lignin 
curves, which i s situated at approximately 8-12% l i g n i n as compa­
red to 11-16% l i g n i n f o r softwood equivalent pulp (16). 

d) E f f e c t of l i g n i n on g r a f t i n g e f f i c i e n c y . 
Figures 9 and 10 show that there i s also a minimum on the 

g r a f t i n g e f f i c i e n c y - v e r s u s - l i g n i n curves, which i s situated t h i s 
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time at approximately 10-13% l i g n i n . This minimum which i s very 
pronounced at 30 min of reaction becomes almost i n e x i s t a n t in 
the case of 18 hrs reaction. 

The mechanism that might explain the presence of minimum i s 
not yet completely c l e a r . I t i s c e r t a i n , that l i g n i n participates 
in the copolymerization reaction as we have shown in the two r e ­
cent p u b l i c a t i o n s , (17.18) in which l i g n i n was copolymerized e i ­
ther with styrene (17) or a c r y l i c monomers (18). I t seems proba­
ble that the composition of l i g n i n as w e l l as c e l l u l o s e and holo-
c e l l u l o s e remaining a f t e r d i f f e r e n t l e v e l s of bleaching may be 
chemically and topochemically d i f f e r e n t (see Table I ) . Because 
of the complexity of the l i g n i n structure and to the d i f f e r e n t 
character of l i g n o c e l l u l o s e substrates used in our work, i t i s 
d i f f i c u l t to make any general conclusion. As was suggested pre­
v i o u s l y (16), any c o r r e l a t i o
such as the concentratio
ted s i g n i f i c a n c e . As in our previous work, i t was observed that 
the minimum coincides with the maximum in the carboxylic index, 
(Table I) which r e l a t e s to the cation exchange capacity. A s i m i ­
l a r c o r r e l a t i o n between the g r a f t a b i l i t y of s u l f i t e pulp and i t s 
exchange capacity has been also noted in our previous work (16). 
In conclusion, even though there i s the d e f i n i t e c o r r e l a t i o n bet­
ween carboxylic group index and minimum in respect to g r a f t a b i l i t y 
in our system, a d e t a i l e d work with model compounds would be r e ­
quired to futher elucidate the mechanism of l i g n i n p a r t i c i p a t i o n 
in the copolymerization reaction. 
Conclusion 

I t has been shown that the xanthate method could be success­
f u l l y applied in order to g r a f t hardwood high y i e l d b i s u l f i t e 
pulp made of aspen. The optimum g r a f t i n g condition, which would 
give almost 100% g r a f t i n g e f f i c i e n c y (i.e.,100% formation of true 
g r a f t and no homopolymer) and rather high monomer conversion of 
80% are as follows: 

Pulp/monomer : 6 (weight r a t i o ) 
8g/l 

Monomer : 
% L i g n i n : 
Pulp Y i e l d : 
150 ml O.004% 

5 
a c r y l o n i t r i l e 
14% 
90% 
(NH 4) 2Fe(S0 4) 2 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



282 GRAFT COPOLYMERIZATION OF LIGNOCELLULOSIC FIBERS 

4 6 8 10 12 14 
L I G N I N (%) 

Figure 9. Effect of liginin on grafting efficiency. Reaction time is 30 min. 
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Figure 10. Effect of lignin on grafting efficiency. Key: +, 18 h; |, 2 h; A, 1-5 h; 
* , l h . 
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Graft Copolymerization of Lignosulfonate with 
Methacrylic Acid and Acrylate Monomers 

RUBIE CHEN and BOHUSLAV V. KOKTA 
Centre de Recherche en Pâtes et Papiers, Université du Québec à Trois-Rivières, 
Trois-Rivières, Québec, Canada G9A 5H7 

Lignosulfonate from sulfite spent liquor was 
grafted, after purifyin
with acrylic monomers
methacrylate and methacrylic acid. Copolymeri­
zation was redox initiated by peroxide-ferrous 
ions in aqueous and non-aqueous media under ni­
trogen atmosphere. The effects of reaction me­
dium, reaction time, lignin/monomer ratio, pH, 
and peroxide charge, on the copolymerization 
were studied. Among the media employed, the 
magnitude of conversion of acrylate monomer was 
found to be the highest in water, lower in di-
oxane, and the lowest in methanol; while for 
acrylic acid the medium preference of obtaining 
better conversion was in the order of: water, 
methanol and dioxane. The best reaction con­
ditions in water were: 3% peroxide, 1:3 lignin/ 
monomer without any buffering, under which con­
version would reach 88-96% and the grafting 
efficiency 35-62%. 

Since the prices of petroleum products have soared, v a l o r i ­
zation of natural resources has i n t e n s i v e l y a t t r a c t e d the atten­
t i o n of researchers in d i f f e r e n t f i e l d s . To f u l l y u t i l i z e wood, 
which i s a renewable raw m a t e r i a l , one must make better use of 
i t s 25-30% l i g n i n content which forms the p r i n c i p a l dissolved 
material in the spent l i q u o r of chemical pulping processes. The 
annual production of s u l f i t e pulp in Canada i s approximately 2.6 
m i l l i o n tons (data based on 1979), thus, at least one m i l l i o n 
tons of lignosulfonate i s produced, representing a p o t e n t i a l r e ­
source of raw material f or other uses. However, among 35 s u l f i t e 
m i l l s in Canada, only two or three of them possess a recovery 
system for spent l i q u o r , that means a very small portion of l i g ­
nosulfonate has been recovered. The recovered l i g n i n has been 
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used, taking advantage of i t s c o l l o i d a l properties, as the agents 
for e m u l s i f i c a t i o n , d e f l o c c u l a t i o n , chelat i o n , adhesion, d r i l l i n g 
mud a d d i t i v e , etc. Besides, research has been oriented to the 
u t i l i z a t i o n of l i g n i n in polymer domains, e.g., as a moiety of 
either thermosetting or thermal p l a s t i c s . 

The graft of l i g n i n with v i n y l monomers has been studied in 
the l a s t two decades, Koshijima and Muraki published a series of 
reports on r a d i c a l g r a f t i n g of v i n y l monomers onto hydrochloric 
acid l i g n i n , induced by r a d i a t i o n (1, 2̂ , 3) or by chemical i n i ­
t i a t o r s (4), Nam et a l . Ç5, 6) investigated the g r a f t i n g of 
methacrylate onto lignosulfonate, using hydrogen peroxide as an 
i n i t i a t o r . P h i l l i p s and h i s coworkers (7̂ , 8̂ , 9) studied the r a ­
diation-induced graft copolymerization of styrene onto hydro­
c h l o r i c acid l i g n i n as w e l l as various k r a f t softwood l i g n i n s . 
Naveau (10) prepared methacryli
l i g n i n through e s t e r i f i c a t i o n
worked on the g r a f t i n g of methyl acrylate onto hydrolyzed wood 
l i g n i n using peroxide i n i t i a t o r . Simionescu and h i s coworkers 
(12, 13) studied the r a d i a t i o n g r a f t i n g of hydrochloric acid pop­
l a r l i g n i n and reed l i g n i n with v i n y l monomers. Graft copolymer­
i z a t i o n of ozone-activated hydrochloric acid l i g n i n with styrene 
was reported by Katuscak et a l . (14, 15). 

Through the awareness of that, in t h e i r studies, most of the 
above mentioned researchers used l i g n i n s s p e c i f i c a l l y laboratory 
-prepared, the main objective of t h i s work was to derive l i g n i n -
p l a s t i c copolymers from l i g n i n a v a i l a b l e commercially; the other 
objectives involved the k i n e t i c study and the optimization of r e ­
action conditions. Reported in the present paper are the graft 
copolymerizations of calcium lignosulfonate with methyl a c r y l a t e , 
methyl methacrylate, and with methacrylic a c i d ; the e f f e c t s of 
several reaction variables (medium, reaction time, pH, lignin/mo-
nomer r a t i o , and i n i t i a t o r charge) on the copolymerization r e ­
s u l t s are discussed. 

EXPERIMENTAL 

Materials. The l i g n i n material used in t h i s study was a 
commercial calcium s a l t of lignosulfonate (LS) (Toranil B, St. 
Regis Paper Co.), i s o l a t e d from the spent l i q u o r of softwood 
s u l f i t e pulping. I t was p u r i f i e d , in our laboratory, through 
u l t r a f i l t e r i n g a 2% water s o l u t i o n (using a M i l l i p o r e immersible 
molecular separate k i t ) and drying the f i l t r a t e under vacuum. 
The material as received contained 8.8% methoxyl group (speci­
f i e d by the supplier) and i t s lignosulfonate content was 86.8% 
with reference to the p u r i f i e d material (determined in our labor­
atory by u l t r a v i o l e t absorption at 280 nm). V i n y l monomers, 
namely, methyl acrylate (MA), methyl methacrylate (MMA) and meth­
a c r y l i c acid (MAA) were d i s t i l l e d under vacuum; d i s t i l l a t i o n was 
performed over cupric s u l f a t e and through a copper-ring packed 
column to remove s t a b i l i z e r s . The c e n t r a l cut of each d i s t i l l a -
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t i o n was c o l l e c t e d in a dark b o t t l e and stored in a r e f r i g e r a t o r . 
Methanol was also p u r i f i e d by vacuum d i s t i l l a t i o n . The other 
chemicals were of reagent grade and used without further p u r i f i ­
cation. 

Copolymerization. The d e t a i l experimental procedures of co­
polymerization have been reported elsewhere (16), however, the 
procedures w i l l be described b r i e f l y here and are shown schema­
t i c a l l y in Figure 1. Graft copolymerization was redox i n i t i a t e d 
using hydrogen peroxide and ferrous chloride and was conducted 
under nitrogen atmosphere with gentle a g i t a t i o n . A f t e r r e a c t i o n , 
extractions were made to separate the r e s u l t i n g copolymer from 
the v i n y l homopolymer and the unreacted lignosulfonate. In the 
LS-acrylate systems, acetone was used to extract homopolymers, 
and water to extract th
(methacrylic acid) system
unreacted lignosulfonate and the two reaction products ( i . e . * 
homopolymer and grafted copolymer), ethanol and methanol were 
used to extract the homopoly(methacrylic acid) and the copolymer, 
respectively. Wherever no s p e c i f i c a t i o n i s given, the reaction 
conditions used in t h i s work were f i x e d as follows: CaLS = 1 g; 
monomer = 5ml measured at 25°C (MA = 4.79 g, 5.57x10""2 mol; 
MMA = 4.70 g, 4.70X10"2 mol; MAA = 5.07 g, 5.90xl0"~2 mol); f e r ­
rous chloride = 15 mg; hydrogen peroxide = 30 mg; reaction me­
dium = 20 ml. When using water as a reaction medium in the LS-MA 
(or MMA) system, a small quantity of e m u l s l f i e r (Tween 20, 1 g 
/100 ml of medium) was employed. 

The copolymerization r e s u l t s were interpreted in terms of 
the parameters defined below: 

Total monomer conversion, % = [(TS - WL)/M] x 100 
Grafting e f f i c i e n c y , % = [1 - HP/(TS - WL)] χ 100 
Degree of lignosulfonate reacted, % = C(WL - LU)/WL] χ 100 

where WL stands f o r the lignosulfonate used in the reaction; M, 
the monomer; TS, the t o t a l s o l i d obtained a f t e r r e a c t i o n ; HP, 
homopolymer; and LU, lignosulfonate unreacted. A l l these symbols 
are of the same weight u n i t . 

RESULTS AND DISCUSSION 

Reaction medium. When lignosulfonate was subjected to graft 
copolymerization with v i n y l monomers, the extent of copolymeriza­
t i o n due to the e f f e c t of medium varied from one monomer to ano­
ther. In a LS-styrene system (16), i t was found that methanol 
was a better medium than water under c e r t a i n given conditions; 
while in a L S - a c r y l o n i t r i l e system (17),the contrary was true, 
i . e . , water better than methanol. This contradiction was thought 
due to the fact that styrene has e l e c t r o p o s i t i v e ( i . e . , e l e c t r o n -
releasing) substituent while a c r y l o n i t r i l e has electronegative 
( i . e . , e l e c t r o n - a t t r a c t i n g ) substituent. In the present study, 
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Figure 1. Schematic diagram of experimental procedures. 
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copolymerization of lignosulfonate and acrylate or a c r y l i c acid 
was examined in several media commonly used in l i g n i n research 
work. The r e s u l t i n g k i n e t i c curves are given in Figures 2 and 3, 
r e s p e c t i v e l y , for the LS-(methyl methacrylate) and LS-(methacry-
l i c acid) systems. I t can be seen that a f t e r 2 hours of reaction 
the t o t a l conversion of methyl methacrylate in the former system 
attained 88% in water and 60% in dioxane; though the initial con­
version rates were nearly the same in both media. The lowest 
conversion, 3%, occurred in methanol. In the second system ( F i g ­
ure 3), the t o t a l conversion of methacrylic acid reached 96, 61 
and 30% in water, methanol, and dioxane, r e s p e c t i v e l y , with i n i ­
t i a l rate decreasing in that order. The medium which brought 
about higher conversion was found to bring about also higher 
g r a f t i n g e f f i c i e n c y . For example, the g r a f t i n g e f f i c i e n c i e s of 
methyl methacrylate ont
p e c t i v e l y , in water, dioxan
of the LS-(methyl acrylate) system was s i m i l a r to that of the 
LS-(methyl methacrylate). 

Reaction time. As already seen in Figures 2 and 3, most of 
the reactions were rapid at f i r s t then slowed down. Figure 4 
shows t y p i c a l l y the e f f e c t of reaction time on copolymerization, 
taking the LS-(methacrylic acid) system in aqueous medium as an 
example. About 80% of the methacrylic acid monomer polymerized 
a f t e r 20 min of reaction and the f i n a l 96% conversion reached 
wi t h i n one hour. The g r a f t i n g e f f i c i e n c y appeared to increase 
along with the conversion; from 35% at 5 min to i t s plateau 
(about 60%) at one hour of reaction. However, not so much change 
in the degree-of-lignosulfonate-reacted was found during the same 
period, i . e . , from 43% at 5 min to 50% at 1 hour, implying that 
the number of active s i t e s on l i g n i n macromolecules probably be­
came f i x e d as soon as copolymerization started and t h i s number 
was not a l t e r e d as the reaction proceeded. Figure 5 gives ano­
ther example showing the LS-(methyl acrylate) system which a t ­
tained i t s f i n a l states at not longer than 2 hours of reaction. 

Ratio of LS/monomer. In the previous work (16), i t was r e ­
ported that an unavoidable i n h i b i t i n g e f f e c t , owing to the q u i -
nonoid structure of lignosulfonate, on the polymerization was 
observed when studying the graft of styrene onto lignosulfonate 
by redox i n i t i a t i o n ; the induction period was proportional to the 
concentration of lignosulfonate, in other words, proportional to 
the LS/monomer r a t i o . However, in t h i s study, no such evidence 
was observed in the L S - a c r y l i c systems, though in theory t h i s 
kind of i n h i b i t i n g e f f e c t could also be imposed to these systems; 
Figures 6 and 7 show the influence of the LS/monomer r a t i o on 
copolymerization. In general, there was no adverse influence on 
the monomer conversion when the LS/monomer r a t i o ( i n weight) was 
augmented from O.1 to 1.O. In the systems i n v o l v i n g methyl acry­
l a t e and methacrylic a c i d , t o t a l conversions were p r a c t i c a l l y s t a -

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



290 GRAFT COPOLYMERIZATION OF LIGNOCELLULOSIC FIBERS 

1 0 0 . 

0 3 0 6 0 9 0 1 2 0 
T I M E O F R E A C T I O N , m i n 

Figure 2. Variation of the total monomer conversion with reaction time for the 
LS-(methyl methacrylate) system at 50°C in different media: V , water; X , water-

dioxane 1:1; O, dioxane; Δ, water-methanol 1:1; and ., methanol. 

0 3 0 6 0 9 0 1 2 0 

T I M E O F R E A C T I O N , m i n 
Figure 3. Variation of the total monomer conversion with reaction time for the 
LS-(methacrylic acid) system at 30° C in different media: ., water; Δ, dimethyl-

formamide; O, methanol; and ., dioxane. 
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0 1 2 3 
T I M E O F R E A C T I O N , h 

Figure 4. Influence of reaction time on copolymerization of lignosulfonate and 
methacrylic acid in water medium at 30°C: . , total monomer conversion; O, 

grafting efficiency; A, degree of LS reacted. 
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Figure 5. Influence of reaction time on copolymerization of lignosulfonate and 
methyl acrylate in water medium at 30°C: . , total monomer conversion; Δ, 

degree of LS reacted; O, grafting efficiency. 
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w / w 0 O . 2 O . 4 O . 6 O . 8 1 . 0 
R A T I O O F L S / M O N O M E R 

Figure 6. Effect of the LS/monomer ratio on the total monomer conversion 
(Ώ V, Ο) and the degree of LS reacted fl, ψ, Φ) for the systems: Π/Μ LS~ 
(methyl acrylate); V/T, LS-(methyl methacrylate); and Ο/Φ, LS-(methacrylic 
acid). Conditions: water medium; 30°C.; 120 min reaction time; and LS = 1 g. 
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Figure 7. Effect of the LS/monomer ratio on the grafting efficiency for the sys­
tems: •, LS-(methyl acrylate); V, LS-(methyl methacrylate); and O, LS-(meth­
acrylic acid). Conditions: water medium; 30°C.; 120 min reaction time; LS — 1 g. 
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b i l i z e d at more than 95 percent; while in the LS-(methyl meth­
acrylate) system, the conversion seemed to increase s l i g h t l y 
from 90 to 94% in the same range of LS/monomer r a t i o . I t i s in­
t e r e s t i n g to note ( i n Figure 7) that the g r a f t i n g e f f i c i e n c y was 
improved to a c e r t a i n extent by increasing the LS/monomer r a t i o 
then i t remained unchanged. Both the LS-(methyl acrylate) and 
LS-(methacrylic acid) systems reached t h e i r plateaus of around 
60% e f f i c i e n c y at LS/monomer = O.5; whereas the LS-(methyl meth­
acrylate) system attained a plateau of 35% at LS/monomer = O.3. 
These two l i m i t s , i . e . , O.5 and O.3, suggested that the involve­
ment of lignosulfonate in the graft copolymerization would reach 
a saturation point in each system. 

As f o r the degree-of-lignosulfonate-reacted (Figure 6), a 
negative influence was found in all the three systems  I t de­
creased almost p r o p o r t i o n a l l
range of the r a t i o studie
26% in the LS-(methacrylic acid) system and the smallest change 
was from 86% to 42% in the system of LS-(methyl methacrylate). 
At t h i s moment and without further d e t a i l i n v e s t i g a t i o n , i t i s 
unable for the authors to explain the undesirable decrease in 
the degree-of-lignosulfonate-reacted, except that a speculation 
i s made that the r e l a t i v e r e a c t i v i t y of lignosulfonate might 
diminish with the LS/monomer r a t i o . 

I n i t i a l pH. The s o l u b i l i t y of lignosulfonate in water in­
creases with increasing pH,and the hydrodynamic volume of l i g n i n 
molecule expands correspondingly. Furthermore, the degree of 
d i s s o c i a t i o n of calcium lignosulfonate i s l a r g e r at higher pH, 
and l i g n o s u l f o n i c molecule could thus a t t r a c t e l e c t r i c a l l y more 
water molecules to i t s surrounding. These water molecules would 
become more or l e s s obstacles to the approaching p o l y v i n y l i c rad­
i c a l s . As a consequense, an increase in the initial pH produced 
a negative influence on copolymerization, which i s evidently 
shown in Figures 8 and 9. 

For the LS-(methyl acrylate) system (Figure 8), the v a r i a ­
t i o n of conversion with pH was quite moderate in the range be­
tween 2 and 10, producing a drop of not more than 4% (from 98.2 
to 94.4%). Grafting e f f i c i e n c y did not change s i g n i f i c a n t l y , and 
i t s value scattered around 60%; while the degree-of-lignosulfo-
nate-reacted decreased from 62% to about 50%. More s i g n i f i c a n t 
v a r i a t i o n occurred in the LS-(methacrylic acid) system (Figure 9) 
where the conversion was lower in the a l k a l i n e than in the acid 
side and attained a minimum of 80.2% at near neutral pH. This 
kind of v a r i a t i o n was s i m i l a r to what had been reported f o r the 
homopolymerization of methacrylic acid (18). Grafting e f f i c i e n c y 
varied with pH in a s i m i l a r way as conversion did; i t s minimum 
occurred at pH = 7 but the e f f i c i e n c i e s at both the high and low 
pH values ( i . e . , 12 and 2) were almost i d e n t i c a l . The degree-of 
-lignosulfonate-reacted decreased from 53% to near 40% as pH in­
creased from 2 to 8 and did not change w i t h further increases in pH. 
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PH 
Figure 8. Effect of pH on copolymerization of lignosulfonate and methyl acrylate. 
Conditions: water medium; 30°C.; 120 min reaction time. Key: ., total monomer 

conversion; O, grafting efficiency; Δ, degree of LS reacted. 

Figure 9. Effect of pH on copolymerization of lignosulfonate and methacrylic 
acid. Conditions: water medium; 30°C.; 120 min reaction time. Key: ., total 

monomer conversion; O, grafting efficiency; Δ, degree of LS reacted. 
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I t i s known that the colour of lignosulfonate i s darker at 
higher pH, thus the copolymer produced at pH 2 was tan and at pH 
10 was dark brown. I t should be pointed out that, without any 
bu f f e r i n g , the pH values of the LS-acrylate and LS-(methacrylic 
acid) systems were 4.4 and 2.4, respectively. 

Peroxide charge. Though there are stable free r a d i c a l s in 
l i g n i n preparations (19^ 2£, 21), the concentration of these r a ­
d i c a l s i s f a r from s u f f i c i e n t to provoke copolymerization with 
v i n y l monomers; otherwise, these r a d i c a l s may i n h i b i t e copolymer­
i z a t i o n . By means of redox a c t i v a t i o n , using the F e + 2 - H 2 U 2 p a i r , 
copolymerization was found to occur r e a d i l y under s u i t a b l e condi­
t i o n s , which was due to the formation of a greater number of ac­
t i v e phenolic r a d i c a l s in the l i g n i n molecule. I t i s w e l l known 
that the f e r r o u s - H 2 0 2 p a i
are oxidized to produc
brium: 

F e + 2 + H 2 0 2 + F e + 3 + H 0 ~ + Η 0 . 

F e + 2 + Η 0 . + F e + 3 + HO" 

F e + 3 + H 2 O 2 + F e + 2 + H + + Η 0 2 . 

I t i s the Η 0 . which induces the v i n y l r a d i c a l s a part of which 
then grafts onto l i g n i n . 

I t was thought (6) that the f r e s h l y oxidized f e r r i c ion might 
competitively react with the lignosulfonate to generate the l i g ­
n i n macroradical, thus making l i g n i n i t s e l f act as an i n i t i a t o r : 

Homopolymer 

Copolymer 

O C H 3 

Fe + 2 
+ 

I I S0 3(Ca/2) 

where 
I I I 

0 C H 3 O C H 3 

S0 3(Ca/2) S0 3(Ca/2) 
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These reactions could happen in t h i s work only when s u f f i c i e n t 
amount of peroxide was present. Thus the quantity of peroxide 
used played an important r o l e in the c o n t r o l of copolymerization. 
Figure 10 demonstrates the influence of peroxide charge on copo­
lymerization for the LS-(methyl methacrylate) system. As shown, 
there was no distinguishable v a r i a t i o n in the g r a f t i n g e f f i c i e n c y 
in the range studied; the values obtained were situated between 
20 and 30%. Meanwhile, the t o t a l monomer conversion and the de-
gree-of-lignosulfonate-reacted i n i t i a l l y increased with peroxide 
charge. When the quantity of peroxide augmented from 10 to 30 
mg, both the conversion and the degree-of-lignosulfonate-reacted 
increased about two times of t h e i r o r i g i n a l value ( i . e . , from 43 
to 90% and from 30 to 61%, r e s p e c t i v e l y ) . A f t e r that, further 
addition of peroxide resulted in only a small gain in conversion 
and no further augmentatio
acted. This implyed tha
d i r e c t l y or i n d i r e c t l y (e.g., v i a oxidized f e r r i c ions) with the 
l i g n i n macromolecules to generate a c t i v e s i t e s for g r a f t i n g . Be­
yond that l i m i t , i t was believed that the excess of peroxide r a ­
d i c a l s worked e s s e n t i a l l y with v i n y l monomers to produce only 
homopolymers, supported by the v a r i a t i o n of the molecular weight 
of homopolymers (obtained in the same reaction) with peroxide 
charge — the molecular weight of homopοly(methyl methacrylate) 
decreased with increasing peroxide charge. 

Copolymer. The appearence and properties of a p a r t i c u l a r 
copolymer obtained depended to a large degree on the type of mo­
nomer with which the copolymer was prepared. LS-(methyl a c r y l ­
ate) and LS-(methyl methacrylate) copolymers were brownish amor­
phous s o l i d s . The former was rubbery and moderately hard; and 
the l a t t e r was p l a s t i c l i k e and harder than the former. At room 
temperature, both were ins o l u b l e in ordinary solvents and quickly 
swelled in water to about s i x times in volume. At elevated tem­
perature, the l i g n i n backbone of these two copolymers could be 
degraded through acid or a l k a l i n e h y d r o l y s i s . 

LS-(methacrylic acid) copolymer was brownish b r i t t l e s o l i d 
which was soluble in water, methanol, dimethyl formamide, and 
dimethyl sulfoxide at room temperature. Figure 11 shows the r e ­
duced v i s c o s i t y , nsp/C., of t h i s copolymer and that of a methacry­
l i c a cid homopolymer (for comparison purpose) in methanol at 25°C. 
From t h i s f i g u r e , an abrupt increase in the copolymer v i s c o s i t y 
can be observed at very low concentration, suggesting that t h i s 
copolymer might form microgel (probably owing to the p a r t i c l e s 
having extremely high molecular weight or c r o s s l i n k s ) in methanol 
s o l u t i o n . 

CONCLUSION 

Commercially a v a i l a b l e calcium lignosulfonate can be r e a d i l y 
and e f f e c t i v e l y grafted with methyl a c r y l a t e , methyl methacry-
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Mv-IO" 5 

Figure 10. Effect of peroxide charge on copolymerization of lignosulfonate and 
methyl methacrylate. Conditions: water medium; 50°C.; 120 min reaction time. 
Key: ., total monomer conversion; Δ, degree of LS reacted; O, grafting efficiency; 

%, molecular weight of MM Λ homopolymer. 

8h 

0 I , 1 , 1 . L . 

0 . 2 . 4 . 6 
C O N C E N T R A T I O N , g / d l 

Figure 11. Reduced viscosity versus concentration at 25°C. Key: O, LS-(meth­
acrylic acid) copolymer; and Φ, homopolyfmethacrylic acid) in methanol. 
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l a t e , and with methacrylic a c i d , using Fe + 2-H 20 2 i n i t i a t i o n . 
Increase in peroxide charge increased the monomer conversion and 
decreased the molecular weights of the a c r y l i c homopolymers while 
the g r a f t i n g e f f i c i e n c y and the degree-of-lignosulfonate-reacted 
approached c e r t a i n l i m i t s . The best reaction conditions in water 
medium were: 3% peroxide, and lignin/monomer 1:3. 
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Chemical Modification of Wood with Thioacetic 
Acid 

SATISH KUMAR and S. C. AGARWAL 

Forest Research Institute and Colleges, Dehra Dun, India 

Acetylated wood possesses unique properties such as 
dimensional stabilit d resistanc  biological 
degradation. Acetylatio
new approach in which shortcomings observed in acety
lation with acetic anhydride or acetyl chloride are 
overcome. Reactions with thioacetic acid can be 
carried out in vapor-phase and excess reagent re­
covered with xylene. The only by-product released 
is H2S gas, which is recycled. High levels of ace­
tylation sufficient to protect against biodegradation 
and up to 66 percent antishrink efficiency can be 
achieved by using suitable catalysts. Wood moisture 
content up to 7 percent has no adverse effect on ace-
tylation. Preliminary tests indicated the acetylated 
wood to be resistant to a brown rot fungus even at 
low acetyl contents. Limited studies on strength 
properties indicated a gain in such properties with 
acetylation. 

Wood i s a complex polymer composite made up of c e l l u l o s e , 
hemicelluloses and l i g n i n . Because of i t s organic o r i g i n , wood 
i s e a s i l y degraded by a v a r i e t y of micro-organisms, i n s e c t s , and 
marine organisms. Sunlight (UV r a d i a t i o n ) , r a i n , heat, and abra­
sion a f f e c t physical and chemical changes in wood. Under chang­
ing conditions of r e l a t i v e humidity, wood swells or shrinks mak­
ing i t dimensionally unstable and unsuitable for some precise 
a p p l i c a t i o n s . The hygroscopic nature and b i o l o g i c a l d e t e r i o r a ­
t i o n p o t e n t i a l of wood has been traced to the presence of a large 
number of free hydroxyl groups in all the three major components. 
These hydroxyl groups act as reactive s i t e s favoring adsorption 
of water vapor. Most enzyme systems attach themselves to these 
hydroxyl groups before metabolising the wood substrate to e a s i l y 
d i g e s t i b l e simple compounds. Certain wood species are known to 
be r e s i s t a n t to degradation by organisms, as these contain t o x i c 
compounds in t h e i r heartwood. Treatment with wood preservatives 
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also renders wood unpalatable to such organisms. Such protect­
ion of wood i s based on the theory that these t o x i c compounds 
are s o l u b i l i s e d in the enzymatic f l u i d s secreted by the organisms 
and immobilize the l a t t e r through t h e i r t o x i c i t y . 

B r i e f Review of Past Work on Chemical Modification of Wood 

Chemical reaction between reactive s i t e s in wood components 
and a chemical reagent to form a non-polar bond between the two 
i s defined as chemical modification. This d e f i n i t i o n excludes 
all impregnation treatments which do not form covalent linkages 
such as polymer i n c l u s i o n s , some coatings, heat treatments, etc. 
( 1). Chemical modification reactions, developed p r i m a r i l y to 
impart dimensional s t a b i l i t y to wood, were found to provide a 
high resistance agains
Protection of wood throug
on the theory that the enzyme must forge a d i r e c t contact with 
the substrate. Fungal enzymes l i k e most others, being s p e c i f i c 
in nature,require that the substrate molecule or a portion of i t 
must f i t the active s i t e s of enzyme in a lock and key type r e l a ­
tionship (2). Chemical modification a l t e r s the s p e c i f i c c o n f i ­
guration of wood components, due to s u b s t i t u t i o n of hydroxyl 
groups. The blocking of hydroxyl groups also changes the hydro-
p h i l i c nature of wood, causing exclusion of water from the sub­
s t r a t e , which i s a b i o l o g i c a l necessity of many organisms. Both 
these e f f e c t s are probably equally responsible for imparting 
high decay resistance to chemically modified wood (1), as in most 
cases neither the reacting compounds nor the modified wood are 
t o x i c in nature. Electron microscopic studies have revealed that 
the reductions in fungal secretions and a f f i n i t y f or the sub­
st r a t e are the most probable reasons for decay resistance (3). 
Chemically modified woods thus o f f e r a v i a b l e a l t e r n a t i v e to 
conventional preservation techniques, which although highly ef­
f e c t i v e against organisms do carry a c e r t a i n degree of p o l l u t i o n 
hazards. 

Rowell (1) reviewed the various types of chemical modifica­
t i o n reactions and reagents used for the same and l i s t e d t h e i r 
advantages and disadvantages. Chemical modification reactions 
may be c l a s s i f i e d by the type of carbon-oxygen-carbon bond of 
which ethers, acetals and esters are of major importance. Ether 
type linkages are formed by methylation reactions with dimethyl 
s u l f a t e or methyl iodide (4, 5) and reactions with a l k y l or a l l y l 
chlorides (6-10), β-propiolactone (11), a c r y l o n i t r i l e (12, 13) and 
epoxides (14-18). The most promising reactions have been found 
with epoxides, such treatments being highly e f f e c t i v e with no 
side e f f e c t s . Epoxides are, however, very expensive and r e l a ­
t i v e l y higher l e v e l s of treatment are required due to occurrence 
of polymerisations reactions and degree of s u b s t i t u t i o n can not 
be determined from weight gains (18). 

Acetals are obtained by a two stage reaction with aldehydes 
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r e s u l t i n g in c r o s s - l i n k i n g (19, 20). Although high decay r e s i s ­
tance i s obtained at very low l e v e l s of chemical loading (21), 
the reagents give a bad smell and the acid catalysed reactions 
impair the mechanical properties (19, 22, 23)' ^ i l d e r c a t a l y s t s 
are being investigated for minimal e f f e c t on strength properties 
(20, 24). 

E s t e r i f i c a t i o n of wood can be c a r r i e d out through ace t y l a ­
t i o n (4, 8, 25, 26, 28), crotonylation (9), propylation (28), 
b u t y l a t i o n (10) and phthaloylation (27). Reactions with isocya-
nates also y i e l d a desirable wood product, but isocyanates are 
highly t o x i c , expensive and reduce toughness (29). None of the 
other e s t e r i f i c a t i o n reactions showed any advantage over acety­
l a t i o n . 

A c e t y l a t i o n of Wood
as early as 1865 for productio
a p p l i c a t i o n to wood was conceived only in 1928 (30). Acetylation 
of wood i s the most widely studied reaction of all the chemical 
modification reactions. The most common ac e t y l a t i n g reagent 
studied i s a c e t i c anhydride although t r i f l u o r o a c e t i c anhydride, 
ketene and a c e t y l chloride have also been used. Suida (31) ob­
tained the f i r s t patent on a c e t y l a t i o n of wood using a c e t y l 
chloride. Reaction with a c e t y l chloride releases HC1, a. strong 
mineral a c i d , which causes degradation of wood. Recent studies 
on a c e t y l a t i o n of wood pretreated with lead acetate, with a c e t y l 
chloride in vapor phase revealed that, although a higher acety­
l a t i o n l e v e l could be so achieved, there was not much advantage 
in using a c e t y l chloride over acetic anhydride as subsequent 
reactions with lead acetate produced an equivalent amount of 
ace t i c acid (32). 

A large number of c a t a l y s t s and swelling agents have been 
studied for the ac e t y l a t i o n reaction. The best a c e t y l a t i o n con­
d i t i o n s have been reported in vapor phase treatment with uncata-
lysed a c e t i c anhydride in xylene solutions at 100-130 C (28). 
Acetylation reaction between wood and ac e t i c anhydride proceeds 
as follows: 0 

II 
Wood-OH + (CH 3CO) 20 = Wood-0-CCH3 + CH3COOH 

The main disadvantage of t h i s reaction i s that 50% of the reagent 
i s l o s t in the form of ac e t i c acid adding to treatment costs. 
Acetylated wood continues to smell of a c e t i c a c i d , corrodes metal 
fasteners and may cause hydrolysis of wood in the long run, if 
ace t i c acid i s not completely removed. Moreover, ester bonds are 
l a b i l e to acid hydrolysis and the continuous presence of ac e t i c 
acid in the wood i s l i a b l e to reverse the reaction. Commercial 
systems to recover unreacted reagents and the by-products based 
on r e f r i g e r a t i o n system have been developed in Russia, but the 
cost involved i s so f a r the l i m i t i n g factor (33). 
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Acetylation of Wood with Thioacetic Acid 

Reaction between t h i o a c e t i c acid and wood proceeds as f o l ­
lows : 0 

II 
Wood-OH + CH3C0SH = Wood-0CCH3 + 

The only by-product i s Ĥ S gas, which i s recycled for the manu­
facture of t h i o a c e t i c acid (34) making the process a closed c i r ­
c u i t one and thus non-polluting (35). 

Experimental 

Two species, c h i r (Pinus roxburghii Sargent.) s i z e 7.5 χ 
2.75 χ 1.25 cm3and mang
χ 1.25 cm3 were studied
bles. Four r e p l i c a t e s were taken for each treatment and experi
ments were ca r r i e d out with oven-dried samples except in case of 
those where e f f e c t of moisture content was studied. Samples 
were placed in a reaction chamber and reaction was c a r r i e d out 
under r e f l u x conditions at 93 + 1°C., the b o i l i n g point of t h i o ­
a c e t i c acid. Experimental set-up for vapor phase a c e t y l a t i o n i s 
shown in Figure 1. 

To study the rate of reaction and obtain adequate weight 
percent gain (WPG), reaction periods varying from 1 to 8 hours 
were used. Eff e c t of sample thickness on o v e r a l l a c e t y l a t i o n 
l e v e l s was examined on 7.5 cm long mango samples of d i f f e r e n t 
cross-sections ( 6 x 6 mm2, 12.5 χ 12.5 mm2, 20 χ 20 mm2, 25 χ 
25 mm2, and 30 χ 30 mm2). These samples were acetylated in vapor 
phase for 3 and 6 hours. 

Five sets (4 samples each set) of mango samples were condi­
tioned to f i v e d i f f e r e n t moisture l e v e l s and conditioned samples 
were acetylated in vapor phase fo r 3 hours to study the e f f e c t of 
wood moisture content on WPG. 

Pretreatment with various swelling agents and catalysts,e,g., 
dimethyl formamide, 4 percent urea-ammonium sulphate (1:1), p y r i ­
dine, 4 percent potassium acetate, 4 percent ammonium ch l o r i d e , 
4 and 6 percent t r i c h l o r i a c e t i c acid and 1, 2 and 4 percent mono-
chloroacetic acid was done to evaluate the performance of these 
chemicals in a c e t y l a t i o n reactions using t h i o a c e t i c a c i d . E f f e c t 
of time on a c e t y l a t i o n in the presence of pyridine and mono*-
chloroacetic acid was studied with mango. 

WPG obtained in wood samples was calculated as follows: 

Wa - Wo 
W G * χ 100 

Wo 
Where Wo i s the oven-dried weight of untreated wood sample and 
Wa i s the oven-dried weight of the same sample a f t e r a c e t y l a t i o n . 
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Figure 1. Vapor phase acetylation assembly. Key: 1, reaction chamber; 2, wood 
samples; 3, thioacetic acid; 4, thermometer; 5, water condenser; 6, heating mantle; 

7, magnetic stirrer with heater; and 8, acetic anhydride and catalysts. 
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Acetyl content of untreated as w e l l as treated samples was deter­
mined following the standard ASTM method (36). 

Dimensions of the samples were measured with a d i a l gauge 
(to an accuracy of O.001 cm) before treatment (oven-dried), im­
mediately a f t e r treatment (saturated with the reagent) and again 
a f t e r oven-drying at 100 + 2 C. F u l l y swollen dimensions were 
also measured a f t e r impregnating the samples with water under 
vacuum. In c h i r , only tangential swelling and shrinkage were 
evaluated. The an t i s h r i n k e f f i c i e n c y (ASE) imparted due to ace­
t y l a t i o n was calculated as below (37): 

(Percent swelling in - (Percent swelling in 
untreated sample) treated sample) 

ASE = •— χ 100 
(Percen

Results and Discussion 

Acetylation i s a si n g l e s i t e reaction and one a c e t y l group 
i s required for every hydroxyl group reacted. Since there i s no 
c r o s s l i n k i n g or polymerization of the reagent, the weight gain 
can be d i r e c t l y translated into a c e t y l groups added. Goldstein 
et a l (28) observed that a c e t y l content obtained in ponderosa 
pine was higher than the observed WPG, as net WPG represents the 
weight gained minus the extractives leached out. Figure 2 shows 
that a l i n e a r r e l a t i o n e x i s t s between WPG and a c e t y l content as 
obtained by chemical analy s i s . A s i m i l a r r e l a t i o n has been also 
reported by Peterson and Thomas (3), who reported a single l i n e a r 
r e l a t i o n for l o b l o l l y pine (a softwood) and yellow poplar (a 
hardwood). Our data yielded two d i s t i n c t r e l a t i o n s for the two 
woods. These differences probably a r i s e from the leaching of 
extractives as w e l l as the difference in a c e t y l contents of un­
treated wood. Before a c e t y l a t i o n , c h i r had an a c e t y l content of 
1.27% whereas mango contained 4.44%. 

Effec t of Time and Sample Thickness. Table I depicts the 
a c e t y l a t i o n l e v e l obtained in mango at various time i n t e r v a l s . 
I t may seem that even a f t e r 6 hours of reaction, WPG i s i n s u f ­
f i c i e n t l y low to impart decay resistance to wood. The rate of 
vapor phase reactions i s determined by the rate of permeation of 
reagent vapors into the wood. I t has been observed that even 
l o n g i t u d i n a l permeability of wood decreased by 2-10 times during 
ac e t y l a t i o n (38). This probably i s the reason for slow increase 
in WPG. In c h i r also a WPG of 7 percent and 10.9 percent was 
observed in four and eight hours a c e t y l a t i o n respectively. In 
an e a r l i e r study using only O.25 cm t h i c k samples a WPG of 16.67% 
was obtained in four hours (35). Similar l i m i t a t i o n s were ob­
served by Tarkow et al (37), who concluded that 3 mm thickness 
was the most optimum to obtain uniform a c e t y l a t i o n . The e f f e c t 
of cross-section on a c e t y l a t i o n i s quite clear in Table I I . 
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Table I. Effec t of Time on Vapor Phase Ace t y l a t i o n of Mango 

Treatment 
time 

' Vapor phase ac e t y l a t i o n ' Vapor phase a c e t y l a t i o n 
followed by extra c t i o n 

(hours) 1 Immediate | 
1 WPG ι 

WPG ι 
(net)J 

Acetyl | 
content | 

% 1 

with xylene 
1 

WPG (net) ( 

1 

for 1 hour 

Acetyl 
content % 

1 34.7 3.7 8.58 3.4 8.52 

1.5 40.6 4.4 8.79 4.1 8.88 

2 43.8 

3 48.4 8.7 11.93 8.2 11.85 

4 83.2 8.0 12.48 7.6 12.41 

6 83.6 8.4 12.90 7.7 12.79 

Vapor phase treatments are generally preferred over l i q u i d 
phase as the former can be ca r r i e d out under co n t r o l l e d condi­
tions to regulate the absorption of the reagent. I t was, however, 
observed that i t was not possible to regulate the over absorp­
tions of t h i o a c e t i c acid even in vapor phase treatments. When 
d i l u t e solutions of t h i o a c e t i c acid in xylene were used for 
reaction, the reaction did not proceed s a t i s f a c t o r i l y . Substan­
t i a l amounts of t h i o a c e t i c acid condensed into wood samples dur­
ing treatment leading to nearly 80% WPG immediately a f t e r the 
treatment. This unbonded t h i o a c e t i c acid not only upsets the 
economy of the process but also continues to emit a f o u l smell 
for long periods. Moreover, prolonged contact of t h i o a c e t i c acid 
may have adverse e f f e c t on wood strength as i t i s believed to be 
a depolymerization agent for l i g n i n (39). Extraction of unreact-
ed t h i o a c e t i c acid was therefore c a r r i e d out with xylene vapors 
immediately a f t e r the reaction was terminated. The extra c t i o n 
had only a s l i g h t e f f e c t on the net WPG as may be seen in Table I. 
Mater i a l balance analysis showed that i t was possible to recover 
all the unreacted reagent in one hour in the small samples used. 
The quantities of t h i o a c e t i c acid consumed could be rela t e d to 
the bonded a c e t y l groups. E a r l i e r workers recommended a reaction 
period of 8-20 hours to get proper WPG with a c e t i c anhydride 
(28,33,37). As longer reaction periods usually become uneconomi­
c a l , s u i t a b l e c a t a l y s t s need to be tested for higher WPG. 
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Table I I . E f f e c t of Sample Thickness (Mango) on WPG 

311 

Cross-section (cnr) I 
I I 
I 3 hour treatment | 6 hour treatment 

I 
O.6 χ O.6 11.64 -

1.25 χ 1.25 8.70 8.40 

2.0 χ 2.0 7.61 9.59 

2.5 χ 2.5 

3.0 χ 3.0 7.42 9.46 

Effect of Wood Moisture. I t has been recommended that f or 
ac e t y l a t i o n with a c e t i c anhydride, the moisture content of wood 
should be about 2% as excess moisture i s l i k e l y to react with 
a c e t i c anhydride and produce a c e t i c acid (37). Goldstein et^ a l . 
(28) observed that r a i s i n g the moisture to 22% considerably 
slowed the reaction and each 1 percent of moisture in wood would 
lead to hydrolysis of about 5.7% ac e t i c anhydride. Low moisture 
contents are not possible to a t t a i n in commercial treatment of 
wood. With ketene gas i t has been possible to acetylate wood 
with as high as 20% moisture content with WPG about 25% (40). 
Thioacetic acid i s only p a r t i a l l y stable in cold water and d i s ­
sociates at higher temperatures. The presence of moisture in 
wood could thus be c r i t i c a l in treatments with t h i o a c e t i c acid 
also. Results of mango treated at 5 d i f f e r e n t moisture l e v e l s 
are depicted in Figure 3. As may be seen a moisture content up 
to 7.5% has no adverse e f f e c t on WPG. At 10% moisture content 
the WPG decreased to 4.6. With further increase in moisture, 
there was a gradual decrease in WPG attained. 

E f f e c t of Various Swelling Agents and Catalysts. Because 
of the immobile nature of the wood-matrix, a swelling agent i s 
considered necessary for easy transport of reagent to the reaction 
s i t e s . A wide range of swelling agents and c a t a l y s t s have been 
investigated to improve the a c e t y l a t i o n reactions. Thioacetic 
a c i d , i t s e l f , i s a good swelling agent a f f e c t i n g nearly 13.5% 
swelling with respect to oven-dry volume of wood. This probably 
i s the reason that rate of reaction with t h i o a c e t i c acid i s 
s l i g h t l y higher than with a c e t i c anhydride. Since WPG obtained 
in case of t h i o a c e t i c acid were very low even a f t e r 8 hours 
re a c t i o n , various swelling agents and c a t a l y s t s suggested by 
e a r l i e r workers were studied with c h i r to see t h e i r e f f e c t on 
ac e t y l a t i o n l e v e l . Among the various pretreatments tested, mono-
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Figure 3. Effect of different moisture levels on vapor-phase acetylation of wood 
with thioacetic acid. Reaction time is 3 h. 
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chloroacetic acid (2% and above) gave the highest WPG. S u f f i c i e n t 
WPG were also obtained with 4% t r i c h l o r o a c e t i c acid (Table I I I ) 
(41). 

A d e t a i l e d study with respect to a c e t y l a t i o n time was made 
in case of monochloroacetic acid and i t was observed that an 
a c e t y l a t i o n time of 2 hours was s u f f i c i e n t to obtain a WPG of 
16.78%. In the case of mango, only pyridine and monochloroacetic 
acid were t r i e d . While pyridine had very l i t t l e e f f e c t , mono­
chloroacetic acid improved WPG to over 17% in s i x hours treatment 
(Table IV). 

Properties of Acetylated Wood 

Decay & Termite Resistance  C e l l u l o s e i s the p r i n c i p a l food 
of termites in wood. Termite
present in the i n t e s t i n a
found r e s i s t a n t to fungal, termite and even shipworm attack (28, 
37). Even low WPG (7.5-7.8) severely retarded decay with most 
decay fungi. WPG around 15-17 were found most e f f e c t i v e (3,28). 
Termite resistance tests under laboratory conditions gave thres­
hold value near 19 WPG (28). Acetylated veneers (WPG 19.2) in 
ground contact gave average l i f e of 17.5 years compared with 2.7 
years for untreated controls (42). Wood samples with WPG around 
12 were found to be l i g h t to moderately attacked by termites 
(Microcerotermes beesoni Snyder) when tested according to forced 
feeding test developed by Sensarma (43). Limited studies on c h i r 
samples treated with t h i o a c e t i c acid gave weight losses around 
5.5% at WPG of 10-11 with Poria monticola, a brown r o t t e r i n d i ­
cating a c e t y l a t i o n of c e l l u l o s e even at lower WPG. Losses came 
down to approximately 3% at WPG around 19 (44). 

During a c e t y l a t i o n with a c e t i c anhydride, at a c e t y l l e v e l s 
around 12 percent, about 22 percent of the hydroxyls in spruce 
wood are reported to be substituted. These hydroxyls are the 
most accessible ones and are therefore believed to be mainly in 
the l i g n i n and the hemicelluloses (45). L i g n i n has been found 
to be the most easy to acetylate compared with c e l l u l o s e in other 
l i g n o c e l l u l o s i c materials l i k e j u t e also (46). At a c e t y l a t i o n 
l e v e l of 13.5% as much as 86.4% of the l i g n i n , 21.6% of the 
hemicellulose and only 9.3% of the c e l l u l o s e were acetylated in 
pinewood (47). Low a c e t y l l e v e l s can impart resistance against 
white rot fungi, these fungi p r e f e r e n t i a l l y attack the l i g n i n and 
a c e t y l a t i o n with t h i o a c e t i c acid appears to have an edge over 
acet i c anhydride in providing resistance against brown r o t t e r s 
as w e l l . However, according to Peterson & Thomas (3), free hydro-
x y l s i n l i g n i n macromolecules are very infrequent and resistance to 
white rot i s achieved through blocking of c e l l u l o s e as the l i g n i n 
degrading c a t a l y s t s of the white rot fungi derive t h e i r energy 
from simultaneous metabolism of carbohydrates. This hypothesis 
i s , however, contradicted by the fact that in pinewood at a c e t y l 
l e v e l of 13.5%, nearly 52.1% of the a c e t y l groups introduced were 
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Table IV. Vapor Phase A c e t y l a t i o n of Mango Samples Pretreated 
with Pyridine/Monochloroacetic Acid 

Treatment | 
time j 
(hours) j 

Pretreatment Treatment | 
time j 
(hours) j N i l P yridine (24% 

retention by 
O.D. wt. of wood) 

Monochloroacetic 
acid (2.5% reten­
t i o n by O.D. wt. 
of wood) 

WPG 1 1 1 Acetyl 
1 content 
1 (%) 

1 
WPG ι 

1 
1 

A c e t y l 
content 

(%) 

WPG [ 
1 
1 

A c e t y l 
content 

(%) 

1 3.7 8.5

3 8.7 11.93 10.1 13.12 12.1 15.88 

6 8.4 12.90 9.8 14.47 17.2 19.05 

associated with l i g n i n i n d i c a t i n g s u f f i c i e n t a v a i l a b i l i t y of hyd­
roxyls f o r reaction. Thus u n a v a i l a b i l i t y of the l i g n i n hydroxyls 
to fungal enzymes due to a c e t y l a t i o n appears to be the more 
pl a u s i b l e reason for decay resistance against l i g n i n consuming 
fungi. 

E f f e c t on Hygroscopicity and Dimensional S t a b i l i t y . Water 
adsorption in wood i s a t t r i b u t e d mostly to hydroxyl groups located 
on polysaccharide chains. L i g n i n i s considered to be the l e a s t 
hygroscopic wood component while hemicelluloses contribute to a 
larger portion of water adsorbed. Nearly 1/3 of the c e l l u l o s e in 
wood i s amorphous in nature, which i s responsible for water ad­
sorption. The a v a i l a b l e information on molecular association of 
various components of wood indicates that l i g n i n and hemicellu­
loses form a three dimensional interpenetrating matrix surrounding 
the c e l l u l o s e m i c r o f i b r i l s . L i g n i n and hemicelluloses being 
e a s i l y accessible are thus l i k e l y to be f i r s t substituted and a 
very high percentage of l i g n i n i s reported to be substituted at 
a c e t y l l e v e l s around 13.5% (47). At s l i g h t l y lower a c e t y l content 
(13%) i t has been observed that the hygroscopicity of c h i r i s 
reduced by over 50% (Table V). 

Adsorption of water i s accompanied with swelling of wood. 
Since c e l l u l o s e constitutes almost 50% of the wood substance, i t s 
f r a c t i o n a l c o ntribution to sorption i s the highest. Swelling of 
wood i s thus manifested by the adsorption of water by hydroxyl 
groups located on surface of m i c e l l s and amorphous regions of 
c e l l u l o s e , c r y s t a l l i n e zones being impenetrable. Reduction in 
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Table V. E f f e c t of A c e t y l a t i o n on Hygroscopicity 
of Chir at Various Relative Humidities. 

R e l a t i v e -
humidity 

(%) 

' Moisture 
' content of 
1 control (%) 

1 Reduction 
1 at a c e t y l 

in hygroscopicity 
content l e v e l 

! 1 6.75% ] 13.00% 

28 5.6 28.6 41.1 

48 9.5 38.9 50.0 

60 12. 52.1 

72 14.5 39.3 52.8 5 

shrinkage and swelling i s usually represented by ASE obtained due 
to treatment (37). Tangential swelling and shrinkage along with 
ASE obtained at various WPG/acetyl l e v e l s have been l i s t e d in 
Table I I I . Studies have indicated that ASE by a c e t y l a t i o n i s 
achieved through s u b s t i t u t i o n of hydroxyls as w e l l as bulking of 
the c e l l w a l l . A WPG of 20-25% has been reported to y i e l d an ASE 
of about 70% in spruce (37). Figure 4 shows the r e l a t i o n between 
ac e t y l content and ASE as obtained by a c e t y l a t i o n with a c e t i c 
anhydride in the presence of pyridine (37) and t h i o a c e t i c acid 
with various c a t a l y s t s and swelling agents. As has been reported 
e a r l i e r , at about 13.5% a c e t y l content, most of the l i g n i n and a 
higher f r a c t i o n of hemicellulose i s acetylated while nearly 90% 
of the c e l l u l o s e remains unreacted (47). Electron microscopic 
studies on acetylated pine also reveal that at lower WPG, e s t e r i -
f i c a t i o n was very low in earlywood tracheids. A gradient existed 
across the c e l l w a l l thickness, e s t e r i f i c a t i o n being very low in 
S1-S2 region compared with S2-S3 region in the tracheid c e l l w a l l 
(3). According to Tarkow et a l . (37) at t h i s a c e t y l l e v e l the 
ASE i s only 35%. I t appears that in the two component systems 
used by Tarkow et a l . (37), pyridine swells the wood structure 
and a c e t i c anhydride i s not able to penetrate through the l i g n i n -
hemicellulose network to acetylate or bulk the c e l l u l o s e at the 
same rate as pyridine may penetrate. Since t h i o a c e t i c acid i t s e l f 
i s swelling in nature, i t accords higher dimensional s t a b i l i t y 
even at lower a c e t y l contents probably due to i t s penetration to 
the c e l l u l o s e structure also. 

E f f e c t on Strength Properties. The few studies conducted on 
the e f f e c t of a c e t y l a t i o n on strength properties indicate that 
a c e t y l a t i o n with a c e t i c anhydride had no immediate adverse e f f e c t 
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Figure 4. Relationship between acetyl content and antishrink efficiency. Key: O, 
spruce (37); ., chir (41); and X, mango. 
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on most strength properties. Modulus of e l a s t i c i t y and modulus 
of rupture in bending, modulus of e l a s t i c i t y under tension and 
toughness showed improvement in the few woods studied (37). Gold­
s t e i n et al. (28) also reported an increase in wet compressive 
strength and impact strength a f t e r a c e t y l a t i o n . 

Limited tests on the e f f e c t of a c e t y l a t i o n with t h i o a c e t i c 
acid on strength properties of mango indicated that MOR in s t a t i c -
bending improved by approximately 50% and maximum crushing 
strength in compression by 25% at a WPG of 8.5. Impact strength 
determined by Charpy test also showed an improvement of about 50%. 
This improvement in mechanical property i s due to increase in 
density of wood. Even density, determined on oven dry weight 
and oven-dry volume ba s i s , increased by about 3.9% at a WPG of 
8.7, despite the fa c t that volume under oven-dry conditions under­
goes considerable increas
A WPG of 8 r e s u l t s in a
(O.D. wt. swollen volume b a s i s ) . 

Summary and Conclusions 

D D During chemical modification of wood with t h i o a c e t i c a c i d , 
the only by-product formed i s H2S gas. This e a s i l y escapes from 
wood favoring a forward reaction. The l i b e r a t e d H2S i s recycled 
to produce t h i o a c e t i c a c i d , making the process a closed c i r c u i t 
one. Since there i s no c r o s s l i n k i n g or polymerization of the 
reagent, a c e t y l a t i o n l e v e l can be d i r e c t l y gauged from the WPG. 
The unreacted reagent can be e a s i l y recovered from wood by solvent 
e x t r a c t i o n with xylene. Thioacetic acid i s a good swelling agent 
for wood, which f a c i l i t a t e s penetration of the reagent deep int o 
the wood structure. Even th i c k e r samples can be acetylated 
during vapor phase treatment. Another advantage of using t h i o ­
a c e t i c acid i s that wood containing moisture content up to 7 per­
cent can be acetylated, whereas in a c e t y l a t i o n with a c e t i c anhy­
dride wood moistures beyond 2 percent r e s u l t in reagent losses. 
Among a wide range of c a t a l y s t s tested, monochloroacetic acid 
and t r i c h l o r o a c e t i c acid yielded the best r e s u l t s . 

Limited t e s t s on strength properties of wood acetylated with 
t h i o a c e t i c acid showed that MOR in s t a t i c bending, impact 
strength, maximum crushing strength in compression and density 
improved. I t i s , therefore, evident that t h i o a c e t i c acid has 
eithe r no adverse e f f e c t on wood components and t h e i r i n t e r l i n k s 
or the improvements affected by modification f a r exceed these 
e f f e c t s , so as to be of l i t t l e consequence and ending in net 
gains. 

Wood acetylated with t h i o a c e t i c acid showed resistance to 
decay and termites at low WPG around 12. The a v a i l a b l e informa­
t i o n on pattern of s u b s t i t u t i o n of hydroxyls during a c e t y l a t i o n 
with a c e t i c anhydride suggests s u b s t i t u t i o n of l i g n i n hydroxyls 
at low a c e t y l a t i o n l e v e l s . Resistance to micro-organisms, par­
t i c u l a r l y those consuming c e l l u l o s e , even at low a c e t y l a t i o n 
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l e v e l s suggests p r e f e r e n t i a l s u b s t i t u t i o n of c e l l u l o s e hydroxyls 
with t h i o a c e t i c acid. This i s also supported by the high ASE 
(70-75%) obtained at low WPG (about 15%). 

Detailed studies on the pattern of s u b s t i t u t i o n of hydroxyl 
group located on various wood components w i l l lead to better 
understanding of various properties of modified wood. More 
e f f e c t i v e c a t a l y s t s also need to be investigated to obtain higher 
a c e t y l a t i o n l e v e l s in shorter periods. 
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A homogeneous grafting using an organic cellulose 
solvent as a reactio
mally meltable,
ined do not convert cellulose or wood into a melt­
able material. When thermally unmeltable acetylat-
ed wood as well as acetylated-propionylated wood 
with low propionyl contents are further chemically 
modified by grafting, the thermally meltable prop­
erties are rendered even by very low graft add-ons. 
These modified cellulose and wood with thermally 
meltable properties can be molded to form transpar­
ent sheets at adequate temperatures and pressing 
time not causing thermal degradation, under pres­
sures usually used for the compression molding of 
plastics. 

Wood i s a thermally i n s e n s i t i v e m a t e r i a l . Generally accepted 
concepts that (a) c e l l u l o s e i s a c r y s t a l l i n e polymer, (b) l i g n i n 
has a three-dimensional network molecular structure with very high 
molecular weights, and (c) chemical bondings are formed between 
wood components as are found in lignin-carbohydrate complexes, 
lead us to have a confidence that wood i s not a thermally meltable 
material. The annual rings can still be seen in the cross section 
of charcoal obtained a f t e r heat treatment of wood above carboniza­
t i o n temperatures. This demonstrates c l e a r l y that wood, by i t s 
own inherent nature, dose not melt with heat treatment. Consequent­
l y , once wood i s ground int o powder with the s i z e of less than 5 mm 
and loses i t s fibrous properties, i t can no longer be used as mold­
ed materials or boards without e f f e c t i v e use of binders, adhesives 
or synthetic polymers. This i s quite d i f f e r e n t from the prop­
e r t i e s of thermoplastic synthetic polymers which can be molded to 
any shape even from the f i n e l y ground powder. 

I t i s then of i n t e r e s t to give thermoplastic property to wood 
or c e l l u l o s e in order to obtain s i m i l a r l y workable materials as 
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from f o s s i l resources. Though not so workable as petroleum- or 
coal-based p l a s t i c s , thermal properties of grafted c e l l u l o s i c poly­
mers have been reported. For example, Arthur -et a l . (1) enhanced 
thermoelasticity of c e l l u l o s e by g r a f t i n g with main i n t e r e s t of 
lowering the softening temperature. On the other hand, Yoshimura 
(2), f o r instance, prepared cellulose-based materials with t r a n s i ­
t i o n temperatures higher than the s t a r t i n g c e l l u l o s e d e r i v a t i v e s 
through c r o s s l i n k i n g by g r a f t i n g . No reports have been made on 
converting c e l l u l o s e or wood in t o a thermally meltable material by 
g r a f t i n g . 

The present paper reports novel methods to prepare thermally 
meltable c e l l u l o s e and wood-based materials and t h e i r properties. 
Two methods are emphasized: (a) a g r a f t i n g and (b) a c y l a t i o n com­
bined with g r a f t i n g . 

Experimental 

Materials. Commercial cotton (Pakistani cotton) cut in t o 5 mm 
length and Whatman c e l l u l o s e powder CF-11 was used as c e l l u l o s e 
samples a f t e r Soxhlet e x t r a c t i o n with alcohol-benzene f o r 7 h. Wood 
meal (mainly 40 - 80 mesh) from Makanba (Betula Maximowicziana 
Regel) was used a f t e r washing with cold water. Methyl methacrylate 
and styrene were p u r i f i e d by the conventional methods. Other reag­
ents used were a n a l y t i c a l reagent grade. 

Preparation of Cellulose-Methyl Methacrylate Graft Copolymer. 
Cotton c e l l u l o s e (1 g) was allowed to stand with 1 % aqueous s o l ­

ution of ammonium persulfate (O.5 g) for 30 min at room temperature 
Methyl methacrylate (MMA) (20 ml) and methanol (20 ml) were added 
to the mixture. A f t e r degassed, the f l a s k was sealed and shaken at 
60 °C for 1 to 4 h. The gra f t product was i s o l a t e d by pouring into 
a large excess acetone followed by Soxhlet ex t r a c t i o n with acetone 
for 48 - 72 h. 

Preparation of Cellulose-Styrene-Sulfur Dioxide Graft Copoly­
mer (Homogeneous Gra f t i n g ) . The procedure f o r preparation of c e l -
lulose-styrene copolymer in a S0 ?-diethylamine (DEA)-dimethylsulf-
oxide (DMSO) medium was described in our previous paper (3). The 
g r a f t i n g proceeds homogeneously throughout the reaction. 

Preparation of Wood-Methyl Methacrylate Graft Copolymer. Wood 
Meal (O.5 g), an a c e t i c acid-sodium acetate buffer s o l u t i o n with 
pH 4.6 (5 ml), a ferrous s u l f a t e aqueous so l u t i o n (5 ml; FeSO^ 1x10 
mole), MMA^(8 ml), and a hydrogène peroxide aqueous s o l u t i o n ( 5 ml 
Ĥ Ô  1x10 mole) were mixed in t h i s order. A f t e r degassed, the 
f l a s k was sealed and shaken at 50 °C f o r 1 to 8 h. The reaction 
mixture was poured int o a large excess of methanol. To remove homo 
polymer, the product was then extracted with acetone for 36 - 72 h. 
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Preparation of Wood-Styrene-Sulfur Dioxide Graft Copolymer. 
Procedure for preparation of wood-styrene-sulfur dioxide graft 

copolymer was almost the same as described in our previous paper 
(3), except that wood was grafted instead of c e l l u l o s e and that the 
reaction proceed heterogeneously. 

Ac e t y l a t i o n and Mixed Acetylation-Propionylation of Wood. 
Wood meal (15 g) was pretreated with an a c e t i c acid (26.3 ml)-ace-
t i c anhydride (4.2 ml) mixture for overnight. A c y l a t i n g agents 
were precooled to about -25 °C and added to the pretreated mixture. 
The compositions of the a c y l a t i n g agents were a c e t i c anhydride (8,91 
ml)-acetic acid (48 ml) for a c e t y l a t i o n , and a c e t i c anhydride (62.2 
ml)-propionic anhydride (36.5 ml)-acetic acid (48 ml) f o r the mix­
ed acetylation-propionylation. P e r c h l o r i c acid (O.19 ml) was used 
as a c a t a l y s t and premixe
mixture was gently s t i r r e d
to 25 °C at reaction time of about 1 h, a f t e r which the reaction 
temperature was kept constant at 25, 35, or 45 °C. The t o t a l reac­
t i o n time was 6 h. When the reaction was completed, p e r c h l o r i c 
acid was neutralized by adding an a c e t i c acid s o l u t i o n of potassium 
carbonate (1.5 ml; K 2

C°3 g^ . T l i e r e a c t i o n mixture was then 
poured i n t o a large excess of deionized water or methanol, and the 
s o l i d product was repeatedly washed by water or methanol. 

Preparation of Acylated Wood-Styrene Graft Copolymer. To d r i ­
ed acetylated wood or acetylated-propionylated wood (2.5 g), p y r i ­
dine (20 ml) and styrene (20 ml) were added. A f t e r passing through 
nitrogen for 1 min, the f l a s k was stoppered, dipped slowly in l i q ­
uid nitrogen to freeze the content, and sealed. The g r a f t i n g was 
achieved by i r r a d i a t i n g the mixture at 2x10^ r/h with γ-radiation 
from a cobalt 60 source to a d e f i n i t e t o t a l dose. The g r a f t prod­
uct with the homopolymer was obtained by p r e c i p i t a t i n g in a large 
excess of methanol, washing by methanol, and drying. The product 
was, further, extracted with benzene to remove the homopolymer. 
The dose rate was low enough not to cause the degradation of wood. 

Measurement of Thermal Softening and Melting. About 20 mg 
samples of both untreated and chemically modified c e l l u l o s e and 
wood were used for t h i s measurement. Thermal softening and melt­
ing were observed as the collapse of a column of powder under a 
constant pressure of 3 kg/cm in a heated glass c a p i l l a r y tube. A 
thermomechanical analyzer (Sinku Riko Co. Ltd., TM 3000) was used 
as measuring device. The measurement was conducted from 20 °C to 
400 °C at a programmed heating rate of 1 °C/min. 

Results and Discussion 

Thermoplasticization of Cellulose by Heterogeneous Graft Co-
polymerization. As the f i r s t t r i a l to obtain a thermoplastic e e l -
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lulose g r a f t copolymer, a heterogeneous g r a f t i n g was examined. A 
catalyzed g r a f t i n g method using ammonium persulfate as the c a t a l y s t 
was employed for copolymerizing MMA to cotton c e l l u l o s e . The r e ­
s u l t s are shown in Table I. The reaction proceeds r e a d i l y to a 
high graft add-on by t h i s method. 

Table I. Heterogeneous Graft Copolymerization of MMA 
onto Cellulose Using Ammonium Persulfate 
as a Catalyst 

Sample 
Polymerization 

Time (hr) 
Weight 

Increase (%) 
Grafting 

E f f i c i e n c y (%) 

PC-1 1 

PC-2 2 178 16.4 

PC-3 3 374 18.8 

PC-4 4 413 18.5 

Thermoplastic properties of these grafted c e l l u l o s e samples 
were examined and the r e s u l t s are shown in Figs. 1 and 2. In F i g . 
1, deformation of the sample (Δ) under a constant load at a pro­
grammed heating rate versus temperature (T) i s shown. The curve 
for untreated c e l l u l o s e shows one softening region where the defor­
mation occurs only to a Δ value of O.67. Other curves for the gra­
fted materials show two s p e c i f i c regions around 130 °C and 340 °C 
where the deformations occur sharply. The deformation of all the 
grafted c e l l u l o s e samples reaches the Δ value of 1.0, i n d i c a t i n g a 
complete flow of the material. This phenomenon can be ascribed to 
e i t h e r melting of all the components or thermoplastic flow of the 
material with remaining s o l i d parts. 

To i d e n t i f y the mechanism, the samples were submitted to high 
pressure (50 kg/cm2) a t . around 300 °C to mold fi l m s of the g r a f t ­
ed c e l l u l o s e and mol d a b i l i t y of the composites was examined. Un­
altered c e l l u l o s e f i b e r s were observed in the fil m s (Photo. 1). 
This can be interpreted that the grafted c e l l u l o s e s which have more 
than 125 % polymer add-ons do not melt thoroughly, and the complete 
flow observed in the thermodiagram in F i g . 1 i s due to thermoplas­
t i c flow in which PMMA i s melted and c e l l u l o s e remain s o l i d . 

In F i g . 2, p l o t s of the deformation rate (dA/dT) against Τ 
for the samples in Table I are shown. Two d i s t i n c t peaks around 
130 and 340 °C are in good accord with the conclusions drawn from 
F i g . 1. A subpeak appears about 300 °C. 

To i n t e r p r e t these peaks, thermomechanical behavior of homo-
polymethyl methacrylate (PMMA) with d i f f e r e n t molecular weights in 
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0 100 200 300 400 

T(«c) 
Figure 1. Plots of the deformation vs. temperature. Key: C-O, untreated cellulose 
and PC-1—PC-4, cellulose-PMMA composites prepared by heterogeneous graft­

ing (see Table I). 
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Figure 2. Plots of the deformation rate vs. temperature. Key: C-O, untreated 
cellulose and PC-1—PC-4, cellulose-PMMA composites prepared by hétérogène-

ous grafting (see Table I). 
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Photo 1. Cellulose sample used. Top: A part of molded film from the cellulose-
PMMA composite, PC-3. Molding conditions: temperature 300°C.; time, 2 min; 

pressure, 50 kg/cm2. Bottom: under a microscope. 
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the range 10 4 to 10 U were examined, and the r e s u l t s are shown in 
Fi g . 3. A l l the curves show two regions with considerable deforma­
t i o n ; one at about 130 °C which does not s h i f t with molecular 
weight changes i s ascribed to the glass-rubber t r a n s i t i o n of PMMA, 
and another in the temperature range 160 - 350 °C depends on the 
molecular weight of PMMA. Independence of the glass-rubber t r a n s i ­
t i o n temperature and dependence of apparent melting temperatures 
on the molecular weight are recognized with amorphous polymers. 
I t i s noted here that the term "melting" means a flow occurring 
under a constant load (3 kg/cm^). The flow i s caused by whole 
molecular motions, in which the s l i p p i n g of the main chains plays 
a s i g n i f i c a n t r o l e and the lower the molecular weight of the poly­
mer i s , the easier the s l i p p i n g of the main chains takes place. 
Thus, the second peak appearin  in th  160  350 °C i
cluded to be due to the

Another fi n d i n g from F i g . 3 i s that PMMA extracted from the 
c e l l u l o s e structure shows a melting behavior at the highest temper­
ature (350 °C) among the PMMA samples. This indicates that the 
PMMA formed w i t h i n the c e l l u l o s e amorphous region has a very high 
molecular weight. 

The F i g . 3 explains w e l l the i n t e r p r e t a t i o n of peaks in F i g . 2. 
The peak around 130 °C i s due to the glass-rubber t r a n s i t i o n of 
PMMA and the one around 340 °C the melting of PMMA. The thermal 
softening peak for untreated c e l l u l o s e around 340 °C i s overlapping 
the melting peak of PMMA for the grafted c e l l u l o s e . The wide enve­
lope with the sub-peak (ca. 300 °C) for the grafted c e l l u l o s e ap­
pearing between the two main peaks (150 - 320 °C) may be due to 
in t e r a c t i o n between c e l l u l o s e and PMMA w i t h i n the composite. Ef­
fects of the i n t e r a c t i o n on the thermomechanical behavior have been 
discussed by various investigators (k - 9). 

The grafted c e l l u l o s e samples prepared by the heterogeneous 
g r a f t i n g thus do not show melting behavior regardless of t h e i r high 
polymer add-ons. This can be at t r i b u t e d in part to the fac t that 
no uniform introduction of grafted branches along the c e l l u l o s e 
main chain i s achieved by the heterogeneous g r a f t i n g method employ­
ed in t h i s report; the g r a f t i n g can not be expected to occur in the 
c r y s t a l l i n e region of c e l l u l o s e . 

To confirm t h i s p a r t l y , the grafted c e l l u l o s e with d e c r y s t a l -
l i z e d c e l l u l o s e structure were prepared by di s s o l v i n g the hetero-
geneously-prepared composites in a non-aqueous c e l l u l o s e solvent, 
the paraformaldehyde (PF)-DMSO system, and regenerating them in 
methanol. This treatment a c t u a l l y resulted in a permanent decrys-
t a l l i z a t i o n of c e l l u l o s e main chains, which was confirmed by X-ray 
diffractometory. That i s , the resultant products show almost com­
p l e t e l y d e c r y s t a l l i z e d X-ray diagrams. Figure 4 shows thermome­
chanical diagrams of the d e c r y s t a l l i z e d composites with those for 
untreated c e l l u l o s e and d e c r y s t a l l i z e d c e l l u l o s e . The diagrams of 
untreated and d e c r y s t a l l i z e d c e l l u l o s e reveal that the d e c r y s t a l l i -
zation treatment lowers the thermal softening peak by 70 °C. This 
i s considered to be caused by destruction of the c r y s t a l l i n e s t r u c -
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τ Ce) 
Figure 3. Thermomechanical behavior of various homo-PMMA with different 
molecular weights. (PMMA is extracted from the cellulose structure of the cellu-

lose-PMMA composite prepared by the heterogeneous grafting). 
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Figure 4. Plots of the deformation rate vs. temperature for PC-Γ—PC-4', the de­
crystallized cellulose-PMMA composites; C -O', decrystallized cellulose; and C-O, 
untreated cellulose. Decrystallization was achieved by using a PF-DMSO solution. 
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ture of c e l l u l o s e and loosening of the cohesive structure of c e l l u ­
lose. This change in the diagram of c e l l u l o s e by the treatment 
evidences that the separation of the peak for c e l l u l o s e from one 
for PMMA at 340 °C i s r e a l i z e d by the d e c r y s t a l l i z a t i o n . Both the 
peaks appeared at the same temperature (340 °C) in F i g . 2. 

Although an appreciable thermoplasticization was r e a l i z e d by 
the d e c r y s t a l l i z a t i o n treatment, the treatment did not give c e l l u ­
lose g r a f t products which melt upon heating. This lack of melting 
was confirmed by microscopic observations of f i l m s prepared with 
the d e c r y s t a l l i z e d composites. 

Thermoplasticization of Cellulose by Homogeneous Copolymeriza-
t i o n . A homogeneous g r a f t i n g was c a r r i e d out to prepare thermo-
p l a s t i c i z e d c e l l u l o s e using a non-aqueous c e l l u l o s e solvent as a 
reaction medium. Cellulose was f i r s t dissolved in the SO2-DEA-DMSO 
sol u t i o n and then styren
by a cobalt 60 γ-ray mutua
found to introduce uniformly polysulfone branches with low molecu
l a r weight (Mn = 3.2 - 3.7 xlO^) along the c e l l u l o s e main chain 
and the number of the branches introduced per u n i t c e l l u l o s e chain 
was found to be large (6.4 - 10.6) ( 1 0 ). This g r a f t i n g method gave 
polysulfone, because of the conditions of polymerization in the 
presence of SO2. The r e s u l t s of the g r a f t i n g are shown in Table I I . 

Typical thermomechanical diagrams f o r the grafted products 
are shown in F i g . 5 together with homo-polysulfone. Although the 
grafted c e l l u l o s e sample having a true g r a f t i n g value of 2 1 . 0 % 
does not show a melting behavior, the sample with 104.6 % true 
g r a f t i n g shows a melting behavior very c l e a r l y . The sample with 
86.8 % true g r a f t i n g was also found to be meltable. The true melt­
ing f o r the l a t t e r two cases i s confirmed as follows: (a) the sharp 
melting occurs at 126 °C for the homo-polysulfone, which i s about 
70 °C lower than that for the polysulfone-grafted c e l l u l o s e (more 
than at l e a s t 86 % g r a f t i n g ) . This implies that the complete flow 
found f o r the grafted c e l l u l o s e i s not caused by a mere thermoplas­
t i c flow; (b) the molded film s of the grafted products with enough 
add-ons are homogeneous and transparent. The r e s u l t s obtained in­
dicate that c e l l u l o s e can melt upon heating when the true g r a f t i n g 

Table I I . Homogeneous Graft Copolymerization of Styrene 
onto Cel l u l o s e Using a S0 2-DEA-DMS0 Solution 
as a Reaction Medium 

Sample 
Polymerization 

Time (hr) 
Weight 

Increase (%) 
Grafting 

E f f i c i e n c y (%) 

SC-1 10 58.3 21.0 

SC-2 60 111.4 86.8 

SC-3 80 131.9 104.6 
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Figure 5. Thermomechanical diagrams of a polysulfone homopolymer and SC-1 
and SC-3, the cellulose-polysulfone composites prepared by the homogeneous 

graft copolymerization of styrene onto cellulose (See Table II). 
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exceeds at le a s t 86.8 %. The re s u l t s are of i n t e r e s t because they 
show that c e l l u l o s e can be converted i n t o a thermally meltable ma­
t e r i a l even by g r a f t i n g , provided that the introduction of branch 
polymers i s achieved uniformly with high density. 

Thermoplasticization of Wood by Heterogeneous Graft Copoly-
merization (Redox I n i t i a t i o n ) . A redox g r a f t i n g method using f e r ­
rous sulfate-hydrogene peroxide as the i n i t i a t o r was conducted to 
copolymerize MMA to wood meal. The re s u l t s of g r a f t i n g are shown 
in Table I I I . 

Thermoplastic properties of these grafted wood samples are 
shown in Figs. 6 and 7. Figure 6 shows that the deformation of 
grafted wood samples with more than 101 % polymer add-on attains 
a Δ value of 1.O. The deformation of the grafted samples having 
polymer add-ons le s s tha
value of 1.O. I t can b
ized with the grafted wood having more than 100 % of weight in­
crease. I t was confirmed by microscopic observations of the corre­
sponding molded films that t h i s phenomenon, the complete flow, i s 
caused by a thermoplastic flow. 

Another f i n d i n g obtained from F i g . 6 i s that the g r a f t i n g even 
with a low degree of the polymer add-on can a l t e r the thermoplastic 
properties of wood. Wood samples, though grafted only to a lower 
degree than that to cause a thermoplastic flow of the composite as 
a whole, have thermal softening temperatures lower than untreated 
wood. The degree of the thermal softening appearing at lower than 
300 °C becomes greater with an increase in the polymer add-on. 

From F i g . 7, i t can be concluded that the existence of small 
amounts of PMMA in the c e l l w a l l of wood s h i f t s the thermal soften­
ing peak to a low temperature by about 60 °C without changing the 
p r o f i l e of the curve. As pointed out, t h i s has been interpreted 
in terms of the i n t e r a c t i o n of wood components with PMMA (4̂  - 9). 
For the composite with more than PMMA content of 50 %, the peaks 
due to thermoplasticity of PMMA appear c l e a r l y , though overlapping 
the thermal softening curve for wood. A peak at about 130 °C i s 
at t r i b u t a b l e to the glass-rubber t r a n s i t i o n of PMMA and the other 
peak at about 340 °C to the melting of PMMA. 

Thermoplasticization of Wood by Graft Copolymerization in De­
c r y s t a l l i z e d State. We have reported that wood can e f f e c t i v e l y be 
d e c r y s t a l l i z e d without a weight-loss by t r e a t i n g with a non-aqueous 
c e l l u l o s e solvent, the SO2-DEA-DMSO s o l u t i o n (11). Thus, use of 
the non-aqueous c e l l u l o s e solvent as a reaction medium fo r the 
graft-copolymerization of monomers to wood was expected to r e s u l t 
in products with branch polymers more uniformly d i s t r i b u t e d . The 
re s u l t s obtained by the homogeneous g r a f t i n g of c e l l u l o s e (10) were 
expected to support t h i s idea. 

From t h i s point of view, a g r a f t i n g of wood in a d e c r y s t a l l i z ­
ed state was carried out using the SO2-DEA-DMSO system as the reac­
t i o n medium. Wood meals were f i r s t contacted with the c e l l u l o s e 
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Table I I I . Redox Graf
Using Ferrous Sulfate - Hydrogen Peroxide as 
an I n i t i a t o r 

Sample 
Polymerization 

Time (hr) 
Weight 

Increase (%) 
Grafting 

E f f i c i e n c y (%) 

PW-1 1 10.6 32.1 
PW-2 2 21.1 40.0 
PW-3 3 42.1 34.9 
PW-4 4 55.3 22.7 
PW-5 5 75.1 19.8 
PW-6 6 86.8 13.0 
PW-7 7 101 10.8 
PW-8 8 132 9.39 
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Figure 6. Plots of the deformation vs. temperature for W-O, untreated wood and 
PW-2—PW-8, the wood-PMMA composites prepared by the redox grafting 

method (See Table 111). 
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Figure 7. Plots of the deformation rate vs. temperature for W-O, untreated wood 
and PW-2—PW-8, the wood-PMMA composites prepared by the redox grafting 

method (See Table 111). 
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solvent, and then styrene was added to the mixture and graft-co-
polymerized. 

Although the c e l l u l o s e solvent was used as the medium in t h i s 
g r a f t i n g , the reaction proceeded heterogeneously, because the pres­
ence of l i g n i n prevented complete d i s s o l u t i o n of wood. The pres­
ence of l i g n i n i s also known to retard the graft-copolymerization 
chemically. These may explain p a r t l y why the g r a f t i n g by t h i s sys­
tem proceeded very slowly compared with the corresponding homoge­
neous g r a f t i n g of c e l l u l o s e as shown in F i g . 8. 

Typical thermomechanical diagrams for these grafted wood are 
shown in Figs. 9 and 10. A complete flow i s not observed in F i g . 
9, because the polymer add-ons are low. I t can be learned from 
Figs. 9 and 10, however, that the thermal softening temperature of 
wood i s lowered considerably by the g r a f t i n g with very low degrees 
of the polymer add-on (eve

In F i g . 10, i t i s
ples show two peaks. Both of the peaks s h i f t to lower temperature 
with an increase in the polymer add-on. As shown in F i g . 5, c e l l u ­
lose grafted with polysulfone melts around 200 °C. The lower tem­
perature peak f o r the grafted wood in F i g . 10 s h i f t s toward the 
temperature at which the polysulfone-grafted c e l l u l o s e shows a com­
plete flow and enlarges i t s peak height with increasing polymer 
add-ons. Hence, t h i s peak i s considered to be due to the thermal 
behavior of the polysulfone grafted c e l l u l o s e w i t h i n the wood c e l l 
w a l l . The higher temperature peak for the grafted wood samples, 
ascribable to the thermal softening of unaltered parts of wood, 
also, not only s h i f t s to lower temperature but decreases i t s peak 
height with an increase in the polymer add-ons. The l a t t e r i s ex­
plainable by the gradual decrease in the unaltered parts of wood 
by g r a f t i n g . The former can be rela t e d to the formation of melt­
able g r a f t polymers w i t h i n wood. Because the graft products with 
enough polymer add-ons can show melting behavior at a lower tem­
perature range than the thermal softening temperature of wood, the 
grafted products w i t h i n wood are considered to act as an external 
p l a s t i c i z e r to lower the thermal softening temperature of the un­
alt e r e d parts of the grafted wood. 

Comparison of the r e s u l t s in F i g . 10 with those in F i g . 7 
makes i t clear that the differences in monomer species, d i s t r i b u t i o n 
of grafted branches, and the degree of d e c r y s t a l l i z a t i o n of wood 
r e s u l t in quite d i f f e r e n t thermograms. 

Thermoplasticization of Wood by Introducing Higher A l i p h a t i c 
A c yl Groups. As shown in the previous sections, wood i s not e a s i l y 
converted i n t o a thermally meltable material by g r a f t i n g , although 
c e l l u l o s e i s found to be convertable to the meltable material by 
g r a f t i n g using a non-aqueous c e l l u l o s e solvent as the reaction me­
dium. I t should be noted that in order to obtain the thermally 
meltable wood the g r a f t i n g should be conducted so as to get prod­
ucts with homogeneously introduced graft-side-chains and,at the 
same time,with high polymer add-ons. Considering these two f a c t o r s , 
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Figure 8. Total dose-weight increase curves for the graft polymerization of sty­
rene onto cellulose and wood using a S02-DEA-DMSO solution as a reaction 

medium. 
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Τ ( ° C ) 

Figure 9. Plots of the deformation vs. temperature for W-O, untreated wood, and 
SW-1, -3, -5, and -6, the wood-polysulfone composites prepared by the graft 
copolymerization using a SOz-DEA-DMSO solution as a reaction medium. The 
weight increases are SW-1, 7.9%; SW-3, 11.4%; SW-5, 14.9%; and SW-6, 

33.0%. 
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Figure 10. Plots of the deformation rate vs. temperature for W-O, untreated wood 
and SW-2—SW-6, the wood-polysulfone composites prepared by the graft co-
polymerization using a S02-DEA-DMSO solution as a reaction medium. The 
weight increases are SW-1, 7.9%; SW-2, 9.4%; SW-3, 11.4%; SW-4, 12.8%; 

SW-5,14.9%; and SW-6. 33.0%. 
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the g r a f t i n g procedures are considered to be a rather d i f f i c u l t 
method for thermoplasticization of wood compared with other chemi­
c a l modification such as a c y l a t i o n and e t h e r i f i c a t i o n . 

We have reported that when wood i s acylated with a series of 
higher a l i p h a t i c acid chloride, caproyl to ste a r o y l c h l o r i d e , in a 
non-aqueous c e l l u l o s e solvent, an ^O^dimethylformamide (DMF)-py­
r i d i n e s o l u t i o n , the resultant modified wood i s given thermally 
s e n s i t i v e properties showing clear melting behavior in t h e i r ther-
momechanical diagrams (12, 13). In t h i s method, a very high degree 
of a c y l a t i o n was not always required to provide the thermally melt­
able property to wood, and when almost one t h i r d of hydroxyl groups 
in wood were acylated, the products became the thermoplasticized 
materials. This suggested that the use of c e l l u l o s e solvents in 
wood modification r e s u l t s in the uniform introduction of c e r t a i n 
chemical groups along th

I t was desirable, however
of preparing thermoplastic wood using more common reaction proce­
dures than the above method. I f wood can be converted in t o a ther­
moplastic material by some simple and economical methods i t w i l l 
have a great value. 

As the f i r s t step, we have t r i e d to acylate wood in a t r i f l u -
oroacetic anhydride (TFAA)-higher a l i p h a t i c acid system at 30 or 
50 °C (TFAA method) and in a higher a l i p h a t i c acid c h l o r i d e - p y r i -
dine-DMF system at 100 °C (Chloride method) (15). Both the methods 
resulted in thermally meltable products. An example of the thermo-
mechanical diagram for the products i s shown in F i g . 11. In t h i s 
f i g u r e , the diagram for a lauroylated wood sample prepared by the 
TFAA method i s compared with that for untrated wood. The l a u r o y l ­
ated wood shows thermal behavior with a sharp drop caused by com­
plete flow of the sample at 195 °C. 

In order to examine whether or not the flow i s ascribed to 
melting of the lauroylated wood, we t r i e d to mold sheet from i t by 
hot-pressing at 140 °C under a pressure of about 150 Kg/cm. 
Transparent sheets were molded from lauroylated wood meals as shown 
in Photo. 2. This r e s u l t indicates c l e a r l y that the flow behavior 
observed in the thermomechanical diagram i s a t t r i b u t a b l e to melt­
ing. The molding temperature used, however, i s considerably lower 
than the melting temperature found in F i g . 11. On t h i s temperature 
difference, we have recently reported that the apparent melting 
temperature of acylated wood sample i s lowered with an increase in 
the applied pressure (16); amorphous polymers l i k e e s t e r i f i e d wood 
with higher a l i p h a t i c a c y l groups do not have melting points being 
d i s t i n c t l y definable, but have apparent melting temperatures (flow 
temperatures). The flow temperature varies with measuring condi­
tions such as the pressure applied and the heating rate. 

The apparent melting temperature obtained for various a c y l a t ­
ed wood prepared by both the TFAA and the Chloride methods by using 
the thermomechanical analyzer under a pressure of 3 Kg/cm^ are 
shown in Table IV. The acylated wood samples prepared by the TFAA 
method show somewhat lower apparent melting temperatures compared 
with those prepared by the Chloride method. 
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Photo 2. Lauroylated wood meals, a; and a sheet prepared from the lauroylated 
wood meals by compression molding, b. Molding conditions: temperature, 140°C.; 

time, 2 min; pressure, 150 kg/cm2. 

Table IV. Apparent Melting Temperature of Various Higher 
A l i p h a t i c Acid Esters of Wood Prepared by the 
TFAA or the Chloride Method 

Sample 
(ACYL) 

MELTING TEMP. (°C) 
Sample 
(ACYL) TFAA CHLORIDE 

BUTYRYL 300 310 
VALEROYL 235 305 
CAPROYL 250 260 
CAPRYLYL 210 245 
CAPLYL 205 290 
LAUROYL 195 240 
MYRISTOYL 200 -
PALMITOYL 195 295 
STEALOYL - 220 
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Thermoplasticization of Wood by Introducing Lower A l i p h a t i c 
Acyl Groups Followed by Grafting. Thermoplasticity of acetylated 
wood i s found to be dependent on the method of preparation and the 
degree of s u b s t i t u t i o n (15, 17). Acetylated wood samples prepared 
by the TFAA method showed a clear melting phenomenon at 320 °C un­
der a pressure of 3 Kg/cm^ (15). Wood samples acetylated by the 
Chloride method or by a method u t i l i z i n g the a c e t i c anhydride-py-
r i d i n e or triethylamine-DMF system (25 °C) did not undergo complete 
flow, while a considerable thermoplasticity was provided (15). A l ­
though wood samples f u l l y acetylated by a procedure u t i l i z i n g the 
ace t i c anhydride-acetic a c i d - s u l f u r i c acid system did not show 
clear melting, t h e i r p a r t i a l l y saponified samples gave thermome­
chanical diagrams with a sharp drop corresponding to complete flow 
(17). Acetylated wood samples prepared by a procedure using the 
acet i c anhydride-acetic
c l e a r melting, e i t h e r . Therma
were enhanced by mixed e s t e r i f i c a t i o n with other a c y l groups. That 
i s , wood esters containing e i t h e r propionyl or b u t y r y l groups in 
addition to a c e t y l revealed meltable properties, if the mixing 
r a t i o was appropriate (17). 

With these r e s u l t s in mind, we t r i e d to enhance the thermal 
properties of the e s t e r i f i e d wood samples with lower a l i p h a t i c a c y l 
groups by g r a f t i n g . In the f i r s t t r i a l , wood samples acylated with 
the a c e t i c anhydride-propionic anhydride-acetic a c i d - p e r c h l o r i c 
acid system were grafted with styrene. The thermomechanical d i a ­
grams of the products are shown in F i g . 12 with that of the s t a r t ­
ing m aterial. In t h i s case, the thermomechanical behavior was ex­
amined with the graft products without e x t r a c t i o n of the homopoly­
mer. This i s based on an idea that the g r a f t i n g can be compared 
with the corresponding polymer blend in obtaining molded sheets or 
f i l m s with good q u a l i t i e s . I t was also found in t h i s experiment 
that the extraction of the homopolymer did not change the meltable 
properties of the acylated-grafted products, g i v i n g s i m i l a r r e ­
s u l t s as shown in F i g . 12 for the non-extracted material. 

I t i s Learned from the figure that the g r a f t i n g can convert 
the unmeltable acetylated-propionylated wood sample int o meltable 
materials, and the apparent melting temperature decreases with an 
increase in the amounts of polymer depositee. The further s t r i k ­
ing f i n d i n g i s that the degree of g r a f t i n g enough to cause such a 
dr a s t i c change in the thermoplastic property of the e s t e r i f i e d 
wood i s very small. Even the graft products with t o t a l weight in­
crease of les s than 10 %, which are prepared by i r r a d i a t i o n to a 
t o t a l dose of less than O.2 Mrad, behave as thermally meltable ma­
t e r i a l s . 

Secondly, thermally unmeltable acetylated wood was t r i e d to 
be converted to a meltable material. Three kinds of acetylated 
wood samples, which has been prepared by the a c e t i c anhydride-ace­
t i c a c i d - p e r c h l o r i c acid system at d i f f e r e n t temperatures of 25, 
35 and 45 °C., were all converted i n t o thermally meltable materials 
by the g r a f t i n g . An example i s shown in F i g . 13. In t h i s f i g u r e , 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



20. SHIRAISHI ET AL. Thermoplasticization of Cellulose 345 

T(°c) 
Figure 12. Thermomechanical behavior of an acetylated-propionylated wood 
sample and the acetylated-propionylated wood-polystyrene composites prepared 
by the y-ray induced graft copolymerization in a pyridine medium. Numerical 
values on the curves represent the total dose of the irradiated y-ray. Key (total 
irradiation, resultant weight increase based on the weight of wood): A, O.1 Mrad, 
4.2%; •, O.5 Mrad, 12.2%; Φ, 1.9 Mrad, 49.1%; Δ, 2.4 Mrad, 66.0%; and |, 

3.4 Mrad, 87.1%. 
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Figure 13. Thermomechanical behavior of O, the acetylated wood and Φ, the 
acetylated wood-polystyrene composite prepared by the y-ray induced graft co-
polymerization in a pyridine medium. Conditions: total dose, 2 Mrad; resultant 

weight increase, 76.7%. 
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a thermomechanical diagram for the grafted product of acetylated 
wood i s compared with that f or the corresponding acetylated wood. 
I t i s c l e a r l y seen that the g r a f t i n g i s e f f e c t i v e f or preparing a 
thermally meltable material from the acetylated wood. Although 
i r r a d i a t i o n to a t o t a l dose of 2 Mrad was applied f or the g r a f t i n g 
in t h i s case, the low degree of i r r a d i a t i o n as low as 1 Mrad or 
less has almost the same e f f e c t for the thermoplasticization of 
acetylated wood. 

These r e s u l t s obtained can be interpreted, at l e a s t , in terms 
of the e f f e c t of external p l a s t i c i z a t i o n caused by the deposition 
of polystyrene w i t h i n wood c e l l w a l l in addition to the i n s u f f i c i ­
ent i n t e r n a l p l a s t i c i z a t i o n previously provided by the a c y l a t i o n . 

The above r e s u l t s shown in Figs. 12 and 13 can be discussed 
in connection with the a p p l i c a t i o n of the thermoplasticized wood. 
The thermoplasticized wood can be used as material for molding, 
and as one way of u t i l i z a t i o n
with synthetic polymers
shown above, two benefits can at l e a s t be pointed out: (a) the 
thermoplasticity of wood materials i s enhanced. (Better r e s u l t s 
can be obtained with e s t e r i f i e d wood.) (b) the c o m p a t i b i l i t y of 
the p l a s t i c i z e d wood with synthetic polymers increases by the 
g r a f t i n g . These factors are considered to be advantageous for pre­
paring molded composites with excellent f i n a l properties. 
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UV Degradation and Accelerated Weathering of 
Chemically Modified Wood 

WILLIAM C. FEIST and ROGER M. ROWELL 

USDA Forest Service, Forest Products Laboratory, Madison, WI 53705 

The roles of cell wall chemical modification, 
polymer lumen-fil
of these two treatment
effects of ultraviolet light on wood revealed 
widely varying degrees of effectiveness. Under 
conditions simulating accelerated outdoor 
weathering (ultraviolet light irradiation alterna­
ting with water spray), butylene oxide- or butyl 
isocyanate-modified southern pine sapwood performed 
no better than untreated controls and surface 
degradation was severe. With ultraviolet light 
exposure only, surface degradation was much less 
for both modified wood and untreated wood. 
Southern pine with a dual treatment of chemical 
modification with butylene oxide or butyl isocya-
nate followed by lumen-fill treatment with methyl 
methacrylate, or southern pine impregnated with 
methyl methacrylate and polymerized in situ, 
resulted in modified woods that were resistant to 
accelerated weathering and to ultraviolet light 
alone. Physical, chemical, and microscopic changes 
occurring as a result of ultraviolet light irradi­
ation are described. 

Wood and wood-based products are durable materials that have 
long been recognized for t h e i r v e r s a t i l i t y and t h e i r a t t r a c t i v e 
engineering and s t r u c t u r a l properties (1). Like other materials, 
wood i s susceptible to environmental d e t e r i o r a t i o n . Wood exposed 
outdoors undergoes physical changes and chemical reactions in a 
process usually referred to as weathering (2, 3). These changes 
and reactions play an important role when wood products are used 
for e x t e r i o r s i d i n g or cladding. 

The weathering of wood i s caused p r i m a r i l y by the action of 
u l t r a v i o l e t (UV) l i g h t , water, heat, and abrasion. The c o n t r i ­
bution of these elements to the wood weathering process has 
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received considerable a t t e n t i o n (2-5). The outdoor weathering 
of wood causes rapid surface color changes followed by surface 
roughening as the grain raises and the wood checks and cracks. 
As wetting and drying occur, boards may warp. The wood loses 
i t s surface coherence, becomes f r i a b l e , and s p l i n t e r s and frag­
ments come o f f . Of the elements contributing to the weathering 
process, UV i r r a d i a t i o n from the sun and stresses imposed by 
wetting and drying are the most important in the majority of 
climates. 

Wood i s an excellent l i g h t absorber and almost every chemi­
c a l constituent in wood i s s e n s i t i v e , with consequential d e t e r i ­
orating e f f e c t (6, 7). Of the various chemical constituents in 
wood, l i g n i n appears to be oxidized and degraded by UV l i g h t most 
ra p i d l y (5, 8, 9, 10). Because of l i g n i n ' s strong UV l i g h t -
absorbing c h a r a c t e r i s t i c s
s h i e l d i n g agent to protec
degradation by UV (9). Fortunately, UV l i g h t does not penetrate 
wood deeper than approximately 75 μπι ( 11). Consequently, the 
i n t e r a c t i o n of wood components and UV l i g h t i s e s s e n t i a l l y a 
surface reaction in which the free r a d i c a l intermediates gener­
ated play a major ro l e in surface d e t e r i o r a t i o n and d i s c o l o r a t i o n 
(5, 6, 8, 12, 13). 

Many conventional and experimental surface treatments and 
modifications for wood have been developed to reduce or eliminate 
the e f f e c t s of the various weathering elements (2, 3, 5, 14). 
The chemical changes occurring and the mechanisms of degradation 
and color formation during weathering have received considerable 
attention and have been summarized in an e a r l i e r paper in t h i s 
series (3). 

Chemical modification of wood c e l l w a l l components has been 
shown to be successful in imparting resistance to various 
degrading elements (15, 16, Γ7). Reduced hygroscopicity of chem­
i c a l l y modified woods has been demonstrated (18, 19, 20). There 
are no chemical modifications published in which UV s t a b i l i z a t i o n 
and control of hygroscopicity (the main weathering elements) were 
the primary goals of the modification (15). 

In an e a r l i e r paper (3), i t was shown that the springwood 
of southern pine chemically modified with butylène oxide or 
methyl isocyanate for protection from biodégradation was not 
adequately protected against the degradative e f f e c t s of acceler­
ated weathering (water and UV i r r a d i a t i o n ) . Increasing the 
dimensional s t a b i l i t y of the wood and blocking l i g n i n phenolic 
hydroxyl groups apparently was not enough to stop the e f f e c t s of 
these weathering elements. F i l l i n g the wood lumens with methyl 
methacrylate reduced the rate of springwood erosion by about 50%. 
The polymer encasing the wood elements probably reduced the rate 
of water uptake and retarded the leaching of degradation products. 
I t acted as a g l u e - l i k e material helping to hold the surface c e l ­
l u l o s i c f i b e r s in place even though the l i g n i n component may have 
been degraded by UV l i g h t . A combination of butylène oxide or 
methyl isocyanate c e l l w a l l modifying treatment followed by 
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methyl methacrylate l u m e n - f i l l i n g treatment resulted in a system 
that protected the wood fo r 90 days of accelerated weathering. 
The addition of methyl methacrylate to the c e l l wall-modifying 
chemical treatment provided a d d i t i o n a l water repellency and pos­
s i b l e l i g n i n s t a b i l i z a t i o n and had a s i g n i f i c a n t e f f e c t on 
reducing weathering. 

The chemical modification of wood could play a very impor­
tant role in c o n t r o l l i n g the natural weathering process. The 
primary purpose of t h i s continuing research was to determine the 
ef f e c t s of chemical modification of wood on weatherability and 
to elucidate the mechanism(s) of UV degradation of modified wood. 
Chemical modification of wood c e l l walls with b u t y l isocyanate 
(Bulso) or butylène oxide (BuO), l u m e n - f i l l i n g modification with 
methyl methacrylate (MMA), and combined c e l l w a l l modification 
and l u m e n - f i l l i n g modification
southern pine. P h y s i c a l
occurring on the wood surfaces a f t e r UV i r r a d i a t i o n in the con­
t r o l l e d accelerated weathering environments were evaluated f o r 
springwood and summerwood. Both UV l i g h t and UV light/water 
combinations of exposure were included in the studies. 

Experimental 

Wood Specimens. Southern pine sapwood blocks, 2.4 χ 2.4 χ 
O.6 cm 3(longitudinal χ r a d i a l χ t a n g e n t i a l ) , were prepared from 
a si n g l e f r e s h l y cut log. A l l specimens were cut and planed to 
provide a smooth v e r t i c a l - g r a i n surface and ovendried f or 20 hrs 
at 105°C. The 70 specimens were randomized f o r use in d i f f e r e n t 
portions of the study. 

Chemical Modification. Ovendried blocks were reacted in a 
st a i n l e s s s t e e l vessel at 120°C., 150 p s i nitrogen pressure, 
10 blocks with Bulso and 10 with BuO monomer using a technique 
described e a r l i e r (18, 19). Bulso was reacted with wood in the 
presence of dimethylformamide (65/35, v/v) and BuO with t r i e t h y l -
amine (95/5, v/v). Another set of 10 blocks was treated in a 
glass chamber with MMA monomer containing 5% t r i m e t h y l o l propane 
trimethacrylate as a c r o s s - l i n k i n g agent and O.25% azobisisobu-
t y r o n i t r i l e as a c a t a l y s t (3). Separate blocks in a fourth group 
were f i r s , t modified with e i t h e r the Bulso or BuO system (10 each) 
and then treated with MMA. The Bulso or BuO systems r e s u l t in 
chemically modified ( c e l l wall-bound) material and MMA in lumen-
f i l l i n g modification (3). A l l specimens were ovendried a f t e r 
treatment and weighed to determine chemical add-on expressed as 
weight percent gain (WPG) (19) (Table I ) . The UV l i g h t - o n l y 
specimens were exposed in an accelerated weathering chamber with 
UV i r r a d i a t i o n only; the light/water specimens were exposed to 
al t e r n a t i n g cycles of l i g h t and water. 

Accelerated Weathering. The r a d i a l faces of all t e s t speci­
mens were exposed to a 6500-W xenon arc l i g h t source (which 
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Table I.--Specimen preparation for accelerated weathering, 
v e r t i c a l - g r a i n e d southern pine sapwood 

Specimen 
WPG 1/ 

only water 

Control None 

Butyl isocyanate 
(Bulso) 

Butylène oxide (BuO) 

Methyl methacrylate 
(MMA) 

Bulso + dimethylformamide, 27.2 
120°C 

BuO + triethylamine 
c a t a l y s t , 120°C 

MMA, c a t a l y s t , 70°C 

28.4 

49.6 

26.3 

30.3 

48.1 

Bulso + MMA 

BuO + MMA 

Bulso treatment followed 25.2 27.3 
by MMA 43.9 39.0 

BuO treatment followed 30.6 30.4 
by MMA 51.1 57.3 

1/ Weight percent gain as a r e s u l t of treatment, determined 
from ovendry weight before and a f t e r treatment; average of 
2 r e p l i c a t e s . 
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c l o s e l y approximates natural sunlight spectrum in the v i s i b l e 
and UV regions) in an enclosed chamber at 45°-50°C and 50% r e l a ­
t i v e humidity (4). One set of specimens was exposed to t h i s 
r a d i a t i o n f or 24 hrs/day. The second set of specimens was exposed 
to l i g h t alternated with a spray of d i s t i l l e d water at ambient 
temperatures with the l i g h t o f f ; each cycle consisted of 4 hrs 
of d i s t i l l e d water spray followed by 20 hours of l i g h t . Exposure 
time i s always expressed as hours of exposure to l i g h t . Erosion 
of springwood and summerwood was measured using a technique 
described e a r l i e r f or v e r t i c a l - g r a i n e d specimens (4). Erosion 
was determined a f t e r 600, 1,200, and 1,800 hrs of l i g h t . 

The specimens f o r erosion measurement had the upper one-half 
of the exposed face protected with a s t a i n l e s s s t e e l cover. 

Weight Loss. Specimen
placed in both accelerate
light/water cycle) with f u l l y exposed faces. The specimens were 
ovendried and weighed before and a f t e r exposure (1,800 hrs of 
l i g h t ) and t h e i r weight loss calculated as a function of oven­
dried weight a f t e r chemical modification (Table I I ) . 

Chemical Analysis. Three separate specimens were used f o r 
chemical analyses f o r each modification. The f i r s t was the 
unexposed wood. The second was the outer O.5 mm of wood (removed 
by s l i c i n g with a razor) exposed in the accelerated weathering 
chamber (referred to as "outer specimen"). The t h i r d specimen 
was the remainder of the exposed specimen a f t e r removal of the 
O.5 mm of exposed wood surface (referred to as "inner specimen"). 
A l l specimens were ground to pass a 40-mesh screen and ovendried 
for 16 hrs at 105°C before chemical an a l y s i s . 

L i g n i n determinations were by a method s i m i l a r to Technical 
Association of the Pulp and Paper Industry Standard T13 (21). 
Samples were treated with 72% s u l f u r i c acid f or 1 hr at 30°C and 
3% s u l f u r i c acid f or 4 hrs at r e f l u x temperature to hydrolyze* and 
s o l u b i l i z e the wood carbohydrate. The insoluble residue was 
measured g r a v i m e t r i c a l l y as l i g n i n . The hydrolysate from the 
l i g n i n determination was used f o r the reducing sugar analyses 
(22). A l l values shown are uncorrected for e x t r a c t i v e s , chemical 
add-on from modification, and for the small amount of degradation 
during hydrolysis (Table I I I ) . 

Scanning Electron Microscopy (SEM). Selected specimens, 
both unweathered and a r t i f i c i a l l y weathered, were mounted on 
9-mm-diameter c i r c u l a r holders with a mixture of s i l v e r paint 
and c e l l u l o s e acetate cement. The stub holders were then trans­
ferred to a high-vacuum evaporating u n i t and coated with 10-20 nm 
of gold. The specimens were examined with a scanning electron 
microscope (Cambridge Stereoscan) at 20 kV. Both r a d i a l surfaces 
( o r i g i n a l , exposed, and unexposed) and tangential surfaces ( s p l i t 
through springwood with a razor, exposed and unexposed) were 
examined. 
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Table I I . — R a t e of accelerated weathering and o v e r a l l 
weight loss of southern pine sapwood 
a f t e r 1,800 hr l i g h t exposure 

Specimen 

Ovendry weigh
l o s s , % 

Light 
only 

Light/ 
water 

Springwood 

Light 
only 

Light/ 
water 

Summerwood 

Light 
only 

Light/ 
water 

Control O. .5 5. .7 O. .008 O. ,150 O. .008 O. .042 

Bulso 2. .0 5. .2 O. .017 O. ,150 0, .008 O. .033 

BuO 1. .3 6. .4 O. .033 O. 183 O. .017 O. .067 

MMA 0, .4 3. .5 O. .008 O. .033 0, .008 O. .017 

Bulso + 
MMA 1, .6 2. .7 0, .042 O. .017 O. .025 O. .008 

BuO + 
MMA 1, .0 2. .5 0, .017 O. .017 0, .008 0, .008 

1/ Erosion rate determined between 1,200 and 1,800 hr, 
expressed in μπι/hr of l i g h t exposure. 
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Selected specimens from both l i g h t and light/water exposure 
studies were photographed using conventional camera systems for 
comparative purposes. 

Results and Discussion 

The effectiveness of c e l l w a l l chemical modification and 
l u m e n - f i l l i n g modification in protecting wood against the 
weathering elements of UV l i g h t or UV l i g h t in combination with 
a l t e r n a t i n g water spray was determined on southern pine sapwood 
modified with Bulso, BuO, or MMA or combinations (Table I ) . C e l l 
w a l l modification was in the range of 25 to 31 WPG, the most 
e f f e c t i v e ranges f o r these treatments (L8, 19); l u m e n - f i l l modi­
f i c a t i o n was in the range of 39 to 57 WPG. Combined treatment 
specimens were prepared
BuO followed by MMA impregnatio

Weight Loss. Determination of weight loss by weighing 
specimens before and a f t e r accelerated exposure, and measurement 
of the amount of material eroded from the exposed wood surface 
are r e l i a b l e methods of assessing degradation due to UV l i g h t . 
Ovendry weight loss values (Table I I ) show that some modifica­
tions are e f f e c t i v e in reducing weight loss when compared to 
unmodified controls a f t e r exposure to UV l i g h t and water cycles. 
Weight loss i s low in the UV l i g h t - o n l y exposure because there 
i s no leaching of degraded products by water. Weight loss values 
for c e l l wall-modified specimens were higher than those observed 
for unmodified control specimens. This loss may be the r e s u l t 
of r e s i d u a l bound monomer being vaporized or of grafted polymer 
being degraded. 

Weight loss values f o r specimens in the UV light/water expo­
sure study were from 2 to 11 times greater than f o r specimens in 
the UV l i g h t - o n l y exposure. MMA modification, e i t h e r alone or 
in combination with c e l l w a l l modification, reduced weight loss 
by 40-60% as compared to unmodified controls. A l l these weight 
loss values (Table I I ) ind i c a t e loss of wood substance only from 
the surface of the exposed specimen because UV l i g h t does not 
penetrate wood deeply (11) and the weathering process i s a 
surface phenomenon (2, 4). 

Erosion of Wood Substance. Wood elements are l o s t during 
weathering or accelerated weathering as l i g n i n i s degraded by 
UV l i g h t and the adhesive character of t h i s wood component i s 
reduced (2). Degraded l i g n i n and c e l l u l o s e - r i c h f i b e r s are 
washed away by the action of water and the wood gradually erodes 
away. In softwoods, springwood erodes much f a s t e r than does 
summerwood ( 1 , 2 ) . 

The summerwood of specimens chemically modified with Bulso 
or BuO eroded f a s t e r than unmodified controls when exposed to 
UV light/water cycles (Figure 1). A l l specimens containing MMA, 
e i t h e r alone or in combination with Bulso or BuO, were more 
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r e s i s t a n t to erosion than unmodified controls. The BuO + MMA 
specimens showed the greatest resistance to erosion and these 
specimens also showed the lowest weight loss in the UV l i g h t / 
water exposure (Table I I ) . The decreased summerwood erosion 
observed for the MMA-filled specimens i s consistent with e a r l i e r 
observations for springwood (3) and suggests that the g l u e - l i k e 
properties of MMA polymer in the wood are the most important 
factors operating when these modified woods are exposed to ac c e l ­
erated weathering. 

The rate of erosion of southern pine springwood (Table I I ) 
and the extent of erosion (Figure 2) i s s i g n i f i c a n t l y greater 
than that observed for summerwood, whether the wood i s modified 
or not. Lumen-fill modification with MMA or MMA combinations 
was e f f e c t i v e in c o n t r o l l i n g loss of springwood c e l l s . Chemical 
modification with Buls
erosion. For both springwoo
chemical modification of sapwood with BuO yielded a wood in which 
the o v e r a l l erosion of wood substance increased during acceler­
ated weathering. 

The springwood erosion rates of the MMA-containing specimens, 
calculated in μπι/hr between 1,200 and 1,800 hrsof l i g h t exposure, 
were 1/5 to 1/10 that of unmodified controls a f t e r light/water 
exposure (Table I I ) ; summerwood erosion rates were 1/3 to 1/5 
those of the controls. BuO or Bulso erosion rates were equal to 
or greater than those of unmodified controls for both summerwood 
and springwood in the light/water exposure cycles. 

Ovendry wood substance weight l o s s , springwood and summer-
wood erosion, and o v e r a l l erosion rates were all s i g n i f i c a n t l y 
less for specimens exposed to the l i g h t - o n l y exposure cycle 
(Table I I ) . The maximum erosion value for springwood in all 
specimens, modified or unmodified, a f t e r 1,800 hrs of l i g h t - o n l y 
exposure was 40 μπι and the minimum was 10 μπι; summerwood was 
approximately 1/2 that of springwood. These compare to values 
of 60 to 330 μπι for specimens in the light/water exposure cycle 
(Figure 2, 1,800-hr exposure). Without the action of water 
(leaching, washing), degraded wood substance w i l l still adhere 
to the wood surface and wood, modified or unmodified, w i l l erode 
or wear away only slowly. 

Physical Changes. Physi c a l changes for the exposed wood 
can be observed in representative samples of all exposed speci­
mens (Figures 3 and 4). The difference in color between 
UV l i g h t - o n l y and UV light/water exposure i s the most obvious 
change occurring during exposure (2). 

The color of exposed wood in the UV l i g h t - o n l y exposure i s 
darker than that of the protected wood for all specimens except 
those chemically modified with BuO (Figure 3). Light-colored 
woods l i k e southern pine u s u a l l y darken on exposure to UV l i g h t 
(1., 2). M o d i f i c a t i o n with MMA does not a l t e r the chemical struc­
ture of wood, and color changes (darkening) observed are almost 
i d e n t i c a l to those of the control specimens. The Bulso-modified 
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specimens darkened but to a lesser degree than did the exposed 
co n t r o l . Exposed Bulso + MMA-modified wood was somewhat l i g h t e r 
than unexposed wood. BuO-modified wood became l i g h t e r in color 
on exposure to UV l i g h t . BuO treatment also resulted in some 
weight loss a f t e r UV l i g h t exposure, as did the Bulso treatment 
(Table I I ) . The bleaching of the BuO-modified wood and d i f f e r ­
ences in weight loss and erosion suggest there may be differences 
in how these chemicals attach to the hydroxyls as compared to 
Bulso, and a d i f f e r e n t degree of s e n s i t i v i t y of chromophoric 
groups to UV l i g h t r e s u l t s . 

When UV light-exposed wood i s washed with a d i s t i l l e d water 
spray in the light/water cycles, degraded wood components (pre­
sumably p r i m a r i l y l i g n i n ) are washed away (2) and shrinking and 
swelling stresses are developed. Color and other physical 
changes occurring on suc
(Figure 4). A l l woods
and roughened upon exposure. Springwood was eroded p r e f e r e n t i ­
a l l y . O r i g i n a l differences in color due to chemical modification 
and normal anatomical differences were minimized upon exposure. 
The ro l e of MMA in re t a i n i n g surface i n t e g r i t y and reducing 
erosion of wood substance was r e a d i l y apparent in the exposed 
portion of the samples (Figure 4). 

Chemical Analyses. Chemical analysis of the control sample 
shows that the sum of the l i g n i n ançl carbohydrate components 
( l i g n i n plus t o t a l sugars) accounts for 93 to 96% of the wood 
substance (Table I I I ) . In the MMA specimens, the high l i g n i n 
content shows that the MMA polymer i s included in the l i g n i n 
value. The MMA must be insoluble in the H^SO^ procedure and 
i s o l a t e d as if i t were l i g n i n . Because t o t a l sugars are based 
on a percentage of the t o t a l sample, they are low due to the 
presence of a high percentage of MMA in the specimen. The r a t i o 
of sugars i s approximately the same for methacrylate-treated wood 
as for the controls. 

The Bulso-modified specimens show a much lower t o t a l sugar 
content, which, in turn, accounts f or the lower t o t a l mass 
balance ( l i g n i n plus t o t a l sugars) (Table I I I ) . The reason f or 
t h i s i s not known but perhaps part of the explanation i s how 
modified sugars react in the sugar analysis. A substituted sugar 
u n i t may not undergo the same colormetric reactions as an unsub-
s t i t u t e d sugar. The r a t i o of sugars i s lower in the Bulso speci­
mens as compared to the controls but not as low as BuO-modified 
wood. The sugars in the hemicellulose f r a c t i o n are the ones that 
are l o s t . I t i s also possible that these more accessible sugars 
are more highly substituted and do not respond to the colormetric 
analysis. Because of the r e a l or apparent loss of sugars in the 
Bulso- and BuO-modified woods, the t o t a l mass balance for these 
treatments i s very low. 

Even though there i s very l i t t l e weight loss ( a f t e r expo­
sure) in specimens dual-treated with e i t h e r Bulso or BuO combined 
with MMA, there i s a loss in t o t a l mass balance and a r e a l or 
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apparent loss of sugars (Table I I I ) . The MMA polymer i s again 
showing up in the l i g n i n analysis which, on a t o t a l sample 
% b a s i s , makes the t o t a l sugar f r a c t i o n lower. 

I t i s i n t e r e s t i n g to note that in specimens modified with 
BuO (both with and without MMA) the hemicellulose sugar content 
i s greatly reduced. This may be due to the s t a b i l i t y of the 
ether linkage in these modified specimens and the d i s s o l u t i o n of 
substituted sugars in the separation step. The sugars would not 
be r e f l e c t e d in the sugar analysis and would subsequently appear 
to have been degraded by the t e s t conditions. The sugars could, 
in f a c t , be present in a modified form that did not survive the 
separation procedure. I t i s also possible that these stable 
substituted sugars are less detectable or not detectable by the 
sugar analysis. 

L i g n i n values were
surface wood than for unexpose
the exposed specimens. This e f f e c t has been observed previously 
(5) and r e f l e c t s the degradation and s o l u b i l i z a t i o n of the l i g n i n 
component. 

The chemical changes occurring when wood or chemically modi­
f i e d wood i s exposed to UV l i g h t or UV light/water and the s i g ­
n i f i c a n c e in using these chemical changes to assess weathering 
degradation w i l l be addressed in d e t a i l in a future p u b l i c a t i o n . 

Microscopic Observations., Scanning electron photomicro­
graphs of the planed r a d i a l surface of unmodified southern pine 
before accelerated weathering (Figure 5, upper)and aft e r 1800 hrs 
UV l i g h t exposure (Figure 5, center) show p i t degradation and 
some mild check formation as a r e s u l t of exposure (2, 10). In a 
BuO-treated r a d i a l surface (Figure 5, lower) s l i g h t l y greater 
degradation of p i t s i s v i s i b l e , although o v e r a l l wood element 
degradation i s r e l a t i v e l y l i m i t e d . 

When unmodified wood i s exposed to UV light/water cycles, 
s i g n i f i c a n t l y more surface degradation i s apparent than with 
UV l i g h t - o n l y exposure (Figure 6, upper), and both h o r i z o n t a l 
and l o n g i t u d i n a l checking along with loss of surface f i b e r s i s 
apparent. Bulso-modified r a d i a l wood surfaces e x h i b i t more 
severe degradation (Figure 6, center) consistent with the weight 
loss and erosion data. Severe cracking i s apparent on these 
planed, o r i g i n a l l y smooth surfaces. The MMA treatment minimizes 
surface degradation such as l a t e r a l checking or cracking--though 
some large checks occur--and most surface f i b e r s remain i n t a c t 
(Figure 6, lower). This i s consistent with the low erosion rate 
(Table I I ; Figures 1 and 2) observed for these specimens. 

A combination modification of BuO + MMA (Figure 7, upper) 
af t e r 1,800 hrs exposure (light/water) r e s u l t s in some l o n g i t u d i ­
nal checks on the specimen surface but o v e r a l l i n t e g r i t y . A good 
portion of the exposed surface i s still reasonably smooth with 
very l i t t l e loss of surface wood elements. 

A s p l i t tangential surface of a Bulso-modified specimen 
(Figure 7, center) shows the surface degradation ( r i g h t edge of 
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Figure 5. SEM photomicro­
graphs of radial Southern pine 
surfaces showing effects of 1800 
h of UV light in an accelerated 
weathering chamber. Key: upper, 
unmodified wood before expo­
sure (5OX); center, unmodified 
wood after exposure (ΙΟΟχ); 
lower, BuO-modified wood after 

exposure (ΙΟΟχ). 
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Figure 6. SEM photomicro­
graphs of radial Southern pine 
surfaces showing effects of 1800 
h of UV light in light/water 
cycling in an accelerated weather­
ing chamber. Key: upper, un­
modified wood after exposure 
(5 Οχ); center, Bui so-modified 
wood after exposure (ΙΟΟχ); 
lower, MMA-modified wood 

after exposure (ΙΟΟχ). 
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specimen) upon UV light/water exposure. The d e t e r i o r a t i o n i s 
only 3 or 4 wood f i b e r s deep and f i b e r s below these are es s e n t i ­
a l l y unchanged (2, 5). A s p l i t tangential surface of a Bulso-
modif ied specimen before exposure i s shown (Figure 7, lower) f o r 
comparison; the r i g h t edge of the specimen i s sound and the 
i n t e g r i t y of t h i s unexposed treated specimen i s apparent. 

Summary and Conclusions 

The springwood and summerwood of southern pine chemically 
modified with b u t y l isocyanate or butylène oxide were not r e s i s t ­
ant to the degradative e f f e c t s of UV l i g h t . Surface de t e r i o r a ­
t i o n , color changes, and small weight losses occurred during 
accelerated weathering exposur
Accelerated weathering produce
water washed away degraded wood elements. Degradation and loss 
of summerwood during accelerated weathering was much less than 
that found for springwood. This trend was observed for modified 
and unmodified wood. Summerwood erosion was greater for butylène 
oxide-modified wood than all others. Weight loss increases 
markedly as l i g n i n degradation products are washed away by the 
action of the water, and chemical modification does not reduce 
t h i s weight l o s s . Increasing the dimensional s t a b i l i t y of the 
wood and blocking l i g n i n phenolic hydroxyl groups apparently i s 
not enough to stop the extreme degradative e f f e c t s of UV l i g h t 
in the weathering process. UV absorbers or screens chemically 
bound may be necessary to protect the exposed wood surfaces. 

F i l l i n g wood lumens and other void volume with methyl meth­
acrylate polymer reduces the extent of erosion. The erosion rate 
of springwood and summerwood and wood substance loss during 
accelerated weathering i s s i g n i f i c a n t l y reduced when compared to 
chemically modified or unmodified wood. In UV l i g h t exposure 
even with water spray a c t i o n , degradation i s minimal. The MMA 
polymer, polymerized in s i t u w i t h i n the wood structure, probably 
reduces water uptake and retards subsequent leaching of wood 
degradation products. The polymer can be regarded as a g l u e - l i k e 
material holding the surface wood f i b e r s in place even though 
the natural "glue" (native l i g n i n ) has been degraded on the wood 
surface by the action of the UV l i g h t . As the methacrylate 
polymer holds the c e l l u l o s e - r i c h f i b e r s on the wood surface, the 
fi b e r s may act as p a r t i a l screens to protect the underlying 
ungraded wood substance. 

Although chemical modification with b u t y l isocyanate or 
butylène oxide was not successful in c o n t r o l l i n g UV l i g h t degra­
dation of wood, a combination of e i t h e r of these chemical modifi­
cations with methyl methacrylate l u m e n - f i l l treatment resulted 
in a modified wood that had good accelerated weathering r e s i s t ­
ance. The combination of the l u m e n - f i l l i n g polymer and the c e l l 
wall-modifying chemical treatments provides a dimensional s t a b i -
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Figure 7. SEM photomicro­
graphs of radial and tangential 
Southern pine surfaces after ex­
posure to UV light in light/ 
water cycling. Key: upper, ra­
dial surface of BuO + MMA-
modifted wood (ΙΟΟχ); center, 
tangential surface (opened by 
splitting sample) of Bulso-modi-
fied wood showing degraded 
fibers on right; lower, tangential 
surface (split) of Bui so-modified 
wood before exposure. Integrity 

of specimen can be seen. 
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l i z a t i o n and has a s i g n i f i c a n t p o s i t i v e e f f e c t on weathering. 
Weight losses for these combined chemical treatments were at 
lea s t 50% less than those of the chemically-modified specimens, 
and wood erosion and erosion rates were low. 
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aminodextran-grafted E V A L 230, 231/ 

Carbon tetrachloride in grafting of 
styrene to rayon fibers 10-12 

Carbonyl group content in pMMA-
grafted carboxylcelluloses....122-124, 

129, 132/ 
Carboxylcellulose, preparation...120, 121/ 
Carboxyl group content in pMMA-

grafted menocarboxyl-
cellulose derivatives 129, 132/ 

Carboxymethylcellulose 112-116 

Catalyst, ammonium persulfate, 
in MMA grafting onto 
cellulose 323, 324* 

Cellophane, molecular weights and 
average number of cellulose 
molecules per grafted side 
chain 8* 

Cellulose acylation 321-353 
copolymer, characterization and 

properties 12-15 
copolymerization applica­

tions 15-18,29-30 
cotton linter 259, 263, 264/ 
crystallinity 14, 15 
lignin, presence of 253-266 

Ceric ion-initiated grafting 
acrylonitrile 

-extracted ground and 
semichemical pulp 
copolymer 256-263 

-hydroxyethylcellulose 
copolymer 27, 39* 

ethyl acrylate onto extracted 
ground and semichemical 
pulp 256, 259-263 

intermediate radical formation 23-24 
M M A onto KPM rayon and jute 

fibers 73-81 
substrate 

bleached sulfite pulp 37-39 
cellulose cotton linter, initiator 

consumption 259, 263, 264/ 
cellulose nitrate 156 
ethylcellulose 37-39 
rayon 45-51, 73-81 
semichemical pulp, initiator 

consumption 259, 263, 264/ 
starch-g-acrylonitrile 196-198, 209 

vinyl monomers onto cellulose 
nitrate 156 

Chain transfer constants in pMMA-
grafted cellulose 124, 128,134, 

138/, 139 
China clay (see sodium bisulfite-

china clay) 
Chir 

acetylation pretreatment....306, 308, 314* 
thioacetic acid acetylation effect 

acetyl content and antishrink 
efficiency relationship.316, 317* 

dimensional stability and 
hygroscopicity 315-318 

weight gain and acetyl content 
relationship 308,309/ 

Chlorite delignification preparation 
of pulps and resultant 
properties 270, 271* 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



INDEX 375 

Chromatography curves, gel per­
meation, cellulose nitrate-g-poly-
(methyl methacrylate) 
copolymer 161, 163/ 

Cobalt-60 initiation 198-200, 209-210 
Computer simulations of grafting 

styrene onto preirradiated 
cellulose acetate 179-191 

Contact angles of aminodextran-
grafted E V A L 220-228 

Cotton fabric-acrylonitrile, 
mechanical properties 12-14 

Cotton linter-cellulose 
copolymers 8-10, 259, 263, 264/ 

Cotton yarn-acrylonitrile copolymer, 
mechanical properties 12-14 

Cross-linking in saponified starch-g-
poly acrylonitrile 1

Crystallinity of cellulose 14

D 
DEA (see Diethylamine) 
Deacetylation of acetylcellulose 

UV-light induced 109 
Decrystallized wood, thermo-

plasticization 333, 337 
Degradation, thermal, of rayon 

grafted with phosphorus- and 
nitrogen-containing 
polymers 67, 69/, 70* 

Dehydroxyethylation of hydroxyethyl-
cellulose, UV-light induced 109 

Delignified bagasse, rate and yield of 
graft polymerization of 
M M A 263, 265/, 266 

Delignified pulps, resultant 
properties 270,271* 

Demethylation of acetylcellulose 109 
Demethylation of methylcellulose 107 
Denitration of cellulose nitrate graft 

copolymer 172, 174* 
Dextran grafting reaction onto 

E V A L 217-231 
Dextran-grafted E V A L 

blood compatibility 230,231/ 
pH dependence of zeta potentials 228-230 
surface properties 228, 230 

Dialdehydecellulose 
carbonyl group content in graft 

polymerization of pMMA 122, 123/ 
grafting activity of vinyl 

monomers 122-125 
preparation 120, 121/ 

Dicarboxylcellulose 
carbonyl group content in pMMA 

grafting 124, 129, 130/ 
pMMA grafting 124, 129-130 
preparation 120,121/ 

Dielectric constant of solvents, effect 
on total conversion in polymeri­
zation of pMMA 125 

Diethylamine in reaction medium for 
styrene-grafting onto 
cellulose 337, 338/ 

Dimensional stability, effect of thio-
acetic acid acetylation of 
wood 315-318 

2,2-Dimethoxy-2-phenylacetophenone 
(DMPA) as the free-radical 
initiator in photochemical graft­
ing of vinyl monomers 83-100 

Dimethyl sulfoxide as solvent 
eerie ammonium nitrate initiation 

of starch-g-acrylonitrile 
grafting 196-198,209 

styrene-grafting onto cellulose.337, 338/ 
Dioxane as solvent in radiation-

induced homopolymerization 
of styrene 145-153 

DMSO (see Dimethyl sulfoxide) 

Efficiency, grafting (see Grafting 
efficiency) 

Electron microscope images of rayon 
and rayon grafted with nitrogen-
and phosphorus-containing 
polymers 62, 65/, 66/ 

Electron spin resonance studies 
(ESR) of photoinduced free 
radicals generated in cellulose 
and derivatives 102-112 

Energy, activation, in ceric-ion-
initiated grafting of acrylic 
acid to rayon 52, 53/ 

Ethyl acrylate grafted onto extracted 
ground and semichemical 
pulp 256, 259-262 

Ethylcellulose 
acrylonitrile 37-40 
electron resonance spectra 102-112 
free radical initiated grafting, 

degree and 
efficiency 37-40,102-115,116/ 

MMA-grafting 112-116 
Ethylene-vinyl alcohol copolymer 

grafting copolymers of dextran 
or aminodextran 217-231 

blood compatibility 230, 231/ 
contact angles 220-228 
IR spectra 221, 224-225, 226/ 
pH dependence of zeta 

potentials 228-230 

In Graft Copolymerization of Lignocellulosic Fibers; Hon, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



376 GRAFT COPOLYMERIZATION OF LIGNOCELLULOSIC FIBERS 

Ethylene-vinyl alcohol 
copolymer (continued) 
surface properties 228, 230 

urethanation 220-228 
E V A L (see Ethylene-vinyl alcohol 

copolymer) 

Ferric ion initiation of grafting of 
methacrylic acid and acrylate 
monomers onto hardwood 
pulp 293-294,296,297/ 

Ferrous sulfate-hydrogen peroxide 
initiated heterogeneous graft 
copolymerization of wood 331 

Fiber, jute 73-81 
Film properties of saponified starch

g-polyacrylonitrile 205-206
Flame-retardant properties of rayo

grafted with nitrogen-containing 
polymers 57-71 

Flammability tests of rayon grafted 
with phosphorus- and nitrogen-
containing polymers 67-69 

Free radical initiated graft polym­
erization of vinyl monomers 
onto cellulose and deriva­
tives 21-30, 83-100, 112-116 

Free radical initiators 
benzoin derivatives 85-91 

homopolymer formation 86* 
THF function 87 

benzophenone 83-100 
homopolymer formation 86* 
THF function 87 

Gamma ray-induced grafting to 
cellulose, styrene...141-153, 179-191 

Gel permeation chromatography 
curves, cellulose nitrate and 
poly (methyl methacrylate).161, 163/ 

H 
Hardwood pulp as substrate for 

acrylonitrile grafting using 
xanthate method 272-276 

ferrous ion effect on conversion and 
efficiency 272-275 

pH effect on conversion and effi­
ciency 272, 273/, 275 

reaction time effect on conversion 
and efficiency 275, 276/ 

Heat-induced cross-linking of dry 
saponified starch-g-acrylo-
nitrile 206-209,213-214 

Heterogeneous redox-initiated graft 
copolymerization for thermo-
plasticization of wood 323-333 

Holocellulose, graft copolymerization 
of acrylonitrile 243-247 

eerie ion concentration effect on 
grafting 243, 245/, 246* 

grafting efficiency 243, 246*, 247 
IR spectra of copolymer 243, 244/ 
molecular weight distribution of 

poly acrylonitrile branches 243, 
245/, 247 

Homogeneous copolymerization for 
thermoplasticization of cellulose 331 

Homopolymer formation in grafting 
reaction 

minimization 5-6 

benzophenone and its deriva
tives as free radical initiators.. 86* 

molecular weights and average 
number of cellulose molecules 
per grafted cellulose using 
xanthate grafting of various 
monomers to rayon 9* 

styrene grafting in dioxane, acid 
effects 145*, 146-153 

Homopoly(methacrylic acid), reduced 
viscosity versus concentration in 
methanol 296,297/ 

Hydrogen peroxide, in ferrous sulfate-
hydrogen peroxide initiated 
heterogeneous graft copolymeri­
zation of wood 331 

Hydrolysis in aqueous alkali, water 
retention of acrylonitrile-grafted 
hydroxyethylcellulose and 
bleached sulfite pulp...36, 37, 40*, 42 

Hydrolysis of bamboo-polyacrylo-
nitrile copolymer 235-236 

Hydroxyethylcellulose 
eerie ion-initiated grafting of 

acrylonitrile 37, 39* 
dehydroxyethylation 109 
electron resonance spectra 102-112 
free radical initiated grafting, 

degree and efficiency 112-115, 116/ 
hydrolysis in aqueous alkali 36, 37, 

40*, 42 
MMA-grafting 112-115,116/ 

Hydroxyl group substitution, effect on 
reaction time in formation of 
aminodextran by Williamson's 
method 219-221, 222/ 

Hygroscopicity, effect of thioacetic 
acid acetylation of wood 315-318 
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Inhibition of vinyl monomer grafting 
onto cellulose through addition 
of soda lignin 256-262 

Initiators of grafting reactions 
cellulose nitrate in heterogeneous 

and homogeneous media...155-177 
eerie ion 

acrylonitrile onto extracted 
ground and semichemical 
pulp 256, 259-263 

cellulose cotton linter...259, 263, 264/ 
ethyl acrylate grafting onto 

extracted ground and 
semichemical pulp.256, 259, 263 

starch-g-acrylonitrile 196-198, 209 
cobalt-60 used in graft copoly

merization of starch 
polymers 198-200,209-21

ferrous ion 272-275 
gamma ray 179-191 
sodium bisulfite-china clay 256-258 
sodium bisulfite-soda lime glass 256-258 

Intermediate radicals, formation 
using the eerie ion method 23-24 

IR spectra 
acrylonitrile-grafted bamboo...236-238 
acrylonitrile-grafted 

holocellulose 243,244/ 
ethylene-vinyl alcohol 

copolymer 221, 224-226 
nitrocellulose 129, 134, 135/ 
pMMA-grafted cellulose nitrate.157-160 
rayon fabric grafted with 

phosphorus- and nitrogen-
containing polymers 62-64 

wood cellulose and vinyl monomer 
copolymer 92, 95/, 96/ 

Jute fiber as substrate to eerie ion-
initiated grafting of M M A 73-81 

Κ 

Karnafuli paper mill (KPM) rayon 
ceric-ion-initiated grafting of 

M M A 74-75 
Frank Tensile Strength Tester 75-81 
use 73-74 

Kinetic parameters for grafting of 
styrene onto preirradiated cellu­
lose acetate films 180-184 

Kinetics of azobisisobutyronitrile-
initiated graft copolymeri­
zation 172, 175 

Kraft Laponia pulp, as substrate for 
photochemical grafting of vinyl 
monomers 91-100 

L 
Lignin 

content of chemically modified 
wood after accelerated 
weathering 353, 355-357 

effect on grafting efficiency, 
conversion, and polymer 
loading for acrylonitrite 
grafting onto hardwood 
pulp 278-282 

soda, inhibition of vinyl monomer 
grafting onto cellulose 256-262 

Lignocellulose  grafting of vinyl 

Lignocellulosic materials, photo­
chemical procedure for graft 
copolymers 98-100 

Lignosulfonate, grafted with meth­
acrylic acid and acrylate 
monomers 285-298 

pH effect 294, 295/ 
reaction time effect 289-291 
redox activation 293-297 
solvent effects 289-297 
viscosity versus concentration 

in methanol 296, 297/ 

M 
Macrocellulosic radicals, long-lived.. 26 
Manganic ion grafting method 33-35 
Manganic pyrophosphate grafting 

method 9t 
Mango, vapor phase acetylation, 

acetyl content and antishrink 
efficiency relationship 316, 317/ 

reaction time 308, 310* 
weight gain and acetyl content rela­

tionship in acetylation 308, 309/ 
Mechanical properties of acryloni­

trile-grafted cotton yarn and 
fabric 12-14 

Methacrylic acid-lignosulfonate 
copolymer 285-298 

pH effect 294, 295/ 
reaction time effect 289, 290/ 
redox activation 293-294,296,297/ 
solvent effects 289-297 
viscosity versus concentration...296, 297/ 

Methylcellulose 
demethylation, UV light induced.... 107 
electron resonance spectra 102-112 
free radical initiated grafting of 

M M A 112-116 
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Methyl methacrylate (MMA) grafting 
initiators 

ammonium persulfate 323, 324* 
azobisisobutyronitrile...166, 170-172 
benzoin derivatives 86* 
benzophenone derivatives 86* 
benzoyl peroxide 166, 170-172 
eerie ion 74-75 

cellulose and cellulose 
derivatives 112-117,120,121/ 

acetyl cellulose 112-116 
bagasse, and delignified 

bagasse 263, 265/, 266 
bleached pulp 86-93 
carboxymethylcellulose 112-116 
cellulose nitrate 166-171 
ethyl cellulose 112-116 
hydroxyethylcellulose 112-11
jute fiber 73-8
KPM rayon 73-81 
methylcellulose 112-116 

Moisture levels, effect on thioacetic 
acid acetylation of wood 311, 312/ 

Molecular weight 
bamboo-acrylonitrile copolymer 236-241 
cotton linters-acrylonitrile 

copolymer 9*, 10 
grafted side chains 

cellophane-styrene copolymers.. 8* 
cellulose 7-12 
cellulose nitrate 161-172 
dialdehydecellulose 122, 123/ 
poly acrylonitrile 35-36, 

243, 245/, 247 
rayon-styrene copolymers 9-11 
wood pulp-styrene copolymers 8* 

polystyrene formed from monomer 
in presence of sulfuric 
acid 148-150 

Monocarboxylcellulose, 
grafting 129, 132-134 

Monomer concentration 
effect on MMA grafting onto cellu­

lose nitrate 166-168,172-174 
effect on pMMA-grafting on 

regenerated cellulose 134, 137/ 
Monomers, vinyl (see Vinyl monomers) 

Ν 
Nitrocellulose, IR spectra...129, 134, 135/ 
Nitrogen-containing polymers grafted 

with rayon 57-71 
electron microscope images.62, 65/, 66/ 
flame-retardant properties 57-71 
flammability tests 67-69/ 
IR spectra 62-64 
properties, physical and chemical.. 59* 
thermal degradation 67, 69/, 70* 

Nitrogen content, effects 
pMMA-grafted nitrocellulose.129-133/ 
rayon fabrics 58, 61*, 62 

NMR spectra 
cellulose nitrate 161, 162/ 
cellulose nitrate-g-poly ( methyl 

methacrylate) after 
hydrolysis 161, 162/ 

Phosphinic acid, polyurea 4, 59*, 61* 
Phosphorus-containing polymers 

grafted with rayon 
electron microscope images.62, 65/, 66/ 
experimental conditions 58, 61*, 62 
flame-retardant properties 57-71 

properties 59* 
thermal degradation 67, 69/, 70* 

Photochemical grafting onto wood 
cellulose 91-100,119-139 

free radical initiators 
benzoin derivatives 83-100 
benzophenone and derivatives.83-100 
detection and position 101-111 
ESR studies 102-112 

vinyl monomers 
acrylonitrile 91-100 
MMA 83-100,112-117,119-139 
styrene 91-100 

Photolysis of carbonyl groups in UV 
light induced grafting of pMMA 
onto dialdehydecellulose 122 

Photosensitizer, absence of, photo 
induced graft copolymerization 
of cellulose derivatives 119-139 

Plasma medium in rayon grafting 57-71 
Polyacrylonitrile 

alkaline saponification 200-214 
-bamboo copolymer, hydrolysis 235-236 
branches of grafted holocellulose, 

molecular weight distribution.. 243, 
245/, 247 

molecular weight of grafted chains.35-36 
-starch copolymer 

absorbency properties 200-209, 
211-214 

alkaline saponification... 200-204, 210 
cross-linking 196-200 
film properties 205-206, 213 

Polyamidophosphate 3, 59*, 61* 
Poly (methyl methacrylate) (PMMA 

or pMMA) 
See also Methyl methacrylate 
gel permeation chromatography 

curve 161,163/ 
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Poly(methyl methacrylate) (continued) 
monomer in cellulosic grafting 

reactions 24—25 
acetylcellulose, effect of acetic 

acid content 134, 136/ 
cellulose, regenerated, monomer 

concentration effects...134, 137/ 
cellulose nitrate, IR spectra.157-159 
dialdehyde cellulose 122-124, 127/ 
chain transfer constant of 

solvent 124, 128/, 128* 
monocarboxylcellulose 

derivatives 129, 132/ 
nitrocellulose 129, 133/ 
sodium bisulfite-china clay 

initiator system 256-258 
sodium bisulfite-soda lime glass 

initiator system 256-258
trank polymers 134

Polyphosphate 2, ,
Polyphosphonate 1,59*, 61* 
Polystyrene formed from styrene in 

dioxane, molecular weight...146-150 
Polystyrene, preparation in dioxane.. 147* 
Polyurea of phosphinic acid 4, 59*, 61* 
Propionylation of wood 323 
Pulp 

grafting efficiency of acrylonitrile.37-40 
hydrolysis in aqueous alkali 36-42 
photochemical grafting of vinyl 

monomers onto wood 
cellulose 84-100 

prepared by chlorite 
delignification 270, 271 * 

semichemical, eerie ammonium 
sulfate consumption.259, 263, 264/ 

R 
Radiation 

dose, effect on conversion of styrene 
monomer to polymer in pres­
ence of sulfuric acid 146, 147* 

gamma ray-initiation in grafting of 
styrene to cellulose acetate, 
computer simulations 179-191 

grafting method 8*, 10-12, 24-25, 
149-153 

yields (G values) for grafting 
styrene to rayon 10, 11* 

Radicals, formation intermediates...23-24 
initiators, 

eerie ammonium nitrate in poly­
merization of starch-g-
acrylonitrile 196-198,209 

cobalt-60 in graft polymerization 
of starch polymers 198-200, 

209-210 

Radicals, formation (continued) 
vinyl monomers onto cellulose 

nitrate in heterogeneous and 
homogeneous media 155-177 

Radicals, long-lived macrocellulosic.. 26 
Rayon grafting 

acrylic acid 45-59 
nitrogen-containing polymers in 

cold plasma 57-71 
phosphorus-containing polymers in 

cold plasma 57-71 
styrene 8-12, 24-25, 149-153 

Rayon, KPM 73-81 
Redox-initiated graft copoly­

merization 331-333 
grafting of methacrylic acid and 

acrylate monomers onto ligno

Reducing sugar content of chemically 
modified wood after accelerated 
weathering 353-357 

Regenerated cellulose 
pMMA-chain transfer constant of 

trank polymers 134, 138/, 139 
pMMA-concentration effects....134, 137/ 
preparation 120, 121/ 

S 

Saponified starch-g-polyacrylonitrile 
absorbency properties 200-209, 

211,214 
cross-linking 195-214 
film properties 205-206, 213 

Scanning electron microscopy photo­
micrographs of chemically modi­
fied weathered woods...353, 361-368 

Semichemical pulp rate and yield of 
M M A grafting 263, 265/, 266 

Semicircle flammability test 67-69 
Side chain, molecular weights 7-12 
Soaking time in eerie ion solution, 

effect on grafting of acrylic acid 
to rayon 49, 50/ 

Soda lignin, inhibitor of vinyl mono­
mer grafting onto cellulose...256-262 

Sodium bisulfite-china clay initiator 
system, pMMA-grafting onto 
cellulose 256-258 

Sodium bisulfite-soda lime glass 
initiator system in pMMA-graft-
ing onto cellulose 256-258 

Solubilities, starch polymers in 
dimethyl sulfoxide.198-200, 209-210 
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Solvent effects 
alkaline saponification of starch-

g-polyacrylonitrile 200-204, 210 
eerie ion-initiated grafting of 

acrylic acid to rayon 47, 48* 
MMA, methyl acrylate, and meth­

acrylic acid grafting onto 
lignosulfonate 289-297 

molecular weight of grafted chains 
in pMMA-grafted dialdehyde­
cellulose 124, 127/ 

Southern pine, chemically modified, 
UV and surface degradation.349-369 

Spruce, acetylated, relationship be­
tween acetyl content and anti­
shrink efficiency 316,317 

Starch-g-polyacrylonitrile, saponified 
absorbency properties 200-209
cross-linking 196-21
film properties 205-206, 213 
solvent system effects 200-204, 210 

Starch polymers in dimethyl sulfoxide, 
solubility 198-200, 209-210 

Static plasma grafting device for 
grafting of rayon 58, 60/ 

Stiffness measurements of MMA-
grafted KPM rayon 75-78, 81 

Stiffness measurements of MMA-
grafted jute fiber 75-81 

Styrene, conversion to 
polystyrene 146-149 

Styrene grafting 
cellophane 8* 
cellulose 

gamma ray-induced 141-153 
mechanism of acid effect 149, 151-153 
using S0 2 -DEA-DMSO 337, 338/ 
UV-induced 141-153 

cellulose acetate, preirradiated.179-191 
cotton 8* 
rayon using radiation method 10-12 
vinyl monomers onto wood 

cellulose 91-100 
wood 323 
wood pulp 8* 

Sulfur dioxide, preparation of graft 
copolymer with wod and styrene 323 

Surface degradation of chemically 
modified wood 349-369 

Surface properties of dextran-
grafted E V A L 228, 230 

Synthesis of cellulose graft copolymers 4-5 

Tensile properties of MMA-grafted 
jute fiber and KPM rayon 73-81 

Tetrahydrofuran, function in UV 
light induced grafting of vinyl 
monomers onto wood cellu­
lose 87 

Thermal analysis of graft copolymer 
of wood cellulose and vinyl 
monomers 92, 94/ 

Thermal degradation of rayon 
grafted with polymers 67, 69/, 70* 

Thermomechanical behavior 
acetylated wood 344-346 
cellulose-polysulfone 

composites 331, 332/ 
lauroylated wood 341-343 
polysulfone hemopolymer 331-332 

Thermoplasticization 321-353 
aliphatic acyl groups.337,341,344,347 
decrystallized state 333, 337 
heterogeneous copolymerization 323-331 
homogeneous copolymerization 331 

THF (see Tetrahydrofuran) 

y
hygroscopicity 315-318 

moisture level effect 311, 312/ 
vapor phase acetylation assembly.. 307/ 

Trank polymers in pMMA-grafted 
regenerated cellulose...134, 138/, 139 

U 

Unsaturation of cellulose nitrate 
graft copolymer 172, 174* 

Uranyl nitrate as sensitizer on 
UV grafting of styrene to 
cellulose 143,145/ 

Urethanation of an ethylene-vinyl 
alcohol copolymer 220-228 

UV degradation and surface 
degradation of chemically 
modified wood 349-369 

UV radiation method for cellulose 
grafting 24-25 

acetylcellulose, deacetylation 
and demethylation 109 

carboxymethylcellulose 102-112 
ethylcellulose 102-112 
free radicals generated on 

cellulose and cellulose 
derivatives 85-91,101-117 

hydroxyethylcellulose, 
dehydroxyethylation 109 

methylcellulose, demethylation 107 
102-112 

styrene to cellulose, acid 
enhancement 141-153 

V 
Vapor phase acetylation assembly 

for thioacetic acid modification 
of wood 307/ 
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Vapor phase acetylation of mango, 
effect of time 308, 310* 

Vinyl monomers, graft copolymeri­
zation onto cellulosic fibers 33-41 

acrylonitrile 91-100 
applications 29-30 
cellulose nitrate 156-157, 175-177 
dialdehydecellulose 124, 125/ 
free radical initiation 21-30 
inhibition through addition of 

soda lignin 256-262 
lignocellulose in the presence of 

lignin 253-266 
methyl methacrylate 83-100 
styrene 91-100 

W 

Water retention of acrylonitrile
grafted hydroxyethylcellulos
and bleached sulfite pulp after 
hydrolysis in aqueous alkali 36-42 

Weight gain and acetyl content 
relationship in acetylation of 
mango and chir 308, 309/ 

Williamson's method, dependence 
of hydroxyl group substitution 
on reaction time in formation 
of aminodextran 

Wood 220-228 
acetylated (see Thioacetic acid 

acetylated wood) 
biodégradation 303-305 
lignin content of chemically 

modified wood.353, 355, 356*, 357* 
reducing sugar content after 

accelerated weathering 353-357 
thermoplasticization (see 

Thermoplasticization of wood) 
UV and surface degradation 349-369 

Wood pulp, molecular weights and 
average number of cellulose 
molecules per grafted side 
chain 8* 

X 
Xanthate grafting methods 7, 9* 

acrylonitrite-grafting onto 
hardwood pulp 269-282 

ferrous ion effect on con­
version and efficiency...272-275 

hydrogen peroxide concentra­
tion effect on conversion 
and efficiency 275, 277/ 

monomer concentration effect on 
conversion and 
efficiency 275,277/ 

pH effect on conversion and 
efficiency 272, 273/, 275 

reaction time effect on conver­
sion and efficiency 275, 276/ 

 effec

extractable homopolymer, 
molecular weights and 
average number of cellu­
lose molecules per grafted 
chain 9* 

Yellow pulp, photochemical graft­
ing of vinyl monomers 91-100 

Zeta potentials, pH dependence in 
aminodextran-grafted E V A L 
and urethanated dextran-
grafted E V A L 228-230 

Zweigles Strength Tester, tenacity 
measurements of MMA-grafted 
jute fiber 75-81 
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