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Grafting Studies on Cotton Cellulose 

JETT C. ARTHUR, JR. 

Southern Regional Research Center 
Southern Region, Agricultural Research Service 
United States Department of Agriculture 
New Orleans, Louisiana 70179 

A B S T R A C T  

Graft copolymerization reactions of vinyl monomers with 
fibrous cotton cellulose that were initiated at free-radical 
si tes formed on the cellulose molecule a re  discussed. The 
effects of experimental conditions on the methods of initiating 
these free-radical reactions and on the location of these s i tes  
on the cellulose molecule a re  outlined. Some of the proper- 
ties of the fibrous cellulose graft copolymers a re  discussed. 

INTRODUCTION 

Cotton was used by man residing in the valley of the Indus River 
a s  early as  3000 B.C., according to archeological findings. As early 
a s  1500 B.C., Hindu laws and religions mention the cultivation of 
cotton. About 500 B.C., Greek writers reported that wild t rees  bear- 
ing "fleeces" grew in India. Marco Polo recorded that textiles were 
made from these "fleeces." When annual varieties of cotton were 
developed and cultivated, the uses of cotton by man increased. Prob- 
ably a s  early a s  the tenth century, annual varieties were grown in 
the Middle East. The European explorers found cotton growing in the 
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054 ARTHUR 

Americas in the sixteenth century and noted evidence that cotton was 
used as textiles as early as the Inca period in Peru. In the late 
eighteenth century, inventions of the flying shuttle, spinning jenny, 
spinning frame, and cotton gin greatly facilitated the manufacture of 
cotton textiles. Cultivation of cotton increased, particularly in North 
America. Cotton became one of the most important raw materials of 
the industrial revolution. Today cotton comprises the major fraction 
of the world's textile fibers which include apparel, household, and 
industrial products. Cotton is cultivated in about 50 countries and on 
every continent [ 13. 

About 50 years ago, regenerated cellulosic fibers began to compete 
with cotton for the textile market. More recently, synthetic o r  chem- 
ical fibers (usually made by polymerizing monomers and then forming 
the polymers into filaments) began to compete with both cotton and 
regenerated cellulosic fibers. During the 1900s in the United States 
the total quantity of cotton used in textiles was relatively constant, 
but the total quantity of synthetic fibers used increased fivefold. Thus 
cotton's share of the textile market in the United States declined. To 
meet this competition, cotton has been modified and given new textile 
properties while still retaining its desirable natural properties [ 11. 

En this report, macromolecular modification of cotton cellulose by 
graft polymerization with vinyl monomers, and the resultant modifica- 
tion of the textile properties of cotton, are discussed. Some of the 
concomitant effects of graft copolymerization on the morphology of 
cotton and the relationships of these changes in morphology to the 
textile properties of cotton are considered. 

COTTON 

Since 1950 [2- 121, macromolecular engineering of the properties 
of cellulose in the form of cotton has been the subject of many reports. 
The methods of these modifications have included free-radical initiated 
and nonradical processes [4]. Some of the important factors in macro- 
molecular modification of cotton cellulose are reviewed here. 

Cotton fiber is a seed hair and originates in the seed coat, growing 
as a single cell out of the epidermis of the seed coat. A thin tubular 
structure, the living cell, develops. Glucose is formed by photosyn- 
thesis in the leaves of the plant and then transported to within this 
tubule. Here the glucose is polymerized to form cellulose on the inner 
wal l  of the tube. Formation of cellulose continues for 4 to 0 weeks. 
Due to daily temperature cycles, cellulose is formed in layers. The 
tubular structure never completely fills, and the open space in its 
center is called the fflumenff [l]. In any chemical and/or macromo- 
lecular modification of cotton fibers the effects of these modifications 
on the morphology of the fiber as  related to useful textile properties 
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GRAFTING STUDIES ON COTTON CELLULOSE 

must be considered [7]. When the living cells of the seed hairs die, 
the hairs lose water, collapse, and assume a flattened, twisted, ribbon- 
like form. The seeds and cotton fibers a re  harvested and the fibers 
a re  mechanically separated from the seed. The fibers, which can be 
spun into yarns and woven into fabrics, a r e  usually less than 1 to a 
maximum of about 1- 1/4 in. long [ 11. 

Cotton cellulose is composed of repeating units of cellobiose (two 
anhydroglucose units) with the empirical formula (ClaHl&lo)n, where 
n ranges from 2000 to 2500. Natural cotton cellulose is about 80% 
crystalline and has crystal lattice type I. Two cellobiose units com- 
prise the basic monoclinic unit cell which belongs to space group P2 
with typical values of a = 8.35 A,  b = 10.3 A (fiber axis), c = 7.9 A,  
and P = 84". The other important form of cotton cellulose has crystal 
lattice type II and is formed by treating cotton cellulose with solutions 
of sodium hydroxide (mercerizing). For the unit cell of cellulose 11, 
typical values are a = 8.14 A, b = 10.3 A, c = 9.14 A, and @ = 62". The 
chemical reactivity of the cellulose molecule depends on the accessi- 
bility to chemical reagents and relative reactivities of the hydroxyl 
groups at  carbon positions Ca, CS, and CS [l]. 

Since retention of cotton in its natural fibrous form after modifica- 
tion is desired, heterogeneous graft copolymerization of vinyl mono- 
mers from solution o r  vapor phase with cotton is usual. Consequently, 
(1)  the crystal lattice structure, crystallinity, and morphology of 
cotton fibers; ( 2 )  the interaction of cotton with solutions of monomers 
and monomer vapors; and ( 3 )  mechanical organization of the fibers at  
the time of reaction, that is, fibers, yarns, or fabrics, are important 
factors to consider in preparing fibrous polyvinyl graft copolymers 
of cotton [l-3, 13, 141. 
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C O P O L Y M E R I Z A T I O N  R E A C T I O N  MECHANISMS 

Polyvinyl graft copolymers of cotton have been formed primarily 
by free-radical-initiated processes 3, 4, 13- 151, but can also be 
formed by ionic-initiated processes \ 4, 16, 171. Free radical sites 
may be formed on the cellulose molecule by dehydrogenation, depolym- 
erization, oxidation, o r  formation of unstable metal complexes which 
may lead to one-electron transfer to the metal and cleavage of the 
glucopyranoside ring. Ionic processes usually involve the formation 
of an alkoxide of cotton cellulose with which copolymerization of 
vinyl monomers is initiated. 

cotton are: high-energy ionizing radiation, ceric ion, redox systems, 
and oxidative reagents [8]. In each method the free-radical site 
which initiates graft copolymerization is formed on the cellulose 
molecule. Important factors in initiating graft copolymerization 

The most commonly used methods of free-radical initiation on 
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6 56 ARTHUR 

reactions of vinyl monomers with activated cellulose are: the acces- 
sibility of the free-radical sites to the monomers; the lifetime of the 
free-radical sites; the interaction of the monomer solutions or vapors 
with activated cellulose to increase the accessibility of the free-radical 
sites to monomer; and the scavenging of the free radicals by solvents 
[3-5, 151. 

D e h y d r o g e n a t i o n  

When ionizing radiation, particularly y-radiation from ""Co and 
'"Cs, x-rays, or high-energy electrons, is used to activate cotton, 
both short- and long-lived (trapped) free radicals a r e  formed [ 18, 191. 
In this case the activation of cotton and the copolymerization reaction 
can take place either simultaneously or consecutively. That is, cotton 
may first be treated with monomer solution and then irradiated, or  
be irradiated and then treated with monomer [20-631. 

Generalized steps for formation of free-radical sites on cotton 
cellulose on interaction of high energy ionizing radiation are: (1) 
depolymerization with radicals formed at carbon C I  or C4, and (2) 
dehydrogenation with radicals formed at carbon Ca, CS, CS, or  Ca [8, 
91. Electron spin resonance data indicated that the free radicals that 
generate singlet spectra are readily accessible to and scavenged by 
water vapor, Free radicals that generate t r i  let spectra a re  less 

formed in irradiated cellulose I are inaccessible to water; in irradi- 
ated cellulose II only about 10% of the free radicals are  inaccessible 
to water [19]. 

Steps for free-radical-initiated graft copolymerization of vinyl 
monomer (M) from solvent (S) with cotton cellulose (C) which is 
irradiated may be represented, as follows: 

Initiation (Irradiation) 

accessible to water vapor. At 25°C about 30 f a of the free radicals 

c - c *  - C' ( 1) 
M - M * - M  ( 2 )  

s - s * - s  (3) 

Propagation 

C. + M - C M  (4 )  

C + M - C M o r C ' + M  - ( 5 )  

C M  + nM - CMn+l (6) 

M + nM - Mn+l 
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GRAFTING STUDIES ON COTTON CELLULOSE 6 57 

Termination 

C' + M '  - CM 
CMn 

CMn 

Mn 

+ 
+ 

CMm 

CMm 

+ M '  

'Z'm+n 

CMn + CMm 

Chain Transfer 

C ' + S - c + s '  (12) 
S ' + M = S + M .  (13) 

When cotton cellulose is irradiated in the presence of monomer and 
solvent, all of the reactions a re  likely. If cotton cellulose is irradi- 
ated and then contacted with monomer and solvent, Reactions (2) and 
(3) do not occur. However, depending on the types of monomers and 
solvents used, chain transfer, a s  shown in Reactions (12) and (13), 
can occur, and homopolymer can then be formed as shown in Reactions 
(7) and (11) [3, 4, 81. 

Typical order of molecular reactivity of vinyl monomers for trapped 
cellulosic radicals, a s  compared with reactivity of acrylonitrile under 
similar reaction conditions, to yield graft copolymers is: methyl 
methacrylate > glycidyl methacrylate > butyl methacrylate > styrene, 
acrylonitrile > vinylidene chloride > lauryl methacrylate, 1,3- butylene 
dimethacrylate, vinylpyrrolidone > ally1 methacrylate [44]. The 
concept of monomer reactivity ratio was applied to yield grafted block 
copolymers of irradiated cotton by reacting the activated cellulose 
with binary and ternary mixtures of vinyl monomers. In this way the 
properties of a monomer, which had low reactivity for cellulosic radi- 
cals but higher reactivity for polymer radicals, could be more effi- 
ciently incorporated into the fibrous copolymer. 

O n e - E l e c t r o n  T r a n s f e r  

Ceric ion initiation of graft copolymerization of vinyl monomers 
with cotton has been reported by several investigators [32- 35, 64- 721. 
Oxidative degradation of cellulose is also initiated. It has been sug- 
gested that ceric ions in acidic solution form chelates with cellulose, 
probably through the hydroxyl groups on carbons CZ and CS [19]. After 
a transfer of one electron from the cellulose molecule to Ce( N), 
Ce(II1) is formed, the bond between carbons CZ and C3 is cleaved, and 
a short-lived free radical is formed on carbon CZ or  Cs. If vinyl 
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6 58 ARTHUR 

monomer is present, graft polymerization with cellulose is initiated. 
Chain transfer usually occurs, so that homopolymer is also formed. 
By quenching the reactions with liquid nitrogen, an electron spin 
resonance spectrum of the short-lived cellulosic free radical was 
recorded. Spectra, recorded under flow conditions in the spectrometer 
at 25"C, showed that excess Ce(IV), which had not been chelated, com- 
peted with vinyl monomer and solvent for the free radicals formed on 
cotton cellulose [ 191. 

H y d r o g e n  A b s t r a c t i o n  

Redox systems a re  similar to the dehydrogenation reactions initi- 
ated by ionizing radiation, except that in hydrogen abstraction the free 
radicals are very short-lived [3 11. Cotton is padded with a solution 
of ferrous ammonium sulfate and dried; then the treated cotton is 
immersed in a solution containing hydrogen peroxide and vinyl mono- 
mer, usually at a temperature higher than ambient temperature. 
Graft copolymerization of the vinyl monomer with cotton and also 
homopolymerization are initiated [31-34, 72-76]. By using a flow 
technique, and indicator ions, electron spin resonance spectra of 
highly reactive free radicals, -OH and HQ, were recorded. By using 
a liquid nitrogen quenching technique, an electron spin resonance 
spectrum [31] of the short-lived cellulosic free radical was recorded, 
probably formed as follows: 

(cellulosekH + *OH - (cellulose). + Ha0 ( 14) 

O x i d a t i o n  

Thermally initiated decomposition of peroxy compounds in contact 
with cotton initiates oxidative depolymerization of cellulose [72, 73, 
77-91]. Some of the chemical oxidants used are: benzoyl peroxide 
[73, 751, N,N-aeobisisobutyronitrile [80], potassium thiosulfate [all,  
ammonium thiosulfate (75, 871, sodium thiosulfate [82], copper sulfate 
+ potassium sulfate + sulfuric acid p2] , manganic phosphate + pyro- 
phosphate [go], sulfurous acid [85], hydriodic acid [86], activated 
manganese dioxide [77], and ferric sulfate + sulfurous acid {75]. If 
vinyl monomers are  present, graft copolymerization reactions with 
cotton are  initiated. Instrumental experimental evidence for the pres- 
ence of free radicals, as determined by electron spin resonance spec- 
troscopy, has not been reported. 
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GRAFTING STUDIES ON COTTON CELLULOSE 6 59 

U 1  t r a v i o l  e t R a d i a t i o n  

When cotton was irradiated with UV light, oxidative reactions were 
initiated, and cellulosic free radicals were formed [3, 4, 92-98]. Free 
radicals were formed in dried, purified cotton irradiated with near- W 
light that had wavelengths of about 3250 to 4000 A. Concentration of 
free radicals was maximum when cotton was irradiated with near-UV 
light of wavelength about 3600 b. The electron spin resonance spec- 
trum of the cellulosic radical formed had a line width of 8 to 10 gauss 
and a g-value of 2.0045 [95, 96, 991. Two explanations for the process 
that led to formation of free radicals in irradiated cotton were: (1) 
absorption of light by a specific chromophore; i f  there is homolytic 
bond scission, there should be a direct correlation between formation 
of radicals and oxidative degradation of the cellulosic molecule; and 
(2 )  absorption of light by an electron band structure; an intermediate 
state should be produced in which the electrons a re  excited and ex- 
tremely mobile in this semiconductor-type model [95]. 

Electron spin resonance spectra of free radical intermediates 
formed during photoinitiated graft polymerization reactions of vinyl 
monomers onto purified cotton cellulose were recorded. Photolyzed 
solutions of vinyl monomers, in the absence of cellulose, did not gen- 
erate electron spin resonance-detectable radicals. Evidently the 
cellulose radical formed on photolysis added to the double bond of the 
vinyl monomer to yield propagating radicals, as follows: 

(15) 
hv (cellulose)-H - (cellulose)’ + .H 

(cellulose) + nM - (cellulose)-(M)n 1 M  ( 16) 

where (cellulose)-H represents the cellulose molecule; (cellulose)’, 
the cellulose radical; M, monomer; and M ,  monomer radical. 

The rates of photopolymerization of selected vinyl monomers, from 
water solutions, with cotton were: diacetone acrylamide > acrylamide, 
methacrylamide > N,N-methylenebisacrylamide. Infrared spectra of 
the copolymer products showed increased carbonyl group absorption. 
The cotton-poly(acry1amide) and cotton-poly(diacetone acrylamide) 
copolymer products were stable to solvent extraction and to acid hy- 
drolysis, but only the latter was stable to base hydrolysis. Differential 
dyeing indicated that the deposition of the polymers within the fabric 
structure varied. Large increases were observed in the moisture 
regains of cotton-poly(N,N-methylenebisacrylamide) and cotton- 
poly (methacrylamide) fabric copolymers, a s  compared with fabric 
controls. The fabric copolymers had elongations-at-break slightly 
greater than that of untreated cotton and retained about 90% of the 
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breaking strength and 70% of the tearing strength of untreated cotton 
r99- ioii .  

Acryiated and methacrylated cotton fabrics that had been irradi- 
ated by near- W light in nitrogen had increased wrinkle recovery 
angles, as compared with those of control fabrics. The wrinkle 
recovery angles of the photolyzed fabrics were dependent on degree 
of substitution of the chemically modified fabrics [ 1021. 

A n i o n i c  I n i t i a t i o n  

Anionic initiated graft copolymerization of cotton cellulose with 
vinyl monomers in aqueous systems has been reported [16, 171. 
Typical reactions with cotton cellulose are, as  follows: 

H2O (cellulose)-OH + MOH - (cellulose)-OM + Ha0 , (17) 

(cellulose)-OM + nCH2=CHR - 
(cellulose)-0- (CHaCHR)n- lC~CHR-M 

where M is usually sodium and CHaCHR is vinyl monomer. 

COP 0 L YME RIZ AT ION METHODS 

S o l u t i o n  P h a s e  

The most commonly used copolymerization method is the applica- 
tion of vinyl monomer, dissolved in solution, to cotton before, during, 
or after the formation of free radicals on cotton cellulose. Important 
factors, which determine the selection of the solvent for the monomer, 
are: (1) the monomer must be sufficiently soluble in the solvent, so 
that its concentration is high enough to maintain a chain reaction; (2) 
the solvent should have a low degree of reactivity for cellulosic radi- 
cals to minimize chain transfer and homopolymerization; (3) the sol- 
vent should cause a slight swelling of the crystalline structure of 
cotton to increase the accessibility of trapped cellulosic radicals to 
monomer; and (4 )  the solvent should cause desirable dimensional 
changes in the fibrous structures of cotton, so that the morphology of 
the fibrous copolymer can be controlled. Typical solvents are: water; 
salt solutions, such as aqueous solutions of zinc chloride; organic 
solvents, such as  methanol, acetone, dimethyleulfoxide, and N,N- 
dimethylformamide; and combinations of these organic solvents with 
water [3-61. 
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GRAFTING STUDIES ON COTTON CELLULOSE 661 

S o l i d  P h a s e  

Applications of vinyl monomers from solutions to cotton, evapora- 
tion of the solvent, and then initiation of polymerization and/or graft 
copolymerization reactions by high-energy ionizing radiation have been 
reported. A vinyl monomer, such a s  methylol acrylamide, which has 
a functional group that is reacted chemically with cotton, usually in 
fabric form, during the monomer deposition step is used. Then the 
treated cotton fabric is irradiated with ionizing radiation, such a s  
high-energy electrons; the reaction of the vinyl group with cotton may 
be initiated, thereby introducing a cross-link in the cellulose mole- 
cule. The surface properties of cotton and textile properties of the 
fabric a re  changed. Also, durable polymeric coatings on cotton a re  
formed by irradiation of cottons similarly treated with vinyl monomers 
P, 41. 

E m u l s i o n s  

Emulsions of vinyl monomers, organic solvents, and water have 
been applied to radiation-activated cottons to initiate graft copolym- 
erization reactions. The effects of the composition of the emulsion 
on the rate of the reaction a r e  critical and must be determined in 
each case. Generally, the rate of the graft copolymerization reaction 
was maximum at a composition that produced a homogeneous emulsion, 
but, if changed slightly, separated in two o r  more layers of solvent 
and monomer. This method was investigated for binary and ternary 
systems of monomers [44]. 

V a p o r  P h a s e  

Vinyl monomer in vapor phase has been applied to activated cotton 
a t  low pressures [4, 75, 871. Consequently, the concentration of mono- 
mer was relatively low, and chain termination reactions predominated. 
The amount of monomer in contact with activated cotton was increased 
by padding the cotton with some solvent which would dissolve the mono- 
m e r  from the vapor state. The usefulness of this method to prepare 
polyvinyl graft copolymers of cotton has not been demonstrated. Vapor 
phase application would help to remove inhibitors of polymerization 
from the monomer and could save monomer and still produce the de- 
sired degree of graft copolymerization. This method did not increase 
uniformity of deposition of grafted copolymer within the fibrous macro- 
structure of cotton over deposition by other methods. 
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Polyvinyl graft copolymers of cotton have greatly decreased solu- 
bility in solvents for cellulose, such as  cupriethylene diamine and 
cuprammonium hydroxide, and in solvents for the grafted polymer. 
Decreased solubility is considered evidence for covalent linkage, 
that is, polymer grafted to cellulose. The molecular degree of sub- 
stitution of grafted polymer on cellulose ranges from more than one 
molecule of polymer per molecule of cellulose when copolymerization 
is initiated by ceric ion of ferrous ion/hydrogen peroxide to less than 
one molecule of polymer per 20 to 30 molecules of cellulose when it 
is initiated by radiation [4, 1031. 

Free radical initiation of the copolymerization reactions of cellu- 
lose involves oxidative depolymerization of the cellulose molecule. 
Consequently, IR absorption increases when concentration of car- 
bony1 groups increases [111. Copolymerization reactions have also 
been evaluated by determining increases in IR absorption of charac- 
teristic groups of the copolymer [6, 10-121. Electron spin resonance 
spectroscopy has been used to determine the free radical reacttons 
of cellulosic radicals, the residual radicals in the copolymer product, 
and the nature of the living copolymer radical [3, 4, 91. 

The densities of cellulose copolymers agree closely with those 
calculated from the known densities of cellulose and amorphous 
polymer and the grafted polymer content of the copolymer product 
PI - 

MORPHOLOGY O F  FIBROUS COPOLYMERS 

The morphologies of fibrous graft copolymers of cotton are related 
to their useful applications in textiles. The morphology of the fibrous 
copolymers can be selectively determined i f  radiation-initiated free- 
radical copolymerization reactions are used [3, 4, 71. For example, 
the fibrous copolymers may generally retain the natural shape of 
cotton fibers with copolymer in the outer layers. For these copoly- 
mers the pre-irradiation method and solvents for acrylonitrile, 
which had a weak swelling effect on cotton, were used. 

The fibrous copolymers may be rounded with the copolymer 
distributed uniformly throughout the fibrous structure. For these 
cotton was cyanoethylated, soaked in solvent which contained acrylo- 
nitrile and had a swelling effect on cotton, and then was irradiated. 
When the copolymer was concentrated in the central areas of the 
fibrous structure, cotton was soaked in solvent which contained 
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GRAFTING STUDIES ON COTTON CELLULOSE 663 

acrylonitrile and had a swelling effect and then was irradiated. 
When copolymer was concentrated in the outer layers of the fibers, 
the pre-irradiation method and solvents for acrylonitrile, which 
had a strong swelling effect on cotton, were used. 

Graf t  copolymerizing styrene from methanol with cotton by a 
simultaneous irradiation process has an opening and layering effect 
on the fibrous structure. The effects of graft copolymerizing alkyl 
methacrylates with cotton, by a similar process, on the fibrous 
structure a r e  dependent on the type of alkyl methacrylate. For  
example, poly( methyl methacrylate) was uniformly distributed in 
a collapsed fibrous structure. Poly( ethyl methacrylate) caused a 
slight opening of the fibrous structure. Poly( butyl methacrylate) 
and higher alkyl methacrylates caused an opening and layering effect. 
Graft copolymerization of vinyl acetate with cotton, by a similar 
process, gave an opening and cellular effect on fibrous structure. 

P R O P E R T I E S  O F  FIBROUS C O P O L Y M E R S  

The preparation and properties of polyvinyl graft copolymers of 
cotton fibers, yarns, and fabrics, as functions of the method of ini- 
tiation of the copolymerization reaction and of the type of monomer 
used, a r e  summarized in Table 1. 

P R O P E R T I E S  O F  C O P O L Y M E R  C O T T O N  F A B R I C S  

Some of the most important properties of durable-press cottons 
are: abrasion resistance, soil-release, wrinkle recovery, and wash- 
wear rating. Copolymer cotton fabrics have improved abrasion 
resistance, a s  compared with untreated cotton, particularly as shown 
by scanning photomicrographs of cotton and copolymer fabrics before 
and after abrasion tests [6]. The extent of removal of oily soil is 
several times as great from cross-linked poly( methacrylic acid) 
copolymer print cloth as from conventionally cross-linked print 
cloth. Similarly, the removal of aqueous soil is greater from cross- 
linked copolymer fabric than from cross-linked fabric. Also, the 
extent of aqueous soiling was less for cross-linked copolymer than 
for cross-linked fabric [6, 371. 

mer fabrics than for cross-linked fabrics. The wash-wear ratings 
also a r e  greater for cross-linked copolymer twill than for cross- 
linked twill fabrics. Blended grafted and untreated cotton fibers 

The wrinkle recovery angles a re  greater for cross-linked copoly- 
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121 
3 
'4' 
'5' 
'6' 
'7- 

were woven to form twill fabrics which, after cross-linking, gave 
products with almost the maximum possible wash- wear rating 
[6, 27, 104-1071. 
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