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ABSTRACT: Ceric ion-initiated grafting on cellulose from a binary mixture of acryloni-
trile and methyl methacrylate was carried out in heterogeneous and acidic conditions
at 30 6 0.1°C in a nitrogen atmosphere. To avoid the complexation of water molecules
with Ce(IV) ions, the concentration of the nitric acid was taken to be more than the
concentration of ceric ions. The effect of the feed concentration, reaction time, and ceric
ions concentration on grafting were investigated at a fixed composition. To investigate
the effect of monomer–monomer interactions on grafting, the graft copolymerization
was also studied, using different feed compositions (fAN) ranging from 0.25 to 0.80. In
this range of feed composition, the synergistic effect of methyl methacrylate molecules
has shown an important effect on acrylonitrile monomer and facilitate the incorpora-
tion of the acrylonitrile monomer into the grafted chains. The reactivity ratios of
acrylonitrile and methyl methacrylate were calculated using the Mayo and Lewis
method and were found to be 0.74 and 1.03, respectively. The average sequence lengths
of the monomers (m# M) were found to be dependent on the feed compositions and found
to be arranged in alternate fashion in the grafted chains. The probability of the addition
of a monomer (P1,1) to the growing radicals on cellulose ended with its own type of
monomer was found to be dependent on the feed composition. The composition of the
grafted copolymers, homocopolymers, was determined by IR and elemental analysis for
nitrogen. None of the grafted chain on cellulose was found to be made of a single type
of monomer. The ceric ion consumption during grafting was found to be independent of
the molarity of the feed but shown an appreciable change in the initial few hours of
grafting. The variation in the values of the grafting parameters as a function of the
reaction conditions is suitably explained. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci
79: 767–778, 2001
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INTRODUCTION

Modification of the cellulose properties by graft-
ing of various vinyl monomers has been investi-
gated extensively in the presence of different ini-
tiators, but grafting of vinyl monomers from their
mixtures on synthetic and natural polymers has
rarely been studied.1,2 The grafting of selected

comonomers from their mixtures introduces dual
properties in the polymer structure for their ver-
satile applications,3 such as immobilization of the
enzymes, improving dyeing and ion-exchange
properties, and production of reverse-osmosis
grade polymers. During graft copolymerization of
a single monomer, either some inherent proper-
ties of the cellulose are destroyed or the extent of
grafting of the pure monomer is smaller than that
with comonomers. A few studies of grafting of
various vinyl monomers on films/fibers4–7 and
rayon8 with a radiation-induced technique were
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reported. The effect of different solvents during
radiation-induced grafting from an acrylamide
and styrene mixtures onto polypropylene was also
studied,9 but it is interesting to note that few
reports are available for the graft copolymeriza-
tion of the vinyl monomer from their mixtures
onto cellulose. Matveeva et al.1 synthesized graft
copolymers of cellulose using binary mixtures of
the vinyl tetrazole monomer using an Fe26H2O2–
hydrazene redox system. Recently, Okieman and
Ogebifun10 reported the graft copolymerization of
acrylonitrile and methyl methacrylate onto car-
boxymethyl cellulose (CMC), showing a decreas-
ing trend in the grafting yield on increasing ac-
rylonitrile (fAN) in the feed, but the observed com-
position of the grafted chains is different, as
expected from the reported value of the reactivity
ratios of the studied monomers.

In the grafting of vinyl monomers from their
mixtures, the identification of the grafted frac-
tions of each monomer in the grafted chain is of
special importance to understand the synergistic
effect of the added comonomers in the feed. The
fraction of vinyl monomers are determined by the
spectroscopic, elemental analysis, or reactivity ra-
tio method. Recently, the dyeing method was also
applied11 to estimate the different fractions of the
monomers in the resulting graft copolymers onto
textile fibers. Grafting onto cellulose is preferably
carried out with an initiator which is capable of
creating active sites on the cellulose; otherwise,
the formation of homocopolymers and homopoly-
mers is predominate on the overall graft copoly-
merization. Among the various metal ions, the
ceric ions are capable of forming radicals easily at
the backbone of the cellulose.12 However, the ini-
tiation of graft copolymerization in the presence
of ceric ions depends upon the pH of the medium13

and the type of the acids used during graft co-
polymerization. Grafting of vinyl monomers from
a binary mixtures of monomers onto cellulose was
carried out in heterogeneous conditions due to the
lack of relevant solvents. In the present work, an
attempt was made to investigate the graft copoly-
merization of acrylonitrile and methyl methacry-
late from their binary mixtures onto cellulose in
the presence of ceric ions in an acidic medium.
Various grafting parameters were evaluated as a
function of the feed composition, molarity, ceric
ions concentration, and reaction time. The com-
position of the grafted chains is verified with ele-
mental analysis and the reactivity ratios of the
monomers.

EXPERIMENTAL

Chemicals

Acrylonitrile (AN) and methyl methacrylate
(MMA) (E. Merck, Bombay, India) were purified
by extraction with an aqueous sodium chloride–
sodium hydroxide solution and dried over sodium
sulfate. The stabilizer-free monomers thus ob-
tained were vacuum-distilled and stored below
5°C. The ceric ammonium nitrate (CAN; E.
Merck, India) and nitric acid were of reagent
grade and used without further purification. The
cellulose powder (E. Merck, India) was washed
with methanol, deionized distilled water, and fi-
nally vacuum-dried at room temperature on phos-
phorus pentaoxide. The nitrogen gas was passed
through alkaline pyragallol and a concentrated
sulfuric acid solution before using it in the reac-
tion mixture.

Graft Copolymerization

A 1.0 g purified cellulose sample (M# n 5 2.5 3 105)
was added to 50 mL of an 8.0 3 1022 mol dm23

solution of nitric acid placed in a three-necked
round-bottom flask fitted with an electrically op-
erated stirrer and maintained at 30 6 0.1°C. A
known amount of CAN was added to the flask to
obtain an 8.0 3 1023 mol dm-3 concentration of
CAN in the reaction mixture. The solution was
deaerated with nitrogen for about 15 min and
ceric ions were allowed to interact with the cellu-
lose to create sufficient active sites on the cellu-
lose. Finally, the monomer mixture (4.90 g AN
and 7.34 g MMA) was added dropwise to maintain
an overall molarity of 1.6 mol dm23 with an AN
mol fraction (fAN) of 0.4. The reaction mixture was
purged with nitrogen until the grafting reaction
was studied. Finally, the reaction was stopped by
adding a 5.0% solution (w/v) of hydroquinone and
poured into excess methanol to separate the poly-
merization products from the remaining unpoly-
merized monomers. The precipitated crude prod-
uct was filtered, washed repeatedly with hot and
cold water to remove the residual adsorbed copoly-
merized monomers, and, finally, vacuum-dried
and weighed.

Extraction of Homopolymers (Hp)

The homopolymers formed during grafting were
extracted with dimethylformamide (DMF) and
acetonitrile in a Soxhlet apparatus for about 60 h
to extract the polyacrylonitrile (PAN) and poly-
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methyl methacrylate (PMMA) from the grafted
crudes. The homopolymers were precipitated with
a water/methanol mixture (1:1, v/v) and dried to a
constant weight in a vacuum oven maintained at
50°C.

Extraction of Homocopolymers (Hcp)

The homocopolymers were extracted from the ho-
mopolymer-extracted crude polymer with tetra-
hydrofuran (THF) in a Soxhlet apparatus for 60 h
until a constant weight. Finally, the extracted
homocopolymers were precipitated with a water/
methanol mixture (1:1, v/v), washed repeatedly
with deionized water, and dried to constant
weight in a vacuum oven at 50°C.

Extraction of Ungrafted Cellulose

To obtain a true grafting parameter, the un-
grafted cellulose was extracted from the ho-
mopolymer and the homcopolymer-extracted
crude polymer by immersing the samples in a
cuoxam13 solution containing 1.2% NaHSO3 un-
der vigorous stirring. At the end of 6 h, the resi-
due was filtered, washed with dilute acetic acid
and deionized water, and dried to constant weight
in a vacuum oven at 50°C.

Extraction of Grafted Copolymers (Gp)

The grafted polymer chains were isolated from
the backbone of the cellulose by hydrolyzing the
cellulose-extracted sample in 72% sulfuric acid14

at 30°C. After 6 h, the mixture was diluted with
water to an acid concentration of 4% and heated
under reflux for another 6 h to ensure complete
hydrolysis of the grafted chains. The reaction
mixture was poured into acetone with vigorous
stirring and the resulting precipitate was filtered.
After washing and drying the precipitate, the hy-
drolyzed copolymer chains were extracted with
THF and recovered by precipitating the extract in
methanol. The hydrolyzed and precipitated resi-
due was also extracted with DMF and acetonitrile
to obtain the grafted polymer chains which might
be formed with pure monomers, but on pouring
the extracts in methanol, no precipitate was ob-
tained, which clearly confirmed that during the
grafting of vinyl monomers from their mixtures
grafted chains of a single monomer are hardly
formed.

Ceric Ions Consumption

To calculate the ceric ions consumption during
graft copolymerization, a 5.0 mL aliquot of the

reaction mixture was poured into an excess fer-
rous ammonium sulfate solution. The back titra-
tion of the excess ferrous ammonium sulfate with
ceric sulfate using o-phenanthroline gave the
amount of ceric ions consumed during grafting.

Characterization

The FTIR spectra of the homopolymers, homoco-
polymers, and grafted copolymers were recorded
on a Perkin–Elmer-1600 spectrophotometer with
a KBr pallet. The IR spectra showed a strong
sharp band at 2240 cm21 for the nitrile group of
AN and a broad band at 1740 cm21 to the car-
bonyl group of MMA. The amount of the synthe-
sized homopolymers was determined by recording
the percent transmittance of nitrile (2240 cm21)
and carbonyl (1740 cm21) groups and using the
calibration curves prepared for the hompolymers.
The composition of the homocopolymers and
grafted copolymers was obtained with a copoly-
mer calibration curve using an optical density
ratio (ODR) as determined by the following rela-
tionship:

ODR 5
log~baseline % T1740/MMA % T1740

log~baseline % T2240/AN % T2240

Elemental Analysis

The composition of the grafted copolymers deter-
mined by the IR technique was verified by deter-
mining the nitrogen content in the copolymers
with a Perkin–Elmer-240C elemental analyzer.

Molecular Weight of the Copolymers

The molecular weights of the grafted copolymers
were determined with gel permeation chro-
matogrphy (Water Associates 440) using Water-
m-styragel columns of a 200-mL injection volume.
THF was used as the mobile phase at a flow rate
of 1 mL/min and polystyrene standards of known
molecular weights were used to obtain the uni-
versal calibration curve.

RESULTS AND DISCUSSION

When ceric ions are added in the reaction mixture
for grafting on cellulose, it has been reported that
a ceric ion–cellulose complex is initially formed
which immediately creates a free radical at the
backbone of the cellulose and ceric ions are re-
duced to cerrous ions through an one-electron
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transfer process.15 The formation of homopoly-
mers at an optimum concentration of CAN is at-
tributed mainly to the chain-transfer reaction
from the growing graft copolymers to the mono-
mers in the solution. The reactivity of the ceric
ions is pH-dependent13; hence, during grafting,
the concentration of the nitric acid was main-
tained at 8.0 3 1022 mol dm23. In graft copoly-
merization of a single monomer, the grafting yield
depends mainly upon the molarity of the mono-
mers used in the reaction mixture, but when
grafting is carried out in the presence of comono-
mers, then grafting not only depends upon the
molarity of the monomers used in the reaction
mixture, but also depends mainly upon the inter-
actions taking place between the comonomers in-
volved in the graft copolymerization. These mono-
mer–monomer interactions facilitate the transfer
of a monomer at the grafting sites to increase the
overall efficiency of grafting.16

The efficient grafting from a binary mixture of
monomers might be assumed to be due to the high
polarizability of the monomer–monomer complex
with a large p-electron system which makes the
monomer system more reactive to interact with
propagating radicals at the cellulose backbone.
The total absence of grafted chains purely made
of single monomer units has clearly suggested the
assumption of the existence of the monomer–
monomer complex in the reaction mixture, which
allows the formation of grafted chains with mixed
monomers and prevents the formation of ho-
mopolymeric grafted chains. In view of the possi-
ble monomer–monomer interactions, responsible
for the efficient grafting of vinyl monomers, the
grafting of AN and MMA comonomers on cellulose
was studied by varying the molarity, feed compo-
sitions, reaction times, and ceric ions concentra-
tion.

Effect of Monomer Concentration

To study the effect of the initial concentration of
the comonomers on grafting, the molarity [M] of
the binary monomers (AN 1 MMA) was varied
from 0.8 to 4.8 mol dm23 at an 8.0 3 1023 mol
dm23 concentration of CAN, keeping a fixed mol
fraction of the AN (fAN 5 0.4). The percent graft
yield increased on increasing the comonomer con-
centration to 4.0 mol dm23, and on further in-
creasing the comonomer amount beyond this con-
centration (.4.0 mol dm23), an appreciable de-
creasing trend (Fig. 1) is set up which is assumed
to be due to increase in the viscosity of the me-

dium. During molarity variation, the mol frac-
tions of the comonomers in the binary mixture are
constant (fAN 50.4 and fMMA 50.6); hence, the
nature of the monomer–monomer interactions is
assumed to be same at different molarities of the
feed.

The composition analysis of the grafted chains
obtained at different feed molarities at a fixed
feed mol fraction (fAN 50.4) showed almost a fixed
mol fraction of acrylonitrite (FAN 5 0.37). How-
ever, the total weight of the grafted polymer in-
creased on increasing the molarity of the feed.
This constancy in the mol fraction of the mono-
mers in the grafted chains (FAN 5 0.37) clearly
indicated that the nature of the monomer–mono-
mer interactions remain almost constant and do
not alter on increasing the amount of the total
feed at a fixed mol fraction (fAN 5 0.4).

The deviation in yield beyond 4.0 mol dm23 is
assumed to be due to the decrease in the rate of
diffusion of the monomer–monomer complex at
the reaction sites at the cellulose backbone. The
increasing trend of true grafting (% GT) and graft-
ing efficiency (% GE) clearly indicated that the
percent graft conversion (% Cg) increased with
increase in the molarity of the medium, which is
due to increase in the rate of diffusion of the
monomer–monomer complex from the solution
phase to the growing end of the chains. But the
rate of diffusion of the comonomer complex
slowed down beyond 4.0 mol dm23 of the comono-
mers due to an appreciable increase in the viscos-
ity of the medium.

Figure 1 Percent graft yield (% G) as a function of
[AN 1 MMA]: [Ce(IV)] 5 8.0 3 1023 mol dm23; [HNO3]
5 8.0 3 1022 mol dm23; fAN 5 0.4; [Cell] 5 1.0 g; time
5 30 min; temperature 5 30°C.
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The analysis of the homocopolymers showed a
higher mol fraction of AN than that of the grafted
polymer chains. This indicated that the interac-
tions of the monomer–monomer complex with the
growing radicals on the cellulose are different
from those of the growing homocopolymer chains
in the solution. The mol fraction of the monomers
in the homocopolymer remains almost constant
(fAN 5 0.38) during the feed concentration varia-
tion, which again supported the assumption that
monomer–monomer interactions do not change
with the feed concentration.

The effect of the feed concentration on the cel-
lulose conversion (% Cc) and grafting frequency
(GF) was also studied, and from the data given in
Table I(a,b), it is clear that the percent cellulose
conversion (% Cc) increased on increasing the mo-
larity of the comonomers in the reaction mixture
to 4.0 mol dm23. The increasing trend in the
grafting frequency (GF) with the feed concentra-
tion suggested that a higher comonomer concen-
tration facilitates the addition of monomer mole-
cules to the reactive sites which were lying un-
used at the low concentration of the comonomers
[Table I(b)]. During variation of the concentration
of the comonomers, the percent ceric ions con-
sumption was almost constant [Fig. 4(b)]; hence,
it is clearly indicated that no new reactive sites

are formed during variation of the comonomer
concentration but new branches start forming on
unutilized initially formed reactive sites on the
cellulose. The decreasing trend in cellulose con-
version (% Cc) and grafting frequency (GF) beyond
4.0 mol dm23 [Table I(b)] might be due to the
nonavailability of reactive sites, hindrances cre-
ated by the already-grafted chains on the cellu-
lose, and the slow rate of diffusion of the comono-
mers from the solution. The formation of new
chains is also clear from the increasing trend in
number of grafted chains (Ng) [Table I(b)]. The
molecular weight of the grafted polymers, homo-
copolymers, and homopolymers increased on in-
creasing the comonomer concentration in the feed
[Table I(b)], which can be assumed to be due to
the higher rate of copolymerization on increasing
the comonomer concentration in the feed.

Effect of Feed Composition

To determine the nature of the grafted polymers
and homopolymers as a function of the feed com-
position and to relate the composition of the
grafted polymers to the changing monomer–
monomer interactions at different feed composi-
tions, the mol fraction of the AN (fAN) in the feed
was varied from 0.25 to 0.80 at a constant feed

Table I Effect of [Monomers] on Grafting Parameters at 30°C

(a) Effect of Monomer Concentration on Grafting Parameters at 30°C

[M] (mol dm23) % GT % Ct % Cg % Chc % CC % GE

0.8 380 7.69 4.09 1.91 26.0 53.0
1.6 525 10.46 6.13 2.50 28.0 58.6
2.4 802 15.47 9.53 3.31 30.5 61.6
3.2 1051 18.06 11.44 3.86 33.0 63.3
4.0 1325 20.58 13.07 4.20 35.0 63.5
4.8 1306 17.7 9.53 4.60 32.0 53.9

(b) Effect of Monomer Concentation on Grafting Parameters at 30°C

[M] (mol dm23) GF Ng 3 106 Nhc 3 106
Mn 3 1023

(Gp)
Mn 3 1023

(Hcp)

0.8 0.80 0.80 2.92 300 40
1.6 2.12 2.38 6.55 315 47
2.4 3.77 4.60 8.12 380 75
3.2 4.93 6.51 10.50 430 90
4.0 5.49 7.69 12.34 520 105
4.8 5.46 7.00 14.60 500 115

[Ce(IV)] 5 8.0 3 1023 mol dm23; [HNO3] 5 8.0 3 1022 mol dm23; fAN 5 0.4; time 5 30 min.
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molarity of 1.6 mol dm23. To compare the grafting
of monomers onto the cellulose from binary mix-
tures, the data on the percent grafting yield (% G)
of pure AN and pure MMA were also collected and
are given in Table II(a,b). The extent of the graft
yield with pure MMA was more (61%) than with
pure AN, which clearly suggested that AN has a
low affinity to attach to the cellulose in compari-
son to the MMA. But the experimental data as
shown in Figure 2(a) and Table II show the vari-
ation in their affinity in the presence of another
monomer. The variation in the percent graft yield
(% G) [Fig. 2(a)] and the composition of the
grafted chains [Table II(c)] on varying the feed
composition (fAN ) clearly indicated that the na-
ture of the monomer–monomer interactions
changed on changing the compositions of the feed;
hence, the observed percent graft yield (% G) [Fig.

2(a)] and the composition of the grafted chains
(FAN) are different [Table II(c)]).

The expected percent graft yield (% G) shown
by the dotted line in Figure 2(a) does not match
the observed graft yield curve. At a low mol frac-
tion of the AN (fAN , 0.25), the percent grafting is
more due to the high concentration of MMA in the
reaction mixture, but was found to be low in com-
parison to the percent graft yield (% G) with pure
MMA. At a low mol fraction of the AN (fAN
, 0.25), the monomer–monomer interactions
among MMA molecules are stronger and facilitate
the incorporation of the MMA molecules to the
grafted chains, whereas the AN molecules exclu-
sively participate in chain-transfer reactions, but
during mol fraction (fAN) variation from 0.25 to
0.8, the percent graft yield increased [Fig. 2(a)]
and the fraction of AN [Table II(c)] in the grafted

Table II Effect of Feed Composition on Grafting Parameters and Composition of Grafted Polymer
Chains at 30°C

(a) Effect of Feed Composition on Grafting Parameters at 30°Ca

fAN % GT % Ct % Cg % Chc % CC % GE

0.00 627 17.90 13.24 2.60 36.00 74.00
0.25 476 8.09 4.08 2.30 26.00 50.50
0.40 525 10.46 6.13 2.51 28.00 58.60
0.60 556 13.94 9.09 2.78 32.00 64.50
0.80 577 17.00 11.20 3.14 35.00 65.80
1.00 566 12.83 8.17 2.42 30.00 63.60

(b) Effect of Feed Composition on Grafting Parameters at 30°Ca

fAN GF Ng 3 106 Nhc 3 106 Mn 3 1023 Mn 3 1023

0.00 3.26 4.69 6.6 345 50
0.25 1.57 1.63 6.3 305 45
0.40 2.12 2.38 6.5 315 47
0.60 2.60 3.33 6.6 330 52
0.80 2.90 4.06 6.7 337 57
1.00 2.56 3.07 6.1 325 48

(c) Effect of Feed Composition on Composition of Grafted Polymer Chains at 30°Cb

fAN FAN % N m# M1 m# M2 R PAN,AN

0.25 0.23 3.68 1.25 4.09 37.45 0.20
0.40 0.37 6.24 1.49 2.55 49.50 0.33
0.60 0.56 10.50 2.11 1.69 52.63 0.53
0.80 0.77 16.50 3.96 1.26 38.32 0.75

a [M] 5 1.6 mol dm23; [Ce(IV)] 5 8.0 3 1023 mol dm23; [HNO3] 5 8.0 3 1022 mol dm23; time 5 30 min.
b [M] 5 1.6 mol dm23; [Ce(IV)] 5 8.0 3 1023 mol dm23; [HNO3] 5 8.0 3 1022 mol dm23. m# M1 and m# M2 are the average sequence

length of AN and MMA in the grafted polymer; PAN,AN is the probability of the AN molecule to the chains ended with AN; R is the
average-number of sequence per 200 monomer units.
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chains also increased. Within this range of feed
composition, the monomer–monomer interactions
are different from those at a low fraction of the
AN (fAN , 0.25) and facilitate the incorporation of

more AN molecules into the grafted chains along
with the MMA molecules. In this range of feed
composition variation (fAN 5 0.25–0.8), the cross
monomer–monomer interactions show an in-
creasing synergistic effect11,16,17 on the AN mole-
cules, to a maximum mol fraction (fAN) of 0.8.
Beyond this mol fraction (fAN . 0.8), the nature of
the monomer–monomer interactions again show
variation, which results in an appreciable de-
crease in the graft yield [Fig. 2(a)] and mol frac-
tion of the AN in the grafted chains has increased
substantially. At a higher mol fraction of the AN
(fAN . 0.8), the cross interactions among the
monomer molecules became weaker and the AN
molecules started participating effectively in the
formation of homopolymers rather than grafted
copolymers; hence, the percent graft yield (% G)
showed a decreasing trend beyond a 0.8 mol frac-
tion of AN. From these experimental observa-
tions, it became clear that interactions among the
comonomers vary with the feed compositions,
which ultimately changes the composition of the
grafted chains and the extent of the percent graft
yield (% G). The optimum composition (fAN) of
AN–MMA was found to be 0.8, where the syner-
gistic effect of MMA for acrylonitrite is maximum.
The observation of grafting parameters as a func-
tion of the feed composition shown in Table II
clearly indicates that the grafting frequency (GF),
number of grafted chains (Ng), cellulose conversion
(% Cc), and grafting efficiency (% GE) are consistent
with the grafting yield (% G) and the true grafting
(% GT).

From the composition analysis of the grafted
chains, homocopolymer chains, it has become
clear that in the present system the percentage of
MMA molecules in the copolymer is more in com-
parison to AN. This indicated that the reactivity
of the MMA monomer to form the grafted polymer
chains is more than that of AN. To express the
relative reactivity of the MMA monomer in com-
parison to the AN monomer, an effort was also
made to calculate the reactivity ratios of AN and
MMA using the Mayo and Lewis method18 [Fig.
2(b)]. The values of the mol fractions of the mono-
mers in the feed (fAN) and the grafted polymer
chains are shown in Table II(c). The reactivity
ratios for AN and MMA from the Mayo and Lewis
plot [Fig. 2(b)] at a conversion of 5% were found to
be 0.74 and 1.03, respectively, which clearly sup-
ports the occurrence of high mol fractions of MMA
in the grafted copolymers and the homocopoly-
mers obtained during grafting. The product of the
reactivity ratios (r1r2) was found to be less than 1;

Figure 2 (a) Percent graft yield (% G) as a function of
feed composition: [AN 1 MMA] 5 1.6 mol dm23;
[Ce(IV)] 5 8.0 3 1023 mol dm22; [HNO3] 5 8.0 3 1022

mol dm23; [Cell] 5 1.0 g; time 5 30 min; temperature
5 30°C. (b) Mayo and Lewis plot for reactivity ratios of
the monomers: [AN 1 MMA] 5 1.6 mol dm23; [Ce(IV)]
5 8.0 3 1023 mol dm23; [HNO3] 5 8.0 3 1022 mol
dm23; [Cell] 5 1.0 g; time 5 30 min; temperature
5 30°C. (A) fAN 5 0.25; (B) fAN 5 0.4; (C) fAN 5 0.6.
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hence, the grafted copolymers lie between the
ideal and the alternating systems. The average
sequence lengths of AN (m# M1) and MMA (m# M2)
in the grafted chains showed a clear dependence
on the composition of the feed (fAN) [Table II(c)].
As the product of the reactivity ratio (r1r2) is less
than 1, the monomer repeat unit in the grafted
chains must be arranged in an alternating fash-
ion. In the present case, the reactivity ratio of
MMA is more than the reactivity ratio of AN [Fig.
2(b)]; hence, the growing radicals ending with
MMA have a greater preference to combine with
MMA than with the AN molecules. Due to this
reason, the alternating repeat units in the grafted
polymers are the chains of the homopolymers
with an average number of monomers (m# M) as
shown in Table II(c). The average number of the
monomers in the repeat unit (m# M) changes on
changing the composition of the feed (fAN), which
is assumed to be due to the variation in the prob-
ability of addition (P11) of the monomer to the
radicals ended with its own type of monomer [Ta-
ble II(c)].

The existence of alternating average sequences
of the monomer units in the grafted copolymer is
also proved from the observed percent of nitrogen
content in the grafted chains. It is interesting to
note that the run number (R) increased from
37.45 to 52.63 on increasing the mol fraction of
the AN (fAN) in the feed [Table II(c)], but beyond
a 0.8 mol fraction of the AN (fAN) in the feed, the
value of the run number (R) showed a clear de-
creasing trend which is due to a more substantial
increase in the average sequence length of the AN
block (m# M1) in the grafted chains than in the
average sequence length of MMA (m# M2). On the
basis of the experimental data, the possible ar-
rangements of the monomer sequences in the
grafted chains are illustrated as given below:

O~AN!m# M1~MMA!m# M2O~AN!m# M1O~MMA!m# M2O

where the values of m# M1 and m# M2 vary with the
feed composition. Thus, on the basis of the ob-
served dependence of the monomer distribution in
the grafted chains, the experimental conditions
can be chosen to prepare grafted polymers of de-
sired properties.

Effect of Ceric Ions Concentration

The grafting parameters of AN–MMA comono-
mers on cellulose were determined at a fixed feed

(fAN 5 0.4) and comonomer concentration (1.6 mol
dm23) in the reaction mixture. The ceric ions con-
centration was varied from 4.0 to 24.0 3 1023 mol
dm23 and the observed results are given in Figure
3 and Table III. The reported studies on ceric
ion-initiated polymerization clearly indicated
that ceric ions in the absence of sufficient nitric
acid form inactive species with water molecul-
ers19; hence, great care was taken to keep suffi-
cient nitric acid (.8.0 3 1022 mol dm23) in the
reaction mixture to maintain the activity of the
ceric ions to create active sites at the backbone of
the cellulose. The percent graft yield increased
[Fig. 3] on increasing the ceric ions concentration
to 16.0 3 1023 mol dm23, but showed a decreasing
trend on the graft yield on further increasing the
ceric ions concentration beyond 16.0 3 1023 mol
dm23 [Table III(a)]. The percent cellulose conver-
sion (% Cc), true grafting (% GT), and grafting
efficiency (% GE) showed increasing trends to a
16.0 3 1023 mol dm23 concentration of the ceric
ions. These increasing trends of the grafting pa-
rameters indicated that ceric ions exclusively par-
ticipate in the formation of active sites on the
cellulose to a 16.0 3 1023 mol dm23 concentration
of the ceric ions, and beyond it, no more active
sites are formed on the cellulose. The decreasing
trend in the graft yield and other parameters
beyond a 16.0 3 1023 mol dm23 concentration of

Figure 3 Percent graft yield (% G) as a function of
[Ce(IV)]: [AN 1 MMA] 5 1.6 mol dm23; [HNO3] 5 8.0
3 1022 mol dm23; fAN 5 0.4; [Cell] 5 1.0 g; time 5 30
min; temperature 5 30°C.
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ceric ions may be assumed to be due to a decrease
in the rate of diffusion of the ceric ions at the surface
of the cellulose and due to its participation in the
termination reactions with growing homocopolymer
and propagating chains20,21 on the cellulose which
has decreased the molecular weights of the poly-
mers formed beyond 16.0 3 1023 mol dm23 of ceric
ions [Table III(b)].

This participation of ceric ions in the termina-
tion reaction is further clear from the decreasing
trend in the percent cellulose conversion (% Cc)
[Table III(a)] and the number of grafted moles per
chain of the cellulose (GF) [Table III(b)]. The ex-
cess ceric ions may also participate in the oxida-
tive termination of the primary radicals formed
on the cellulose surface.22 On increasing the ceric
ion concentration beyond 16.0 3 1023 mol dm23,
the percent homopolymer formation (% Ch) in-
creased, which indicated that unconsumed and
excess ceric ions may also cause the formation of
the homocopolymers and homopolymers. From
these experimental observations, it was con-
cluded that the concentration of the ceric ions
during grafting of AN and MMA from their mix-
ture should not be more than 16.0 3 1023 mol
dm23; otherwise, the efficiency of grafting and the
number of grafted moles per chain of the cellulose
will decrease appreciably.

Effect of Reaction Time

An effort was made to study the effect of the
reaction time on the percent grafting of comono-
mers onto cellulose at a fixed feed composition
and molarity of the reaction mixture. The time
variation grafting data given in Figure 4 and Ta-
ble IV clearly indicate that the percent graft yield
(% G) increased appreciably up to 6 h, and beyond
it, the percent increase in the grafting is insignif-
icant. The percent grafting showed a substantial
increase in the initial few hours of the reaction
time due to a large number of available reactive
sites at the surface of the cellulose, but later on,
the rate of grafting increased slowly and steadily.
The decreasing trend in the graft yield beyond the
initial few hours may be assumed to be due to a
decrease in the rate of diffusion of the comonomer
molecules from the reaction mixture, where the
total number of monomer molecules has become
smaller than the number of monomer molecules
which were present at the initial stage of the
reaction. The composition of the grafted polymers
obtained at later stages of reaction times was
found to be slightly different from the polymers
obtained in the initial period of the reaction. This
compositional heterogeneity in the grafted chains
and homocopolymers was assumed to be due to

Table III Effect of Ceric Ions Concentration on Grafting Parameters at 30°C

(a) Effect of Ceric Ions Concentration on Graphic Parameters at 30°C

[Ce(IV)] 3 103

(mol dm23) % GT % Ct % Cg % Chc % CC % GE

4.0 376 2.80 1.50 0.90 25.00 54.30
8.0 525 10.46 6.13 2.50 28.00 58.60

12.0 561 13.90 8.58 3.60 31.00 61.70
16.0 565 16.59 10.30 4.60 34.00 62.00
20.0 524 16.10 8.60 5.00 33.00 59.80
24.0 486 14.39 6.21 5.50 30.00 43.28

(b) Effect of Ceric Ions Concentration on Graphic Parameters at 30°C

[Ce(IV)] 3 103

(mol dm23) GF Ng 3 106 Nhc 3 106
Mn 3 1023

(Gp)
Mn 3 1023

(Hcp)

4.0 0.49 0.49 2.40 385 50
8.0 2.12 2.38 6.50 315 47

12.0 2.77 3.44 10.70 305 42
16.0 3.30 4.50 15.00 280 38
20.0 3.03 4.00 15.00 280 38
24.0 5.53 3.04 22.40 250 30

[M] 5 1.6 mol dm23; [HNO3] 5 8.0 3 1022 mol dm23; fAN 5 0.4; time 5 30 min.
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the difference in the reactivity ratios of the em-
ployed comonomers and the change in the compo-
sition of the reaction mixture as the reaction pro-
ceeded. In the present case, the transfer of the
mol fraction of MMA (fMMA) from the feed is more
than the mol fraction of the AN (fAN); hence, a
compositional heterogeneity is generated in the
grafted chains obtained at later stages of the re-
action. The monomer–monomer interactions in
the feed are assumed to be different at different
stages of the reaction times due to variations in

the mol fraction of the monomer (fAN) as the re-
action proceeded. The mol fraction of the AN (fAN)
in the reaction mixture is found to increase as the
reaction proceeded, which ultimately promoted
the formation of more PAN than of the grafted
polymer and the homocopolymer.

The observation of the data shown in Table IV
indicated an increasing trend for true grafting (%
GT), grafting efficiency (% GE), cellulose conversion
(% Cc), and total conversion of the monomer to the
polymer (% Ct). The number of grafted chains (Ng)
and homocopolymer chains (Nhc) also showed an
increasing trend [Table IV(b)] on increasing the re-
action time. The determination of the ceric ion con-
sumption as a function of the reaction time clearly
indicated that ceric ions consumption increases ap-
preciably during the initial 2 h of the reaction time
[Fig. 4(b)], but beyond 2 h, the percent increase in
the ceric ions consumption is low. The high rate of
ceric ions consumption in the initial period of graft-
ing is due to the high rate of ceric ions participation
in the formation of the reactive sites23 at the cellu-
lose backbone with the easily abstractable hydrogen
ions. Although ceric ions consumption increased be-
yond 2 h of reaction time, the rate and extent of
consumption is very low. The ceric ions after 2 h
may be consumed in the formation of the reactive
sites at cellulose by oxidizing a difficult portion of
the cellulose or in the oxidative termination22 reac-
tion of the primary and secondary immature grow-
ing radicals in the reaction mixture. However, this
participation of ceric ions in the termination reac-
tion was assumed to be low because the total num-
ber of ceric ions left for termination is very low
beyond 2 h of reaction time. Otherwise, the grafting
parameters such as molecular weight and grafted
moles must have shown a clear decreasing trend
beyond 2 h.

The time-variation studies have clearly sug-
gested that the initial 2 h of grafting reactions are
very important during which the rate of forma-
tion of radicals at the cellulose surface is high;
hence, the rate of monomer conversion to the
grafted polymer is also high. Thus, on the basis of
the experimental data obtained as a function of
various reaction parameters, the following reac-
tion steps are proposed for the grafting of comono-
mers on the cellulose from their binary mixtures:
Reaction Scheme

Radical Formation:

Cell-H 1 Ce(IV) ¡
k

Cell•

R
1 Ce(III) 1 H1 (1)

Figure 4 (a) Percent graft yield (% G) as a function of
reaction time: [AN 1 MMA] 5 1.6 mol dm23; [Ce(IV)]
5 8.0 3 1023 mol dm23; [HNO3] 5 8.0 3 1022 mol dm23;
fAN 5 0.4; [Cell] 5 1.0 g; time 5 30 min; temperature
5 30°C. (b) Ceric ion consumption as a function of (A)
reaction time and (B) comonomer concentration. fAN

5 0.4; [HNO3] 5 8.0 3 1022 mol dm23; temperature
5 30°C; [AN 1 MMA] 5 1.6 mol dm23; time 5 30 min.
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Initiation:

R• 1 AN O¡
Ki

ROAN• (2)

R• 1 MMA O¡
Ki

ROMMA• (3)

Propagation:

RO~AN!n21
• 1 AN O¡

kp

RO~AN!n
•O (4)

RO~MMA!n21
• z MMA O¡

kp

RO~MMA!m
•O (5)

RO~AN!n
• 1 MMA O¡

kp

RO~AN!nOMMA•O (6)

RO~MMA!m
• 1 AN O¡

kp

RO~MMA!mOAN•O (7)

Termination:

RO~AN!nOMMA• 1 •MMAO~AN!nORO¡
ktc

RO~AN!nO~MMA!mO~AN!nOR (8)

RO~MMA!mOAN• 1 •ANO~MMA!mORO¡
ktc

RO~MMA!mO~AN!nO~MMA!mOR (9)

RO~AN!nOMMA• 1 •ANO~MMA!mORO¡
ktc

RO~AN!nOMMAOANO~MMA!mOR (10)

Table IV Effect of Reaction Time on Grafting Parameters at 30°C

(a) Effect of Reaction Time on Grafting Parameters at 30°C

Time
(min) % GT % Ct % Cg % Chc % Cc % GE

15 468 6.29 3.40 1.60 25.0 54.50
30 525 10.46 6.13 2.50 28.0 58.60
60 650 16.51 10.22 3.60 30.0 61.60

120 733 23.05 14.30 5.30 33.0 62.00
180 775 27.80 17.57 6.20 36.0 63.00
240 818 30.41 19.62 6.30 37.0 64.50
300 834 31.97 20.85 6.50 38.0 65.20
360 848 33.11 21.66 6.60 38.5 65.43
420 853 34.00 22.24 6.95 39.0 65.50

1440 862 34.34 22.89 7.35 40.0 66.60

(b) Effect of Reaction Time on Grafting Parameters at 30°C

Time
(min) GF Ng 3 106 Nhc 3 106

Mn 3 1023

(Gp)
Mn 3 1023

(Hcp)

15 1.40 1.40 5.60 300 35
30 2.12 2.38 6.50 315 47
60 3.02 3.62 6.56 345 67

120 3.74 4.92 8.65 355 75
180 4.01 5.77 8.80 372 80
240 4.27 6.31 9.05 380 85
300 4.30 6.53 9.10 390 90
360 4.31 6.62 9.17 400 97
420 4.33 6.71 9.18 405 98

1440 4.34 6.82 9.42 410 105

[M] 5 1.6 mol dm23; [Ce(IV)] 5 8.0 3 1023 mol dm23; [HNO3] 5 8.0 3 1022 mol dm23; fAN 5 0.4.
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Oxidative Termination:

R• 1 Ce(IV) O¡
k0

oxidation product

1 Ce(III) 1 H1 (11)

The average sequence lengths of AN units
(m# M1) and MMA units (m# M2) in the grafted
chains were found to be dependent on the feed
composition (fAN) and the reaction time. The ar-
rangement of the monomer sequence lengths
(m# M1 and m# M2) in the grafted chains was as-
sumed to be of an alternate type because the
product of the observed reactivity ratios (r1r2) is
less than unity.

CONCLUSIONS

The grafting of AN and MMA from their binary
mixtures was carried out using CAN as an effi-
cient initiator in an acidic medium. The effect of
various reaction parameters, such as the feed
composition, feed molarity, reaction time, and
ceric ions concentration, were carefully studied
and interpreted reasonably. The presence of
MMA in the feed along with AN facilitates the
participation of AN in the grafting through mono-
mer–monomer interactions in the feed. The reac-
tivity ratios and average sequence lengths of the
monomers (m# M1 and m# M2) in the grafted chains
were calculated. The composition of the grafted
chains is controlled by the monomer–monomer
interactions which ultimately depend upon the
mol fractions of the monomers in the feed. Vari-
ous other grafting parameters as a function of
reaction conditions were determined and found
useful to optimize the reaction parameters for
efficient grafting of the studied monomers onto
cellulose from their binary mixtures.
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