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ABSTRACT: In an attempt to develop an alternative to petro-based polymers, we graft-

copolymerized cellulose isolated from the needles of Pinus roxburghii with styrene in a
limited aqueous medium in air by simultaneous irradiation using gamma rays as the
initiator. The optimum conditions for obtaining maximum grafting were determined as
a function of monomer concentration, total dose of irradiation, and amount of water.
Maximum percentage of grafting (P,; 79.9) was obtained at a total dose of 1.152 X 10*
Gy with 1.325 X 10~ * mol of styrene. The effect of methanol, LiNO,, Cu(NO,),, Mohr’s
salt, H,SO,, HNO;, and AcOH on P, was studied. All the additives were found to
decrease graft yield, contrary to some reported studies. Total percentage conversion and
rates of polymerization, grafting, and homopolymerization were evaluated. Evidence of
grafting was provided by the characterization of cellulose and its graft copolymers by
Fourier transform infrared spectroscopy, thermogravimetry, and observation of the
swelling behavior in some solvents. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 83:

1490-1500, 2002

Key words: graft copolymerization; pine needles; renewable resources; simultaneous

method

INTRODUCTION

The grafting of styrene (Sty) onto cellulose has
been reported, but not much information is avail-
able on the kinetics of graft copolymerization.
Garnett and coworkers reported on the effects of
mineral acids, organic solvents, and different al-
cohols and their binary mixtures and the effects of
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pH on grafting reactions.'~* Fazilat and Rosta-
mine® grafted Sty radiochemically and evaluated
optimum conditions for maximum grafting on cel-
lulose extracted from husks and stems of rice. The
grafting of Sty by a simultaneous method onto
cellulose derivatives has also been reported for
cellulose acetate and butyrate,®” hydroxyethyl
cellulose,® and cellulose tricarbanilate.? Recently,
Ha et al.'° reported simultaneous and postirradi-
ation grafting of Sty onto cotton cellulose and
investigated the effects of total dose, dose rate,
monomer concentration, and acidity of the reac-
tion system on the molecular weight distribution.

To develop new polymeric materials for sepa-
ration technologies, we attempted to utilize pine



needles, a perennial forest waste of the Himala-
yas, as a renewable source of cellulose. We re-
ported earlier on some work on the grafting of Sty
by a potassium persulfate-ferrous ammonium sul-
fate redox system,'! Sty—maleic anhydride,'? and
4-vinyl pyridine (4-VP)!? by simultaneous gam-
ma-ray irradiation onto the backbone polymer to
get reactive polymers. The grafting of these mono-
mers afforded functionalities useful in subjecting
graft copolymers to postreactions. In this article,
we report on the kinetics of the graft copoly-
merization of Sty by a simultaneous gamma-ray
irradiation technique as a function of total dose,
monomer concentration, and amount of water.
The effects of some inorganic salts, mineral acids,
and methanol were investigated under optimum
conditions of grafting.

EXPERIMENTAL

Extraction of Cellulose

Cellulose was extracted by an improved ammonia
digestion method as reported earlier.'® Pine nee-
dles were dried in an oven at 150°C and were
crushed in a mixer to a fine powder. The powder
was digested in a 1-L round-bottomed flask with
liquor ammonia for 6—8 h at low pressure. The
digested powder was repeatedly washed with wa-
ter to ensure the removal of lignin and other
water-soluble organic components and to get a
clear supernatant liquid. The resulting mass was
treated with calcium hypochlorite to remove any
colored impurities. The excess bleaching powder
was removed by treatment with dilute mineral
acid. Cellulose thus obtained was stirred with
solvents of varying polarities to ensure the extrac-
tion of any remaining impurities. Cellulose pow-
der was dried to a moisture content of 5-10% at
low temperature (30°C) because heating at a high
temperature affected its reactivity adversely.

Graft Copolymerization

Cellulose (1 g) and the monomer (0.5 mL) in 10.0
mL of water were irradiated for 16 h at a dose of
0.048 X 10* Gy/h in a gamma chamber. We cal-
culated the total dose of radiation by multiplying
the dose rate per hour by the time of exposure.
The samples containing both homopolymer and
graft copolymers were filtered, dried, and
weighed. We extracted the dried and weighed
samples by stirring them in toluene for 2 h and,
then, drying and weighing them. The process was
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repeated to ensure complete removal of ho-
mopolymer until a constant weight was obtained.
The amount of monomer was changed to 1.0, 1.5,
2.0, and 2.5 mL at the same total dose of radia-
tion, with the amounts of cellulose and water kept
constant. Similar experiments were performed at
different times of radiation with the previously
mentioned amounts of monomer for every time of
irradiation and with the amounts of cellulose and
water kept constant. The homopolymer was sep-
arated as stated previously.

Effect of Solvent

At a total radiation dose of 1.152 X 10* Gy and
131.25 X 10™* mol of Sty, which afforded the
maximum percentage of grafting (P,), the effect
of the amount of water was determined by varia-
tion of the amount of water between 5.0 and 20.0
mL at optimum values of monomer concentration
and total radiation dose. The effect of methanol in
a water—-methanol system was studied at 1.152
X 10* Gy and 131.25 X 10~ * mol of monomer with
the total solvent composition kept at 10.00 mL.

Effect of Additives

The effect of additives was studied at optimum
values of all the three reaction conditions studied
previously by the addition of 0.2M of H,SO,,
HNO,, AcOH, Mohr’s salt, Cu(NOj;),, and LiNOs.
The weights of the homopolymer and graft copol-
ymers are given in Table I.

Expressions Used for Grafting Parameters
Grafting parameters were obtained from the fol-

lowing relationships.'?

Percentage Total Conversion (%C,)

Weight of Polymer Grafted
s Weight of Homopolymer Formed

Weight of Monomer Charged x 100

_ Weight of Polymer Grafted
£ Weight of Cellulose

Percent Grafting Efficiency (%GE)

Weight of Polymer Grafted

~ Weight of Polymer Grafted
+ Weight of Homopolymer Formed

X 100

Rate of Polymerization (R,) (mol L' s™%)
Weight of Polymer Grafted
+ Weight of Homopolymer Formed

~ Molecular Weight of Monomer
X Time of Reaction (s)
X Volume of Reaction Mixture (mL)

100
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Rate of Grafting (R,) (mol L' s™)

Weight of Polymer Grafted

~ Molecular Weight of Monomer
X Time of Reaction (s)
X Volume of Reaction Mixture (mL)

X 1000

Rate of Homopolymerization (R;,) (mol L' s™ 1)

Weight of Polymer Grafted

~ Molecular Weight of Monomer
X Time of Reaction (s)
X Volume of Reaction Mixture (mL)

X 1000

Percentage Swelling (P;)

Weight of Swollen Polymer
— Weight of Dry Polymer

Weight of Dry Polymer

Characterization of Cellulose and Graft Copolymer

Cellulose and its graft copolymers were charac-
terized by elemental analysis on a Carlo Erba-
1150, Fourier transform infrared (FTIR) spectra
were obtained on a Nicolet FTIR spectrometer
Series II, thermal analysis was carried out on a
Shimadzu simultaneous thermogravimetry/dif-
ferential thermal analysis analyzer in air, and
swelling studies were carried out in different sol-
vents by the equilibration method by immersion
for 24 h at room temperature.

RESULTS AND DISCUSSION

In simultaneous irradiation, monomer radicals
and active sites on the backbone are generated in
the same reaction medium; hence, grafting can be
initiated either by the growing polymeric radicals
or from the active sites on the cellulose backbone
as reported earlier for the grafting of 4-VP onto
this backbone.'?

Structural Aspects of Extracted Cellulose

Grafting reactions and the properties of the graft
copolymers are affected by the structure of cellu-
lose. In this case, the backbone got ammoniated
during the extraction process. Elemental analysis
of cellulose showed the presence of 1.55% N. It
has been reported that ammoniation occurs in
less ordered and high crystalline regions and
leads to the increase of plane spacing up to 2.6 A,
thus, increasing the volume of unit cell from 671
cu. A in native cellulose to 801 cu. A in ammonia-
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swollen cellulose. Furthermore, crystallinity de-
termined from wide-angle X-ray diffraction stud-
ies showed that the extraction process opened up
the cellulose matrix considerably, as percentage
crystallinity was found to be just 31.00,'* against
59.0% for a commercial reference. However, at-
tempts to determine its degree of polymerization
by viscometry in FeTNa and Cu(en), failed be-
cause cellulose behaves as a polyelectrolyte, sug-
gesting that the oxidation of glycolic groups in the
bleaching process occurs.

Effect of Total Dose and Monomer Concentration

Figures 1 and 2 represent P, as a function of total
dose and monomer concentration, respectively. P,
increased with increasing total dose for various
monomer concentrations, giving a maximum at
1.152 X 10* Gy, except for the monomer concen-
tration of 218.75 X 10~ * mol, which produced
maximum grafting (21.5%) at 1.056 X 10* Gy.
Beyond the maximum, P, decreased for all mono-
mer concentrations (Fig. 1). The maximum P
(79.9%) was obtained at [Sty] = 131.25 X 10~
mol. When P, was studied as a function of mono-
mer concentration at different total doses (Fig. 2),
P, increased with increasing monomer concentra-
t10n giving a maximum at [Sty] = 175.0 X 10™*
mol, and decreased thereafter. However, when
131.25 X 10~ * mol of Sty was used, a sharp in-
crease in P, was observed at a total dose of 1.152
X 10* Gy giving maximum grafting (79.9%), and
then it decreased. At higher total dose of 1.248
X 10* Gy, maximum grafting (20%) was obtained
at [Sty] = 131.25 X 10~ * mol. At higher monomer
concentrations and higher total doses, P, de-
creased due to preferential homopolymer forma-
tion. From various grafting parameters, an at-
tempt was made to correlate %C,, %GE, R,, R,
and R, as functions of monomer concentration at
different total doses. The results are presented in
Figures 3-6. %C, was higher at lower monomer
concentrations and decreased with increasing
[Sty]. This trend was followed, except for reac-
tions carried out at a total dose of 1.152 X 10* and
1.248 x 10* Gy where %C, increased with in-
creasing monomer concentration, giving a maxi-
mum (84.83 and 54.34%) at [Sty] = 131.25 x 10~ *
and 175.0 X 10 * mol, respectively, and then
decreased (Fig. 3). At very low total doses (0.768
x 10* and 0.96 X 10* Gy) and at higher monomer
concentrations, %C, was very low.

Figure 4 shows that that R, at lower total
doses (0.768 x 10* and 0.96 X 10* Gy) was very
low. When grafting was carried out at higher total
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Figure 1 Effect of the total radiation dose on P, at different monomer concentrations

(cellulose = 1 g, water = 10.0 mL).

doses of 1.152 x 10* and 1.248 X 10* Gy, R,
increased with increasing [Sty], giving a maxi-
mum (112.06 X 107 and 84.7 X 10" "mol L™ ' s7!
at [Sty] = 131.25 X 10 * and 175.0 X 10~ * mol,
respectively. This trend was similar to that of
%C,, discussed previously. At a total dose of 1.056
X 10* Gy, R, showed steady increase with in-
creasing [Sty], reaching a maximum (73.47
X 10" " mol L™ s71) before it started decreasing.
Figure 6 shows that R,, at lower monomer con-
centrations and lower total doses, decreased with
increasing [Sty]. Under similar conditions, R,
showed an increase with increasing [Sty] and,
then, decreased after reaching a maximum value
(Fig. 5). The decrease in R, was due to preferen-
tial homopolymer formation at higher monomer
concentrations. It is again revealed from Figure 6
that R, increased with increasing total dose of
radiation and monomer concentration. At higher
total doses (1.248 X 10* Gy), R;, increased with
increasing [Sty] and gave a maximum value of
73.0 Xx 10 "mol L' s ! at [Sty] = 175.0 X 10~ *
mol, whereas R, was found to have a maximum
(77.32 X 10" "mol L™ * s~ ') at a total dose of 1.152
X 10* Gy and at a monomer concentration [Sty]

= 131.25 X 10~ * mol. Thereafter, both these pa-
rameters showed a steep decrease. This behavior
of R, and R, suggests their interdependency and
supports the argument that at higher total doses
and monomer concentrations, homopolymeriza-
tion was the preferred process.

For all the grafting reactions carried out at dif-
ferent total doses, %GE increased with increasing
monomer concentration and, then, decreased (Fig.
7). However, for the reaction carried out at an opti-
mum total dose of 1.152 X 10* Gy, %GE was at a
maximum at the lower monomer concentration,
that is, at 43.75 X 10~ * mol, beyond which %GE
decreased sharply. It is evident from Figures 5 and
6 that R, and R), were, respectively, maximum and
minimum at this total dose and monomer concen-
tration; hence, a higher value of %#GE was expected
under this set of reaction conditions.

Effect of the Amount of Water

The effect of variation of the amount of water on
P, is shown in Figure 8 and in Table I. At opti-
mum conditions of total dose and monomer con-
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Figure 2 Effect of the monomer concentration on P, at different total radiation doses

(cellulose = 1 g, water = 10.0 mL).

centration, maximum P, (79.9%) was obtained in
10.00 mL of water. Further increases in the
amount of water led to a steep fall in P,, and
thereafter, it remained constant. An optimum
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amount of water helped in the swelling of the
polymer backbone, thus making it more accessi-
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Figure4 Effect of the monomer concentration on R, at different total radiation doses.

crease in all the grafting parameters. R, R;,, and
R, fell sharply with increasing amounts of water,
although P, tended to remain constant. %#GE was
not much affected because the increasing amount

of water resulted in lower yields of both graft and
homopolymer.

Effect of Methanol

The addition of methanol to the reaction mixture
decreased P, uniformly (Fig. 9). As the solvent

composition varied from absolute water to 100%
methanol, P, fell from 79.9 to 0. A certain amount
of methanol was reported to promote grafting;'®
however, in this study, it failed to do so as all the
grafting parameters showed a steady decrease in
the presence of methanol (Table I). Only R, in-
creased from 34.47 X 10" mol L' s~ ! in water
medium to 42.48 X 107 and 49.74 X 107 mol
L 's'in 8.0:2.0 and 6.0 : 4.0 water—methanol
compositions, respectively. As the amount of
methanol was further increased, R, decreased

?
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Figure 5 Effect of the monomer concentration on R, at different total radiation doses

(cellulose = 1 g, water = 10.0 mL).
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Figure 6 Effect of the monomer concentration on R, at different total radiation doses

(cellulose = 1 g, water = 10.0 mL).

more sharply compared to R,; hence, very high
%GE (97.7 and 98.59, respectively, for water—
methanol compositions 4.0 : 6.0 and 2.0 : 8.0) were
observed. However, in absolute methanol, no

grafting was observed. This effect of methanol on
polymerization parameters can be explained by
its failure to swell the cellulose backbone com-
pared to water where 33.5% swelling took place.
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Figure 7 Effect of the monomer concentration on %GE at different total radiation

doses (cellulose = 1 g, water = 10.0 mL).
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Figure 8 Effect of the amount of water on P, (cellu-
lose = 1 g, [Sty] = 131.25 X 10~ * mol, total radiation
dose = 1.152 X 10* Gy).

Swelling enhances the accessibility of the mono-
mer to the active sites. The role of swelling in
grafting was well established by Garnett and co-
workers.1® They also reported that a larger size of
the diluent leads to lesser swelling of the back-
bone polymer and affects grafting in an adverse
manner. Further, methanol is a good chain-trans-
fer solvent. The solvent chain-transfer constant
(C,) of Sty to methanol (C, = 0.296 X 10~ %) is
much higher than that of Sty to water (C,
= 0.006 X 10~ %).!7 This was supported by the
fact that there was a sharp and steady fall in the
%C, when methanol was used as an additive to
water or in absolute methanol. In the presence of
methanol, various chain-transfer reactions were
initiated that scavenged both monomer and back-
bone radicals as shown:

Cell* + CH;0H — Cell-H + "CH,OH (1)
M*® + CH;0H — MH + *CH,OH (2)

Such scavenging of the monomer and even
backbone polymer radicals by solvent molecules
was also reported by Harris and Arthur for the
grafting of Sty onto preirradiated cotton and re-
generated cellulose fabrics.!® Furthermore, they
did not observe any add-on in methanol but
readily did so with an 8% water—methanol mix-
ture. In this study, the decrease of add-on to the
cellulose backbone in methanol may also be at-

tributed to the distinct or fine structure of cellu-
lose as it got ammoniated in the extraction pro-
cess. The lower degree of order in the backbone
polymer leads to the predominance of monomer
radical-solvent reactions over radical-radical re-
actions.'®

Effect of Additives

Some mineral acids and inorganic salts enhance
grafting reactions and, in this study, the effects of
some additives, such as H,SO, HNO,;, AcOH,
LiNO;, and known homopolymer suppressors
such as Mohr salt and Cu(NO;),,%° on P, at an
optimum concentration of the monomer, total
dose, and amount of water was studied. The re-
sults are presented in Table I. At the concentra-
tion studied, all the additives, contrary to their
enhancing effect, decreased P,. For acids, it
seems more likely that the ammoniation of cellu-
lose in the extraction process offset the advan-
tages of acid catalysis. Nitric acid, being a strong
oxidizing agent, produced a very low P, (9%) com-
pared to H,SO, and AcOH (32.3 and 61.10%, re-
spectively). Mohr salt, a known homopolymer in-
hibitor, also afforded lesser grafting P, (67.9%),
but R, was lower (32.80 X 1077 mol L' 7!
compared to 34.71 X 1077 mol L™t s7! in its
absence). A sharp decrease in P, was observed
with LiNOg,, whereas with Cu(NOs),, no grafting
or homopolymer formation was observed. Cu*?
combined with the monomer to form a complex,
thus, making it unavailable for either of the reac-
tions. Cu™? forms strong bonds with 2,3-hydroxyl
groups of the pyranoside ring of cellulose,?' and

[
60

1N

\
20¢
0 20 L0 6U 30 100
m e Me OH HZO Campotilion o

Figure 9 Effect of the amount of methanol-water
composition on P, (cellulose = 1 g, [Sty] = 131.25
X 10~* mol, total radiation dose = 1.152 X 10* Gy).



bidentate- and tetradentate-coordinated Cu™? be-
comes additionally stable.?? The formation of the
complex in this study was confirmed by spectral
studies. Garnett et al.?3 also reported that metal
ions get adsorbed on the cellulose, which leads to
their partitioning in the monomer system and
backbone polymer. The role of the scavenging of
monomer radicals and the partitioning of metal
ions was been reported by Collinson et al.?* and
Hoffman and Ratner.?5 In the case of Li* salts, it
was reported that nontransition metal salts affect
R, and copolymer composition by complex forma-
tion with the monomer.?® All the additives
showed a decrease in all the grafting parameters
(ie., %#C,, #GE, P,, R,, and R,.). R;, however,
was enhanced (from 34.74 X 10~ 7 to 64.54 X 10~ 7
mol L™ ! s71) in the presence of sulfuric acid.

Evidence of Grafting by the Characterization of
Polymers

FTIR spectra of cellulose'?!'? and cellulose-g-poly-

(Sty) were compared, and the IR spectrum of cel-
lulose showed prominent peaks at 3471.89,
2927.66, 1165.16, 1016.8, and 871.67 cm ™ !, corre-
sponding to O—H, C—H, and C—O—C stretching
and —OH bending, respectively. The peak as-
signed to O—H stretching (3471.89 cm ') was not
only lower than expected for secondary and pri-
mary O—H groups but was also very broad. The
presence of some native carboxylic groups was
supported by the small shoulder peak at
1734.38 cm ™! corresponding to >C=0 absorp-
tion of acid. Cellulose-g-poly(Sty), on other
hand, showed, in addition to the previous,
peaks between 2847.03 and 2862.54 cm ™! due to
C—H stretching and very sharp peaks between
759.3 and 755.56 cm ™! and 700.39 to 697.54
cm ! in different cellulose-g-poly(Sty) copoly-
mers. When the absorbance ratio of the mono-
substituted benzene ring to the C—0O—C
stretching of the ether linkage of the anhydro-
glucose unit of cellulose (1068.07-1053.08
cm ') was plotted against the P,, a straight line
was obtained, which corroborated well with the
P, determined gravimetrically (Fig. 10).
Swelling studies of cellulose and cellulose-g-
poly(Sty) were carried out in dimethyl sulfoxide
(DMSO), dimethylformamide (DMF), MeOH, and
water. DMSO swelled the cellulose backbone
more than water (Fig. 11). However, no swelling
was obtained with DMF and MeOH. These re-
sults were expected in view of the contributions of
solubility parameters (8H and 8P), molar vol-
umes both for protic and aprotic solvents. For
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Figure 10 P_ of cellulose and cell-g-poly(Sty) in dif-
ferent solvents as a function of P, (cellulose = 1 g, [Sty]
= 131.25 X 10~ * mol, total radiation dose = 1.152
X 10* Gy).

cellulose-g-poly(Sty), P, increased with increas-
ing P, and decreased at its higher values. The
extent of swelling can be formulated as DMSO
> DMF > H,0 > MeOH, and such trends were
expected due to the opening of the cellulose
matrix due to grafting; these voids could hold
solvents. The solubilizing nature of DMSO and
DMF toward poly(Sty) units was observed for
modified cellulose.

Thermogravimetric analysis of cellulose and
cellulose-g-poly(Sty) showed that the decomposi-
tion processes of these polymers were different. A
primary thermogram of cellulose showed two
stages of decomposition, whereas the graft copol-
ymer degraded in a single stage.'? The first stage
of degradation in cellulose (222-372°C) was
mainly related to the dehydration of —OH units
and the formation of anhydride, followed by depo-
lymerization above 300°C. In the next stage, py-
rolysis to smaller products took place. The ther-
mogram of the graft copolymer showed weight
loss from 200°C with constant weight loss till
406°C. Poly(Sty) degraded between 300 and
400°C, with loss to dimers and trimers. A differ-
ent pattern of thermal degradation arose due to
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Figure 11 Correlation of the absorbance ratio of the stretching of C=C of Sty and
COC of cellulose from FTIR spectra of different cell-g-poly(Sty).

opening of the cellulose matrix on grafting and
the consumption of OH groups on grafting and
incorporated polymers, and it provided evidence

of grafting.
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