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The graft copolymerization of styrene (ST), methyl methacrylate (MMA)/butyl acrylate (BA) with starch
was carried chemically using ferrous ion-peroxide redox system. The grafting was performed at 60 °C and
the monomer ratios of ST/MMA and ST/BA was varied with their % composition as 80/20, 50/50 and 20/80
parts by weight. The effect of initiator concentration, starch concentration and the monomer ratio on the
grafting efficiency was studied. The grafted starch granules (GSG) were further analyzed for their particle
size, bulk density and by sizing on cotton yarn for its physico-mechanical properties such as tensile
strength, elongation at break, etc. The rheological properties of the resulting granular product in water
as well as the starch graft copolymer emulsion were studied.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, modified natural polymers with improved
structural, physical and chemical properties have been gaining
increasing importance in the industry. The main raw material such
as starch is low cost, renewable, biodegradable and available abun-
dantly. The chemical modification of starch via oxidation, hydroly-
sis, esterification, etherification, grafting and dextrinization has
been extensively studied in the past (Whistler, BeMiler, & Paschall,
1984). Such modifications constitute an efficient means for the
continued and increased use of starch to provide thickening, gel-
ling, binding, adhesive and film forming properties. Of all these
modifications, graft polymerization onto starch appears to be
interesting and challenging from the point of imparting incremen-
tal properties to the sized cotton fiber. In addition, the starch graft
copolymers are increasingly becoming important due to their po-
tential applications in agricultural, medical and food sector (Jian-
ping, Jiugao, Wei, Liming, & Ruchuan, 1998). Starch graft
copolymers can be prepared by generating free radicals on the
starch backbone and then allowing these macroradicals to react
with monomer. Number of initiating methods can be used to pre-
pare the starch graft copolymer and these can be categorized into
three groups: (i) initiation by chemical methods (using ceric
ammonium nitrate or the ferrous ion-peroxide redox
system) (Brockway & Moser, 1963; Mostafa, 1997; Mostafa
& Morsy, 2004), (ii) initiation by radiation (using cobalt-60)
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(Kiatkamjornwong, Mongkolsawat, & Sonsuk, 2002) and (iii) initi-
ation by mastication (Willett & Finkenstadt, 2006).

It is known that starch generates graft copolymers with vinyl
monomers such as acrylates, methacrylates and acrylonitriles.
The graft polymerization of styrene onto starch, however, has not
been extensively studied along with other monomers. Mino and
Kaizerman (1958) have reported that cerium (IV) initiation could
not give a graft copolymer of granular starch with styrene; how-
ever, a graft copolymer with more graft efficiency could be ob-
tained when styrene is mixed with active monomer such as
methyl methacrylate or acrylonitrile. There are reports on starch
graft copolymers such as starch-g-polystyrene (Cho & Lee, 2002),
starch-g-methacrylonitrile (Athawale & Lele, 2000), starch-g-poly-
vinyl alcohol (Zhai, Yoshii, Kuma, & Hashim, 2002), starch-g-meth-
acrylamide (Meltem, 2006) and starch-g-acrylonitrile (Fanta,
Felker, & Shogran, 2004). All these starch graft copolymers have
been synthesized by generating free radicals on the backbone of
starch granules and the copolymerization of the free radicals with
the respective monomers. El-Rafie, Zahran, El Tablawy, and Hebe-
ish (1995) have studied the polymerization of acrylic acid with na-
tive as well as hydrolyzed maize starch using a potassium
bromate-thiourea dioxide redox initiator system and also, the rhe-
ological properties of the products. The study on the major factors
affecting the graft copolymerization of acrylamide onto native
starch and hydrolyzed starches using a KMnOy/citric acid redox
system has been described by Mostafa (2005). The product was
then applied for sizing of cotton textiles to see their suitability
for improving physico-mechanical properties of cotton textile.
There are also reports on the grafting of wool using redox initiation
system (Hebeish & Bendak, 1974).
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The choice of grafting method depends in part, on particular
monomer (acrylonitrile, acrylic acid, or methyl acrylate) and
the purity of the desired product. In case of pharmaceutical
application, the quality as well as the purity of the product
required is very high. So, for the production of bioadhesive
grafted starch copolymers as platform for controlled drug deliv-
ery system, the Co-gamma-radiation system is preferred (Geresh
et al., 2002). In another method the graft copolymerization of
starch was carried by physical mastication to generate free rad-
icals on the starch backbone so that the graft copolymerization
of polyacrylamide and co-substrates can be prepared by reactive
extrusion method (Willett & Finkenstadt, 2006). Taghizadeh and
Khosravy (2003) have studied the kinetics and the mechanism of
graft copolymerization by redox initiator system. There are sev-
eral other reports specific to the synthesis, characterization and
stabilization of graft copolymers (Dennenberg & Abbott, 1976;
Meltem, 2006; Nguyen, Martin, & Pauley, 1991). Also, the grafted
starch emulsion can be used as a binder for making the native
starch granules in the final formulation of the product (Fox,
1998).

Thus, from the foregoing discussion and the available literature,
it can be said that in most of the cases, the preferred choice has
been the redox system for initiation of polymerization. The grafting
of starch using single monomer system has been extensively stud-
ied; however, the use of combination of two or more monomers for
the grafting of starch has received less attention. In the present
work, the graft copolymerization initiation was carried by chemi-
cal method (ferrous ion-peroxide redox system) using styrene,
methyl methacrylate and butyl acrylate. The ratios of the mono-
mers were varied to see the effect on the grafting efficiency, graft-
ing percentage and its physico-chemical properties. The starch
graft copolymer emulsion was used as a binder for making native
starch free flowing granules. The free flowing granules of starch
were dried in a fluidized bed dryer to the desired moisture content.
The present study was undertaken with a view to develop im-
proved conditions for graft copolymerization of starch with ST/
MMA and ST/BA and to study the graft percentage, tensile strength,
rheological properties and its application in the textile industry
(Venkatraman, 1999).

2. Materials and methods
2.1. Starch

Acid modified starch was used as received from M/s. S.A. Phar-
machem Pvt. Ltd., Mumbai, India. The starch posses an intrinsic
viscosity of 0.46 dl/g measured at 25 °C.

2.2. Monomer

Commercially available methyl methacrylate (MMA), butyl
acrylate (BA) and styrene (ST) were used. Before polymerization,
the monomers were washed to remove the inhibitors from them.
The monomers were first washed with saturated 5% (w/v) NaHSO5
solution and then with 5% (w/v) NaOH solution, while ST monomer
of commercial grade was washed with 15% (w/v) KOH solution to
remove inhibitors (Forcada & Asua, 1990). Treated monomers were
further washed with distilled and deionized water until the
washed water becomes neutral.

2.3. Other reagents

Ferrous ammonium sulphate [Fe(NHg),-(SO4),-6H,0] (FAS),
hydrogen peroxide (H,0, 30% w/v), sodium hydroxide (NaOH),
potassium hydroxide (KOH) were of analytical grade.

2.4. Graft polymerization procedure

In a typical procedure, starch was gelatinized in water (5% w/v)
by heating to 75-80 °C in the reactor equipped with thermometer,
stirrer and reflux condenser. The gelatinized starch was then
cooled down to the reaction temperature of 60 °C. The nitrogen
atmosphere was maintained in the reactor by purging the nitro-
gen gas in the reactor. The ferrous ammonium sulphate was
then added to the reactor followed by the addition of monomers.
Further, hydrogen peroxide was added to initiate the polymeri-
zation reaction. The reaction was carried out at 60 °C in a con-
stant temperature bath for 2h with a constant stirring at
450 rpm. The monomer to starch ratio of 42 parts monomer to
58 parts starch by weight with the monomers ST/MMA and
ST/BA in ratio of 80/20, 50/50 and 20/80 by weight were used.
At the end of reaction, the flask contents were added to ethyl
alcohol and a precipitate was allowed to form, which consisted
of starch graft copolymers and the homopolymers of MMA/BA
and ST. This precipitate was then filtered and dried in an oven
at 60 °C until constant weight was achieved. The percentage con-
version of monomer was calculated from the increase in weight
of the starch product. The polyMMA, polyST and polyBA homo-
polymers in the dried polymer product was separated by Soxhlet
extraction using chloroform followed by ethylene dichloride for
12 h each. The percent conversion (PC), graft efficiency (GE),
graft yield (GY) and graft percentage (GP) were calculated using
following equations:

Percentage conversion(PC) = % x 100 (1)
Graft efficiency(GE) = :VL? x 100 (2)
Graft percent(GP) — 372 x 100 3)
Graft yield(GY) = % x 100 4)

where w; is the weight of polymer formed (g), w,, is the weight
of monomer taken (g), ws is the weight of grafted polymer (g), wy
is the weight of starch taken (g), ws is the weight of starch grafted
polymer (g).

2.5. Apparent viscosity

The apparent viscosities of the samples were measured at 28 °C
using Haake Rotovisco RT-10 with cone and plate (35/2° angle)
assembly. The grafted starch emulsion was taken as such and for
the grafted starch granules (hereafter referred to as, GSG) 5% w/v
solution was prepared for viscosity measurement.

2.6. Tensile strength

The tensile strength and elongation at break were measured on
Universal Testing Machine (Model: H5KS, Tinius-Olsen, USA)
according to ASTM procedure D-2256. Cotton yarns were sized
by dipping in the cooked native starch and the modified GSG starch
solution (5% w/v) at 90 °C for 5 min and dried in an oven at 100 °C
for 3 min.

2.7. Dissolution rate

The dissolution rate was determined by dissolving the known
quantity of granules in excess of water using dissolution rate appa-
ratus. The temperature of the solution was maintained at 60 °C
with stirring speed of 100 rpm. The samples were collected every
30 s and the turbidity of the samples measured using Turbidimeter
(Model: 965-IR, Orbeco-Hellige, USA).
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2.8. Fourier transform infrared spectroscopy (FTIR) analysis

Fourier transform infrared spectrum of the starch and the graft
copolymer were recorded on FTIR spectrophotometer (Model: Bo-
mem Hartman & Braun MB-series, Germany) using KBr-pellets.

3. Results and discussion
3.1. Mechanism of grafting

The presence of ferrous ions in the polymerization medium pro-
duces free radicals according to the reaction mechanism elucidated
in reaction (i), given below. The free radical produces pre-gelled
starch micro-radicals by direct abstracting hydrogen atoms from
the pre-gelled starch molecules, as shown in reaction (ii). In the
presence of monomers styrene/methyl methacrylate, the pre-
gelled starch radical is added to the double bond of the monomers
as shown in reaction (iii), resulting into the covalent bond forma-
tion between starch and the monomer with creation of the radical
on the monomer i.e. chain initiation. In the present case, the two
different monomers are present, which will attach randomly to
the growing chain as shown in reaction (iv) and (v). In this way,
the propagation of the polymerization reaction will take place. Fi-
nally, the termination of the growing grafted chain occurs via reac-
tion with the initiator, coupling or combination, as shown in
reactions (vi) and (vii), respectively.
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3.2. Effect of monomer ratio

The monomer ratio can affect the graft efficiency (GE) as well as
the graft percentage (GP). In the following study, the effect of
monomer concentration varying in the range of 80/20, 50/50 and
20/80 parts by weight has been discussed. Fig. 1 shows the effect
of variation of monomer ratio (ST/MMA) on GE and GP. It can be
seen that, in case of ST/MMA system, GE increases with an increase
in ST to MMA ratio. However, GP increases initially and thereafter
it decreases with further increase in the ST to MMA concentration
ratio. Table 1 shows the effect of monomer ratio on monomer con-
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Fig. 1. Effect of monomer concentration on the graft efficiency and graft percentage
for STIMMA system. GP (O0), GE (x).

Table 1
Effect of monomer concentration on the PC and GY

Grafted starch granules Polymer conversion (PC) % Graft yield (GY) %

ST/MMA ratio 80/20 46.87 114.62
50/50 80.55 120
20/80 59.39 112.21

ST/BA ratio 80/20 57.78 120.624
50/50 89.71 135.94
20/80 87.36 137.20

version and graft yield. At 80/20 ratio of styrene and MMA or BA,
the monomer conversion was found to be least as compared to
other ratios of 50/50 or 20/80. Fig. 2 shows the effect of variation
of monomer ratio in case of ST/BA system. It shows that as ST/BA
ratio increases both the GE and GP decreases, however as com-
pared to ST/MMA system, the ST/BA system shows higher GE and
GP.

In case of 50/50 ST/MMA or ST/BA, the polymer conversion was
found maximum as shown in Table 1. The ST/BA at the ratio of 20/
80 also gave comparable polymer conversion, which was higher
than ST/MMA having similar composition. The graft yield was
found to vary in the range of 112-137 as shown in Table 1. The
higher polymer conversion in case of ST/BA of 50/50 ratio was ob-
tained because of high reactivity ratio. The grafting efficiency of ST/
BA system is also higher as compared to ST/MMA system because
of the same reason.

3.3. Effect of initiator concentration

The effect of the initiator concentration on the GP, GE, PC
and GY was obtained by changing the concentration of hydro-
gen peroxide from 50 to 150 mM for a given monomer concen-
tration ratio and the reaction time as shown in Fig. 3 and Table
2. From the graph, the optimum concentration of H,O, for the
grafting reaction was found to be 100 mM. The hydroxyl radi-
cals can either recombine among themselves or with some
other radicals; they can result in homo-polymerization or can
stop propagation of growing chains as shown in reaction mech-
anism (vi). Further, the higher concentration of initiator pro-
duces more free radicals which are likely to participate in the
termination of growing chain radicals as well as initiating
homo-polymerization.
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Fig. 2. Effect of monomer concentration on the graft efficiency and graft percentage
for ST/BA system. GP (OJ), GE (x).

351
- 20
30

251 15

20 1

151 10

101

Graft Efficiency, %
i
o
Graft P ercentage, %

T T T U
0 50 100 150 200
Initiator concentration, mM

Fig. 3. Effect of hydrogen peroxide concentration on the percentage grafting and
graft percentage. GE (OJ), GP (x) (ST/MMA 50/50 ratio and reaction time 2 h).

Table 2
Effect of hydrogen peroxide concentration on the PC and GY for the ST/ MMA (50/50)

system

Initiator concentration (mM) 50 100 150
Polymer conversion 14.98 80.55 62.5
Graft yield 103.4 120 106.85

3.4. Effect of starch concentration

The effect of starch concentration on the GP, GE, PC and GY is
shown in Fig. 4 and Table 3. The results were obtained by varying
the concentration of starch between 3% and 7% w/v for a given
monomer concentration (ST/MMA) and time. The graft percentage
increases with an increase in starch concentration and approaches
asymptotic value of 36% at starch concentration of 7% w/v.

3.5. Granulation of starch and drying

The granulation of the native starch was carried out by adding
the grafted starch emulsion onto the native starch. By doing so, it
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Fig. 4. Effect of starch concentration on the percentage grafting and graft
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Table 3

Effect of starch concentration on the PC and GY

Starch concentration, % w/v 3 5 7
Polymer conversion 55.24 80.55 95.76
Graft yield 110 120 121

is expected to improve the flowability and the physico-mechanical
properties of the native starch. Granulation of starch was carried
out in a rapid mixer granulator by spraying varying concentrations
of graft emulsion (binder solution) of grafted starch onto the native
starch. The grafted starch granules (GSG) were dried in a fluidized
bed dryer. The air velocity and temperature for drying were main-
tained at 1.2 m/s and 60 °C, respectively, in the fluidized bed dryer.
A known amount of sample was sieved using gyratory sieve shaker
(Secor, India). The weight of residual granules in each sieve was
measured for determining particle size distribution and the aver-
age mean particle size (Dsg) (Parrott, 1986). At high binder concen-
tration, the particle size distribution was found to be wider as
compared to the lower binder concentration as shown in Fig. 5.
The average mean particle size for 10% w/w binder concentration

was 290 pum and for both 16.67% and 23.72% w/w binder concen-
tration the average particle size was found to be around 360 pm.

Fig. 6 shows the loss of moisture with time and the dependence
of drying rate on the initial binder concentration. The drying kinet-
ics data was fitted by using Page model equation (Hinderson, 1974)

MR = exp [—(0.0044 x C* —0.1846 x C + 1.9597)

% t(—0.0038><C2+0.1739><C—0A8506)] (5)

where,

Xe —Xe
Xo —Xe

C is the concentration of binder (wt%), t is the time (min), X; is
the moisture content at any time (kg/kg), X, is the initial moisture
content (kg/kg), X, is the equilibrium moisture content (kg/kg). It
was found that the Page model fits the drying data very well within
+15%. The time required for the drying of the GSG to the moisture
content of 0.04 kg/kg (dry basis) was found to be in the range of
20-25 min.

MR = moisture ratio =

3.6. Physico-mechanical properties

Table 4 indicates the flowability of GSG in terms of angle of re-
pose and the corresponding bulk density. It can be seen that the
granules were of free flowing nature (angle of repose ~38°) having
bulk density in the range of 450-500 kg/m> according to the ISO
5311-1992.

3.7. Evidence of grafting
FTIR spectra of pure starch and grafted starch are shown in

Figs. 7-9. The spectrum of the grafted starch shows the character-
istic absorption of starch at 3000-3800 cm™~'due to OH stretching

Moisture Ratio, MR

0 T T

T T
0 5 10 15 20 25 30 35
Time, min

Fig. 6. Moisture content profiles for the GSG of ST/MMA system. Experimental
points: 16.67% (O), 23.72% (A), 10% (x), from Eq. (5) ().

Table 4
Angle of repose and bulk density data for the grafted starch granules

1 -
X
a
a
& 9
IO
o 05
N X
u A
§ x
5 g =
o
a
o
b 4
x &
5]
0 T T T T T
0 100 200 300 400 500 600

Particle size, pm

Fig. 5. Particle size distribution of GSG after granulation and fluidized bed drying
for binder concentration of 10% (x), 16.67% (OJ) and 23.72% (A) (w/w).

System Ratio by weight Angle of repose in (°) Bulk density (kg/m?)
ST/MMA 80/20 457.35

50/50 37.65 485.66

20/80 482.83
ST/BA 80/20 460.53

50/50 38.65 419.40

20/80 504.98
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3.8. Dissolution rate study

The dissolution rate study of the GSG was carried at 60 °C in dis-
tilled water as a medium. Five hundred milligrams of GSG was ta-
ken directly in 100 ml of distilled water. Uniform temperature was
maintained using water bath and the samples were collected every
30s. The concentration of dissolved solids was measured using
Turbidimeter. The dissolution data is as shown in Fig. 10. The dis-
solution rate of the GSG decreases with an increase in the styrene
concentration in both the cases. The asymptotic concentration of
GSG increases with the decrease in styrene composition, thereby
limiting the styrene contribution. It is therefore desired to keep
the styrene content to minimum and increase the concentration
of either methyl methacrylate (MMA) or butyl acrylate (BA).

3.9. Viscosity

The rheological properties of aqueous solution of GSG (5% w/v),
polymerization product of starch—-ST-MMA/BA and the emulsion
of ST-MMA were studied. Figs. 11-13 show the plot of the viscos-
ity of the above solutions versus the shear rate. As shown in the fig-
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Fig. 10. Plot of time versus dissolved solids for the starch grafted with different
monomer ratios: ST/MMA: 80/20 (x), 50/50 (+), 20/80 (M) and ST/BA: 80/20 (<),
50/50 (A), 20/80 (0).
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acrylate molecules. Thus, the FTIR spectra of ST/MMA-grafted
starch and ST/BA-grafted starch gives supporting evidence that
both the polymers were successfully grafted on to the starch
molecules.
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Fig. 11. Plot of shear rate versus viscosity for the GSG of ST/MMA system. Starch
(x), 80/20 (), 50/50 (A), 20/80 (+).
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ure, the viscosity of the solutions decreases with an increase in the
shear rate showing shear-thinning property.

The power low model for the aqueous solution of GSG given in
the below equation was used to fit the experimental data

Hy = kD (6)

where 1, is the apparent viscosity (Pas), k is the consistency coeffi-
cient (N s"/m?), j is the shear rate (1/s), n is the power law index.

As shown in Figs. 14 and 15, the shear-thinning behavior is ob-
served for all the solutions. The power law index varies in between
0.5 and 0.33. In case of ST/BA system the value of the n decreases
with an increase in the ST concentration as shown in Fig. 15. This
is due to the increased viscosity with an increase in grafting
efficiency.

Table 5 shows the grafting efficiency and power index for aque-
ous solution (5% w/v) of GSG obtained by varying the ratios of
monomers. The native starch solution was used to compare these
properties. It can be seen that the power law index for the native
starch is higher as compared to GSG of ST/MMA system and nearly
the same as compared to ST/BA (20/80) system. The initiator pres-
ent in the reaction system causes the break down of the starch

0
!
11
21

3 -

44

In Apparent Viscosity

5

-6
In shear rate

Fig. 14. Log-log plot of shear rate versus apparent viscosity for the GSG of ST/MMA
system. 80/20 (O), 50/50 (x), starch (A).
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Fig. 15. Log-log plot of shear rate versus apparent viscosity for the GSG of ST/BA
system. 80/20 (A), 20/80 (C1), 50/50 (x).

Table 5
Percentage grafting and power index data for the grafted starch granules of ST/ MMA
and ST/BA system

Grafted starch granules Grafting efficiency Power index
Starch - 0.461

ST/MMA ratio 80/20 43.80 0.411
50/50 34.12 0.459
20/80 28.39 =

ST/BA ratio 80/20 49.65 0.377
50/50 55.34 0.446
20/80 58.82 0.461

molecules during the reaction and so the power law index de-
creases to some extent after grafting reaction. Also, the viscosity
of the final emulsion depends on the grafting efficiency and in case
of ST/BA system the power law index remains the same as that of
native starch.

3.10. Sizing of cotton textiles

The work presented in this section aims at applying the newly
synthesized sized products in sizing of cotton textiles to see its
suitability for the temporary improvement of the physico-mechan-
ical properties. Starch has been widely used commercially in tex-
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Table 6
Physico-mechanical properties of cotton fabric sized with GSG
Fabric sample Tensile Elongation
strength at break
(kgf) %
Unsized 1.139 8.45
Sized with native starch 1.266 7.65
Sized with ST/BA grafted starch granules
80/20 1.36 7.23
50/50 1.39 6.92
20/80 1.47 6.18
Sized with STMMA grafted starch granules
80/20 1.392 7.78
50/50 1.456 6.76
20/80 1.454 7.76

tile warp sizing, particularly in cotton textiles. Nevertheless, it suf-
fers from serious defects, the most outstanding of which are (a)
very high molecular size which limits their penetration into the
bulk of the textile threads; (b) instability of the viscous solution
due to fluctuation of temperature during cooking and sizing oper-
ations; (c) rigidity of the film, particularly in the absence of a good
lubricant; and (d) susceptibility to rot and degradation by microor-
ganism. To overcome or at least to minimize these defects chemical
modification via hydrolysis and grafting as in our case, have been
emphasized. Table 6 shows the physico-mechanical properties
such as tensile strength and elongation at break point of the cotton
yarn sized with the plain starch and the grafted starch.

The results in Table 6 reveal a number of interesting features:

1. Cotton yarn samples sized with native starch shows an increase
in tensile strength, while elongation at break decreases with
respect to the unsized one.

2. Cotton yarn samples sized with ST/BA and ST/MMA-grafted
starch granules exhibit higher tensile strength and further
lower elongation at break as compared to the sizing with native
starch.

3. Cotton yarn samples sized with ST/BA (20/80) grafted starch
granules shows the highest tensile strength and even further
lower elongation at break as compared to the earlier case.

4. Conclusions

The grafted starch was synthesized by graft copolymerization of
starch with ST and MMA/BA. The optimum monomer concentra-
tion ratio and the initiator concentration were determined. The
percentage grafting of the starch-g-polyST/polyMMA of 50/50
and starch-g-polyST/polyBA of 20/80 were found to be higher as
compared to other ratios. The optimum concentration of the
hydrogen peroxide initiator was found to be 100 mM. The maxi-
mum percentage grafting was found in case of starch-g-polyST/
polyBA system. The grafting of starch was confirmed by FTIR anal-
ysis. The cotton yarn sized with GSG of ST/BA system gives higher
tensile strength and lower elongation at break. The time required
for the dissolution of the grafted starch granules was high when
the percentage grafting is high. In addition, the viscosity of the
grafted starch granules can be increased by increasing the percent-

age graft. The monomer ratio of 20/80 in case of ST/BA was found
to give the highest tensile strength with the corresponding lowest
elongation at break.
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