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ABSTRACT: Polymerization of synthetic monomers is known to be influenced by the
solvent, initiator system, dilution, temperature, etc. Substrates like starch granules,
when used for graft copolymerization, can be expected to provide a drastically different
environment for the monomers (as compared to the bulk of the solvent medium), and
therefore we predicted this to influence the kinetics of polymerization and stereoregu-
larity of the synthetic polymer. This was investigated with respect to polymerization
of methacrylic acid with starch. The rate of methacrylic acid polymerization was found
to be significantly higher in grafting with starch as compared to homopolymerization
in the absence of starch. Control of molecular weight of the grafted chains was achieved
by use of chain transfer agents, and the chain transfer constants for graft copolymeriza-
tion were determined for two chain transfer agents. The polydispersity of the grafted
chains was also found to be dependent on the chain transfer agents. © 1997 John Wiley &
Sons, Inc. J Appl Polym Sci 66: 397—-403, 1997

Key words: graft copolymerization; redox initiation; polymethacrylic acid; kinetics

of polymerization; chain transfer agents

INTRODUCTION

Graft copolymerizations of synthetic monomers
onto starch have been of great interest to re-
searchers. Graft copolymers are prepared by first
generating free radicals on starch and then
allowing these macroradicals to serve as initiators
for vinyl or acrylic monomers. A number of free
radical initiating systems, like ceric ammonium
nitrate and Fenton’s reagent, have been used to
prepare graft copolymers.~® We have earlier re-
ported™® an efficient method for the preparation
of polymethacrylic acid and polymethyl methacry-
late-grafted starches. Use of a hydrotrope-like
urea was found in these cases to improve the reac-
tion efficiency, possibly due to the improved diffu-
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sion of monomer into the starch granules, as urea
is known to disrupt the intermolecular hydrogen
bonding between amylose and amylopectin mole-
cules in starch. Graft copolymerization was car-
ried out using a redox initiator system comprised
of ferrous ammonium sulfate, ascorbic acid, and
hydrogen peroxide. The conversion was > 85% for
both monomers. Graft copolymerization is usually
carried out on a slurry of starch granules in water,
and there is indirect evidence® to indicate that
grafting takes place within the starch granules.
The granules are comprised of crystalline and
amorphous networks of amylopectin and amylose
molecules associated through H-bonding. Poly-
merization of synthetic monomers in this environ-
ment could be controlled by rate of diffusion of
the monomer inside the granules and the orienta-
tion of the molecules within the granule (due to
interaction of the functional groups with the hy-
droxyls of amylose and amylopectin molecules).
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This was expected to influence the kinetics of poly-
merization, molecular weight, polydispersity, and
stereoregularity of the grafted chains.

We have now carried out extensive compara-
tive investigations on kinetics of homopolymeriza-
tion and graft copolymerization of starch with
methacrylic acid. Control of molecular weight and
polydispersity of the grafted chains to some extent
was achieved by use of chain transfer agents such
as triethylamine and mercaptosuccinic acid.

EXPERIMENTAL

Materials

Tapioca starch (with 13% moisture ) was commer-
cial grade, from Lakshmi Starch, Mumbai. Meth-
acrylic acid (MAA) (Fluka), ferrous ammonium
sulfate (FAS), hydrogen peroxide (H;0;), urea,
and triethylamine were all laboratory grade
chemicals and were used as such. Ascorbic acid
was L.P. grade, perchloric acid and mercaptosuc-
cinic acid were A.R. grade reagents, and were
used without further purification.

Methods

Preparation of Starch Graft Poly (methacrylic acid)
(SPMAA)

Tapioca starch (100 g containing 13% moisture)
was slurried in urea solution (3 g urea in 100 mL
distilled water) and was treated with MAA (10 g)
as per the procedure reported elsewhere.”® The
redox initiator used was FAS (0.1 g), ascorbic acid
(0.5 g), and H;0, (1 mL of 30% solution ). Homo-
polymer (PMAA) was removed from grafted
starch by repeated water washing (experimental
conditions of Figure 2).

Preparation of SPMAA in Dilute Starch Slurry

Effect of Dilution. Tapioca starch (100 g) was
slurried in 1000 mL water instead of 100 mL wa-
ter. The amounts of other reagents were kept the
same (experimental conditions of Fig. 4).

Effect of Concentration of Starch. Varying amounts
of tapioca starch (10, 20, 30, 40, 60, 80, and 100
g) were slurried in 1000 mL water. The grafting
was carried out with 100 g MMA, 0.1 g FAS, 0.5
g ascorbic acid, and 1 mL 30% solution of H,0,
(experimental conditions of Fig. 5).

Preparation of SPMAA Using Gelatinized Starch

Tapioca starch (100 g) was slurried in 1000 mL
water and was heated in a boiling water bath for
30 min. The cooked starch dispersion was cooled
to 30°C. Graft copolymerization was carried out
using 10 g methacrylic acid, 0.1 g FAS, 0.5 g
ascorbic acid, and 1 mL 30% H,0, solution. The
grafted starch was separated by precipitating in
ethyl alcohol (experimental conditions of Fig. 6).

Preparation of Grafted Starches in Presence of
Chain Transfer Agents

Tapioca starch (100 g) was slurried in urea (3 g
in 100 mL) solution. Methacrylic acid 10 g, FAS
0.5 g, ascorbic acid 0.5 g, and HyO, (1 mL of 30%
solution) were used for graft copolymerization.
SPMAA samples were prepared in presence of
varying amounts (0.1 to 1.5% based on dry weight
of starch) of triethylamine and mercaptosuccinic
acid.

Preparation of PMAA

Poly(methacrylic acid) was prepared using an
identical procedure used for SPMAA synthesis,
except that no starch was employed in the reac-
tion and the reaction time was extended to 24 h.
Methacrylic acid 10 g, urea 3 g, FAS 0.1 g, ascorbic
acid 0.5 g, and Hy;0, 1 mL of 30% solution were
used. The PMAA formed was precipitated in ace-
tone, redissolved in water, reprecipitated in ace-
tone, and dried at 60°C for 16 h (experimental
conditions of Fig. 1).

Isolation of Grafted Side Chains of PMAA from
SPMAA Samples

The grafted side chains of PMAA were separated
from the starch backbone by perchloric acid cleav-
age of the starch backbone in acetic acid.” Approx-
imately 2 g of starch-graft copolymer was weighed
accurately and added to 100 mL of glacial acetic
acid. The mixture was stirred for 1 h at 90—100°C.
Perchloric acid (2 mL, 70%) was then added drop-
wise, and within 2 min the mixture became a clear
solution. The product was immediately poured
into acetone to precipitate the PMAA side chain.
The precipitate was thoroughly washed to neutral
pH and dried until constant weight was obtained.

Estimation of Percent Monomer Conversion
to Grafted Starch

The grafted starch (2 g, which was washed free
of homopolymer) was slurried in 100 mL distilled



water and cooked in a boiling water bath for 30
min. The cooked dispersion was cooled to 30°C
and 20 mL of 1N standard sodium hydroxide so-
lution was added and kept for 30 min with oc-
casional stirring. Excess sodium hydroxide was
back-titrated using standard hydrochloric acid so-
lution. A blank titration was carried out using
tapioca starch. The percent monomer conversion
to grafted starch was calculated as follows

Percent monomer conversion to grafted starch

_(Ty —T3)N x 86 x 100
wiM

Where T, is the titer value of mL of HCI consumed
for grafted starch, T'; is the titer value for tapioca
starch, N is the normality of standard HCI solu-
tion, W, is the dry weight of grafted starch, and
M is the weight of monomer used for grafting 100
g of tapioca starch.

Gravimetric Estimation of Homopolymer Formed
During Graft Copolymerization

Starch slurry (~ 25 g) was removed and filtered
after specific time durations of graft copolymer-
ization reaction. The filtrate was added to a large
excess of acetone and the precipitate was filtered
and dried to constant weight at 100°C. From the
weight of the precipitate the amount of homopoly-
mer formed during grafting was estimated.

Gravimetric Estimation of PMAA Formed During
Homopolymerization

Poly(methacrylic acid) formed at various reaction
times was determined by precipitating in acetone.
For this purpose 10 mL of the reaction mixture
was drawn at 0, 0.16, 0.5, 1, 2, 24, and 168 h. The
precipitate was dissolved in water and reprecipi-
tated in acetone and dried at 60° for 16 h. From
the weights of the precipitates the percent conver-
sion was estimated.

Molecular Weight Determination of PMAA

The PMAA side chains recovered by perchloric
acid treatment of graft copolymer were dissolved
in 1M sodium chloride solution, and the number
average molecular weight (M, ) and the polydis-
persity (M,/M,) were determined from GPC. A
column combination of PL Aquagel-OH 50 and
40 of Polymer Laboratories, U.K., connected in
series was used for the studies. Sodium chloride
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Figure 1 Kinetics of homopolymerization of metha-
crylic acid.

solution (1N) was used as the eluent at a flow
rate of 1.0 mL/min. Polyethyleneoxide standard
samples from Polymer Laboratories Ltd., U.K.,
were employed for calibration. A Shimadzu LC-
6A liquid chromatograph with RID-6A refractive
index detector and PE NELSON 900 data system
were used for GPC measurements.

RESULTS AND DISCUSSION

Matrix Effects on Polymerization of MAA

In order to understand the effect of starch matrix
on the polymerization of MAA, the polymerization
was carried in water both in presence and absence
of starch granules. Fenton’s reagent, along with
ascorbic acid, was used as the initiator, and the
kinetics of the homopolymerization at 30°C are
given in Figure 1. The polymerization under these
conditions was found to be extremely sluggish,
and a monomer conversion of ~ 2% was achieved
in 2 h (and only ~ 10% in 168 h). The rate of the
reaction was found to be 1% h™! in the initial
stages of the reaction. An identical reaction was
repeated in presence of starch granules (slurried
in water). Monomer conversion into polymer was
found to be predominantly in grafted form (on
starch) and this was estimated by separation of
homopolymer by repeated water washing from the
starch granules and estimation of the PMAA con-
tent by alkali titration. The homopolymer formed
was present in the water medium, and this was
separated by precipitation in acetone. The kinet-
ics of formation of homo and grafted polymer in
this reaction are given in Figure 2. The rate of
monomer conversion to grafted and homopolymer
was found to be ~ 89%/10 min and ~ 10%/10
min, respectively. Comparison of results given in
Figures 1 and 2 indicate that the rate of polymer-
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Figure 2 Kinetics of graft copolymerization of granu-
lar starch.

ization of MAA in the presence of starch was
nearly two orders of magnitude higher than in
its absence. The polymerization reaction could be
indicated as follows.

Homopolymerization in the absence of starch:

M + "OH - "M—OH initiation

K,
*‘M—OH + nM — ‘M— (M)n—OH

propagation

K, t
*M— (M)n—OH - M— (M)n—OH
termination (chain transfer to

monomer, solvent, etc.)
Graft copolymerization with starch:

ST + "OH —» St—0O"° + H,0
“starch macroradical”

St—O°* + M > St—O—M" initiation

K
St—O0—M* + nM - St—O0—M— (M)

propagation

K, T
St—O0—M— (M), > St—O0—M— (M),
termination (chain transfer to

monomer, solvent, starch matrix, etc.)

The mechanism of graft copolymerization is re-
ported to be by formation of “starch macroradi-
cals,” which in turn initiates the polymerization
of vinyl and acrylic monomers present in the vi-
cinity. Hydroxyl radicals resulting from Fenton’s
reagent abstract a hydrogen from starch molecule

to form “starch macroradicals.” The abstraction
of hydrogens may be from the hydroxyl (as shown
in the scheme above), methylene, or methine hy-
drogens from starch. When the polymerization
takes place within the starch granule (average
size ~ 10 ym in this case), the availability of the
monomer within the granule (via diffusion along
with water), stability and reactivity of the “starch
macroradical,” stability of the propagating spe-
cies, and the orientation of the monomer within
the granule will dictate the nature and rate of
polymerization. Results given in Figure 2 indicate
that the rate of formation of homopolymer during
the grafting reaction itself is much faster (one
order of magnitude) than that in the absence of
starch. This suggests that the homopolymer in
grafting is formed mostly via chain transfer to
monomer. The significant difference in rate of
propagation (K., > K,,) could be argued to be
due to the stabilization of the propagating species
(increased half-life of the free radicals) within the
granule due to the matrix, and/or high local con-
centration of the monomer. The latter is possible
due to the association of carboxyl groups of MMA
with starch hydroxyls. Association of MAA mole-
cules within the starch granule with the hydrox-
yls of amylose and amylopectin could be visual-
ized as given in Figure 3.

This, indeed, could increase the local concen-
tration of the monomer. In fact, use of polyelectro-
lyte templates are reported to increase the rate of
polymerization of monomers like acrylic acid and
MAA,'° and this phenomenon had been explained
on similar lines. Higher local monomer concentra-
tion within the granule could be expected to lead
to formation of higher-molecular weight polymer.
This was investigated by isolating the grafted
chains (after hydrolyzing the anhydroglucose
chains of starch in the grafted polymer), de-
termining the molecular weight by GPC and com-
parison with molecular weight of polymer formed

0
o o 0 \ e (l) STARCH
\ \ \ |
! H H H H
H H s 5 1 b
" oi/ b d % 4
~ 7 N LD AN
c H \IC H \IC H
[
CHy = C CHp = ([: CHZ:(I: MAA
CHy CHy CHy

Figure3 The probable association of methacrylic acid
molecules around starch molecule.
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Table I Molecular Weight and Polydispersity of Grafted Side Chains of
PMAA Homopolymer Formed During Homopolymerization and Grafting

401

Sample Molecular Weight Polydispersity
PMAA formed during homopolymerization 40,624 3.4
Grafted side chain 37,373 3.6
Homopolymer formed during grafting 39,200 3.3

PMAA, polymethacrylic acid.

in the absence of starch. The results are given in
Table I. The molecular weights did not differ
much and the polydispersity also was found to be
approximately the same. This would indicate that
stability of the starch macroradical and its in-
creased intrinsic reactivity would be responsible
for the higher rate of polymerization.

The local monomer concentration within the
granule could be varied by increased dilution of
the monomer (with water) and reaction under
higher dilutions showed lower percent monomer
conversions (Fig. 4).

The starch/monomer ratio was now varied (di-
lution of the monomer was maintained identical)
and the extent of monomer conversion to grafted
polymer is given in Figure 5. At higher starch
concentrations the percent monomer conversion
was found to be higher. The percent PMAA con-
tent in the graft copolymer in each case is also
shown in Figure 5, and it is interesting to note
that the percent polymer content remains the
same in all cases. The monomer concentration (in
water) in the experiments described here was
10% (weight by weight), and in such a condition
the PMAA grafted onto starch remained a con-

% Conversion to grafted starch

100
Starch to water ratin 1:1 —
80
60
Starch to water ratio 1:10
40
20
0 — L I
0 05 20 24
02 1.0

Time in hours
100 g starch, 10 g methacrylic acid and 100m| water for 1:1 starch to water ratio
1000m| water for 1:10 starch to water ratio

Figure 4 Effect of dilution on percent monomer con-
version.

stant (19-22%) irrespective of the starch/mono-
mer ratios. A similar experiment was conducted
with higher monomer concentration (20% weight
by weight and starch/monomer ratio of 1:2), and
the percent PMAA in grafted starch was found to
be 27%. The variation in percent grafted polymer
was low and remained in the range of 19-27%,
irrespective of the monomer concentration or
starch/monomer ratios. This suggests the possi-
bility of limited capacity for starch to associate
with the monomer, which eventually dictates the
percent polymer add-on.

In order to further establish the influence of
the granular nature of the starch matrix to be
responsible for the increased rate of polymeriza-
tion, the reaction was repeated with starch which
was dissolved in water (gelatinized starch). Due
to the high viscosity of the starch dispersion in
water, only a 10% starch solution could be used
for the investigation. A control experiment with
10% granular starch slurry was also conducted
for comparison. The results are given in Figure 6.
A significant difference in the rate of the reaction
in the initial stages of the reaction was observed
where starch granular reaction was much faster.
However, the total conversion after 24 h remained

25
% PMAA in
20| grafted starch
-

% PMAA in grafted starch % Conversion to

15 grafted starch
——
10 % Conversion to grafted starch
5 L

0 L L Il " L
1 08 06 04 03 02 01

Starch to monomer ratios 1:
For graft copolymerisation of starch with 100 g
methacrylic acid in 1 litre water at 30 C for 2 hours

Figure 5 Effect of monomer starch ratios on extent
of monomer conversion to grafted starch and percent
PMAA content of grafted starches.
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100 g starch, 1 litre water and 10 g methacrylic acid

for grafting reaction

Figure 6 Kinetics of graft copolymerization of prege-
latinized starch compared with granular starch.

about the same in both the cases. As compared to
the homopolymerization (Fig. 1) the polymeriza-
tion rate was much faster even in the case of
starch solution. The effects of increased intrinsic
reactivity of the “starch macroradical” and higher
local monomer concentration are possible for dis-
solved starch as well. However, in the case of
starch granules the effect is magnified due to the
heterogeneity, and thereby enhanced influence,
due to the matrix.

Alignment of monomer molecules within the
starch matrix was earlier shown® to influence the
stereoregularity of the grafted chain. We had ear-
lier reported® higher isotactic content at low
monomer conversions for grafting of starch with
MAA (10% isotactic content for 14% monomer
conversion to grafted starch in comparison to 1%
for the homopolymer).

Control on Molecular Weight During
Graft Copolymerization

Mercaptosuccinic acid and triethylamine were
evaluated as chain transfer agents to vary the

molecular weight of the grafted chains. The mo-
lecular weight of the PMAA-grafted chains and
the level of chain transfer agents are given in Ta-
ble II. The percent monomer conversion (to
grafted starch) was found to be detrimentally af-
fected by use of chain transfer agents. This was
indeed expected, as increased chain transfer could
lead to formation of higher amounts of homopoly-
mer. Increasing levels of chain transfer agent re-
sulted in lowering of the molecular weight. In ad-
dition, the polydispersity of the grafted chains im-
proved significantly (1.1 as compared to 3.6 in
the absence of chain transfer agents). The chain
transfer constants were determined from Mayo
plots'' and the results are given in Table II. These
results suggest diffusion of chain transfer agents
also into starch granules during graft copolymer-
ization.

CONCLUSIONS

Spontaneous grafting of MAA onto starch oc-
curred on addition of the initiator. The polymer-
ization was found to be two orders of magnitude
faster during grafting on starch granules as com-
pared to the reaction in the absence of starch. The
conversion was very low in the case of homopoly-
merization (~ 10% in 168 h), in comparison to
graft copolymerization (>85% in 10 min). Graft
copolymerization of pregelatinized starch with
MAA gave low conversion. The conversion was
29% after 10 min for pregelatinized starch in com-
parison to ~ 50% for the granular reaction, under
the same dilution. Increased intrinsic reactivity
of the “starch macroradical,” the stability of the
propagating free radical species, high local mono-
mer concentration within the starch granule (due
to the possible association of MAA with hydroxyls

Table II Effect of CTA on Percent Conversion to Grafted Starch, Molecular Weight,

and Polydispersity

Conversion to

Molecular Grafted Starch Chain Transfer
Sample Description Weight Polydispersity (%) Constant Cs

SPMAA without CTA 37,373 3.6 88
CTA: Triethyl amine (TEA)

SPMAA with 0.002M TEA 9,648 1.1 43 0.5
CTA: Mercaptosuccinic acid (MSA)

SPMAA with 0.007M MSA 12,196 2.3 45 01

SPMAA with 0.011M MSA 9,648 1.2 21 ’

CTA, chain transfer agent.



of starch), etc. induced by the starch matrix were
argued to be the reasons for the above phenom-
ena. The molecular weight and polydispersity of
the grafted PMAA chains could be controlled by
use of chain transfer agents like mercaptosuccinic
acid and triethylamine.
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