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KEYWORDSABSTRACT

Starch as one of the most abundant, renewable, low cost and biodegradable
carbohydrate polymers world wide, suffers from some drawbacks, the most
outstanding is a lakes of properties of synthetic polymers. So, modification
of starch by graft co polymerization will provide a substantial modification
route to alter physical and chemical properties of starch thereby enlarges
the range of its utilization. by attaching a flexible synthetic polymer onto the
rigid natural polysaccharides backbone without greatly changing the latter.
In addition to the main disadvantageous of the above technique are the
high % of homopolymer and lower % grafting. At this point, our research
team directed the work towards how to maximize the graft yields and graft
reaction efficiency % and minimize to lower extent the homopolymer % as
well as enhancing the water solubility of the prepared copolymers. Based on
the results obtained, appropriate conditions for grafting MAA onto pregelled
starch were established and the graft yield is higher under the following
conditions: using 10 mmol/L potassium persulfate, 8 mmol/L TMEDA, 50%
MAA concentration (based on weight of substrate), liquor ratio, 10, reac-
tion time, 60 min; and polymerization temperature, 60C. On the other hand,
grafting enhanced significantly by adding Fe3+, Cu2+ and Li1+in the grafting
media and follows the order Fe3+> Cu2+> Li1+, in addition to the solubility %.
Approximately 37.5 % graft yield and 75 % graft reaction efficiency as well
as 25 % homopolymerization were obtained when methacrylic acid was graft
co polymerized onto pregelled starch as a reactive carbohydrate polymer
using a new redox initiation system namely KPS / TMEDA redox pair. Graft-
ing was also enhanced significantly by adding Fe3+, Cu2+ and Li1+in the
grafting media and follows the order Fe3+> Cu2+> Li1+. Furthermore, notable
enhancement in solubility % of grafted samples with lower graft yields than
that of higher one.  2011 Trade Science Inc. - INDIA
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INTRODUCTION

Today, natural carbohydrate polymers are
modified in such away that their inherent charac-
teristics are enhanced and are thus tailored for par-
ticular end use requirements. Starch as one of the
most abundant, renewable, low cost and biodegrad-
able carbohydrate polymers world wide, suffers
from some drawbacks the most outstanding is a
lakes of properties of synthetic polymers[1]. For the
last few decades, modification of starch by one of
the most fascinating, universal, effective and acces-
sible methods i.e. graft co polymerization that pro-
vides a substantial modification route to alter physi-
cal and chemical properties of starch, thereby en-
larging the range of its utilization by attaching a flex-
ible synthetic polymers onto the rigid natural
polysaccharides backbone without greatly chang-
ing the latter[2-5]. In addition, the properties of the
resulting copolymers may be widely controlled by
the characteristics of synthetic side chains, includ-
ing molecular structure, length and number. In the
past, starches have been graft co polymerized by
different techniques, most of them are based on free
radicals tool that are formed along the backbone
of the polymer either by chemical initiators[6-10] or
by irradiation[11,12]. The main disadvantageous of the
above methods especially that based on chemical
method are the high % of homopolymer and lower
% grafting except in some cases when using ceric
ions and MnO

2
 as initiation system[13-16]. To our

knowledements as well as our recent depth litera-
ture survey, there is no report about the graft co
polymerization onto pregelled starch via KPS /
TMEDA as a redox initiation system.

For simplicity, our present investigation, is
aimed at: (1) optimizing the condition of grafting of
MAA onto pregelled starch using KPS / TMEDA
as a redox initiation system, to establish the opti-
mum conditions for producing grafted starch with
higher graft yield and lower homopolymer %, (2)
evaluating the addition of different cations on the
graft yield % and (3) measuring the solubility % of
different grafted samples (having variable amounts
of soluble carboxyl groups) to see their effect on
the solubility %.

EXPERIMENTAL

Materials

Pregelled starch was kindly supplied by Egyp-
tian starch and Glucose Manufacturing Company,
Cairo Egypt. Methacrylic acid stabilized with 0.01%
hydroquinone was freshly distilled at 75C and pres-
sure of 100 mmHg; it was stored at �10C until
used. Potassium persulfate (KPS; analytical grade),
Tetramethylethylene diamine (TMEDA; biochemi-
cal grade) were used without further purification.
Ethyl alcohol and sodium hydroxide were used as
supplied.

Polymerization procedure

Unless otherwise indicated, the graft polymeriza-
tion reaction was carried out in 100 ml flasks contain-
ing accurate amount of pregelled starch and aqueous
solution of monomer. A liquor ratio 10 was used. The
flasks were stoppered and placed in a thermostatic
water-bath until the required temperature was reached.
Nitrogen gas was purged through this solution to re-
move the dissolved oxygen. To initiate the reaction cal-
culated amounts of KPS solution and TMEDA solution
were added by order and the reaction mixture was mixed
thoroughly. The contents were shaken occasionally dur-
ing polymerization. After the desired reaction time, the
flask contents were poured over 500 ml of ethyl alco-
hol where a precipitate was formed that consisted of
pregelled starch graft copolymer and the homopoly-
mer. The homopolymer poly (metacrylic acid) was re-
moved from the reaction mixture by washing the pre-
cipitate five times with 500 ml of a water/ ethyl alcohol
mixture (30:70) for 15 min on the magnetic stirrer at
room temperature, filtered and finally dried in an elec-
tric oven at 60oC for 3 hr. It was found experimentally
that washing five times with the above mixture is quite
enough for complete homopolymer removal in physical
mixtures of starch/ poly (metacrylic acid) by tracing the
carboxyl content of these mixture after each wash until
constant value.

Evidence of grafting

This was done via measuring the carboxyl content
of grafted samples by a well-known method (17) three
times for each samples, as well as their standard devia-
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tion. On other words, both the carboxyl content and
the standard deviation for each sample were taken as
an evidence of grafting onto pregelled starch as a car-
bohydrate polymer that is free from carboxyl groups
when it used as a starting substrate.

Characterization

The graft yield was traced by estimating the car-
boxyl content and the graft yield was calculated as fol-
lows:

)084.0contentcarboxy(100
)084.0contentcarboxy(100

(%)yieldGraft




where; 0.084 are the molecular weight of MAA/1000.
On the other hand, the graft reaction efficiency percent
(G.R.E. %) was calculated as follows:

100

)bows(starchofweighton

basedmonomerofPercent
(%)yieldGraft

.(%)E.R.G 

The amount of homopolymer is quantified accord-
ing to the following relationship:
Homopolymer % = 100 � G.R.E. %

Solubility %

The solubility % of grafted pregelled starch samples
was determined at 70C calorimetrically according to
a reported method[18].

RESULTS AND DISCUSSION

Effect of potassium persulfate concentration (KPS)

Figure 1 shows the effect of potassium persulfate
concentration on the grafting parameters (i.e. graft yield,
graft reaction efficiency % and homopolymerization %)
of poly (MAA) - pregelled starch graft copolymers. It
was seen from the drown data that the G.Y.% and
G.R.E.% increases by increasing KPS concentration
up to 10 mmol/L, but beyond this concentration the
G.Y.% and G.R.E.% decreased.

The increase in grafting parameter may be duo to
the progressive reduction of potassium KPS by
TMEDA via charge transfer producing (CH

3
)

2
NCH

2
-

CH
2
N(CH

3
)CH

2
. and .OSO

3
H free radicals that at-

tack pregelled starch molecule (PS) creating more free
radical species that participate mainly in graft initiation
as shown below in the proposed reaction scheme[19].

While on the other hand, the reduction in grafting
parameter after 8 mmol/L KPS may be explained in
terms of KPS may decompose to form HSO

4
- and oxy-

gen molecule (O
2
) that acts as a free radicals scavenger

i.e. termination[20] according to the proposed equations
1-5.
S

2
O

8
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Once the free radical species (R.) are formed, they
produce pregelled starch macro radical PS-O. via di-
rect abstracting of hydrogen atoms from pregelled starch
molecules. This reaction may be represented as fol-
lows:
PS-OH +R.  PSO. + RH (6)

where PS-OH represent the pregelled starch mol-
ecule.

In the presence of synthetic vinyl monomer the
pregelled starch is added to the double bond of the
vinyl monomer, resulting in a covalent bond between
monomer and pregelled starch with creation of a free
radical on the monomer, i.e., a chain is initiated. Subse-
quent addition of monomer molecules to the initiated
chain propagates the grafting reaction onto pregelled
starch as follows:

Graft propogation

PSO + H2C C

CH3

COOH

H2
C C

CH3

COOH

PSO (7)

(CH2 C

CH3

COOH

PSO +

CH3

C

CH3

CH2n

(CH2 C)n

CH3

COOH

PSO
H2
C C

CH3

COOH

(8)

Finally, termination of the growing grafted chain may
occur via reaction with the initiator, coupling or combi-
nation and disproportionation as follows:
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Graft termination by initiator radical
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Graft termination by coupling or combination
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Graft termination by disproportionation
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Effect of TMEDA concentration

Figure 2 declares the effect of TMEDA concentra-
tions on the grafting parameters of poly (MAA)-
pregelled starch graft copolymers. Obviously increas-
ing the TMEDA concentrations up to 8 mmol/L is ac-
companied by an increase in the graft yield but de-
creases with further increase in the concentration. This
can be explained in terms of the increase in the number
of free radicals, while the decrease in G.Y. % at higher
concentration may be duo to the excess TMEDA fur-
ther reacts with primary free radical species. The maxi-

mum G.R.E. % was observed at 8 mmol/L TMEDA
concentration.

Liquor ratio

Figure 3 reveals the dependence of the grafting pa-
rameters on the liquor ratio of poly (MAA) - pregelled
starch graft copolymer. As is evident increasing liquor
ratio up to 10 brings about an outstanding enhance-
ment in the grafting parameter, then decrease when the
liquor ratio increases up to 20. It is logical that the vol-
ume of the reaction medium increases as the liquor in-
creases. Meanwhile, the amount of the reactant rela-
tively decreases and hence their dilution occurs. This
dilution decreases, the collision probability of the reac-
tion ingredients thereby decreasing grafting. Thus the
enhancement in grafting upon using a liquor ration of up
to 10 suggests that this particular ratio offers the most
appropriate environment for the collision probability of
the reaction ingredients. Higher ratios, on the other hand,
decrease this probability and; as a result decreased graft-
ing is observed.

Effect of MAA concentration

Figure 4 shows the dependence of MAA concen-
tration on the grafting parameters of poly (MAA)-
pregelled starch graft copolymer. It is clear from the
figure that, there is a direct relation between the graft
yield and monomer concentration within the range stud-
ied. It is certain, however, that increasing MAA con-
centration up to 50 % based on weight of starch brings
about much more significant enhancement in grafting
than upon using MAA over a concentration range of
50-200%. Enhancement in grafting by increasing MAA
concentration could be associated with greater avail-
ability of MAA molecules in the proximity of starch at
higher MAA concentration. Needless to say that the
starch macroradicales (sites for grafting are immobile
and their reaction with MAA molecule would rely on
availability of these molecules in the vicinity of pregelled
starch.

While on the other hand, with respect to G.R.E.,
the results reflect that G.R.E. decreases as the MAA
concentration increases, unlike the graft yield. This
suggests that, beside its favorable effect on grafting
reaction, the concentration of MAA seems to have
an outstanding effect on the homopolymerization re-
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action. Since the grafting reaction competes with the
homopolymerization and since the concentration of
MAA acts more in favor of the latter and the ob-
served decrement in G.R.E. by increasing MAA con-
centration can be explained. This is in accordance
with the data shown of homopolymerization within
the range studied.

Effect of polymerization time

Figure 5 shows the effect of reaction time (period)
on the grafting parameters by changing the time of re-
action from 15 to 120 min. It is seen figure 5 that, there
is an increase in the graft yield and graft reaction effi-
ciency percent as the reaction time increased from 15

to 60 min. then approximately leveled off by increasing
the reaction time thereafter. This is seen irrespective of
the polymerization temperature used. Increasing the
grafting parameter from 15 to 60 min. may be attrib-
uted to addition of greater number of MAA molecules
to the growing grafted chains. While leveling off graft-
ing parameter after that, could be associated with deple-
tion in monomer and initiator concentration as the reac-
tion proceeds. Beside, it is may also likely that, during
the course of grafting, pregelled starch undergoes modi-
fication and the modified starch derived thereof is not
as amenable to grafting as the unmodified starch, a point
which may be taken into consideration when explaining
leveling off grafting.

Figure 1 : Effect of potassium persulphate concentrations on
the grafting parameters of poly (MAA)-pregelled starch graft
copolymers. Reaction conditions: Pregelled starch, 2 g.;
[TMEDA], 10 mmol/L; [MAA], (50% based on weight of sub-
strate); liquor ratio, 10; Time, 60 min., and temperature, 60C

Figure 2 : Effect of TMEDA concentrations on the grafting
parameters of poly (MAA) - pregelled starch graft copoly-
mers. Reaction conditions: Pregelled starch, 2 g.; [KPS], 10
mmol/L; [MAA], 50% (based on weight of substrate); liquor
ratio, 10; Time, 60 min., and temperature, 60C

Figure 3 : Effect of liquor ratio on the grafting parameters of
poly (MAA) - pregelled starch graft copolymers. Reaction
conditions: Pregelled starch, 2 g.; [KPS], 10 mmol/L; [PMPS],
8 mmol/L; [MAN], 50% based on weight of substrate); Time,
60 min., and temperature, 60C

Figure 4 : Effect of methacrylic acid concentrations on the
grafting parameters of poly (MAA) - pregelled starch graft
copolymers. Reaction conditions: Pregelled starch, 2 g.;
[KPS], 10 mmol/L; [PMPS], 8 mmol/L; Liquor ratio, 10; Time,
60 min., and temperature, 60C
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Effect of polymerization temperature

The effect of polymerization temperature on the
grafting parameters of poly (MAA)-pregelled starch
graft copolymers has been shown in Figure 6. How-
ever, the extent of grafting is determined by tempera-
ture; the extent of grafting increases by raising the poly-
merization temperature up to 60C then decreases by
raising the polymerization temperature after that. Re-
sults of grafting reaction efficiency are in accordance
with those of grafting reaction. This behavior may be
explained on the basis of the fact that, the appropriate
increase in the temperature favors the activation of
pregelled starch backbone and monomer radicals, lead-

ing to an increase in graft yields and graft reaction effi-
ciency percent. While on the other hand, the lower graft-
ing observed beyond the optimum temperature above
60C is, perhaps, duo to faster termination rate. Nev-
ertheless, the possibility of greater amount of homopoly-
mer formation at higher temperature and the adverse
effect of this on the graft yield and grafting and graft
reaction efficiency % cannot be ruled out.

Effect of adding cations

Figure 8 shows the effect of concentration of Li1+,
Cu2+ or Fe3+ ion in the polymerization medium on the
graft yield % of poly (MAA)-pregelled starch graft co-
polymer. It is clear that; graft yield increases significantly

Figure 5 : Effect of reaction time on the grafting parameters
of poly (MAA)- pregelled starch graft copolymers. Reaction
conditions: Pregelled starch, 2 g.; [KPS], 10 mmol/L; [PMPS],
8 mmol/L; [MAN], 50% based on weight of substrate); Li-
quor ratio, 10; and temperature, 60C

Figure 6 : Effect of polymerization temperature on the graft-
ing parameters of poly (MAA) - pregelled starch graft copoly-
mers. Reaction conditions: Pregelled starch, 2 g.; [KPS], 10
mmol/L; [PMPS], 8 mmol/L; [MAN], 50% based on weight of
substrate); Liquor ratio, 10; and time, 60min

Figure 7 : Effect of different cation concentrations on the
graft yield of poly (MAA) - pregelled starch graft copolymers.
Reaction conditions: Pregelled starch, 2 g.; [KPS], 10 mmol/
L; [PMPS], 8 mmol/L; [MAN], 50% based on weight of sub-
strate); Liquor ratio, 10; time, 60min.; and temperature, 60C

Figure 8 : Solubility % of poly (MAA) - pregelled starch
graft copolymers having different graft yields. Reaction con-
ditions: Pregelled starch, 2 g.; [KPS], 10 mmol/L; [PMPS], 8
mmol/L; Liquor ratio, 10; time, 60 min.; and temperature,
60C
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by incorporation of any of these cations in the polymer-
ization system. Moreover, the extent of grafting increases
by increasing the cation concentration irrespective of
the valancy of the cation used. Nevertheless, trivalent
cations, namely Fe3+, bring about the highest grafting
while the monovalent cation, namely, Li1+ produce the
least. Divalent cation, i.e., Cu2+, stand in mid-way po-
sition.

That significant enhancement in grafting could be
achieved by mere incorporation of the said cations and
that the magnitude of this enhancement relies on the
valiancy of cation are rather interesting. It is logical to
assume that the cation participation in initiation of graft-
ing via accelerating formation of the primary free radi-
cal species. The cation may also form a redox system
with the monomer. As a result it is converted to the
reduced form, which would be oxidized back by atmo-
spheric oxygen, and this conversion presumably involves
radical intermediate capable of initiating grafting. By way
of example mention is made of the following:

MAA and Cu2+ ion form perhaps a redox system.
Once this is the case, Cu2+ is converted to Cu1+ ion.
The latter would be oxidized back to the cupric state
by atmospheric oxygen, and this conversion must pre-
sumably entail radical intermediate as suggested by
equations 12-14[21,22].
O

2
 (gas)  O

2
 (liquid) (12)

O
2
 + Cu2+ CuO

2
+ (13)

CuO
2
+ + H+ Cu2+ + HO

2
. (14)

The HO
2
. radical may be involved presumably in

the initiation of grafting or can undergo a reaction lead-
ing to formation of hydrogen peroxide as well hydroxyl
radicals (HO.). Moreover, the formation of both HO.

and HO
2

. radicals in the decomposition of hydrogen
peroxide by metallic ion have been reported[23,24]. The
grafting order: Fe3+ > Cu2+ > Li1+ could be associated
with difference in mode of adsorption on the pregelled
starch. Most probably the cation is attached to the
starch molecules via ionic and chelate bonding. Cat-
ions, which are strongly associated with pregelled
starch, would play relatively smaller role in the graft-
ing reaction. The opposite is the case with those cat-
ions, which are not strongly bonded to pregelled starch.
Current data suggest that the strength of the bonds
holding the cation with pregelled starch is least with
Fe3+ and highest with Li1+ and moderate with Cu2+.

Nevertheless, differences among these cations with
respect to ease of conversion of the cation to the re-
duced form and the subsequent back oxidation with
formation of free radical intermediate capable of graft-
ing cannot be ruled out.

Solubility %

Figure 8 shows the solubility % of poly (MAA)-
pregelled starch graft copolymer vis-à-vis their graft

yields. It is obvious that, the solubility % increases
by increasing the graft yield up to a certain value and
then decreases. For example, the solubility % in-
creases from 9.9 % to 50.6 % when the graft yield
increases from 0 to 24.5 %. On the other hand, lower
solubility % is observed with the grafted samples
having graft yield higher than 24.5 %. This can be
explained as follows:

Introduction of graft yield i.e. (soluble carboxyl
groups) into the molecular structure of pregelled starch
at relatively low degree of substitution up to 24.5 %
leads to a decrease in hydrogen bonding between
pregelled starch molecules which increases solubility
%, and (b) Further Increase in the degree of grafting
of poly (MAA)-pregelled starch graft copolymer
leads to increasing the molecular weight of the starch
which adversely affect the solubility % of the grafted
pregelled starch.

CONCLUSIONS

Approximately 37.5 % graft yield and 75 % graft
reaction efficiency as well as 25 % homopolymerization
were obtained when methacrylic acid was graft co
polymerized onto pregelled starch as a reactive car-
bohydrate polymer using a new redox initiation sys-
tem namely KPS / TMEDA redox pair. This was ob-
tained by applying the following optimum grafting con-
ditions: using 10 mmol/L potassium persulfate, 8 mmol/
L TMEDA, 50% MAA concentration (based on
weight of substrate), liquor ratio, 10, reaction time,
60 min; and polymerization temperature, 60C. Graft-
ing was also enhanced significantly by adding Fe3+,
Cu2+ and Li1+in the grafting media and follows the or-
der Fe3+> Cu2+> Li1+. Furthermore, notable enhance-
ment in solubility % of grafted samples with lower graft
yields than that of higher one.
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