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Abstract: Pregelled starch (PGS) as a reactive carbohydrate polymer has been chemically modified via

graft co polymerization with methacrylamide (MAam) as a reactive monomer using Vanadium-

mercaptosuccinic acid redox pair as a new initiation system. This was done to maximize the graft yield

and graft reaction efficiency percent and minimize the homopolymerization. The major factors affecting

the polymerization reaction such as vanadium, mercaptosuccinic acid, MAam and sulphuric acid

concentrations, liquor ratio as well as reaction time (duration) and temperatures have been studied

systematically. The grafting parameters were studied with respect to graft yield and graft reaction

efficiency percent as well as % homopolymerization. On the other hand, the newly prepared poly (MAam)-

pregelled starch graft copolymers were characterized for heavy metal ions removal from their solutions.

Based on the results obtained, appropriate conditions for grafting methacrylamide onto pregelled starch

was established and the graft yield is higher under the following conditions: using 60 m mol/L Vanadium

ion, 40 m mol/L mercaptosuccinic acid, 50 m mol/L sulphuric acid; 50% methacrylamide concentration

(based on weight of substrate), liquor ratio, 7.5, reaction time, 90 min; and polymerization temperature,

35°C. Finally, the potential value of the resultant copolymers for heavy metal ion removal was assessed

through measurements of critical properties such as removal of different heavy metal ions as well as

durability.
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INTRODUCTION

It is well known that starch is one of the most

important naturally abundant polysaccharides and a low

cost carbohydrate polymer. It is one of the few

carbohydrate polymers that have been used extensively

in industry. In recent years, particular attention has

been directed to synthesize starch graft copolymers duo

to a great interest of synthesizing a new low cost-

effective polymer0 . [1-8]

Choice of the initiator is one of the main

controlling factors in the graft co polymerization

reaction with respect to graft yield and graft reaction

efficiency percent. Many researchers have studied the

graft co polymerization onto starch with vinyl

monomers  initiated  by  ceric salts; duo to the latter

can form  efficient  redox  system in presence of

organic reductants . On the other hand, according to[9-10]

Hebeish et-al, poly (MAA)-starch graft copolymer is

the main product of polymerization reaction only when

starch was pre-swelled prior to grafting . Our[11]

previous studies have also disclosed that the

2 precipitation technique of MnO onto starch in presence

of citric acid as activator induces the graft co

polymerization onto starch without homopolymer

formation[12].

In this paper, synthesis of poly (methacrylamide)-

pregelled  starch  graft  copolymer  is  studied by

using new initiation system namely Vanadium-

mercaptosuccinic acid redox pair. The major factors

affecting grafting reaction were studied systematically.

This was done to establish the optimum conditions for

producing grafted starch with higher graft yield and

graft reaction efficiency percent. In addition, the

application of the resultant copolymers for heavy metal

ions removal was assessed via measuring the critical

properties such as heavy metal ions removal as well as

durability.
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MATERIALS AND METHODS

Materials: Pregelled starch was kindly supplied by

Egyptian starch and Glucose Manufacturing Company,

Cairo Egypt. Ammonium metavanadate (E. Merck),

Mercaptosuccinic   acid   (Sigma),   Sulphuric  acid

(E. Merck), Methacrylamide, ethyl alcohol, hydrochloric

acid, sodium hydroxide, Nitric acid, Mercuric chloride,

Copper sulphate, Zinc acetate, Lead acetate, Nickel

chloride and Cobalt nitrate were reagent grade

chemicals.

Polymerization Procedure: The graft polymerization

reaction was carried out in 100 ml stoppered flasks

containing an aqueous solution of monomer. 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 remove the

dissolved oxygen. The pregelled starch and calculated

amounts of mercaptosuccinic acid, methacrylamide and

sulphuric acid solutions were added and the reaction

mixture was mixed thoroughly. To initiate the reaction

a known amount of ammonium metavanadate was

added. The contents were shaken occasionally during

polymerization. After the desired time interval, the

flask contents were poured over 500 ml ethyl alcohol.

At this end, a precipitate was formed which consisted

of starch graft copolymer and the homopolymer (poly

methacrylamide). The latter can be removed by

washing with 400 ml water –ethanol mixture (30:70)

several times (for 15 min. each) on the magnetic stirrer

at room temperature, filtered and finally dried in an

electric oven at 60°C for 3h. It was found

experimentally that washing five times with a mixture

of water/ ethanol (30:70,v/v) is quite enough for

complete homopolymer removal in physical mixtures of

starch/ poly (methacrylamide), that can be proven by

tracing the nitrogen content of these mixtures after each

wash. 

Proof of Grafting: This was done via measuring the

nitrogen % of grafted samples by a well-known

Kjeldahal  method .  three  times  for  each samples,[13]

as  well  as  their  standard  deviation.  On other

words,  both  the nitrogen % and the standard

deviation for each sample were taken as an evidence of

grafting onto pregelled starch as a carbohydrate

polymer that is free from nitrogen groups as a starting

substrate. 

Characterization: The graft yield was traced by

estimating the nitrogen % and the graft yield was

calculated as follows:

100 (N (%). 6.07) 

Graft yield (%) = --------------------------- 

100 – (N (%). 6.07) 

On the other hand, the graft reaction efficiency

percent (G.R.E. %) was calculated as follows:

Graft yield (%)

G.R.E. (%) = --------------------------------------- X 100 

Percent of monomer based on 

weight of starch (bows)

Homopolymer % = 100- GRE% 

Heavy Metal Ions Removal: Aqueous solutions of

0.05 M of different metal ions were prepared and its

pH was adjusted to the specific values. Poly (MAam)-

pregelled starch graft copolymers (0.25 g) having

different graft yields were put into a glass bottle

containing 100 ml of metal salt solution and the

mixture was occasionally shaken at magnetic stirrer for

24 hr at room temperature. After the desired contact

time, the solutions were filtered and the residual metal

ions concentration in the filtrate was estimated by using

atomic adsorption (Varian. A.A 2000), Austria.

Desorption of Metal Ions: The treated poly

(methacrylamide)- pregelled starch graft copolymers

with metal ions solution was stirred with 50 ml of

0.1N nitric acid for 2 hours at room temperature and

then filtered. Then the metal ion in the filtrate was

estimated.

RESULTS AND DISCUSSIONS

Effect of Vanadium (V) Ions Concentration: Figure

1 shows the relation between vanadium (V) ions

concentrations and the grafting parameters (graft yield

and graft reaction efficiency %) of poly (MAam) -

pregelled starch graft copolymers. It is seen from the

figure 1 that the graft yields and graft reaction

efficiency % increased by increasing the vanadium ions

concentration from 10 to 60 m mol/L but decreased

thereafter. The increase in grafting parameters may be

duo to increase in the formation of primary free radical

species, that leads to an increment in the free radical

concentrations, which participate mainly in graft

initiation reaction. While on the other hand, the

reduction in grafting parameter after 60 m mol/L

Vanadium ions may be explained in terms of oxidative

termination of growing grafted chain via presence of

abundance of free radical species as shown below in

(equations (1) and (2):
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Fig. 1: Effect of vanadium ion concentrations on the grafting parameters of poly (MAam)-pregelled starch graft

copolymers.

Fig. 2: Effect of mercaptosuccinic acid concentrations on the grafting parameters of poly (MAam)-pregelled starch

graft copolymers

2 2CH -COOH   CH -COOH
|   |

 3 2CH-COOH + [V (OH) ]  6 CH-COOH + VO  + 2 H O 2+ 2+

|   | (1)
SH   S.

(RSH) (RS ).

RS  + V  6 Oxidation product + V (2). 5+ 4+

Effect of Mercaptosuccinic Acid Concentrations:

Figure 2 shows the effect of varying mercaptosuccinic

acid concentrations from 10-50 m mol/L on the

grafting parameters of poly (MAam)-pregelled starch

graft copolymers. It was observed that the graft yield

and graft reaction efficiency % increased by increasing

the mercaptosuccinic acid concentration up to 40 m

mol/L but decreased  thereafter.  The  enhancement  in

grafting may be duo to the increase in the

mercaptosuccinic acid concentration, which generates a

larger number of free radical species at faster rate at

which addition of monomer takes place. While the

decrement in grafting parameters beyond the cited

concentrations of mercaptosuccinic acid, may be

attributed to the higher formation of homopolymer as

evident from the data of homopolymer in figure 2.

Effect of Sulphuric Acid Concentration (Hydrogen
Ions): Figure 3 shows the effect of sulphuric acid

concentrations (H ) on the grafting parameters. Or on+

the  other  word,  H  concentration was changed from+

5- 50 m mol/L. It was seen from Figure 3 that, the

grafting parameters increase by increasing the sulphuric

acid concentration within the studied range. This

observation  may be explained in the manner of, in the
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Fig. 3: Effect of sulphuric acid concentration on the grafting parameters

Fig. 4: Effect of changing liquor ratio on the grafting parameters of poly (methacrylamide) - pregelled starch graft

copolymer

aqueous medium vanadium (V) present as VO and by2+

increasing hydrogen ion concentration it reacts with

 3  ions to give [V (OH) ] species (as shown below in 2+

equation 3), which is a better oxidant. The latter

species reacts with mercaptosuccinic acid producing

primary free radical (as in equation 4). Thus, by

increasing hydrogen ion concentration, the production

of primary free radical species increases thereby

leading to an increase in graft yield and graft reaction

efficiency %.

3 3VO  + H O  [V (OH) ] (3)2+ + 2+

2 2CH -COOH             CH -COOH
|      |

3 3 2CH-COOH + H O  [V(OH) ]  6CH-COOH + VO  + 2 H O+ 2+ 2+

|                | (4)
SH               S.

(RSH)                  (RS ).

Effect of Liquor Ratio: Figure 4 reveals the

dependence  of changing the liquor ratio on the

grafting parameters of poly (methacrylamide) -

pregelled starch graft copolymer. It is seen figure 4

that, increasing the liquor ratio up to 7.5 is

accompanied  by  an  increase in the grafting

parameter,  then  decrease when the liquor ratio

increases  up  to  15.  So,  it  is logically to say that,

of  all  liquor  ratio studied, a liquor ratio 7.5

constitute the  best.  It  is likely that at this particular

liquor ratio a good grafting environment is created

through intimate  association  of  the monomer and

initiator with  the  pregelled  starch macromolecules.

Once this is the case, greater availability of the

monomer and initiator in the vicinity of the pregelled

starch macromolecules occurs, thereby leading to higher

grafting. Opposite situation is encountered at higher

liquor ratio.
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Fig. 5: Effect of methacrylamide concentration on the grafting parameters of poly (methacrylamide) - pregelled

starch graft copolymer

Fig. 6: Effect of duration on the grafting parameters of poly (methacrylamide) - pregelled starch graft copolymer

Effect of MAam Concentration: Figure 5 shows the

dependence  of  methacrylamide  concentration on the

grafting parameters of poly (methacrylamide) -

pregelled starch graft copolymer. It is clear that there

is a direct relation between the graft yield and

monomer concentration within the range studied. This

is truly duo to greater availability of the monomer

molecules at higher methacrylamide concentration in

the proximity of pregelled starch (grafting sites. 

While on the other hand, with respect to G.R.E.,

the results reflect that G.R.E. decreases as the

methacrylamide  concentration  increases, unlike the

graft yield. This suggests that, beside its favorable

effect on grafting reaction, the concentration of

methacrylamide seems to have an outstanding effect on

the homopolymerization reaction as evidenced by the

drown data in figure 5. Since the grafting reaction

competes with the homopolymerization and since the

concentration of methacrylamide acts more in favor of

the latter and the observed decrement in G.R.E. by

increasing methacrylamide concentration can be

explained.

Effect of Polymerization Time: Figure 6 shows the

effect of reaction time (period) on the grafting

parameters by changing the time of polymerization

reaction from 15 to 120 min. There is an increase in

the graft yield and graft reaction efficiency percent as

the reaction time increased from 15 to 90 min. then

leveled off by increasing the reaction time to 120 min.

This is seen irrespective of the polymerization

temperature used. Increasing the grafting parameter

from 15 to 90 min. may be attributed to addition of

greater number of methacrylamide molecules to the

growing grafted chains. While leveling off grafting

parameter after that, could be associated with depletion

in monomer and initiator concentration as the reaction

proceeds.  Beside, it is may also likely that, during the
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Fig. 7: Effect of polymerization temperature on the grafting parameters of poly (MAam)-pregelled starch graft

copolymers

course of grafting, pregelled starch undergoes

modification 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.

Effect of Polymerization Temperature: The effect of

polymerization temperature on the graft yield and graft

reaction efficiency percent of poly (MAam)-pregelled

starch graft copolymers has been shown in Figure 7.

However, the extent of grafting is determined by

temperature; the extent of grafting increases by raising

the polymerization temperature from 25°C to 35°C then

decreases by raising the polymerization temperature

thereafter. Results of grafting reaction efficiency are in

accordance with those of grafting reaction.

The  increment  in  grafting parameters is

attributed  to the increase in the production of primary

free  radical  species  with  consequent increased in

the number of grafting sites at polymer backbone,

beside, increase in the rate of diffusion of

Methacrylamide  onto  the polymer backbone. While,

the  decrease  in  the  grafting  parameters after 35°C

is attributed to the early termination of growing

grafting chains at elevated polymerization temperature.

Nevertheless,  the   possibility   of   greater  amount

of  homopolymer  formation  at  higher temperature

and  the  adverse  effect  of  this on the graft yield

and grafting and graft reaction efficiency % cannot be

ruled out.

Tentative Mechanism of Grafting: Based on the

experimental results, the following tentative mechanism

for grafting has been proposed:The primary free radical

species (RS ) is formed as follows:.

2 2CH -COOH            CH -COOH
| |

 3 2CH-COOH+[V (OH) ] 6 CH-COOH+VO  + 2 H O   2+ 2+

|           | (1)
SH           S.

(RSH)           (RS ).

Once the free radical species (RS ) are formed, they.

produce  pregelled  starch macro radical St-O  via.

direct abstracting of hydrogen atoms from pregelled

starch molecules. This reaction may be represented as

follows:

St-OH + RS 6 StO  + RS H (2). . .

Where St-OH represent the pregelled starch

molecule. 

In the presence of methacrylamide as a 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. Subsequent addition of monomer molecules

to the initiated chain propagates the grafting reaction

onto pregelled starch as follows: 

3 3              CH          CH
              *                *

2 2 StO  + CH = C 6 StO - CH – C (3). .

     *                *

2 2     CONH            CONH

3 3 3 3   CH          CH           CH       CH  
   *         *           *          *

2 – 2 2 n 2StO- CH  C  + n CH  = C 6 StO- (CH - C-) -CH – C (4). .

   *      *       *        *

2 2 2 2   CONH      CONH      CONH   CONH

(Graft propagation)
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Finally,  termination  of  the  growing grafted

chain may occur via reaction with the initiator,

coupling or combination and disproportionation as

follows:

3 3 3 3  CH   CH         CH        CH  

  * *         *        *

2 n 2 2 nStO-(CH -C) –CH -C +R  6 StO-(CH -C) –CH = C (5). .

  * *     *       *

2 2 2 2  CONH  CONH    C O N H    C O N H  

(Graft termination by initiator radical)

3 3   3 3  CH   CH    CH   CH  

  *  *      *       *

2 n 2 2 2 nStO-(CH -C) -CH -C  +  C-CH -(C-H C) –OSt 6.     .

  * *        *       *

2 2 2 2  CONH  CONH  CONH  CONH    

3 3         CH     CH     

        *       *

2 n+1 - 2 n+1StO- (CH  - C )  (C – H C-)  – Ost             

             *       * 

2    CONH  CONH2      (6)

(Graft termination by coupling or combination)

3 3 3 3 CH      CH           CH       CH    

 *      *           *         *

2 n- 2 2 m 2StO-(CH -C) CH -C +StO-(CH -C) -CH -C  6. .

 *      *           *         *

2 2 2 2 CONH  CONH        CONH   CONH  

3 3 3 3      CH    CH     CH     CH  

  *   *     *    *

2 n 2 2 mStO-(CH -C) -CH -C-H+StO-(CH -C) –CH=C

      *    *     *    *

2 2 2 2 CONH   CONH         CONH   CONH (7)

(Graft termination by disproportionation)

Characterization:

Heavy metal ions removal: Poly (methacrylamide)-

pregelled starch graft copolymers, their graft yields

ranged from (12.1 - 26.5 %) were used for removing

different heavy metal ions from their solutions. The

different heavy metal ions used were Hg , Cu , Zn ,+2 +2 +2

Ni , Co , Cd  and Pb .The obtained results are set+2 +2 +2 +2

out in Figure 8.

It is seen from the figure that, the amount of heavy

metal ions removed (expressed as % absorbency) is

governed by the % grafting as well as the nature of

metal ion used. So, when the graft yields increased

from 12.1 - 26.5 %, the magnitude of removal of

heavy metal increased irrespective of the nature of

metal ion used. It is also seen that, the synthesized

poly (methacrylamide)- pregelled  starch graft

copolymers is more effective in removing Hg  than all+2

other metal ions in question and follow the order: 

    Hg > Cu > Zn > Ni > Co > Cd > Pb+2 +2 +2 +2 +2 +2 +2

This is in accordance with lrving-William, s series (14)

for the stability of various ligands with nitrogen or

oxygen as coordinating atoms for divalent transition

metal ions.

Fig. 8: Effect of changing the graft yields of poly (MAam)- pregelled starch graft copolymers on the %

adsorbency of different heavy metal ions from their solution. 
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Fig. 9: The Durability of poly (MAam)-pregelled strarch graft copolymer 

Durability: Poly (methacrylamide) - pregelled starch
graft copolymer having 26.5 % graft yield was used in
adsorption and desorption of different metal ions
several times up to 4 cycles at room temperature to
examine their durability.

Figure 9 reflects the adsorbancy of different metal
ions on the above copolymer after four cycles
(adsorption and desorption).

It is seen that:

1- The adsorbed metal ions were easily desorbed by

3treatment with 0.1 M HNO  at room temperature,
2- The adsorbed amount of the different metal ions

decreases slightly after each washing cycle;

In other word, the decrease in adsorption capacity
of the copolymer in question after each washing cycle
may be duo to solubility of some highly substituted

2derivatives (CONH ) after each washing cycle.

Conclusions: Approximately  26.5%  graft yield and
53% graft reaction efficiency as well as 47%
h o m o p o l y m e r i z a t i o n  w e r e  o b t a i n e d  w h e n
methacrylamide as a reactive monomer was graft
copolymerized onto pregelled starch as a reactive
substrate using a new redox initiation system namely
vanadium-mercaptosuccininc acid redox pair. This was
obtained by applying the following optimum grafting
conditions: using 60 m mol/L Vanadium  ion,  40  m
mol/L mercaptosuccinic acid, 50 m mol/L sulphuric
acid; 50% monomer concentration (based on weight of
substrate), liquor ratio, 7.5, reaction time, 90 min; and
polymerization temperature, 35°C. Furthermore,
application of the synthesized copolymers for removal
heavy metal ion in question follows the order: 

Hg > Cu > Zn > Ni > Co > Cd > Pb+2 +2 +2 +2 +2 +2 +2
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