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a b s t r a c t

A graft copolymer was synthesized by graft copolymerization of starch with acrylamide (AM) and acry-
lacyloxyethyltrimethyl ammonium chloride (AAC). The copolymerization was carried out by using a
complex initiation system of urea [CO(NH2)2] and ammonium persulfate [(NH4)2S2O8]. The effect of
reaction conditions on graft copolymerization and the application of the polymer as the flocculant were
investigated. Experiments showed that a graft copolymer with higher grafting level and higher intrinsic
eywords:
tarch
crylamide
crylacyloxyethyltrimethyl ammonium
hloride
omplex initiation system

viscosity could be obtained by changing the method of monomer addition and by controlling the ratio of
AAC to AM. The application test showed that the results of treatment of two kinds of industrial waste water
by the grafted starch [S-g-P(AM-co-AAC)] were better than those treated with cationic polyacrylamide
(CPAM).

© 2010 Elsevier Ltd. All rights reserved.
raft copolymerization

. Introduction

Cationic polymers of acrylamide and other vinyl monomers
re currently commercialized and widely applied in numerous
elds such as the petroleum industry and environmental protec-
ion. Hunkeler and Hamielec (1991) investigated synthesis, kinetics
nd modeling of inverse microsuspension polymerization of acry-
amide with quaternary ammonium cationic monomers; Hou and
a (1995) studied synthesis and kinetics of diallydimethyl ammo-
ium chloride with acrylamide in inverse emulsion. However
rawbacks of these products are poor dissolution properties and
high cost.

Starch is a naturally abundant polysaccharide and a low cost
aterial. In recent years, particular attention has been attached to

ynthesis of starch graft copolymer due to an increasing interest in
he synthesis of new cost-effective polymer. Ma, Cao, and Cui (1998)
eported synthesis of SCAM and application in petroliferous water
reatment; Tai and Ma (2002) investigated synthesis of the graft
opolymerization onto starch with acrylamide and diallydimethyl

mmonium chloride as strong cationic flocculant; Cao, Yang, and
iu (2003) studied synthesis of graft copolymer of AM-DM on starch
n inverse emulsion; Tai and Liu (2004) investigated synthesis and
occulation properties of starch-graft-acrylamide.

∗ Tel.: +86 459 5903784; fax: +86 459 5903589.
E-mail address: shshsh1975@sina.com.

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.05.049
In this paper, synthesis of starch-graft-poly(acrylamide-co-
acrylacyloxyethyl trimethyl ammonium chloride) [S-g-P(AM-co-
AAC)] is studied by using a complex initiation system of urea
[CO(NH2)2] and ammonium persulfate [(NH4)2S2O8]. The article
discusses the preparation method and effect of reaction conditions
on properties of the product. In addition, the application of the graft
copolymer as a flocculant is investigated.

2. Experimental

2.1. Materials and instruments

The materials used in this study were purchased from the
following suppliers: acrylacyloxyethyltrimethyl ammonium chlo-
ride (AAC) from Yantai Xinghuo Chemical Plant (Yantai, China);
acrylamide (AM) from Nanchang Changjiu Chemical Co., Ltd. (Nan-
chang, China); corn starch from Changchun Huanglong Food Co.,
Ltd. (Changchun, China); ammonium persulfate and urea from
Shanghai Chemical Reagent Corporation (Shanghai, China); and
cationic polyacrylamide (CPAM) from Dalian Guanghui Chemical
Co., Ltd. (Dalian, China).
Infrared spectrum (IR) was carried out on a Spectrum One-B
infrared spectrometer (Perkin Elmer Company of USA); Nuclear
magnetic resonance spectrum (NMR) was tested by an INOVA400
nuclear magnetic resonance spectrometer (Varian Company of
USA).

dx.doi.org/10.1016/j.carbpol.2010.05.049
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:shshsh1975@sina.com
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at a speed of 1 mL/min after the reaction is initiated. Experiments
show that this method is feasible. Cationic monomer is consumed
successively with prolongation of reaction time, the graft copoly-
mer has a higher intrinsic viscosity and the charge of the polymer
is well-distributed. Table 1 shows that the more AM is dropped

Fig. 1. IR spectrum of S-g-P(AM-co-AAC).
H. Song / Carbohydrate

.2. Preparation of the graft copolymer

The reaction was carried out in a four-necked round-bottom
ask equipped with stirrer, thermometer, nitrogen gas inlet and
ondenser. The flask was heated in a thermostatic water bath.
.3 mol AGU/L of starch slurry was metered into the flask and pre-
eated for 30 min at 80 ◦C. After starch had been gelatinized (starch
lurry turned to a transparent solution), the flask contents were
ooled to 30 ◦C. Then AM, AAC, ammonium persulfate and urea
ere added and the mixture was allowed to react for 4 h at 45 ◦C.

.3. Analysis of the graft copolymer

The solution with prepared S-g-P(AM-co-AAC) was precipitated
ith ethanol, and the precipitated S-g-P(AM-co-AAC) was washed
ith acetone, thus removing the unreacted monomer. The product
as dried at 40 ◦C.

The homopolymers and the AM-AAC copolymer were removed
rom the precipitated graft copolymer by soxhlet extraction with
60:40 (v/v) mixture of ethylene glycol and acetic acid according

o the method of Cao et al. (2003). The graft copolymer was then
ashed with ethanol, and was dried in a vacuum oven at 40 ◦C

o constant weight. The product was analyzed by IR spectropho-
ometer as KBr pellet and by 1H NMR spectrophotometer with the
euteroxide as the solvent.

.4. The graft level of the graft copolymer

The purified sample (0.5 g) was hydrolyzed in 100 mL 1 M HCl
olution under reflux for 3 h at 70 ◦C. The solution was neutralized
ith 1 M NaOH and the copolymer side chains were precipitated
ith cold ethanol. The product was then dried in a vacuum oven at

0 ◦C to constant weight. The percentage of grafting (PG), and the
rafting efficiency (GE) were calculated by the following equations
Gao, Yu, & Wang, 1998):

G = weight of grafted P(AM-co-AAC)
weight of starch

× 100%

E = weight of grafted chains
weight of reacted monomers

× 100%

.5. The intrinsic viscosity of the graft copolymer

The intrinsic viscosity of the graft copolymer was determined
ith an Ubbelohde viscometer at 30 ± 0.1 ◦C in a 1 M aqueous
aNO3 solution. A series of �sp of the copolymer with different
oncentrations were measured. The data were processed and the
egression equation was established. The intrinsic viscosity [�] was
alculated from the equation reported by Qian and Du (1988).

.6. Cationic degree of the graft copolymer

Measurements of cationic degree: a dry product sample (0.2 g)
as dissolved in distilled water, and 1 mL of an aqueous potas-

ium chromate solution was added. The solution was titrated with
silver nitrate solution (0.05 mol/L). The endpoint of titration was
etermined until the color of the solution turned to brick red. The
ollowing formula was used to calculate the cationic degree of the
roduct:
ationic degree (%, w/w) = 193.5 × 0.05 × V − V0

1000W
× 100%

here V (mL) and V0 (mL) are the volumes of the consumed silver
itrate solution for titration of the sample and the blank, respec-
ers 82 (2010) 768–771 769

tively, W (g) is the weight of the sample, and 193.5 is the molecular
weight of AAC.

3. Results and discussion

3.1. Characterization of grafting

In Fig. 1, the IR spectrum shows that the characteristic absorp-
tion peaks at 1129.23 cm−1, 2924.21 cm−1, and 3433.07 cm−1 are,
respectively, attributed to C–O, C–H, and O–H stretching vibra-
tion of starch. The characteristic absorption peak at 1631.22 cm−1

results from C O stretching vibration of the –CONH2 group. The
characteristic absorption peak at 956.15 cm−1 is due to –N+(CH3)3
stretching vibration in AAC. These results prove that starch has
grafted with AM and AAC.

In Fig. 2, the resonances at 3.73 ppm and 2.74 ppm are
attributed to the protons of methylene group and methyl group
of –COO(CH2)2N(CH3)3 in the AAC molecule, respectively, which is
an indication that AAC is found in the product.

3.2. Effect of the addition method on grafting

In graft copolymerization of starch with AM and AAC, using a
batch process may lead to a high ratio of AM to AAC in the copoly-
mer chains in the initial stages. The composition drift is severe,
and the uneven charge distribution in the copolymer can adversely
affect its applications. Consequently, the graft copolymer is syn-
thesized in a modified batch process. First, all AAC and part of AM
are added, and then remainder of AM is dropped into the system
Fig. 2. 1H NMR spectrum of S-g-P(AM-co-AAC).
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Table 1
Effect of the monomer addition method on grafting.

Ratio of dropped AM to total AM (%) PG (%) GE (%) [�] (mL/g)

0 186 82 811
30 195 86 884
50 206 90 922
80 213 92 957

100 215 93 961
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Table 3
Effect of the mixed monomer concentration on grafting.

[AM] (mol/L) [AAC] (mol/L) PG (%) GF (%) [�] (mL/g)

0.65 0.35 179 80 793
0.80 0.30 201 87 886
0.96 0.24 213 92 957
1.12 0.18 194 86 880
1.28 0.12 170 76 769
Starch] = 0.3 mol AGU/L; [CO(NH2)2] = 1.0 × 10−3 mol/L; [(NH4)2S2O8] = 3.0 ×
0−3 mol/L; reaction temperature = 45 ◦C; reaction time = 4 h; m(AM):m(AAC) = 6:4;
he total monomer concentration of AM and AAC = 1.2 mol/L; [�] = intrinsic viscosity.

nto the solution, the higher is the intrinsic viscosity. The reason
or the improvement in product properties is as follows. When
he acrylamide monomer of high activity is continuously added,
he graft copolymerization is carried out more easily, and there-
ore, the amount of acrylamide homopolymers may decrease. And
y controlling the addition rate of acrylamide, a constant com-
osition of the chains of starch-graft-poly(AM-co-AAC) could be
btained.

.3. Effect of the complex initiators on grafting

The grafting level of graft polymer by using the complex
nitiation system of CO(NH2)2 and (NH4)2S2O8 is greater. It
an be supposed that CO(NH2)2 would react with (NH4)2S2O8
o generate urea radical and initiate polymerization reaction.
oncentration of initiator greatly affects graft copolymerization.
able 2 shows that when [CO(NH2)2] is 0.5 × 10−3 mol/L, PG
nd GE both increase first, and then decrease with increase of
(NH4)2S2O8], and they reach a maximum value at 3.0 × 10−3 mol/L
(NH4)2S2O8]. Keeping 3.0 × 10−3 mol/L [(NH4)2S2O8], PG and GE
oth increase rapidly as [CO(NH2)2] varies from 0.5 × 10−3 mol/L
o 1.0 × 10−3 mol/L. However, when CO(NH2)2 concentration
s greater than 1.0 × 10−3 mol/L, it is difficult to further
ncrease the grafting level. Thus, at CO(NH2)2 concentration of
.0 × 10−3 mol/L a decrease in grafting level is observed. It seems
hat the appropriate molar ratio of [CO(NH2)2] to [(NH4)2S2O8]
s 1:3.

.4. Effect of the concentration and the ratio of two monomers on
rafting

The concentration and the ratio of two monomers are also the
ey parameters affecting both the properties of the copolymer
nd the economics of the process. These parameters are not only
elated to grafting level, but also affect the cationic degree of the
opolymer. The effects are shown in Tables 3 and 4. Keeping the

ppropriate ratio of AM to AAC, the grafting percentage, the graft-
ng efficiency and the intrinsic viscosity increase with the increase
f the total monomer concentration, which changes in the range of
.0–1.2 mol/L. When the mixed monomer concentration increases
ver 1.2 mol/L, the grafting percentage, the grafting efficiency and

able 2
ffect of the complex initiators concentration on grafting.

[CO(NH2)2] × 103 (mol/L) [(NH4)2S2O8] × 103 (mol/L) PG (%) GE (%)

0.5 1.0 82 37
0.5 2.0 111 49
0.5 3.0 140 62

05 4.0 121 54
1.0 3.0 213 92
2.0 3.0 214 93
3.0 3.0 208 90

Starch] = 0.3 mol AGU/L; m(AM):m(AAC) = 6:4; the total monomer concentration of
M and AAC = 1.2 mol/L; reaction temperature = 45 ◦C; reaction time = 4 h.
[Starch] = 0.3 mol AGU/L; m(AM):m(AAC) = 6:4; reaction time = 4 h; reaction tem-
perature = 45 ◦C; [CO(NH2)2] = 1.0 × 10−3 mol/L; [(NH4)2S2O8] = 3.0 × 10−3 mol/L.

the intrinsic viscosity progressively decrease with the increase in
total concentration of the monomers. This may be ascribed to the
following facts.

1. Increasing the monomer concentration is beneficial to the diffu-
sion of monomer molecules to radical site on the backbone, thus
leading to an increase in PG, GE and [�].

2. The high monomer concentration favors formation of
accept–donator complexes between starch and monomer,
which triggers the grafting process. However, there is always a
limitation for the increase in monomer concentration. Beyond
the limit value, grafting is not favorable. The reasons might be
that radical transfer from starch macroradicals to monomer
molecules increase, that the homopolymer of monomers and the
copolymer P(AM-AAC) increase, and that the graft copolymer of
starch decreases. Hence, PG, GE and [�] decrease.

Besides the effect of the mixed monomer concentration, Table 4
shows the effect of mass ratio of AM to AAC on grafting and cationic
degree. That is, the higher the content of AM, the higher the grafting
level and the lower cationic degree. When the mass ratio of AM to
AAC is 6:4 and the mixed monomer concentration is 1.2 mol/L, both
grafting level and cationic degree are higher.

3.5. Application tests

The graft copolymer S-g-P(AM-co-AAC) synthesized by
copolymerization of starch with acrylamide and acrylacy-
loxyethyltrimethyl ammonium chloride contains merits of
both starch and P(AM-co-AAC). S-g-P(AM-co-AAC) can be used
as the flocculant and the results of disposing waste water
from refineries and paper mills are shown in Table 5. It can
be seen that suspended substance (SS) and chemical oxygen
demand (COD) removal ratio of the waste water treated with
the cationic product S-g-P(AM-co-AAC) are better than those of
CPAM. The reason is that starch provides a rigid backbone as

the main chain and graft copolymerized AM-co-AAC provides
soft branch chains with cationic groups, so that formed big net
molecular structure is favorable for flocculation. So the obtained
cationic product combines many advantages. Therefore, S-g-

Table 4
Effect of the mass ratio of two monomers on grafting.

m(AM):m(AAC) PG (%) GE (%) [�] (mL/g) Cationic degree (%)

2:8 142 65 661 35
3:7 158 71 709 34
4:6 179 80 793 33
5:5 201 87 886 30
6:4 213 92 957 25

[Starch] = 0.3 mol AGU/L; [CO(NH2)2] = 1.0 × 10−3 mol/L; [(NH4)2S2O8] = 3.0 ×
10−3 mol/L; reaction temperature = 45 ◦C; reaction time = 4 h; the total monomer
concentration of AM and AAC = 1.2 mol/L.
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Table 5
Comparison of flocculating effect of flocculants.

Sample Flocculant Sedimentation ration (cm/min) SS removal ratio (%) COD removal ratio (%)

Refinery CPAM 7.7 82.5 87.8
Waste water S-g-P(AM-co-AAC) 8.9 91.6 92.1

Paper mill CPAM 4.9 74.1 86.7
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to the polymer solvent systems with higher values of Huggins’ constant (K′).
Waste water S-g-P(AM-co-AAC) 6.3

S of the refinery and paper mill waste water is 106 mg/L and 2285 mg/L; COD of
gents is 5 ppm.

(AM-co-AAC) has high molecular weight and good flocculating
ffect.

. Conclusions

The graft copolymerization of starch with AM and AAC is carried
ut as modified batch process. Copolymer chains with even distri-
ution of charge densities are obtained by controlling the addition
f AM and the ratio of AM to AAC. A higher intrinsic viscosity of the
raft copolymer has been achieved by using this addition method.
he complex initiation system consisting of urea and ammonium
ersulfate is used as initiation of graft copolymerization of starch
ith AM and AAC. This initiation system is more effective to graft
opolymerized AM-co-AAC onto starch, and to obtain both higher
G and higher GE for the graft copolymer. Compared with CPAM,
he graft copolymer S-g-P(AM-co-AAC) has the better treatment
ffect when it is used as the flocculant in industrial waste water
reatment.
84.2 95.5

finery and paper mill waste water is 207 mg/L and 663 mg/L. The dosage of these
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