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a  b  s  t  r  a  c  t

Chitin  was  successfully  grafted  with  polystyrene  by free  radical  mechanism  using  ammonium  persul-
fate  (APS)  initiator.  The  reaction  was carried  out  in  aqueous  medium.  The  effect  of pH,  chitin:monomer
weight  ratio,  APS,  reaction  time  and reaction  temperature  were  investigated.  The  results  showed  that
the  optimum  conditions  for grafting  of  polystyrene  were  found  as  follows:  pH 7, chitin:monomer  weight
ratio  of  1:3,  0.4 g of  APS,  reaction  temperature  of  60 ◦C  and  reaction  time  2  h.  The  graft  copolymer
eywords:
hitin
olystyrene
mmonium persulfate
raft copolymer
adical polymerization

was  characterized  by  Fourier  transform  infrared  spectroscopy,  thermogravimetric  analysis  (TGA)  and
differential  scanning  electron  microscopy  (DSC).  Gel  permeation  chromatography  (GPC)  analysis  car-
ried out  on  the  hydrolyzed  graft copolymer  showed  that  the Mn and  Mw were  6.3395  ×  104 g/mol  and
1.69283  × 105 g/mol,  respectively,  with  polydispersity  index  of  2.7.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Chitin is the second most abundant biopolymer (after cellulose)
nd is known to be the only natural basic polysaccharide widely
ound in nature (Muzzarelli et al., 2012). Chitin and its deacetylated
orm chitosan, are bio-renewable, biodegradable, biocompatible,
nexpensive and environmentally friendly polymers. Chitin is a
eteropolymer made up of �-(1 → 4)-2-acetamido-2-deoxy-�-d-
lucopyranose units. It is found in nature as the exoskeleton of
arine invertebrates, but mainly extracted from crab and shrimp

hells of waste materials from the seafood processing industries
Lin, Lin, & Chen, 2009; Liu et al., 2010). The chemistry of chitin
s quite interesting due to the presence of hydroxyl groups at
3 and C6 and acetamide group at C2 positions that makes it
ore useful than cellulose. As such, chemical modification of this

iopolymer can result in special polymeric material having dis-
inct functionality with numerous applications, such as in the field
f chromatography, textile industries, cosmetics and toiletries, as
iodegradable, chelating agent as well as biomedical material (Cho,
ang, Park, & Ko, 2000; Muzzarelli et al., 2012).
Despite all these fascinating properties, chitin has remained
nder-utilized biopolymer primarily due to its insolubility in all
sual solvents (Chang, Chen, & Zhang, 2011; Pillai, Paul, & Sharma,

∗ Corresponding author. Tel.: +60 75534462; fax: +60 75566162.
E-mail address: ahmedy@kimia.fs.utm.my (A. Abu Naim).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.07.054
2009). This insolubility is due to its intra and inter-molecular hydro-
gen bonds. Chemical modification of chitin is an important aspect
which continues to receive considerable attention. Graft copolym-
erization is one of such modification modes.

Graft copolymerization of chitin has been reported previ-
ously. Chitin grafted with styrene copolymer using mercaptochitin
as initiator was reported by a group of researchers (Kurita,
Hashimoto, Yoshino, Ishii, & Nishimura, 1996). Graft copolymer-
ization of styrene onto chitin and chitosan by radiation-induced
technique was also reported (Pengfei, Maolin, & Jilan, 2001;
Shigano, Kondo, & Takemoto, 1982). Graft copolymerization of
�-methyl l-glutamate N-carboxy anhydride (NCA) onto water-
soluble chitin in water/ethyl acetate system (with side chains
of various lengths) was  successfully prepared (Kurita, Yoshida,
& Koyama, 1988). Methyl methacrylate was  grafted onto mer-
captochitin using dimethyl sulfoxide as a solvent, and was then
successfully converted into chitin-graft-(PMMA-co-poly(sodium
methacrylate)) (Kurita, Inoue, & Harata, 2002). Graft copolymeri-
zation of styrene onto iodochitin in a fairly dissolved and highly
swollen state was also reported using both cationic and radical
mechanism (Kurita et al., 1992). Fenton’s reagent as redox initia-
tor was  also introduced to graft acrylic acid and acrylonitrile onto
chitin/chitosan (Aly, Jeon, & Park, 1997).
Acrylic acid was grafted onto �-chitin by forming an ester link-
age between carboxylic groups of acrylic acid and hydroxyl group
by the addition of potassium peroxydisulfate initiator. Acrylic
acid was  grafted onto partially deacytylated chitin using radiation

dx.doi.org/10.1016/j.carbpol.2013.07.054
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.07.054&domain=pdf
mailto:ahmedy@kimia.fs.utm.my
dx.doi.org/10.1016/j.carbpol.2013.07.054
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echanism (Hien, Van Phu, Duy, & Huy, 2005). Chitin was grafted
ith succinic anhydride using 4-dimethylaminopyridene as cata-

yst (Yoshimura, Uchikoshi, Yoshiura, & Fujioka, 2005). Thiolated
-chitin was sequentially modified to 6-mercaptochitin and then
oly(methyl methacrylate) was grafted onto the derivative (Munro,
anton, Moratti, & Robinson, 2009). Sulfated chitin was  prepared
sing sulfur trioxide-pyridine in 5% LiCl/DMAc solvent system (Zou

 Khor, 2009). Recently, acrylic acid was grafted onto chitin nanofi-
re, using potassium persulfate as a radical initiator (Ifuku, Iwasaki,
orimoto, & Saimoto, 2012) and homogenous synthesis of chitin-

ased acrylate copolymer using ammonium persulfate initiator
Liu et al., 2013) were reported. All these reported modifications
nvolved either the elimination of OH group on the C6 or modifying
he acetamido group at C2 of the glucosamine and thus far, no report
as described on the investigation of pH in relation to chemical
eaction of chitin. In the present work, we report for the first time
he chemical modification of chitin by grafting with polystyrene
sing ammonium persulfate (APS) as initiator.

. Materials and methods

.1. Materials

Styrene monomer was purchased from Acros (New Jersey,
SA). Chitin from crab shells was purchased from Sigma–Aldrich

St. Louis, USA), chloroform from BrightChem (Penang, Malaysia),
ther anhydrous from J.T Baker, acetone and ethyl benzene from
igma–Aldrich (St. Louis, USA), and methanol from QRëc (Selan-
or, Malaysia). All reagents and solvents were analytical grade, and
ere used directly as received without further purification except

tyrene.

.2. Preparation of chitin solution

The chitin solution was prepared as described previously (Liu
t al., 2009; Sannan, Kurita, & Iwakura, 1975, 1976) with a little
odification. Instead of considering pH 7–8 alone as previously

eported, the grafting was performed at various pH 5–8 in order
o determine the pH that will give the highest percentage grafting.
ry chitin powder was soaked in concentrated sodium hydroxide

olution (40%, w/w) and leave to stand at 29 ◦C and 760 mmHg  pres-
ure for 65 h to form a viscous brown suspension. The suspension
as poured onto crushed ice (80 g) which was made from distilled
ater. Concentrated aqueous HCl was added dropwise to the mix-

ure with stirring until the pH reached 12. The pH was  adjusted to
ifferent pH values (5–8) by adding proper amount of HCl (0.1 M)
o the solution. The solution was stirred at various reaction tem-
eratures ranging from 40 to 80 ◦C.

The alkali chitin solutions prepared above were transferred to a
-necked flask equipped with nitrogen inlet tube, reflux condenser,
nd mechanical stirrer. The system was purged with nitrogen,
tirred at 420 rpm and heated at different temperatures ranging
rom 40 to 80 ◦C. Ammonium per sulfate was added to the above
nd interact with the chitin solution for 30 min  before adding the
onomer.
Copolymers of soluble chitin and styrene were prepared using

ifferent parameters namely chitin:monomer weight ratio, tem-
erature, reaction time, pH of the chitin solution and initiator
ontent with constant stirring at 420 rpm. The reaction mixture
as poured into methanol to precipitate the crude copolymer. The
recipitate was filtered using sintered glass funnel, dried under

acuum at 40 ◦C as tan powdery material until a constant weight
as achieved. The crude graft copolymer was washed with ethyl

enzene (Soxhlet extraction) for 24 h to remove any polystyrene
resent. The extracts were filtered using sintered funnel, washed
ymers 98 (2013) 1618– 1623 1619

with methanol to rinse the copolymer. The clean graft copolymers
were dried to a constant weight in a vacuum oven at 40 ◦C.

The graft copolymer (1 g) was transferred into 100 mL  round
bottom flask fitted with condenser, which was immersed in an oil
bath. Hydrochloric acid (6 M,  20 mL)  was added into the above flask,
and the mixture was  magnetically stirred overnight at 90 ◦C. The
hydrochloric acid, along with the degraded chitin was removed by
simple filtration. Chloroform (40 mL)  was added to the residue and
the solution was concentrated under reduced pressure and poured
into methanol to precipitate the cleaved polystyrene. The precipi-
tate was filtered using sintered funnel, dried in a vacuum oven to a
constant weight to give 0.7 g of polystyrene.

2.3. Characterization

After washing, the products were weighed and characterized by
FT-IR (KBr), TGA, DSC and GPC. The percentage of grafting; G (%) and
the yield of graft copolymerization; Y (%) were calculated using the
equations described below (Blair & Kam Moon, 1982; Kaewtatip &
Tanrattanakul, 2008):

G(%) = W2 − W1

W1
× 100 (1)

Y(%) = W2 − W1

W3
× 100 (2)

where W1 was the original weight of the chitin, W2 was weight of
washed product and W3 was the weight of the styrene monomer. IR
spectra were recorded on a Perkin-Elmer Spectrum-One FTIR Spec-
trometer. The number average molecular weight, weight average
molecular weight and polydispersity index (PDI) were measured by
gel permeation chromatography (GPC) Waters 1515 and Waters
2414 RI detectors with a set of Styragel columns (HR3, HR4 and
HR5, 7.8 × 300 mm).  All measurements were carried out at 36 ◦C
using THF as eluent with flow rate of 1.0 mL/min. The system was
calibrated using polystyrene standards with the molecular weight
range from 2.95 × 103 g/mol to 4.22 × 106 g/mol.

The glass transition point of the graft copolymer was analyzed
with Thermal Advantage Instrument Q2000 with Tzero technol-
ogy and refrigerated cooling system (RCS 90), using aluminium
pan under a 50 mL/min N2 flow at the heating rate of 20 ◦C/min
on the second heating of a heating–cooling–heating cycle. A sam-
ple of approximately 10 mg  was  closed separately in sample pan
with another empty pan placed on reference temperature sensor.
The samples were scanned in the temperature range of 20–180 ◦C.

Thermogravimetric analysis (TGA) was  performed by using TA
Q500. A temperature calibration test was conducted by running
calcium oxalate monohydrate sample as standard. The analysis was
carried out with a temperature range of 50–600 ◦C at a heating rate
of 10 ◦C/min.

3. Results and discussion

3.1. Preparation of the graft copolymer

Generally, initiation of a free-radical polymerization is favoured
by the production of free-radicals in the presence of the vinyl
monomer. Although the initiating free-radicals can be generated
directly from the monomer, it is more common for the active
sites to be generated when initiator is added. It is well known
that water-soluble initiators, such as ammonium persulfate can be
decomposed thermally under suitable temperature to yield a pair

of initiating radicals (SO4

•). It is believed that, these primary radi-
cals will be consumed by some alternative fast reactions, yet some
of them will diffuse out of the solvent cage to abstract the hydro-
gen atom attached to the most easily accessible carbinol, thereby
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Scheme 1. Reaction scheme for the generation of chitin macroradicals.

enerating an active site(s) that could be used to graft some vinyl
onomer onto the backbone of cellulose-like biopolymers (Allcock,

ampe, & Mark, 2003: chap. 3).
The viscous alkali chitin solution dissolves gradually when

oured onto crushed ice. This could be due to the role of ice
layed in braking the inter and inter-molecular hydrogen bonds,
estroying the secondary structure of chitin while keeping its main
tructure (Liu et al., 2010). Macroradicals were generated on the
ackbone of chitin at oxygen atom as shown in Scheme 1. It is
ell known that some initiators such as persulfates dissociate into

ree radicals when heated, there by abstracting hydrogen either
rom the solvent (in this case water) or directly from the OH on
he polymer backbone to generate a macroradical (Kaewtatip &
anrattanakul, 2008).

Chitin macroradicals were treated with styrene to initiate
raft copolymerization by radical mechanism (Scheme 2). The
acroradicals attacked the double bonds of the styrene and

enerate radicals onto it which resulted to repeated processes
propagation). The resulting graft copolymer was  precipitated by
ouring into methanol and finally the precipitate was  washed with

thylbenzene by Soxhlet extraction, to remove any polystyrene
omopolymer.

Fig. 1 shows FTIR spectra of (a) virgin chitin and (b) the
ynthesized chitin-g-PS copolymer. The spectrum (b) indicate

Fig. 1. The infrared spectra of (a) chitin 
NHAcNHAc

Scheme 2. Reaction scheme for the preparation of the chitin-g-PS copolymer.

the presence of polystyrene peaks with IR-band intensities
at 3150–3000 cm−1 ( C H (aromatic)), 3000–2850 cm−1 ( C H
stretching (alkane)), 1660–1500 cm−1 (C C aromatic) in addition
to those of chitin at 3600–3200 cm−1 (O H and N H stretching)
and1659 cm−1 due to C O stretching. The chitin-g-polystyrene
copolymer was produced as tan powdery substance. The prepara-
tion of graft copolymers was  carried out with different percentage
grafting G (%), and percentage yield Y (%) by considering the reaction
parameters.

3.1.1. Effect of polymerization temperature
Reaction temperature has great role on copolymerization. The

results obtained in Table 1 showed that graft copolymerization was
favoured at temperature of 60 ◦C; as percentage grafting of 239.8%
and percentage yield of 79.93% were achieved under this tempera-
ture. Higher temperature promotes decomposition of the initiator,
which could lead to creating more active sites (radicals) on the

backbone of the chitin molecule (Scheme 1). At temperature above
60 ◦C, the percentage grafting was reduced. This could be a result of
the increase in conversion of initiator to free radicals which would
promote termination of the growing radicals and could result to low

sample (b) chitin-g-PS copolymer.
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Table 1
Results of effect of polymerization parameters on the percentage grafting, G (%) and
yield of copolymerization, Y (%) of samples polymerized at 2 h with ice water (80 g)
and APS (0.4 g).

Chitin (g) Styrene (g) Temp (◦C) W2 (g)a G (%)b Y (%)c

1 3 40 1.34 34.00 11.33
1  3 50 2.21 121.00 40.33
1  3 60 3.398 239.80 79.93
1  3 70 2.32 132.00 53.47
1  3 80 2.50 150.00 44.67
1  1 40 1.11 11.00 3.37
1  1 50 1.17 17.00 17.00
1  1 60 1.67 67.00 67.00
1  1 70 1.61 60.80 60.80
1  1 80 1.27 27.00 27.00
3  1 40 3.05 1.67 5.00
3  1 50 3.16 5.33 16.00
3  1 60 3.44 14.67 44.00
3  1 70 3.32 10.67 32.00
3  1 80 3.27 9.00 27.00
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Table 2
Effect of APS content on the percentage grafting, G (%) and percentage yield, Y (%) of
copolymer, polymerized at 1:3 chitin:monomer ratio, 60 ◦C and ice water (80 g) for
2  h.

APS (g)a W2 (g)b G (%)c Y (%)d

0.2 1.240 12.40 4.13
0.4  3.398 239.80 79.93
0.6  1.750 75.00 25.00
0.8  1.110 11.00 3.67
1.0  1.083 8.30 2.77

a APS represent ammonium persulfate.
a W2 represent weight of copolymer after Soxhlet extraction.
b G (%) represent percentage grafting.
c Y (%) represent yield of graft copolymerization.

olecular weight copolymer. This phenomena was  also observed
y other researchers (Nishioka, Matsumoto, & Kosai, 1983).

.1.2. Effect of monomer concentration
The results (Table 1) also indicate that the amount of chitin

nd styrene monomer showed noticeable effects on G (%), hence
he styrene rich system (3 g) was more suitable as it offered
he highest G (%). This was also reported by other researchers
n their works on starch (Fang, Fowler, & Hill, 2005; Kaewtatip

 Tanrattanakul, 2008). Polymerization increases with increase
n reasonable styrene monomer content; as more of monomer

olecules will diffuse to the macroradical sites, and this will
mprove the G% and Y%. It is well known that higher monomer con-
entration aids the consumption of primary radicals, reducing the
ormation of cellulose macroradicals and decreasing the grafting
fficiency and number of grafts (Nishioka, Minami, & Kosai, 1983).

.1.3. Effect of the initiator concentration

Initiator is another vital parameter on graft copolymerization.

o ascertain this, 1:3 weight ratio of chitin:styrene was  polyme-
ized at 60 ◦C for 2 h using APS as initiator in the range of (0.2–1.0 g
y weight). The results (Table 2) show that both G (%) and Y (%)

Fig. 2. DSC thermogram of the
b W2 represent weight of the copolymer after Soxhlet extraction.
c G (%) represent percentage grafting.
d Y (%) represent percentage yield.

increased with increase in APS content from 0.2 to 0.4 g, and then
decreased due to increase in APS content. The decrease in grafting
percentage and grafting efficiency at higher APS content could be
attributed to the generation of more initiating radicals, and conse-
quently increasing their chances to participate in either primary or
secondary recombination with each other, or they may react with
propagating polymer radicals or both; which could lead to termi-
nation (Nishioka, Matsumoto, et al., 1983). The maximum grafting
percentage G (%), 239.8% and yield of copolymer Y (%), 79.93% were
achieved from the system with

APS (0.4 g) as summarized in Table 2.

3.1.4. Effect of the reaction time on the polymerization
The reaction time was determined in the range of 1–4 h. The

reaction was stopped by allowing air into the reaction vessel
and then the reaction mixture was poured into methanol. It was
observed that the reaction time of 2 h yielded the highest G (%)
(239.8%) in chitin-g-PS copolymer as shown in Table 3. Longer
reaction time would result to homopolymerization due to chain
transfer and termination of the growing radicals. Since the grafting
was manifested only on the surface of the trunk polymer gran-
ules as such, this has effect on the rate of graft copolymerization
(Kaewtatip & Tanrattanakul, 2008).

3.1.5. Effect of pH on the polymerization

The highest percentage grafting and yield were obtained at pH 7

(Table 4). This could be due to sensitivity of the biopolymer towards
pH. In a strong alkaline medium, active sites on the chitin back-
bone could not be generated. This could be due to the formation of

 chitin-g-PS copolymer.
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Table  3
Effect of reaction time on the percentage grafting, G (%) and percentage yield, Y (%),
polymerized at 1:3 chitin:monomer weight ratio, 60 ◦C, APS (0.4 g) and ice water
(80 g).

Time (h) W2 (g)a G (%)b Y (%)c

1 1.470 47.00 15.67
2  3.398 239.80 79.93
3  1.68 68.00 22.67
4  1.70 70.00 23.33

a W2 represent weight of the copolymer after Soxhlet extraction.
b G (%) represent percentage grafting.
c Y (%) represent percentage yield.

Table 4
Effect of pH on the percentage grafting, G (%) and percentage yield, Y (%), polymerized
at  1:3 chitin:monomer weight ratio, 60 ◦C, APS (0.4 g) and ice water.(80 g) for 2 h.

pH G (%)a Y (%)b

5 18 6.00
6  122 40.67
7  239.80 79.93
8  132 44.00

a
p
(
b

3

t
s

a G (%) represent percentage grafting.
b Y (%) represent percentage yield.

lkoxide ion, which is also a very strong base; and sodium ion occu-
ied the position of hydrogen on the C6 hydroxyl group of the chitin
Khor, 2001: chap. 7). As such, it could be difficult for active sites to
e generated.
.1.6. Thermal properties of the graft copolymers
The differential scanning calorimetry (DSC) analysis signified

he presence of Tg at around 109 ◦C due to atactic nature of the
ynthesized polystyrene (Fig. 2). The Tg values were higher than

HO
O

NHAc

O

O n

CH2CHCHH2CH

6M H HHO

N-Ace

Cl HO

etylglu

Scheme 3. Reaction scheme for the

Fig. 4. FTIR spectrum of polystyrene from
Fig. 3. TGA thermogram of (a) chitin and (b) chitin-g-PS.

that of normal polystyrene, which is at about 100 ◦C since there
was no indication of thermal transition points of chitin itself due
to its rigid structure. The same phenomenon was also reported by
other researchers (Kurita, Hashimoto, Yoshino, Ishii, & Nishimura,
1996).

The thermal properties of the original chitin and the graft
copolymer were investigated by thermogarvimetric analysis (TGA).
The copolymer showed higher stability compared to the chitin itself
as shown in Fig. 3. The initial weight lost from 40 to 95 ◦C (8.39%)
could be due to loss in moisture in chitin. There was  a remarkable
weight loss (69.36%) in chitin with the temperature from 280 to
389 ◦C. This could be due to breakage of C O C glycosidic bond
as reported by other researchers (Liu et al., 2013). While for the

graft copolymer, the weight loss was observed at higher temper-
ature range, around 430–470 ◦C. There was further decrease in
weight with increase in temperature to 600 ◦C, the chitin started to

O

NHA

OH

O

cos am

O
Ac

OH

ine

+OH

Polystyt

OHCH2CHC

terene

CH2CH

 hydrolysis of the copolymer.

 hydrolyzed chitin-g-PS copolymer.
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ecomposed at around 422 ◦C with 17.89% weight loss while the
raft copolymers started to decompose at a temperature 475 ◦C
ith little ash compared to chitin.

.1.7. Analysis of the side chains
To determine the molecular weight distribution of the iso-

ated polystyrene, some graft copolymers were hydrolyzed with
ydrochloric acid as shown in Scheme 3.

The IR spectrum of the hydrolyzed product resembles that
f the linear polystyrene with terminal OH group at 3411 cm−1

Fig. 4). GPC analysis revealed that the number-average molecu-
ar weight Mn and weight-average molecular weight Mw and of
he isolated polystyrene were found to be 6.3395 × 104 g/mol and
.69283 × 105 g/mol, respectively, with polydispersity index of 2.7.
he broad molecular weight distribution could be due to uneven
istribution of the side chains on the chitin backbone.

. Conclusions

In this study, polystyrene was successfully grafted from oxy-
en atom of C6 of chitin by using ammonium persulfate initiator.
he optimum conditions of grafting obtained were chitin (1 g) and
tyrene monomer (3 g), reaction temperature of 60 ◦C and reac-
ion time of 2 h. The graft copolymer was characterized by FTIR
echnique. DSC analysis revealed the glass transition phenom-
na of the graft copolymer at a range of 106–109 ◦C. TGA results
howed that the copolymer has higher thermal stability compared
o chitin itself. Hydrolysis of the most grafted copolymer allowed
solation of polystyrene with Mn and Mw as 6.3395 × 104 g/mol
nd 1.69283 × 105 g/mol, respectively and polydispersity index
f 2.7. We  also have reported for the first time, the effect of
H on the reactivity of chitin in heterogeneous phase and the
raft copolymerization hardly proceed in concentrated alkaline
edium.
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