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Graft copolymers of chitosan with acrylonitrile (AN) were prepared by free radical polymerization using
initiator pair of ammonium persulfate and sodium thiosulfate as redox system firstly. Graft copoly-
merization was confirmed by FTIR spectra, X-ray diffraction and '"H NMR spectra measurements. The
mechanism of graft copolymerization and factors affected graft reaction were explored in details, and the
optimum reaction conditions were obtained at [AN] 0.9 mol/L, [CS] 13.3 g/L, [Initiator] 0.006 mol/L,

62 £ 1 °C and 2 h. Then the solubility of chitosan-g-PAN was investigated by using several solvents. The
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concentrated nitric acid solution and NaSCN solution are good solvents for the graft product. It's
confirmed that composites of graft copolymer and PAN had a good film-forming property, and it is
suggested that the graft copolymer is promising for fabrication of acrylic fibers as a kind of functional

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Chitosan, a deacetylated product of chitin, is a high molecular
weight heteropolysaccharide composed mainly of $-(1,4)-2-deoxy-
2-amino-p-glucopyranose units and partially of $-(1,4)-2-deoxy-2-
acetamido-p-glucopyranose [1]. Owning to its characteristics such
as antimicrobial activity, biocompatibility, non-toxicity and
biodegradability, chitosan can be applied in many fields, such as
pharmaceutical and medical applications, environmental protec-
tion, textiles, wastewater treatment, biotechnology, cosmetics, food
processing and agriculture [2-4]. However, chitosan can be only
dissolved in a few dilute acid solutions, and this limits its applica-
tions. Therefore, a series of chemical modifications on chitosan
have been conducted, such as nitration, phosphorylation and
sulphation [5-7]. On the other hand, the graft copolymerization is
expected to be one of the most promising approaches for molecular
designs leading to novel types of hybrid materials, which can
introduce desired properties and enlarge the application fields of
chitosan [8].

On the other hand, polyacrylonitrile (PAN) is one of the most
important fiber-forming polymers and has been widely applied in
textiles because of its excellent physical and chemical properties. To
endue PAN textiles with antibacterial functions from chitosan, the
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methods of blending PAN with chitosan or its derivatives such as
carboxymethyl chitosan have been widely investigated [9].
However, this kinds of products are often accompanied with the
problem of water stability, in which some of antibacterial reagent
may be released during laundering. Therefore, graft copolymerize
of PAN with chitosan is a novel and promising attempt due to the
chemical binding between macromolecules.

Chitosan bears two types of reactive groups, the free amino
group on deacetylated units and the hydroxyl group at the C3 and
C6 on acetylated or deacetylated units [10], which will enable the
easy occurrence of graft copolymerization on chitosan. Studies on
the graft copolymerization of chitosan with various vinyl mono-
mers have been conducted with different initiating systems and
different mechanisms. There are mainly two kinds of initiating
systems, i.e. chemical initiation and radiation initiation, to graft
copolymerize different vinyl monomers such as vinyl acetate,
acrylonitrile (AN), methacrylic acid (MA) and methylmethacrylate
(MMA) [11,12], onto chitosan. There are reports about graft
copolymerization of vinyl monomers onto polysaccharides using
both high energy (e.g. B, v, -ray) and low energy (e.g. photo, UV
light) [13,14]. Although graft copolymerization with radiation
initiation offers an economical and quick method, they are harder
to handle under technical conditions [15]. Graft copolymer of
carboxymethyl chitosan with methacrylic acid(MA) was prepared
by using the ammonium persulfate as the initiator and its water
solubility was greatly improved [16]. The reaction of chitosan-
graft-polyacrylonitrile was carried out in a homogeneous acetic
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aqueous phase by using ceric ammonium nitrate as an initiator [17].
In another work, graft copolymerization of AN and MMA onto
chitosan using potassium persulfate as an initiator was studied [18].
As a kind of high efficient initiator, the compound of salt persulfate
and cerium ammonium nitrate were more investigated compared
with the thermal initiator AIBN [19]. Fenton’s reagent is another
frequently used initiator for graft copolymerizing vinyl monomers
onto chitosan, which involves the redox initiating system.
Comparative studies of graft copolymerizing MA and MMA
monomers onto chitosan using potassium persulphate (KPS) alone
and KPS coupled with various cocatalysts (MnCI; or oxalate) were
made and the effects on the grafting rate were different [20]. KPS
alone can initiate the radical reaction with forming a redox pair
with the anhydroglucose units of the polysaccharide to yield the
macroradicals, which sometimes results in the degradation of
chitosan [21].

Among the many vinyl monomers grafted, AN has been the most
frequently used one due to its high grafting efficiency and easy to
hydrolyze to introduce varied subsequent derivatives [17,22].
Ammonium persulfate or potassium persulfate was used as the
initiator alone in most other literatures [16,18,20,21], which
belongs to the peroxy initiator system. But the initiator of ammo-
nium persulfate and sodium thiosulfate can consist of the redox
system, which can generate two free radicals thus decrease the
decomposition activation energy with faster polymerization rate.
However, there are few reports about graft copolymerization for
modification of chitosan using the redox system of ammonium
persulfate and sodium thiosulfate as the initiator.

The aim of this study was to conduct a kind of chemical modi-
fication of chitosan by using the method of graft polymerization of
acrylinitrile onto the backbone of chitosan. In the current work, the
products of chitosan-g-polyacrylonitrile were characterized by
FTIR, XRD, 'H NMR and TGA, which elucidated the structure
changes in comparison with chitosan. The factors affected the graft
copolymerization were studied in details and the mechanism of
graft reaction was proposed. And the solubility of graft copolymer
and film-form properties of the graft copolymer blending with PAN
in some solvents were investigated.

2. Experimental
2.1. Materials

Chitosan (deacetylation 90%, M, = 35,000) was supplied by
FUNAKOSHI CO, Ltd., Japan. Commercial chitosan was purified by
method of dissolved in acetic acid and separated in alkaline
solution and then washed by anhydrous alcohol for 3 times and
dried at 65 °C in vacuum for 48 h before use. AN was treated with
10% NaOH solution for 0.5 h to remove the inhibitor and then
distilled under atmospheric pressure in a setup with a total reflux
head. The fraction with bp 77°C was collected. Ammonium
persulfate and sodium thiosulfate of analytical grade with purity of
98% were used as the initiators. Glacial acetic acid with purity of
99.5% was provided by Shenglian CO, Ltd., China. NaSCN with purity
of 98.5% was obtained by Damao Tianjin CO, Ltd., China. Before use,
the powder of NaSCN was dried at 110°C in oven to constant
weight. Other chemicals of analytical grade were used without
further purification.

2.2. Graft copolymerization

A 250 ml three necked round bottomed flask, filled with
a magnetic stirrer, thermometer, and reflux condenser in
a temperature-controlled oil bath, was used for the graft reaction.
Firstly, a desired quantity of chitosan was dissolved in 1 wt% of

acetic acid aqueous solution at 60 °C. The total volume of the
aqueous solution was 80 ml in all experiments. After the chitosan
was fully dissolved, temperature of the system was strictly
controlled at a required value. Then ammonium persulfate powder
was added into the solution. After 5 min, sodium thiosulfate was
added followed by dropwise of addition (5 ml) of AN in another
5 min. The time of addition of AN was taken as zero time. The
mixture was continuously stirred at the desired temperature until
completion of the copolymerization reaction. The concentration of
the initiator was 0.002 mol L~'-0.010 mol L.

At the end of the graft copolymerization, the mixture was
continuously stirred for 15 min at room temperature, and then
neutralized to pH =10 to precipitate the product with 1 M NaOH
solution. Then the mixture was centrifuged to obtain the solid. The
solid mixture was washed by the distilled water and centrifuged
repeatedly to pH = 7, then washed by anhydrous alcohol to remove
the salts and centrifuged for 2 times. The centrifugate was dried at
70 °C to a constant weight. Thus, the crude product containing graft
copolymer and homopolymer was obtained.

To remove the AN homopolymer, 1.0 g of the crude product was
poured in 100 ml of dimethyl formamide (DMF) and stirred gently
at 30 °C for 24 h [17]. After filtration and washed by DMF for several
times, the pure -chitosan-g-polyacrylonitrile (CS-g-PAN) was
obtained by thoroughly washed with anhydrous alcohol, and dried
at 70 °C to reach a constant weight.

All the samples were absolutely dried before used for charac-
terization. Grafting rate (%G), which designates the amount of
polymer grafted on the substrate backbone (chitosan), and effi-
ciency of grafting (%E), which indicates the efficiency of conversion
of the initial AN to the grafted PAN, were calculated from the
increase in weight of the chitosan after graft copolymerization in
the following formula [23]:

%Grafting (%G ) = W x 100 (1)
0

%Efficiency (%E) = wx 100 (2)
2

where Wi, Wy and W, denote the weight of the grafted chitosan,
the weight of original chitosan and weight of the monomer used,
respectively. The experiments of graft polymerization were
performed with two parallel experiments, and the data was the
average value of the two results. When the two data were quite
different, we carried out the third one to confirm it.

2.3. Characterization

Fourier transform infrared spectroscopy (FTIR) was recorded on
a Nicolet-20DXB Infrared spectrophotometer using quantitative
KBr pellets. X-ray diffraction (XRD) was carried out on D/MAX-2400
powder diffractometer, with 26 from 5° to 60°. TGA was carried out
on Perkin-Elmer Pyris TGA in N, atmosphere, temperature range of
40-800 °C, heating rate of 10°C/min. 'H NMR spectra were
recorded with a Bruker Avancell400 MHz spectrometer and the
solvent was consisted of D,O and NaSCN. The products of E% 42
were characterized for FTIR, XRD, and 'H NMR, and those of E% 42
and E% 17 were used for TGA.

3. Results and discussion
3.1. Characterization of the graft chitosan

Structural changes of chitosan and its graft copolymer were
characterized by FTIR spectroscopy.
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Fig. 1. FTIR spectra of (a) original chitosan, (b) crude CS-g-PAN and (c) purified CS-g-
PAN.

Fig. 1 shows the FTIR spectrum of the crude graft copolymer and
purified CS-g-PAN in comparison with original chitosan. The strong
peaks at around 2242 cm~! appeared in spectra (b) and (c) were
assigned to the stretching absorption of —CN, which proved the
successful graft copolymerization of chitosan and AN [16]. And the
obvious difference of peak intensity between (b) and (c) at around
2242 cm~ ! indicated that there existed the homopolymerization of
AN (homo PAN) during the graft copolymerization. Most of other
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Fig. 2. WAXD intensity distribution for (a) original chitosan and (b) purified CS-g-PAN.
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Fig. 3. TGA for (a) original chitosan, (b) CS-g-PAN (%E =42) and (c) CS-g-PAN (%E = 17).

peaks are related to the carbohydrate structure. The broad and
strong absorption peak at around 3429cm~' (O-H and N-H
stretching), peak at 2874 cm™!(C-H stretching), the three peaks at
range of 1000-1157 cm~! (C-O stretching) were common in
spectra due to the chitosan backbone.

The XRD spectra of chitosan (a) and its graft copolymer (b) are
showed in Fig. 2. The intensive peak of (a) at around 26 = 20° was
attributed to the overlapped diffraction from the chitosan’s crystal
planes of (020) and (110), while the more intensive peak of (b) at
around 260 = 17° was due to the overlapped diffraction peaks from
the PAN’s crystal planes of (110) and (200) [24]. In the XRD
spectrum of (b), it’s observed that diffraction intensity of the peak
at around 20° was obviously weakened indicating that the
crystallinity of the chitosan decreased after modification. PAN had
grew into enough long chain to form the regular crystalline region
during the graft copolymerization.

Fig. 3 depicts TGA curves for the original chitosan and the CS-
g-PAN with different efficiency of grafting. Curves of DTG derived
from the derivation of TGA (not shown here) indicated that thermal
decomposition temperature of (a) was around 310 °C while (b) and
(c) around 300 °C. Thermal decomposability of the three samples
had little difference. However, the thermal residual rate of the three
was obviously different: (a) 35%, (b) 46% and (c) 42% respectively as
shown in Fig. 3. The reason was suggested that the process of TGA in
N, atmosphere was accompanied with the carbonization of PAN. In
the range of 40-310 °C, thermal decomposition in the three spec-
imens all occurred, but in the range of 310-800 °C, carbonization
didn’t happen in (a) but occurred in the graft copolymer (b) and (c)
due to existence of PAN. The more the %E, the higher the residual
rate. This further confirmed the success of grafting reaction.

The structures of acetylated and deacetylated monomers of
chitosan are presented in Fig. 4. And the different protons of
chitosan are labeled by Latin letters from (A) to (S).

OC—CHj3(S)
Acetylated monomer

Deacetylated monomer

Fig. 4. Acetylated and deacetylated monomers of chitosan.
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Fig. 5 shows the 'H NMR spectra for the original chitosan, PAN
homopolymer and the CS-g-PAN with %E =42. In Fig. 5 (a), the
weak signals at 1.4 ppm and 2.1 ppm in the 'H NMR spectrum could
be attributed to protons of (D) and (S), respectively. By comparison,
the peak intensity at 1.4 ppm in Fig. 5(c) was so weak that it didn’t
appear, which suggested that the graft copolymerization occurred
at the position of the N atom joined by (D).The chemical shifts
0=2.6,2.8,3.4,4.5,4.7 and 6.3 ppm corresponded to the protons of
(R), (P), (N), (G), (E) and (A), respectively. But the strong signal at
9.2 ppm was unknown. In the spectra of (b) and (c), graft copolymer
gave two groups of typical peaks of PAN centered on 3.1 and
3.2 ppm corresponding to B-methylene and o-methine protons,
respectively [25]. In the spectra of (c), the signals at 3.6, 3.8 and

a
Chitsan
L 1 1 " 1 1 1
10 8 6 4 2 0
ppm
b
PAN
Il L Il L Il L Il L ]
8 6 4 2 0
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Cc
Chitosan-g-PAN
1 |
L 1 1 n 1 1 ]
10 8 6 4 2 0

ppm

Fig. 5. 'TH NMR spectra for (a) original Chitosan, (b) pure PAN and (c) CS-g-PAN
(%E = 42).

4.1 ppm might be due to interaction of chitosan with PAN in the
NaSCN solution. However, there are no reports about the 'H NMR
spectrum of CS-g-PAN for reference, thus it needs further study to
make them clear. Anyway Fig. 5 also confirmed the grafting of PAN
chains to chitosan to form copolymer.

3.2. Mechanism of the graft copolymerization

Here we propose a feasible mechanism for the radical
polymerization in this reaction system, including graft copoly-
merization and homopolymerization of AN as Scheme 1. As shown
in Scheme 1, virtually all free radical chain reactions require
a separate initiation step in which a radical species is generated in
the reaction mixture. Redox initiator system possesses the
characteristic of decreasing the decomposition activation energy,
and is very effective to generate free radicals under mild conditions.
Here ammonium persulfate and sodium thiosulfate as redox
initiator system was employed to generate the free radicals
preferentially. Then the free radicals captured the atom H of -OH
and —-NH; on backbone of chitosan [26] to form the macromolecular
radicals of chitosan, which initiated the graft copolymerization
and homopolymerization. And finally graft reaction was terminated
with two macromolecular chain radicals reacting with each other.
Meanwhile, homopolymer of PAN was formed, which indicated
the important features of graft copolymerization.

3.3. Effect of the reaction parameters on the graft efficiency

The graft reaction conditions were investigated in detail to
obtain a high efficiency of grafting, including the concentration of
chitosan, reaction temperature, initiator concentration.

Grafting at O-H groups of chitosan

$0¢% + $,0:% — SO + SO + S0% Initiation

CSOH + SO§™ + 28,057 —»= CSO° + SO + S,08

M + SO} —= M°® + SO

CcsO® + M —> CSOM® Propagation
CSOM*®* + M —> CSOMM*
CSOMM;,; + M —> CSOM,

CSOM, + CSOM, —— graft copolymer Termination

M*+ M — MM’
MMy, + M —> M,

M, + CSOH — CSO" + M,H (homopolymer)

Grafting at N-H groups of chitosan

$,08% + $,0% —= SO + SO} + $,05 Initiation

CSNH + SO§™ + 28,05 —— CSN° + SO + S,06%

M + SO} —»= M® + SO

CSN"+ M —— CSNM* Propagation
CSNM*® + M —> CSNMM®
CSNMM;,; + M —> CSNM,

CSNM, + CSNM, —> graft copolymer Termination

Scheme 1. Mechanism of the graft copolymerization of chitosan, where CS represents
chitosan and M represents AN monomer.
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3.3.1. Effect of the chitosan concentration

Fig. 6 shows the effect of chitosan concentration on the
grafting efficiency under the indicated reaction conditions. With
the increase of concentration of chitosan, both G% and E%
increased continuously. This behavior can be explained from the
graft mechanism that under a certain condition of temperature
and initiator concentration, the graft reaction involved the graft
copolymerization and homopolymerization of AN. With the
increase of chitosan concentration, the total number of group
-NH; and -OH on the chitosan increased, resulting in more
activated sites of chitosan, which meant that there was more
chance for AN attacking the chitosan’s radicals. So G% and E% of
the products increased with the increase of concentration of
chitosan.

But the excess chitosan would bring an adverse effect because of
the high viscosity of the system and thereby being hard to stir. The
following experiments were carried out with the chitosan
concentration of 13.3 g/L.

3.3.2. Effect of the reaction temperature

The influence of temperature on the graft parameters was
studied by changing the reaction temperature from 50 to 70 °C,
keeping other parameters fixed. As shown in Fig. 7, %G and %E
increased with increasing the temperature from 50-60 °C, and then
decreased. The highest %G and %E were obtained at 62 +1 °C. This
behavior can be explained as under a certain conditions of chitosan
and initiator concentration, the initiating activity increased with
the increasing temperature, which was helpful to improve the
activity of both graft copolymerization and homopolymerization.
But when the temperature exceeded 60°C, which was the
optimum activity temperature for the present redox system, the
initiator would generate a large number of free radicals in unit time
easily resulting in coupling termination between the free radicals
due to the aggravated collision. On the other hand, with the
increase of temperature, the mobility of macro radicals would be
enhanced and it more easily led to the chain termination at a higher
temperature [16]. So, the polymerization activity of the both began
to decreased, and %G and %E of the graft copolymer showed
a decrease at the elevated temperature.

3.3.3. Effect of the initiator concentration

The effect of the initiator concentration on the graft reaction was
studied. As shown in Fig. 8, with the increase of the initiator
concentration, G% and E% had an increase at first, and then
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Fig. 6. Effect of the chitosan concentration on the grafting efficiency. Reaction
conditions: [AN] 0.9 mol/L, [initiator] 0.006 mol/L, temperature 62 + 1 °C, time 2 h.
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Fig. 7. Effect of the reaction temperature on the grafting efficiency. Reaction condi-
tions: [AN] 0.9 mol/L, [initiator] 0.006 mol/L, [CS] 13.3 g/L, time 2 h.

decreased. The maximum grafting ratio was achieved at around
0.006 mol/L of the initiator. This behavior can be explained from
the graft mechanism that after decomposition, one part of the
initiator was used to induce polymerization of the monomer and
the other part was consumed away with cage effect and induced
decomposition. When the initiator concentration was 0.002 mol/L,
the very low initiator concentration of polymerization system
made the lower grafting efficiency. Increasing initiator concentra-
tion resulted in more radical sites on the chitosan backbone which
in turn led to higher G% and E%. But when the concentration
exceeded around 0.006 mol/L, excessive radicals would trigger
multiple coupling that made the homopolymerization of AN
dominant in the reaction.

3.4. Tests of solubility of chitosan and its products

Finally, the solubility of the grafted copolymer product was
studied for exploring the applications of the synthesized CS-g-PAN.
Eight kinds of solvents were selected to detect the solubility of
chitosan and its graft products in different conditions. The
solubility of grafting copolymer product compared with original
chitosan was listed in Table 1. The result indicates that only the
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Fig. 8. Effect of the initiator concentration on the grafting efficiency. Reaction condi-
tions: [AN] 0.9 mol/L, [CS] 13.3 g/L, temperature 62 +1 °C, time 2 h.
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Table 1

The solubility of the chitosan and graft product in eight solvents.
Solvents HAc HCI DMF DMSO Acetone ZnCl, NaSCN HNOs
cs N J x x x V J v
PAN x x v v v Vv N
CS-g-PAN  x X X o X o N N

Note: “y” represents “soluble”; “x” represents “insoluble”; “o” represents

“swelling”.

solution of NaSCN and concentrated nitric acid can be adopted as
the solvent for the chitosan and its products.

Through the graft reaction, solubility of the products has greatly
changed in comparison with original chitosan, which was
attributed to the absence of hydroxyl end groups in the polymers
obtained with this class of redox pairs [27]. The graft products are
insoluble in the solvents, such as acetic acid and DMF, in which the
chitosan and PAN are soluble, respectively. And they can only swell
in DMSO and aqueous ZnCl,. Similar solubility behavior of chitosan
grafted acrylic acid was reported using KPS-ferrous ammonium
sulphate(FAS) redox initiating system [28], in which grafted
products were not soluble in water and dilute acid solutions but
swelled in these media. From Table 1, two solvents, NaSCN and an
concentrated nitric acid, were found to dissolve the chitosan and
graft product. NaSCN solution has proved a novel solvent for
chitosan in our previous patent [29], as well as the common solvent
for acrylic fiber industry.

Besides tests of solubility, the film-forming property of
composites of graft copolymer and PAN was studied with using
NaSCN and HNOs as solvent respectively. It’s found that composites
of graft copolymer and PAN had a good film-forming property, and
it is promising for fabrication of acrylic fibers as a kind of functional
additive.

4. Conclusions

Graft copolymer of CS-g-PAN was successfully synthesized by
free radical polymerization using initiator pair of ammonium
persulfate and sodium thiosulfate as redox system. The CS-g-PAN
was characterized by FTIR, XRD, 'H NMR, which elucidated the
structure changes in comparison with chitosan, and TGA revealed
that copolymer had more thermal stability. The optimum reaction
conditions at the highest graft ratio and efficiency of grafting were
obtained at [AN] 0.9 mol/L, [CS] 13.3 g/L, [Initiator] 0.006 mol/L,
62 +1 °Cand 2 h. Additionally, copolymer showed a good solubility

in NaSCN and HNOs and good film-forming property suggesting
possibility for fabricating the functional acrylic fibers as a kind of
functional additive. Our future work will focus on the spinning
process of the copolymer.
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