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ABSTRACT: A novel efficient redox system—potassium
diperiodatoargentate [Ag(IIl)]-chitosan—was employed to
initiate the graft copolymerization of methyl acrylate (MA)
onto chitosan in aqueous alkali solution. The effects of reac-
tion variables such as monomer concentration, initiator con-
centration, reaction time, and temperature were investigated
and the grafting conditions were optimized. The structures
and the thermal stability of chitosan and chitosan-g-PMA
were characterized by infrared spectroscopy (IR) and ther-
mogravimetric analysis (TGA). The solubility of chitosan-g-

PMA in some mixed solvent was tested. The graft copoly-
mer was shown to be an effective compatibilizer in blends of
poly(vinyl chloride) (PVC) and chitosan. Finally, a mecha-
nism is proposed to explain the formation of radicals and the
initiation. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 101:
799-804, 2006
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INTRODUCTION

Chitosan, obtained from chitin (poly-B-(1—4)-N-
acetyl-p-glucosamine) through deacetylation using
strong aqueous alkali solution, is a more versatile
form of this polysaccharide, which is the second most
abundant natural polymer on earth after cellulose.
Grafting various vinyl monomers onto its backbone is
a promising method for the preparation of new mate-
rials, because the potential and multiple applications
of this versatile material can be increased and its
chemical and physical properties can be improved
greatly. Many graft copolymers of chitosan and vinyl
monomers were synthesized and evaluated as floccu-
lant, paper strengthener, drug-releaser, absorbent
resin, and so on.'™”

The basic theoretical research and application of
supernormal valence transition-metals in chemical
fields nowadays resulted some achievements in vinyl
monomer polymerization and graft copolymerization
using supernormal valence transition-metal, such as
Mn(VII), Cr(VI), Ni(IV), Cu(Ill),V(V), Ce(IV), and so
forth.®7'! So far, there are few reports on graft copo-
lymerization of vinyl monomer onto chitosan using
potassium diperiodatoargentate [Ag(Ill)]-chitosan re-
dox system as initiator. Normally, it is believed that
the mechanism of oxidation by Ag(Ill) is a two-elec-
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tron-transfer process without radicals, and Ag(III)
cannot initiate polymerization of vinyl monomer.'*'?
However, in our previous studies, potassium diperio-
datoargentate (III) (DPA) formed the potential redox
initiation system with various reducing agents and
was shown to be an effective initiator in both homopo-
lymerization'*!® and graft copolymerization.'*™ A
two-step single-electron-transfer process is well estab-
lished to explain the formation of radicals and the
initiation on the reduction of DPA.

In the present study, DPA was successfully em-
ployed as oxidant and chitosan as reductant to make
up the redox system to initiate the graft copolymer-
ization of methyl acrylate (MA) onto chitosan back-
bone. The combined effects of the principal reaction
variables on the copolymerization were investigated,
and the structures and properties of the grafted prod-
ucts were characterized by Fourier transfer infrared
spectroscopy (IR) and thermogravimetric analysis
(TGA). A two-step single-electron-transfer mechanism
is proposed to explain the production of radicals and
the initiation.

EXPERIMENTAL
Materials

The sample of pure chitosan was obtained as a gift
from Yuhuan County Chemical Plant Zhejiang Prov-
ince. Its degree of deacetylation is =82% and the mo-
lecular weight 2.0 X 10° -3.0 X 10°.

Chitosan was ground'® to powder (>60 mesh) from
flats and dried under vacuum at room temperature.
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MA, from Beijing Yili Company (Beijing, China), was
washed successively with aqueous sodium hydroxide
solution and distilled water to get rid of the inhibitor.
Then, it was dried over anhydrous sodium sulfate and
distilled under vacuum. The middle fraction was
used. The DPA solution was synthesized and stan-
dardized according to the reported procedure.” The
other reagents and solvent (analytical grade) were
used without any further purification. MA and DPA
solution were placed in the refrigerator during the
experiment.

Graft copolymerization and treatment of copolymer

Graft copolymerization was carried out in a 50-mL
four-necked flask equipped with thermometer, con-
denser, stirrer, and gas inlet. In a typical reaction, 0.3 g
chitosan powder was added with constant stirring
under nitrogen. The required amount of monomer
was added, followed by Ag(Ill) aqueous solution and
the total volume was made up to 20 mL with distilled
water. The graft copolymerization was performed at
different temperature, monomer concentration, initia-
tor concentration, and reaction time. After completion
of reaction, the reaction mixture was cooled and neu-
tralized by aqueous hydrochloric acid solution. It was
poured into ethanol and the precipitated material was
filtered through weighted sintered glass funnel and
washed over several times with ethanol. The crude
graft copolymer was dried to a constant weight under
vacuum at 60°C. The homopolymer was removed
from the crude graft copolymer by exhaustive Soxhlet
extraction with acetone for 48 h. The final graft co-
polymer was dried at 60°C to a constant weight under
vacuum.

Measurements

Chitosan-g-PMA was characterized by IR analysis us-
ing an FTS-40 spectrophotometer in potassium bro-
mide The TGA of chitosan (4.71 mg) and the copoly-
mers (3.95 mg) were carried out on a Shimadzu appa-
ratus DGC-40 DTA-TG in atmospheric oxygen at a
heating rate of 10°C/min.

RESULTS AND DISCUSSION

Grafting percentage (G%), efficiency percentage (E%),
and the total conversion (C%) were defined and cal-
culated as follows:

G (%) = (Weight of PMA grafted/
weight of chitosan) X 100%
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Figure 1 The effect of [Ag(Ill)] on grafting parameters.
MA, 1.5 mL; temp., 35°C; time, 1h.

E (%) = (Weight of PMA grafted/
total weight of PMA) X 100%

C (%) = (Total weight of PMA/
weight of MA charged) X 100%

Effect of initiator concentration

Keeping other the variable fixed, the effect of Ag(IIl)
concentration grafting is shown in Figure 1. The con-
centration of Ag(Ill) affects E% little, whereas G% and
C% increase with the increase of Ag(Ill) concentration
initially. This is because Ag(IlI) attacks on the charac-
teristic group (—NH,) of chitosan backbone directly
generating macroradicals that can be originated to
initiate the graft copolymerization of chitosan and
MA. However, at higher concentration of the initiator,
the active sites for grafting may be increased on the
chitosan backbone, but since Ag(Ill) is able to partici-
pate in the termination reaction and the chance of
chain transfer reaction to monomer is enhanced. There
is a decrease in G% and C%, consequently.

Effect of the ratio of monomer/chitosan

The influence of the ratio of MA/chitosan on the
grafting is shown in Figure 2. It was observed that the
grafting parameters reach a maximum when MA/
chitosan ratio was 5.8, and then the values fall grad-
ually as the ratio increases further. Because of the
limited solubility of MA in the reaction medium, when
the ratio of MA /chitosan is lower, the probability of
interaction of chitosan and MA is little so that both C%
and G% decrease. With an increase in the ratio of MA
to chitosan, self-emulsification of chitosan-g-PMA re-
sults into absorption of more monomers on the chi-
tosan surface, which considerably enhances the rate of
the grafting reaction, therefore, C% and G% increase
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Figure 2 The effect of MA/chitosan on grafting parame-
ters. Temp., 35°C; [Ag(Il)] = 9.92 X 10”* mol/L, time, 1 h.

gradually. The decline of parameters at higher MA/
chitosan ratio may be explained as follows: The
strengthened adsorption of monomer onto chitosan
will interfere with the approach of Ag(Ill) to chitosan,
which is necessary to produce grafting sites to initiate
grafting. With the reactant volume fixed, the increase
in monomer means lower magnitude of solvent,
which results in the decrease of monomer in water.
With the MA increased, the chain transfer reaction to
monomer tends to proceed more easily. All these re-
sult grafting parameters to decrease gradually.

Effect of the temperature

At the fixed concentration of Ag(Ill), and the amount
of chitosan/MA, the graft copolymerization was car-
ried out at different temperatures ranging from 20°C
to 50°C. The relationship between temperature and
the grafting parameters is shown in Figure 3. Grafting
parameters increase at first and then both G% and E%
decrease. The enhancement of the parameters may be
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Figure 3 The effect of temperature on grafting parameters.
[AgID)] = 9.92 X 10~ * mol/L, MA, 2.6 mL, time, 1 h.

801

o
Al wop
w
=N
(&)}

Figure4 The effect of reaction time on grafting parameters.
MA, 1.8 mL; [Ag(Il))] = 9.92 X 10~ * mol/L; temp., 40°C.

due to the increase in the rate of the production of
active free radicals, which increases the rate of initia-
tion and propagation of the polymer chains. The de-
crease in E% and G% at higher temperature may be
due to the enhanced rate, both of chains transfer to
monomer, and of termination of growing grafted
chains. The optimum temperature for maximum graft-
ing is 35°C.

Effect of reaction time

To analyze the effect of reaction time on grafting pa-
rameters, the graft copolymerization was carried out
at different time intervals, keeping all other conditions
constant. As shown in Figure 4, the grafting parame-
ters increase steadily with the reaction time up to 3 h
and thereafter decrease slightly. The increasing trend
has clearly indicated that Ag(IIl) could keep its activ-
ity for a period of time. With the time, new graft
chains form on active sites on the chitosan backbone.
However, Ag(Ill) was almost consumed after 3 h,
which resulted in the slightly decreased trend.

IR spectroscopy

The grafting was confirmed by comparing the IR spec-
tra of chitosan with that of the grafted product (Fig. 5).
The main difference observed is the presence of car-
bonyl stretching vibration absorption band at 1729
cm ™! in the IR spectra of the graft copolymer, which
corresponds to the carbonyl group of PMA chains.
Moreover, absorption bands at 827 cm ™! and 760 cm ™!
are observed because of the rocking absorption of
methylene groups in PMA. The N—H bending vibra-
tion bands of the copolymer at 1660 cm ™" (I) and 1560
cm ™! (I) become different compared with that of pure
chitosan. So it could be proposed that Ag(Ill) may
react with amino group in chitosan to originate mac-
roradicals first and then initiate MA grafting polymer-
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Figure 5 IR spectra of chitosan (A) and chitosan-g-PMA
(B).

ization. It is clear that chitosan and MA are able to
produce the graft copolymer with Ag(lll)-chitosan as
the initiator.

Thermal analysis

TGA of pure chitosan and the grafted copolymer is
shown in Figure 6. The TGA of chitosan (A) shows a
weight loss in two stages. The first stage ranges be-
tween 30°C and 105°C and shows about 7.96% loss in
weight. This may be corresponding to the loss of ad-
sorbed and bound water. The second stage of weight
loss starts at 210°C and that continues up to 404°C
during which there was 45.1% of weight loss due to
the degradation of chitosan, whereas the TGA of the
grafted product (B) is different from it. It is observed
the latter has three stages of distinct weight loss be-
tween 20°C and 620°C. The first stage ranges between
30°C and 100°C with 2.53% of the adsorbed and bound
water weight loss. The second stage of weight loss
starts at 184°C and that continues up to 341°C during
which there was 20.9% of weight loss due to the
degradation of ungrafted chitosan. There is 51.3%
weight loss in the third stage from 341°C to 450°C that
contributes to the decomposition of chitosan-g-PMA.
So, it is evident that grafting MA onto chitosan could
enhance the stability of pure chitosan at higher tem-
perature.

Solubility test

The solubility test of chitosan-g-PMA was also carried
out. The grafted products are insoluble in some mixed
solvents. However, the graft copolymers swell in sol-
vents tested, such as glacial acetic acid: 1% acetic acid
(1:1), 1% acetic acid: ethanol(1:1), 1% acetic acid: ace-
tone(1:1), 1% acetic acid: acetone (2:1), and so forth.

LIU, WU, AND LIU

Test of blending

PVC (2 g), 0.1 g chitosan, and 0.05 g chitosan-g-PMA
(G% = 258.8%) were stirred completely in dichlo-
romethane for 1 h. A film of chitosan/chitosan-g-
PMA/PVC was obtained by casting the solution
onto a glass surface. The solvent was allowed to
evaporate under atmospheric pressure at 30°C for 2
days and in vacuum at 50°C for 24 h. A film of
chitosan/PVC blends was prepared similarly. The
external and sectional SEM micrographs of two
films mentioned earlier showed that the addition of
graft copolymer made the interface of two kinds of
polymer indistinct (Fig. 7). The cast film of PVC and
chitosan containing the graft copolymer is homoge-
neous and reasonably transparent for miscible sys-
tem, while the film of chitosan/PVC is heteroge-
neous and distinctly opaque, indicating immiscibil-
ity.?! So the graft copolymer is an efficient way of
improving the compatibility of chitosan and PVC.
Chitosan-g-PMA has a good practical foreground in
the synthesis of degradable plastics.

The initiation mechanism of grafting reaction

IR spectroscopy and TGA confirmed that the MA
has been grafted onto chitosan. It is verified once
more that the process Ag(Ill) — Ag(I) belongs to the
two-step single-electron-transfer mechanism.'® The
IR spectrum above has revealed that the N—H zig-
zag vibration bands of the graft copolymer at 1660
cm ' (1), 1560 cm ™' (II) compared with that of pure
chitosan display the different characteristics. So, it
could be proposed that Ag(Ill) react with amino
group in chitosan to generate macroradicals first
and then initiate MA grafting. The initiation mech-
anism, referencing to the related papers,'®™'* may be
shown in Scheme 1.
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Figure 6 Thermogravimetric analysis (TGA) of pure chi-
tosan (A) and the grafted copolymer (B).
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CONCLUSIONS

The feasibility of grafting MA onto chitosan by using
Ag(IlI)-chitosan as the redox initiator has been dem-
onstrated by this work. The grafted products can en-
hance the thermal stability of pure chitosan and swell
in many mixed solvents tested. Changes of morphol-
ogy between chitosan/PVC blends and chitosan/chi-
tosan-g-PMA /PVC blends were obvious. Chitosan-g-
PMA may improve the compatibility of two phases of
chitosan and PVC.

Under the experimental conditions, graft copoly-
mer with high graft efficiency and grafting percent-
age using Ag(Ill)-chitosan system as initiator has
been obtained. Ag(Ill)-chitosan is concluded to be
an efficient redox initiator for the graft copolymer-
ization. The two-step single-electron-transfer mech-
anism proposed in redox process is a modification
to traditional mechanism. Moreover, because the
activation energy of the reaction employing Ag(III)-
chitosan as initiator is low, the graft copolymeriza-
tion is possible at a mild temperature (35°C), com-
pared with other initiators. So, Ag(lll)-chitosan as
initiator is thought to be practical and has a good
foreground.

Figure 7 SEM micrographs of chitosan/PVC blends and
that of chitosan/chitosan-g-PMA /PVC blends. (A) External
SEM photographs of the film of chitosan/PVC blends; (B)
Sectional SEM photographs of the film of chitosan/PVC
blends; (C) External SEM photographs of the film of chi-
tosan/chitosan-¢g-PMA /PVC blends; (D) Sectional SEM pho-
tographs of the film of chitosan/chitosan-g-PMA/PVC
blends.
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