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ABSTRACT: The aim of this study was to examine the
synthesis of a graft copolymer of chitosan and methacrylic
acid (MAA) by free-radical polymerization with a potassium
peroxymonosulfate/cyclohexanone (CY) redox system in an
inert atmosphere. The optimum reaction conditions afford-
ing maximum grafting ratio (%G), grafting efficiency (%E),
add on (%A), and conversion (%C) were determined. The
grafting parameters were found to mcrease with increasing
concentration of MAA up to 24 x 10~% mol/dm?, but there-
after, these parameters decreased. With i mcreasmg concentra-
tion of Eeroxymonosulfate from 0.6 x 1072 to 12 x 10>
mol/dm”, %G, %A, and %E increased continuously. All of
these graftmg parameters mcreased with mcreasmg concen-
tration of CY up to 1.2 x 1072 mol/dm?®, but beyond this
concentration, the grafting parameters decreased With vari-

ous concentrations of chitosan from 0.6 to 1.4 g/dm? the
maximum %G, %A, and %E were obtained at 1.4 g/ dm

%G, %A, and %C decreased continuously w1th various con-
centrations of hydrogen ions from 2 x 10° to 6 x 10

mol/dm?. The grafting parameters increased with increasing
temperature up to 35°C, but thereafter, these parameters
decreased. With increasing time period of reaction from 60
to 180 min, %G, %A, and %E increased up to 120 min, but
thereafter, these parameters decreased. The graft copolymer
was characterized by Fourier transform infrared spectros-
copy and thermogravimetric analysis. © 2009 Wiley Periodicals,
Inc. ] Appl Polym Sci 113: 2429-2439, 2009
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INTRODUCTION

The synthesis of new hybrid polymer materials' has
become a rapidly expanding field in the area of
polymer science. So an attempt was made to synthe-
size a graft copolymer of chitosan and methacrylic
acid (MAA), and some of the properties were stud-
ied to make it more useful and also increase its
applications. Chitosan is currently at the focus of
increasing scientific and economic interest’ among
all polysaccharides because of its significance in na-
ture and technology. It is a unique basic polysaccha-
ride in nature because of the presence of an amino
group (—NH,) in its backbone. It is a polymer of -
(1,4) linked-2-amino-2-deoxy-p-glucopyranose
derived by the N-deacetylation of chitin, an abun-
dant and naturally occurring polysaccharide with
annual production very near the levels of cellulose
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and which consists mainly of B-(1-4)-2-deoxy-p-glu-
cose units’ in aqueous alkaline medium.* It occurs
in marine invertebrates and the shells of marine
crustaceans, that is, shrimps and crabs.>® Because of
its wide availability and unique chemical and bio-
logical properties, such as biocompatibility, nontox-
icity, and antimicrobial properties,” it has found
wide applications in a variety of areas, such as bio-
medicine'>"® and the pharmaceutical industry.'* De-
spite its wide ranging applications, it suffers from its
drawbacks such as biodegradability,'® which limits its
uses. The drawback ie. biodegradability can be
improved by modification through the grafting'®™'® of
vinyl monomers onto it; thus, the graft copolymer
will enhance its properties, such as swelling, metal-
ion uptake, and flocculation. By this method, not only
can its biodegradability be improved but also its
physicochemical properties can be increased because
the additional properties of the monomer are super-
imposed onto the polymeric backbone of chitosan. In
our studies, chitosan was chosen as a backbone in
which both hydroxyl and amino groups were possi-
ble sites for the reaction to incorporate new desired
functional groups of the monomer. In this article, the
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grafting of MAA onto chitosan is reported with the
objective of not only modifying the properties but
also increasing the applications of chitosan. For this
purpose, MAA, which is hydrophilic in nature, was
chosen as a monomer. One of the interesting fields of
application of poly(methacrylic acid) (PMAA) is in
thickening. Thickening action in water might be used
as the secondary recovery of petroleum in oil fields,
hydraulic fluids, and even liquid rocket fuels."” Tt
also shows adhesive properties that make it useful
for applications such as skin protection in the medical
field.* This article describes the synthesis of a graft
copolymer (chitosan-g-MAA), as a new hybrid mate-
rial, which may be used as superabsorbents, coating
materials, and flocculants to remove impurities from
coal-mine wastewater.

EXPERIMENTAL
Materials

MAA (Sigma-Aldrich Co. Ltd, Gillingham, Dorset,
SP8 4XT, UK) was distilled in the presence of copper
turnings under reduced pressure (14 mm and 55°C),
and only the middle fraction was used. Cyclohexa-
none (CY; E. Merck, India) was also fractionally dis-
tilled at room temperature (35°C) and was used as a
reductant. Chitosan, purchased from Sigma, and per-
oxymonosulfate (PMS; Sigma) were used as
received. To maintain the hydrogen ion concentra-
tion, sulfuric acid (E. Merck) was used. The other
chemical reagents were of analytical grade. All of
the solutions were prepared in triple-distilled water.
For flocculation studies, coking and noncoking coals
were used as received from Steel Plant (Bokaro,
India).

Procedure for the graft copolymerization

All reactions were carried out under an oxygen-free
nitrogen atmosphere. For each experiment, a chito-
san solution was prepared by the addition of the
desired amount of chitosan to a mixture of acetic
acid and triple-distilled water in a reactor kept by a
thermostat at the desired temperature. The calcu-
lated amounts of MAA, CY, and sulfuric acid solu-
tions were added to a reactor containing the
chitosan solution. A known amount of deoxygenated
PMS was added to initiate the reaction. The reaction
was performed under a continuous flow of oxygen-
free nitrogen gas. After a desired interval of time,
we stopped the reaction by letting air into the reac-
tor. We precipitated the grafted sample by pouring
the reaction mixture into methanol mixture. The pre-
cipitate was filtered, dried, and weighed. The filtrate
was concentrated by distillation under reduced pres-
sure in the presence of a small amount of hydroqui-
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none. We precipitated the PMAA by pouring the
concentrated filtrate into a 5N H,SO, solution.
PMAA, thus obtained, was separated, dried, and
weighed.

RESULTS AND DISCUSSION

The graft copolymer was characterized by the fol-
lowing grafting parameters:*'

Grafting ratio (%G) = V\i I;Zf;fi fpscl)lllj}:?h:;e x 100
Grafting efficiency (%E) = ?:)ell}friiiff(())lr};nme? x 100
Addon (a) — Syt polymer
Conversion (%C) Jgfgﬁigﬁ;‘;g 3x 100

Homopolymer (% H) = 100 — % E

The effects of the variation of the PMS, MAA, CY,
sulfuric acid, and chitosan concentrations, along
with the time and temperature, on the grafting pa-
rameters were studied.

Effect of the PMS concentration

The effect of the concentration of PMS on the graft-
ing 2parameters was studied from 0.6 x 1072 to 2.2 x
1072 mol/dm®. %G, %A, and %C increased continu-
ously, and the results are shown in Figure 1. This
behavior might be explained on the basis of the pro-
gressive reduction of PMS by CY, which produced a
free-radicals.?>*® The radicals attacks on the chitosan
molecule create more sites to which monomer addi-
tion could take place (see Scheme 1).

Effect of the MAA concentration

The effect of the monomer concentration on the
grafting parameters was studied by the variation of
the concentration of MAA from 12 x 1072 to 36 x
1072 mol/dm?, and the results are summarized in
Table I. %G, %A, and %E increased with increasing
concentration of MAA up to 24 x 107 mol/dm’
because of the greater availability of monomer mole-
cules that were in close proximity to the polymer
backbone. The monomer molecules that were in the
immediate vicinity of the reaction sites became
acceptors of the chitosan macroradical (ChX,/); this
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Figure 1 Effect of the PMS concentration ([H*] = 4 x
1072 mol/dm?; [CY] = 1.2 x 1072 mol/dm? time = 120
min; [MAA] = 24 x 102 mol/dm? [Chitosan] = 1.0 g/
dm?®; temperature = 35°C).

resulted in chain initiation, and thereafter, these
molecules themselves became free-radical donors to
neighboring monomer molecules, which caused the
lowering of the termination. The decrement in %G,
%A, and %E was due to an increase in the viscosity
of the reaction medium.

Effect of the CY concentration

The effect of the concentration of CY on the grafting
parameters was studied by the variation of the con-
centration of CY from 0.8 x 1072 to 1.6 x 1072 mol/
dm?, and the results are shown in Figure 2. %G, %A,
and %E increased with increasing concentration of
CY from 0.8 x 102 to 1.2 x 107, but beyond this
cited range, the value of these parameters decreased.
The increase in the grafting parameters might have
been due to an increase in the number of primary
free radicals. However, a higher concentration of CY
beyond this cited range, that is, 0.8 x 107% to 1.2 x
102 mol/dm?, favored the formation of PMAA over
grafting, which thereby decreased these grafting
parameters.
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Effect of the chitosan concentration

The effect of the concentration of chitosan gum on
the grafting parameters was studied by the variation
of the concentration of chitosan from 0.6 to 1.4 g/
dm?® and the results are summarized in Table IL
%G, %A, and %E increased continuously with
increasing concentration of chitosan from 0.6 to 1.4
g/ dm~3. The increment might have been due to the
availability of more and more grafting active sites on
the chitosan, where PMAA could be grafted.

Effect of the hydrogen ion concentration

To examine the effect of the hydrogen ion concentra-
tion on the grafting parameters, the reaction was car-
ried out at various concentration of sulfuric acid,
and the results are shown in Figure 3. %G, %A, and
%E decreased continuously with increasing concen-
tration of sulfuric acid from 2 x 10° to 6 x 10°
mol/dm?>. This behavior might have occurred due to
the formation of inactive H,SOs5 species; thus, the
concentration of HSO5 decreased, which resulted in
the production of fewer primary free radicals.

Effect of the temperature

The results obtained for the grafting parameters at
different temperatures from 25 to 45°C are summar-
ized in Table III. %G, %A, and %E increased with
increasing temperature of the reaction medium from
25 to 35°C. The increment in grafting parameters
was attributed to an increase in the production of
primary free radicals with a consequent increase in
the number of grafting sites on the polymer back-
bone and an increase in the rate of diffusion of
PMAA onto the polymer backbone. These parame-
ters decreased because of the premature termination
of growing grafted chains at a higher temperature.

Effect of the time

The effect of the time duration on the grafting reac-
tion was studied by the variation of the time period
from 60 to 180 min, and the results are shown in
Figure 4. With increasing time period from 60 to 120
min, the availability of more active species resulted
in an increase in the grafting parameters. However,
with a further increase in the time period, a decre-
ment in these parameters was observed, which
might have been due to the termination of growing
grafted chains.

MECHANISM

On the basis of the experimental results, the follow-
ing tentative mechanism is proposed for the graft

Journal of Applied Polymer Science DOI 10.1002/app
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Progressive reduction of peroxymonosulphate by cyclohexanone
C,H.0 + HS0, — C,H, 0" + H5C), +0OH"
Radicals nR* =C,H,0".0H"

Backbone of chitosan

' =
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_ HiC-C-COOH
e s IMethacrylic acid)
—— —
e CH:
Initiation step
Formation of macroradical + monomer rdaical  + niRH
mr,u,wuﬁm.mxﬁ o HC—C "
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These radicals (macro and monomer) attract new fresh monomer molecules 10 propagate
Ehe chaan as given below in a scheme
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Scheme 1 Reactions involved in the formation of graft

copolymer through redox polymersation.

copolymerization of MAA onto chitosan with a PMS
and CY redox pair. The mechanism can be repre-

sented as
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H H-+ C-COOH
H. H: Hy
H:C-C-CO0OH HOOC-L~ CHa H.C-C-CO0H
Ha "H:z H:
HyC-C—-COOH HOOC-{- CH; H:C-C-COOH
'H: H; R=CH:
H:C-+ CCO0H HOOC-+ C-CH,

Macroradical

Termination step

Growing chains terminate to form producis of graft copolymer (chitosan-g-methacrylic
acid) and homopolymer of
methacrylic acid

5

=C-COOH HOOC-C—CH;

Graft copolymer (One type)

Graft copelymer (Other type)

{ =gk

(Polymethacrylic ackd)

Scheme 1 (Continued)

CeHs50 + HSOS_ — CgH40° + HSO, + OH*
RadicalsnR® = C¢H,O°, OH®
Initiation

M + R* — RM*

ChXH + R* — ChX®* + RH

where ChXH represents chitosan, ChX,/ represents the
macroradicals, X is O or NH, and M is the monomer.
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TABLE 1
Effect of MAA

[MAA] x 10> mol/dm® %G %E %A %C  %H

12 2856 549 741 504 452
18 3039 577 752 339 423
24 349.7 606 778 279 395
30 2617 564 724 179 437
36 2052 537 672 123 463

[Chitosan] = 1.0 g/dms; [PMS] = 1.4 x 1072 mol/dm?;
[H'] = 4 x 107 mol/dm? [CY] = 1.2 x 102 mol/dm>;
time = 120 min; temperature = 35°C.

ChX* = ChO* or ChNH (macroradical)

Propagation

ChX® + M — ChXM*
ChXM® + M — ChXM
ChXM; + M — ChXM;}
ChXM_, +M — ChXM;,

RM* +M — RM;
RM; +M — RM;

RM® , +M — RM?

Termination

ChXM; +ChXM;, — Graftcopolymer
ChXM; +RM; — Graftcopolymer

RM; +RM; — Homopolymer

EVIDENCE OF GRAFTING
IR spectroscopy

The IR spectra of the ungrafted and grafted samples
were recorded with Jasco FTIR-5300 model instru-
ment (Chennai, India) in the range 500 to 4000 cm !
to provide proof of the grafting. The infrared spec-
trum of chitosan showed strong peaks at 3388.3 and
1593.4 cm ™' due to OH stretching and NH bending
vibrations, respectively. When the IR spectra of chi-
tosan and chitosan-¢-MAA were compared (the
graphs are shown in Figures 5 and 6), the graft co-
polymer (chitosan-g-MAA) showed variations in the
intensity of the OH stretching and NH bending
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Figure 2 Effect of the CY concentration ([H'] = 4 x 1073
mol/dm?; [PMS] = 1.4 x 102 mol/dm?>; time = 120 min;
[MAA] = 24 x 102 mol/dm? [Chitosan] = 1.0 g/dm?;
temperature = 35°C).

vibrations, and a shift of the peak appeared because
of OH stretching from 3388.3 to 3401.8 cm ' along
with a shift of the peak appearing because of NH
bending vibrations from 1593.4 to 1562.1 cm ™},
which indicated the participation of hydroxyl groups
and amino groups in the chemical reaction. In addi-
tion to this, the grafting of the monomer was con-
firmed by characteristic absorption bands at 1632.1
and 1400.5 cm™ ! due to the —C=O stretching and OH

TABLE II
Effect of the Chitosan Concentration

[Chitosan] (g/ dm?) %G %E %A %C %H

0.6 299.2 53.1 74.9 27.3 46.9
0.8 301.5 56.5 75.1 259 43.6
1.0 349.7 60.5 77.8 27.9 39.5
1.2 372.3 64.6 78.8 27.9 35.5
1.4 4474 67.8 81.7 31.9 32.3

[PMS] = 1.4 x 1072 mol/dm® [MAA] = 24 x 1072 mol/
dm? [H'] = 4 x 1072 mol/dm?; [CY] = 1.2 x 102 mol/
dm?; temperature = 35°C; time = 120 min.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Effect of the hydrogen ion concentration ([CY]
=12 x 1072 mol/dm?% [PMS] = 14 x 1072 mol/dm?;
time = 120 min; [MAA] = 24 x 10~ mol/dm’ [Chitosan]
= 1.0 g/dm?; temperature = 35°C).

bending vibrations of the carboxylic group of MAA,
respectively. The appearance of additional bands due
the attachment of the pendant chain of MAA in the
graft copolymer and the disappearance of OH bending
vibrations appeared at 669.0 cm ', and also, C—N
stretching vibrations appeared at 1027.8 cm ™" in chito-
san from the spectrum of chitosan-g-MAA, which
showed that grafting had taken place on the OH and
NH, sites of the chitosan backbone.

Thermal analysis

The thermograms were recorded on a Netzsch-STA
409C/CD thermal analyzer (Chennai, India) from 0
to 1400°C and with a heating rate of 15°C/min in an
atmosphere of nitrogen. The results are summarized
in Table IV.

Chitosan

The thermogravimetric analysis curve of chitosan
showed a single-step degradation. The 16.3% weight

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Effect of the Temperature

Temperature (°C) %G %E %A %C %H

25 220.5 53.1 68.8 20.1 46.9
30 277.2 56.8 73.5 23.6 43.3
35 349.7 60.5 77.8 27.9 39.5
40 239.7 57.7 70.6 20.1 424
45 164.5 54.1 62.2 14.7 459

[Chitosan] = 1.0 g/dm?% [MAA] = 24 x 102 mol/dm>;
[PMS] = 1.4 x 1072 mol/dm? [H] = 4 x 10~ mol/dm?;
[CY] = 1.2 x 1072 mol/dm?; time = 120 min.

loss at a temperature 93.8°C might have been due to
a loss of absorbed water. It started to degrade at
114°C. The polymer decomposition temperature
(PDT) was found at 157°C. The rate of weight loss
increased with increasing temperature from 186.3 to
218.3°C and, thereafter, decreased and attained a
maximum value at about 512.5°C. The temperature
at which maximum degradation occurred (Tpax) Was
300°C (Fig. 7), which was also confirmed by a sharp
endothermic peak present in the differential thermal

—— A —— %G
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75 1 [ 3%0
- 330 ©
s ™ &
- 270
61 [ 210
m T T | L lm
0 0 110 140 170 20
Time Min
——%E —k— % H ——%C
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63 4 y_’/_\ 25
T 56- /\ -
N 15 §
£ 49 4 10
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35 T L T T u
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Figure 4 Effect of the time ([H'] = 4 x 1072 mol/dm?;
[PMS] = 1.4 x 1072 mol/dm?; temperature = 35°C; [CY] =
1.2 x 1072 mol/dm?® [MAA] = 24 x 10~? mol/dm?; [Chi-
tosan] = 1.0 g/dm?).



CHITOSAN-¢g-METHACRYLIC ACID

2435

00.00- o
o M\
i | '-.I
Il '.'| M | |
F i~ A N 1
A ff & ] ';‘l |'I( \II f b
/ | |
I."'-\J |l, I | Ill-‘l | |I I|I
{ 1 i | [ |
, B
f i | o~ | | 1l | II
4 Eid 74 \ A a | \
" h f |I | \ ||I I| = lwﬂ, J.' 1A%
: el | = =
B A I| ! chl '“'"“fi s
g I / | «:!:lw_- =
e k- & 3
| | b
] A ‘ | | | B
\ iz | |
Lo !Pv,'
1 ‘\N/ . 3 I8
{ g |
E -
g
0.00-4— T T T 1 T = T —
4000 3500 3000 2300 2000 1500 1000 emd S00

Figure 5 IR spectrum of chitosan.

analysis (DTA) curve of chitosan at 310°C (Fig. 8).
The final decomposition temperature (FDT) and inte-
gral procedural decomposition temperature (IPDT)
were found at 700 and 248.4°C, respectively.

Chitosan-g-MAA

The 19.2% weight loss at 100°C might have been due
to a loss of absorbed water. The degradation of chi-
tosan-g-MAA started to degrade at about 157.3°C.
PDT was found at 160°C. The degradation of the
graft copolymer occurred in two steps (see Scheme
2), that is, between 200-300 and 800-900°C tempera-
ture ranges (Fig. 9). Therefore, two T values were
found at 237.5 and 831°C, respectively. First, Tpax
might have been due to the elimination of H,O from

the pendant chain of MAA, which was also con-
firmed by the endothermic peak present in the DTA
curve of the graft copolymer of chitosan with MAA
at 260.2°C. Second Ty,.x might have been due to the
elimination of CO, from the pendant chain of MAA
attached to the polymeric backbone of chitosan (Fig.
10). A maximum weight loss of 27.5% was found at
700°C; therefore, FDT was found at 875°C. IPDT was
found to be at 330.54°C. The two steps degradation
and the high value of final decomposition favored
the idea that the graft copolymer was thermally
more stable than the polymeric backbone.

PHYSICOCHEMICAL PROPERTIES
Swelling behavior

The swelling behavior of different samples of the
graft copolymer was studied, and the results are
given in Table V. The different samples of the graft

100,00
KT '/\-
[ copolymer were synthesized at different concentra-
] & 3 J tions of monomer. The preweighed samples (0.02 g
’g]. My '\'l, | each) were immersed in 20 mL of triple-distilled
1 5 E 1 II |
| ™5 : " o |
a /& : i ! t ]
: [ ¥ A | '| TABLE IV
| f 'l I3 | i) [ i Thermogravimetric Analysis
| / LB |
| o I'JI Vo | || DTA peaks
I'-. d E Ill .-'I
'\,.f’f 1 \g/ |.| Sample PDT IPDT FDT T max Exopeaks Endopeaks
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Figure 6 IR spectrum of chitosan-g-MAA.
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Scheme 2 Degradation steps of the graft copolymer chi-
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Figure 7 Thermogravimetric trace of chitosan.
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water and kept undisturbed for 10 h at room tem-
perature until equilibrium was reached. The swollen
samples were then removed from triple-distilled
water, quickly wiped with filter paper to remove
droplets on the surface, and weighed.

The percentage swelling (P;) and swelling ratio
(S)) were calculated with the following
expressions:**

_ wt. of the swollen polymer — wt. of the dry polymer

P
s wt. of dry polymer

x100

Sr_ wt.of theswollen polymer—wt. of the dry polymer

wt. of the dry polymer

As observed from the results (given in Table IV),
P; and S, of the graft copolymer increased with
increasing percentage grafting, which depended on
monomer concentration. The percentage hydrophilic
character in the graft copolymer increased with

TS DT A

Figure 9 Thermogravimetric trace of chitosan-g-MAA.
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Figure 10 Differentia thermal analysis (DTA) trace of chi-
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increasing chain of pendent PMAA onto chitosan,
which thereby increased the swelling capabilities of
the graft copolymer.

Metal-ion sorption

Metal-ion sorption studies were carried out on graft
copolymers of different compositions, which were
synthesized with various concentrations of MAA
from 12 x 10"? to 36 x 10~* mol/dm’. For this, 0.02
g of the graft copolymer was placed in 10 mL of a
metal-ion solution of known concentration and kept
for 24 h. The strength of unabsorbed metals solution
was determined by a standard method.” For the
metal-ion sorption studies, we chose five metals
ions, Cu”*", Ni*", Zn**, Pb*>", and Hg”". The sorp-
tion behavior of the polymeric backbone and graft
copolymer for five metals ions was investigated with
the following parameters:*®

Percention uptake (P,)
_ Amount of metal ion in the polymer

~ amount of the metal ion in the feed 100
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TABLE V
Swelling Behavior
Sample [MAA] x 10°> mol/dm? %G P, S,

A 12 285.6 176 1.76
B 18 303.9 198 1.98
C 24 349.7 284 2.84
D 30 261.7 145 1.45
E 36 205.2 130 1.30

[Chitosan] = 1.0 g/dms; [PMS] = 1.4 x 1072 mol/dm?;
[CY] = 1.2 x 1072 mol/dm?; [H"] = 4 x 10~* mol/dm?;
temperature = 35°C; time = 120 min.

Partition coefficient (K;)
_ Amount of metal ion in the polymer

" amountof metal ion in the solution
Volume of solution(ml)

. weightof dry polymer

Retention capacity (Q,)

_ Amount of the metal ion in the Polymer(mol equiv)

Weightof the dryPolymer(g)

The results of the sorption behavior of chitosan and
its grafted polymer with MAA were studied in terms
of P, K;, and Q,. The results are shown in Table VI.
The values of P, K;, and Q, increased directly as %G
increased, which might have been due to increased
pendent chains of PMAA. The results also show that
Hg*" was least able to be taken up in comparison to
the other four metal ions.

Flocculation performance

In a 1.0-L beaker, 200 cc of a 1 wt % coal suspension
was placed. The beaker was placed on a flocculator
with a stirrer blade dipped in the suspension. Under

TABLE VI
Sorption Studies of Metal Ions on Chitosan and Chitosan-g-MAA

Sample [MAA] x 10 Pu Ka Qr

code mol/dm? %G Cu*™ Ni*" Zn®*' Pb*" Hg*™ Cu*" Ni*" Zn®>" Pb*" Hg*™ Cu®*" Ni*' Zn®' Pb*" Hg>"
C — — 44 33 25 28 18 228 170 127 143 94 21 16 13 14 09
Cp 12 2856 52 47 38 42 33 274 248 198 217 169 25 23 20 21 1.6
Cps 18 3039 79 68 53 62 45 428 364 281 328 236 38 33 28 31 22
Cps 24 3497 95 84 76 81 63 528 461 412 443 338 46 41 40 41 31
Cps 30 2617 81 74 51 69 49 440 400 271 373 258 39 36 27 35 24
Cps 36 2052 49 41 27 36 25 22 215 137 185 126 24 20 14 18 1.2

[Chitosan] = 1.0 g/de; [PMS] = 14 x 10 2 mol/dm?>; [CY] = 1.2 x 10 2 mol/dm? [H'] = 4.0 x 102 mol/dm>; time
= 120 min; temperature = 35°C.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 11 Effect of the polymer dosage on the turbidity
of coking coal.

low stirring conditions, the required quantity of
polymer solution was added to the beaker to make a
predetermined dose with respect to suspension vol-
ume. After the addition of polymer solution, the sus-
pension was stirred at a constant speed for 15 min.
The flocs were allowed to settle down for 0.5 h.
Clean supernatant liquid was drawn from a depth
of 1.0 cm, and its turbidity was measured with a
digital nephelometer (supplied by Iso-Tech System,
Varanasi) to express the turbidity in nephelometric
units (NTU). At the time of mixing, the concentra-
tion of flocculants should have been very low so
that the polymer solution was uniformly dispersed.
The turbidity values of the supernatant liquids were
taken as a measurement of the flocculation efficiency
of the backbone chitosan and graft copolymer of
MAA with chitosan. Plots of the supernatant turbid-
ity versus polymer dosage for coking and noncoking

Tm ——Chitosan

= —=—Chitosan-j-MAA

£ w.

b .-_,._'_‘_*\-—-_

&

i

e - M
g 1]

| 0 1 2 3 4 5 [ 7 % 9 10

T Pelymer dosage (ppdy ™

Figure 12 Effect of the polymer dosage on the turbidity
of noncoking coal.
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coals are presented in Figures 11 and 12. It is
obvious that the grafted copolymer (chitosan-g-
MAA) showed better performance with low turbid-
ity than did the chitosan itself. This phenomenon
could be explained by consideration of the bridging
mechanism.”” In grafted copolymer, the dangling of
PMAA chains had better approachability as acrylam-
ide”® to the contaminant coal particles, hence,
increasing its flocculation capability. By the grafting
of PMAA onto chitosan, an efficient flocculant was
obtained, which may be used for the treatment of
coal mine wastewater.

CONCLUSIONS

The spectroscopic data confirm that the grafting of
MAA might have taken place at the hydroxyl and
amino groups, which was supported by a tentative
mechanism suggested for grafting. The thermal anal-
ysis data showed that the grafted polymer was ther-
mally more stable than pure chitosan. The
synthesized graft copolymer, that is, chitosan-g-
MAA, showed better results for swelling, metal-ion
sorption, and flocculation in comparison to chitosan;
thus, the graft copolymer showed an enhancement
in these properties due to grafting and could be
exploited very well industrially.
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