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ABSTRACT: Chitin hydrogels of poly(vinylpyrrolidone)
(VP) were prepared by means of the hydrogen peroxide
graft copolymerization process. The effect of the VP grafted
chain on water diffusion through the biopolymer was stud-
ied. Fourier transform infrared spectra of the VP-g-Ch
showed an increase in the intensities of the hydroxyl and
carbonyl stretching bands indicating a reduction in the hy-
drogen bonding of chitin. An investigation was undertaken
regarding the adsorption of nickel(Il) and cadmium(II) ions
from aqueous solutions by the VP grafted chitin and the
effects of the grafting degree on the Cd** and Ni** sorption

were studied. The Cd*" and Ni** adsorption equilibrium
data correlate well with the Fretindlich equation. The results
indicate that the Ch-g-VP graft copolymer under investiga-
tion is a potentially powerful chelating material that can be
employed for Ni** and Cd** ion removal from wastewater
effluents. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 92:
1310-1318, 2004

Key words: graft copolymers; hydrogels; chitin; metal-poly-
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INTRODUCTION

Many factors contribute to man’s impact on the envi-
ronment, and one of the most important of these is the
explosive growth in industrial activities. Several in-
dustrial activities based on metal electrochemical dep-
osition, paints, petrochemical synthesis, powder met-
allurgy, tanning, and others are completely dependent
on water resources.

It is well known that anthropogenic sources such as
industrial effluents,? automobile emissions,>* mining
activities,”® and agricultural practice”® are important
sources of pollution of heavy metals ions.

There are several metal pollutants that are consid-
ered of potential threat to environmental systems.
These include Cd, Cr, Cu, Hg, Ni, Zn, and Pb that, due
to their distinct chemistry and characteristics, each
represent a rather different hazard to the environ-
ment.”'?

The advent of nickel-cadmium batteries, Ni—steel
alloys, photocells, and other electroelectronic com-
pounds based on the nickel and cadmium metals has
received careful attention of the governmental organi-
zation due to their tendencies to accumulate in plants
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and animals, causing severe environmental prob-
lems. '8

Various methods such as hydroxide precipitation,”
ion-exchange,”” reverse osmosis,”' and electrodialysis
techniques®* have been developed for the removal and
recovery of harmful metals ions from sewage and
industrial waste water. Despite their removal effec-
tiveness, these techniques are often quite expensive.

The ability of some polymers to bind metal ions
forming charge transfer complexes introduces a new
and interesting technique to industrial wastewater
treatment that introduces the chelating properties of a
polymer with metal ions and the ultrafiltration
through selective membranes as two combined sepa-
ration processes.zg'_25

The development of green technologies for water
treatment processes has attracted the attention of sev-
eral materials scientists due to limitations of the con-
ventional processes based in the synthetic resins de-
rived from the petrochemical route.

Due to their capability of binding metal ions by
physical or chemical adsorption, wide availability,
and environmental safety, the use of the biopolymer
chitin and its derivatives for the removal and recovery
of toxic metals ions has attracted enormous industrial
interest.”* !

The more common polymorphic crystalline struc-
ture of chitin obtained from the shells of crabs, lob-
sters, and shrimp is the a-structure.*>* The tightly
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compacted and high crystallinity cause the a-chitin to
have poor swelling in water, limiting its uses in metal
chelation processes.

The search for an effective and economic method for
removing toxic metal ions from industrial effluents
has stimulated several research groups to develop
cellulosic materials type hydrogels due to their easy
availability and wide application spectrum in both
their natural and their chemically modified struc-
tures.>*3

In view of the above, we have attempted to develop
chitin hydrogels, a material that absorbs large
amounts of water, in this manner exposing the
biopolymer to a higher interaction with the polluted
water.

Considering the ability of the poly(N-vinyl-2-pyrro-
lidone) (PVP) hydrogel to form charge transfer com-
plexes with metallic ions, the aim of this study was to
synthesize the chitin-graft-N-vinyl-2-pyrrolidone co-
polymer (Ch-g-VP). This hydrogel was used in the
sorption of Ni** and Cd*", some of the closely related
common water pollutants.

EXPERIMENTAL
Materials

a-Chitin was isolated from exoskeleton of pink shrimp
shell (Solenocera melantho) waste, after treatment with
NaOH (2.5 N, 10 mL/g) at room temperature for 8 h
followed by decalcification with HCI (1.7 N, 10 mL/g)
at room temperature for 24 h.** After being washed
with distilled water until neutral pH and dried at 90°C
for 48 h, the obtained chitin was milled and screened
to separate the 100 mesh fraction. N-Vinyl-2-pyrroli-
done (VP) monomer (Aldrich) was vacuum distilled
before use. Other reagents were of analytical grade
and were used without further treatment.

Chitin grafting

VP grafting onto chitin was carried out after the cre-
ation of active epoxide groups on the biopolymer in
the presence of hydrogen peroxide. The purified chitin
powder (1.0 g) was dispersed in an aqueous solution
of hydrogen peroxide (10% v/v, 3.0 mol) and deaer-
ated with gaseous nitrogen (N,). An aqueous solution
of VP monomer containing 107> M of Fe(Il) sulfate
was then added with constant stirring in a thermostat-
ically controlled reaction flask at 60°C for 1 h. After
copolymerization, the VP-g-Ch was purified in a
Soxhlet extraction apparatus with ethanol-water mix-
ture (1:1 v/v) to remove the ungrafted poly(N-vinyl-
2-pyrrolidone) homopolymer and then exhaustively
washed with water to remove the residual Fe(II) ions.

After being dried under vacuum at 50°C to a con-
stant weight, the grafting degree of a-chitin was de-

termined by the percentage increase in weight accord-
ing to the equation

GD(%) = [Wgwwo] X 100 (1)

where W, and W, denote the weights of chitin and
grafted chitin, respectively.

FTIR examination of copolymer structure

Structure changes of chitin induced by VP grafting
were analyzed by Fourier transform infrared (FTIR)
spectroscopy. Infrared spectra were measured in KBr
pellets with a Perkin-Elmer Model 1730 FTIR spec-
trometer at 4 cm ™' resolution. The ratio of absorbance
of the vibration bands at 1560 and 1070 cm ™' corre-
sponding to the amide II band and to the ether stretch-
ing band (C-0), respectively, were used to investigate
the extension of the grafting degree reaction on the
biopolymer.

Adsorption isotherms

The binding properties of the Ni** and Cd*"* to the
VP-g-Ch hydrogel were investigated using the non-
competitive adsorption by the batch method. The ad-
sorption experiments were carried out by immersing a
fixed amount of dry chitin and VP-g-Ch (1.0 g) in 0.10
dm? of the metal ion solution at pH 4.6 (phosphate
buffered solution, 0.1 M NaCl, 0.086 M KH,PO,, 0.041
M Na,HPO,) (PBS) for 24 h with constant stirring (130
rpm, shaker bath Firstek Model B 603).

The metal solutions were sampled and preserved
before and after the deployment of the Ni** and Cd**
adsorption experiments. After filtration, the concen-
trations of Ni** and Cd** were analyzed using an
atomic absorption spectrophotometer (GBHC Model
932). Each measurement was undertaken in triplicate
under identical conditions.

Swelling behavior

The water sorption and diffusion measurements were
obtained after immersion of known weights of the dry
a-chitin and Ch-g-VP membranes in PBS solution at
pH 4.6 and 25°C until equilibrium was reached. After
the sorption time the membranes were removed from
PBS solution, blotted quickly with a filter paper to
eliminate the free water on its surface, and weighed.
The degree of swelling was calculated from the ratio of
the weight of water involved in the swollen material
to the weight of dry chitin according to the relation

W= W,
0 %100 (2)

Swelling(%) = ( W
0
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where W, is the weight of the swollen film at time ¢
and W, is the initial mass of the film.

Electrical properties of VP-g-Ch metal complexes

The VP-g-Ch/Ni*" and VP-g-Ch/Cd** complexes in
the form of compact discs (10 mm in diameter and 1
mm in thickness) were produced by subjecting a spec-
ified amount of the copolymer powder (150 mg) to 10*
kg:em ™2 pressure. Carbon paste was place between
the electrode and the sample, ensuring good electrical
contact.

The circuit used for DC electrical conductivity mea-
surements was interfaced with a computer device and
a 610 C-Keithley digital electrometer. The measure-
ments were made at room temperature (25°C) under
vacuum (~1072 mm Hg). A DC voltage of 100 V was
supplied to the sample, and the bulk resistance was
measured after 2 min.

Considering the sample’s geometry, the value of
specific resistance (p) was calculated by

_rwh 3
P=g (3)

where p is the specific resistance ({2:cm), r is the elec-
tric resistance (), w is the width of the electrode (in
centimeters), h is the thickness of the disc (in centime-
ters) and d is the electrode distance.

RESULTS AND DISCUSSION
Mechanism of grafting

It is well known that peroxide groups may be easily
introduced into cellulose and its derivatives by treat-
ment of the biopolymer with hydrogen peroxide to
form peroxides and a-hydroperoxide, respectively.*’
The resultant peroxide groups have the ability to ini-
tiate thermal grafting through the generation of "'OH
free radicals. Thus, the free radicals ‘'OH might attack
the chitin chain to give chitin macroradicals that are
able to initiate VP grafting onto the biopolymer sur-
face.

The chitin macromolecule contains two reactive
groups at the C-2 and C-6 positions where the active
sites are expected to appear. These chitin macroradi-
cals will react with the VP monomer to initiate graft
copolymerization.

Figure 1 shows the scheme of the suggested mech-
anism for the graft reaction of VP onto a-chitin (Ch). In
the presence of VP, grafting occurs by the addition of
further monomer molecules to give rise ultimately to
the graft copolymer.

Effect of VP concentration

The thermally produced free radicals are also found in
VP, which will initiate the homopolymerization of the
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monomer. The grafting of VP onto chitin is controlled
by the rate of VP diffusion to the vicinity of chitin
macroradicals. Thus, the monomer concentration af-
fects directly the rate of grafting and homopolymer-
ization of the vinyl monomer onto chitin.

Figure 2 shows the effect of VP concentration on the
grafting degree. The increasing VP concentration to
80% (m/m) was followed by a significant decrease in
VP grafting onto chitin. The observed decrease in VP
grafting degree might be due to the high concentration
of free VP monomeric radicals in solution terminating
the growing of the grafted VP chain; producing ho-
mopolymers and resulting in the grafting degree de-
crease. At the same time the grafted poly(N-vinyl-2-
pyrrolidone) chains act as a diffusion barrier, thereby
preventing the further copolymerization of VP with
chitin, even if the former is used at concentrations as
high as 80% (m/m).

FTIR examination of the copolymer structure

FTIR spectroscopy may be used for the investigation
of the graft copolymerization between Ch and the VP
monomer because it provides information on the graft
copolymer composition.

Our discussion will mainly concentrate on the hy-
droxyl and carbonyl stretching vibration bands in the
VP monomer and chitin, as they may be expected to be
affected by the graft reaction.

Figure 3 shows the FTIR spectra for Ch and the graft
copolymer VP-g-Ch. Stretching vibrations of the hy-
droxyl groups in chitin appear around 3450 cm ™. The
streching vibration spectra of acetamide group of
chitin appear at 1663 and 1564 cm ™' while the sharp
band at the 1041 cm ™" peak in the pure chitin becomes
separate bands in the graft copolymer. Moreover, the
peak intensity of the graft copolymer is stronger than
that of pure chitin relative to amide and carbonyl
bands. The observed dependence on the grafting de-
gree and the amide and hydroxyl stretching intensities
may be indicative of the reduction on the VP grafting
since the grafted PVP chains could have a strong
influence on the hydrogen bonding interactions
present in chitin.*

The distribution of the grafted PVP chains in the
region near the surface was investigated by ATR/
FTIR spectroscopy. As shown in Figure 4, the values of
the ratios of the NH/C = O peak were calculated and
plotted against the grafting degree. The ratios of the
NH/C = O absorption bands decreased with the de-
gree of grafting, indicating an inhomogeneous distri-
bution of the VP grafted chain in the bulk of the
biopolymer.

Swelling behavior of the VP-g-Ch graft copolymer

The grafted vinylpyrrolidone chain is hydrophilic and
its presence onto chitin will increase the water diffu-
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Figure 1 Proposed mechanism for the grafting reaction of N-vinyl-2-pyrrolidone onto chitin catalyzed by the H,O,/Fe**

system.

sion through the biopolymer. Since the water swelling
of the VP-g-Ch is directly proportional to both the
pore size of the gel network and the volume of the
hydrogel, the water sorption by the grafted chitin was
studied.

For characterization of the swelling behavior, VP-
g-Ch membrane samples were allowed to swell to
equilibrium in aqueous swelling medium at pH 4.6
(PBS) to avoid the precipitation of the Ni** and Cd**
ions and constant ionic strength (equivalent to 0.010 M
NaCl).

The water transport through hydrophylic polymers
may be described by the well-known Fick’s second
law:*

9°C(x,t)
ax?

BC(x,t)_
at

(4)

where C is the water concentration, D, is the diffusiv-
ity normal to the surface, i.e., in the x-direction, and ¢
is the diffusion time.

In the case of isotropic thin VP-g-Ch membranes,
the one-dimensional analytical solution of Eq. (4) at
equilibrium of water diffusion gives

M,

M.,

[-D@2n+1)2m2/h2t]

8
)

™

- 1
1- ngomexp (5)

where n is a integer, M, is the mass of water sorbed at
time t, M., is the mass of water sorbed at equilibrium
time, and / is the initial thickness of the polymer
membrane.

In a Fickian diffusion, the water diffusivity through
VP-g-Ch is related to the rate of initial water absorp-
tion according to the equation

M,

i1y =1n( ) -

According to 6 the plot of In[1 — M,/M..] versus time
should be linear at long diffusion times, and slopes of

D*

N ©)
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Figure 2 Grafting degree as a function of N-vinyl-2-pyrro-
lidone content in the monomer mixture. Solvent, water;
H,0,/Fe*" concentration, 3.0 M /10 M; temperature, 60°C;
reaction time, 1 h.

these lines are proportional to the diffusion coeffi-
cients.

Figure 5 shows the dependence of the water dif-
fusion coefficients of the lactam composition on
Ch-g-VP copolymers. The water diffusion coeffi-
cients increased with the VP content on the biopoly-
mer, indicating that the motional freedom of the
water molecules is higher in the Ch-g-VP than in the
ungrafted biopolymer.

It is known that a-chitin is a polymer with a low
water sorption capacity. The grafting of the biopoly-
mer with the VP monomer should increase the water
uptake of the grafted a-chitin. However, the water
uptake measurements may be used as an indication of
the concentration of the PVP hydrophilic parts present
in the hydrophobic chitin matrix.

Figure 6 shows a plot of the VP grafting degree
against water uptake for the VP-g-Ch copolymers at
25°C. It is clear from Figure 6 that the grafted biopoly-
mer swells more than does the ungrafted chitin. These
swelling characteristics suggest that the grafted chitin
performs as a polymeric hydrogel, which is poten-
tially useful for metal ion sorption.

Most industrial applications expose the materials to
a wide range of temperatures. As a result, the temper-
ature effect on water diffusion represents the major

FILHO ET AL.
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Figure 3 FTIR spectra of chitin (A) and VP-g-Ch (B). VP
grafting degree (g), 80% m/m.

practical repercussion. Since the diffusion is a ther-
mally activated process, the water diffusivity is very
sensitive to temperature.

8,0
Linear Regression
1 Y =7,68766 + -0,03586 * X
7,5 R:-0,99906
7,0
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Figure 4 Ratios of the NH/C=O peaks of different grafting
degree for VP-g-Ch systems obtained from ATR/FTIR spec-
troscopy.
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Figure 5 Dependence between the water diffusion coeffi-
cients and the lactam composition on the Ch-g-VP copoly-
mers. Temperature = 298 K; pH 4.6 (PBS).

The water diffusion coefficient through Ch-g-VP
copolymers obeys the activated transition state theory
and its temperature dependence can be expressed by

the Arrhenius equation:*®

D = Dye F/RT (7)

where D, is the preexponential factor, R is the molar
gas constant, T is the absolute temperature, and Ep, is
the activation energy required to produce an opening
between polymer chain segments large enough to al-
low the water diffuse. The exponential correlation of
diffusivity with 1/T results in a very strong tempera-
ture dependence.

Figure 7 shows the required activation energy, Ep,
to the water diffusion through the VP grafted chitin. It
may be noted that the energy for water diffusion
through the grafted biopolymer decreases linearly
with the VP grafting yield, which suggests a facility
associated with the movement of the aggregates of
water molecules through the grafted chitin.

Metal-ion complexation studies

In the graft copolymer VP-g-Ch, the lactam unit of the
grafted VP chains is an active binding site to form
charge transfer complexes with the heavy metal ions

in solution. For this particular purpose, the Ni*" and
Cd*" ions sorption kinetic is an important physico-
chemical parameter for evaluating the selectivity as
well as the chelating capacity of the VP-g-Ch graft
copolymers.

Figure 8 gives the effect of the grafting degree on the
adsorption of Cd*" and Ni*" ions onto Ch-g-VP co-
polymers. As shown, the Ch-g-VP chelating properties
decrease with the grafting yield, suggesting that the
ligand, although present in excess, occupies only some
of the coordination sites of the metals and the remain-
der of the sites are occupied by water.

In contrast, the low adsorption of Cd** relative to
the Ni** ions may be a consequence of their lack of
affinity to the lactam rings present in the Ch-g-VP
copolymer. Apart from the contribution of the charge
density and hydration energy of the VP-g-Ch hydro-
gels in ion uptake, the hydration sphere of these ions
also contributes significantly to the selectivity in the
observed results. In this work, the sorption order is
Ni** > Cd**.

A common mathematical approach for the descrip-
tion of metal sorption by the macromolecules is the
definition of sorption isotherms. The Freiindlich
model is perhaps the most popular adsorption model
and has found a wide acceptance because of its accu-
racy and broad applicability.

50 -

40

304

20 4

water absorbed (g water/g polymer)

0 T T T T T T T T T T
0 20 40 60 80 100

Grafting degree (% m/m)
Figure 6 Water uptake per dry polymer weight (g/g) for

Ch-g-VP copolymers with different grafting degree. Tem-
perature, 298 K; pH 4.6 (PBS); swelling time, 2 h.
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Figure 7 Activation energy dependence of the VP grafting
degree for water diffusion on Ch-g-VP copolymers in PBS
solution at pH 4.6.

The distribution of the heavy metal between the graft
copolymer VP-g-Ch in aqueous phase at equilibrium
may be described by the Freiindlich isotherm as*

260
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M? . (mg.g”)
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150 T T T T T T T T T
0 20 40 60 80

Grafting degree (% m/m)
Figure 8 Effect of the grafting degree on the Ni** (A) and

Cd** (B) adsorption ions by Ch-g-VP copolymers. Contact
time, 120 min; pH 4.6 (PBS); temperature = 298 K.
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Figure 9 Freiindlich isotherm for the Ni** (A) and Cd**
(B) adsorption by Ch-g-VP copolymers. [Cd*"] = [Ni*"]
= 0.5 molL} pH 4.6 (PBS); temperature = 298 K and
Ch-g-VP = 1.0 g.

X 1
loga =log K + Elog Ceq (8)

where x/m is the amount of Ni?" and Cd?*" sorbed per
unit weight of Ch-g-VP (mgg™ '), Ceq is the metal
concentration in equilibrium solution (mg-g™'), and K
and 1/n represent the sorption capacity and the metal
sorption intensity, respectively.

Applying the Freiindlich equation to the analytical
data for single solutions, the parameters K and n for
the Ni*" and Cd** monocomponent adsorption were
obtained. The parameter K is related to the distribu-
tion coefficients and consequently to the Ch-g-VP af-
finity to Ni*" and Cd*" ions.

Figure 9 shows the Freiindlich isotherm for the Ni**
and Cd** sorption ions by VP-g-Ch copolymers. It
was assumed at a 95% level of significance that the
Fretindlich model adequately represented the data.

Of particular interest in Figure 9 are the values for
the constants 1/n and K. Similar values for the con-
stants mean similar adsorptive properties for the VP-
g-Ch graft copolymers.

From Figure 9, the values for the slope and intercept
of the linear regression line can be determined. The
values for K and 1/n for Ni*" adsorption are 1.13
+ 0.098 mg-g~ ! and 0.34 = 0.10 g«dm >, respectively.
The estimated K and 1/# values for the Cd*" adsorp-
tion are 1.52 + 0.22 mg.g” ' and 0.23 * 0.14 g:dm >,
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Figure 10 Effect of the Cd*" and Ni*" content on specific
resistance of VP-g-Ch copolymers at 298 K and relative
humidity of 50%.

respectively. The 1/n values suggest that the adsorp-
tion forces of Ni** actuating on the Ch-g-VP surface
are stronger compared to those of the Cd**, confirm-
ing that the mechanism of sorption is mainly ionic
with a part of physical sorption.

Electrical measurements

To avoid hyperaccumulation of the VP-g-Ch primarily
used to the Ni?* and Cd?*" remotion, alternative uses
of the VP-g-Ch hydrogel metal complexes were devel-
oped in our laboratories. In this sense, the use of Ni?*
and Cd*" grafted chitin complexes as antistatic agents
in the rubber industry was considered in this work.
Taking the utilization of the VP-g-Ch metal complexed
as antistatic material, the specific resistance of VP-g-
Ch/Ni*" and VP-g-Ch/Cd*" complexes should be
measured.

Figure 10 shows the relation between the metallic
ion content and the specific resistance of VP-g-Ch/
Ni** and VP-g-Ch/Cd*" complexes. A stronger de-
pendence between the conductivity and the metal con-
tent on the graft copolymer can be observed from
Figure 10. The nickel VP-g-Ch complexes are found to
exhibit a higher conductivity when compared to the
cadmium VP-g-Ch complexes, indicating that the mo-
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bility of Cd*" ions (ionic radius = 109 pm) is lower
than the mobility of Ni** (ionic radius = 83 pm).

CONCLUSION

A graft copolymer of N-vinyl-2-pyrrolidone onto
chitin was synthesized using the peroxidation tech-
nique. The Ni** and Cd*" adsorption equilibrium
data correlate well with the Freiindlich isotherm equa-
tion. The Ni** and Cd** binding ability correspond-
ing to the poly(vinylpyrrolidone)-chitin graft copoly-
mer suggests that the grafted biomass possesses a
higher potential for Ni** and Cd*" adsorption. Apart
from the contribution of microstructural aspects of the
VP hydrogels in ion uptake, charge density, hydration
energy, and size of hydration sphere of these ions also
contribute significantly to the selectivity in the ob-
served results. In this work the sorption order is Ni**
> Cd*". The VP-g-Ch hydrogel has proved to be a
promising material for removing Cd>* and Ni*" ions
for the cleanup of contaminated wastewater release by
industry.
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