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Chitosan Immobilized on Silica Surface for Wastewater Treatment
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Adsorbents of natural origin are widely used for industrial wastewater treatment in order to replace current costly
methods of heavy metals removing from solutions. For that purpose, immobilization of chitosan on the silica gel surface
by crosslinking of adsorbed biopolymer with glutaraldehyde was carried out. Anchorage of chitosan on the silica surface
was confirmed by IR spectroscopy. Concentration of immobilized chitosan was estimated using thermogravimetric
analysis. The adsorption of microquantities of Zn(II), Cu(II), Cd(II), Pb(II), Fe(III), V(V) and Mo(V]) ions from aqueous
solutions by obtained composite has been studied. The highest sorption capacities were observed with respect to zinc
(0.46 mmol/g), molybdenum- and vanadium-containing ions (0.31 mmol/g). Diffuse reflectance electronic spectra of
samples with different content of adsorbed metal and kinetic adsorption characteristics of the composite adsorbent were

estimated.

Keywords: adsorption, chitosan, silica, toxic metals removal, wastewater treatment.

1. INTRODUCTION

Polymers with the expressed ion-exchanging and
complexing properties are widely used recently to improve
the sorption properties of mineral adsorbents. In this respect,
natural biopolymer chitosan attracts attention. Properties of
inorganic matrix of composites mineral carrier-chitosan
could be improved by valuable features of a polymer. In
particular, chitosan has proper biocompatibility, high
adhesion to the surface, wide range of pH-stability, ability to
biodegradation, nontoxicity, complexing properties.
Alternatively, mineral carriers are characterized by the
advanced surface area, heat resistance, stability to the
microorganism’s attack and proper adsorption Kkinetics.
Recent studies have shown that composites silica-chitosan
[1—4] and biosorbents based on chitosan and various natural
minerals [5—12] can be used for heavy metals extraction
and its preconcentration from solutions. However, there is
necessity for systematic studies of adsorption characteristics
with respect to cations and metal-containing anions
depending on the nature and pH of medium in order to
determine the optimal conditions of use and the sorption
capacity of composites chitosan-mineral sorbents.

Chitosan and its derivatives was found to show activity
towards adsorption of zinc(Il), copper(Il), cadmium(II),
lead(II), iron(III), vanadium(V) and molybdenum(VI) ions
[13—15]. In our work the adsorption properties of chitosan
immobilized on the silica surface with respect to these ions
have been studied.

2. EXPERIMENTAL DETAILS

Silica gel with a specific surface area of 256 m%/g,
particle size of 0.1 mm—0.2 mm and an average pore size
of 12 nm (Merck) was impregnated by chitosan solution
(Sigma Aldrich, N 417 963) with a molecular weight from
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190,000 Da to 370,000 Da, degree of deacetylation — not
less than 75 % and solubility 10 mg/ml. For this, 20 g of
silica and 285 ml of 7 mg/ml chitosan solution in acetic
acid (pH 2.6) were putted in flat-bottom flask and mixed
by the magnetic stirrer MM-5 for 2h. The obtained
substance was dried at 50 °C.

Chitosan has a high affinity to the surface due to the
interaction between part of protonated amino groups of
polymer and dissociated hydroxyl groups of silica, which
are formed in aqueous solution (Fig. D).
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Fig. 1. The scheme of interaction between silica and chitosan

Lateral crosslinking of adsorbed polymer by
glutaraldehyde was performed in order to better consolidate
the surface layer, which is important in case of acidic
solutions. For this, 10 ml of 0.025 % glutaraldehyde solution
was added to the silica with the pre-adsorbed chitosan and
stirred for 2 h. According to the calculations, used amount of
dialdehyde support crosslinking about 5 % of aminogroups
in the polymer layer. The obtained product was washed with
repeated decantation and dried at 50 °C untill constant mass.
In the result, silica-chitosan composite was synthesized with
mass ratio chitosan : silica—1: 10.

The investigation of adsorption properties of the
obtained composite with respect to Zn(II), Cu(Il), Cd(Il),
Pb(II), Fe(Ill), V(V) and Mo(VI) ions was carried out in
the static mode with periodic hand-stirring. For that
samples of 0.1 g of synthesized adsorbent was contacted
with 25 ml of solutions with different concentrations of
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salts: ZHC]Q, CU,C12'2H20, Cd(NO3)24H20, Pb(NO3)2,
FCC13, NH4VO3, (NH4)6M07024'4H20, which  were
prepared under recommendations [16]. Photometric studies
of equilibrium solutions were carried out according to the
methods described in [17-19] wusing a SF-46
spectrophotometer (LOMO, Russia) with square cuvettes
(optical path length /=1 cm).

IR spectra of samples of initial materials and reaction
products were recorded using IR spectrophotometer with
Fourier transformation (Thermo Nicolet Nexus FT-IR,
USA). For this purpose the samples was grinded in an
agate mortar and pressed with KBr. The concentration of
chitosan on the surface of silica gel was determined by
thermogravimetric method on the derivatograph Q-1500
MOM (Hungary) with the computer data registration at the
temperatures range 15°C—1000°C. Samples heating rate
was 10 degrees/min. DTA, TG and DTG curves were
recorded simultaneously. Diffuse reflectance electronic
spectra were obtained by spectrophotometer Specord-40.

The degree of adsorption (R) was calculated using the
formula:

R = (myq5/mg)- 100 % = (mo—m)/my-100 %, (N

where m is the weight of the metal in the initial solution,
M,gs 1S the mass of adsorbed metal, m is the mass of metal
in solution after adsorption equilibrium, which was
calculated as m=C-V, where C is the equilibrium
concentration of metal and ¥ is the volume of equilibrium
solution.

3. RESULTS AND DISCUSSION

To ascertain the immobilization of chitosan onto the
surface of mesoporous silica, FT-IR spectroscopy was
employed to characterize initial chitosan, silica and
chitosan-modified silica. Similar features were seen for
initial chitosan and silica, as well as unmodified hybrid
materials as was reported earlier [3,20], i.e., bands at
1700 cm™ and 1550 cm™ in the spectrum of chitosan
(Fig. 2, curve 1) confirm the presence amino groups in the
initial polymer.

Absorbance

Fig. 2. FTIR spectra of chitosan (1) and silica (2)

The silica spectrum showed characteristic silicon oxide
broad bands at 750, 880 and 1030 cm™' corresponding to
symmetric Si—O, Si—~OH bonds and asymmetric Si-O-Si
bonds stretching vibrations, respectively, due to the silicon
oxide polymeric network (Fig. 2, curve 2). According to IR
spectrum of the silica-chitosan composite (Fig. 3) intensive
absorbance at 1530 cm™', which corresponds to the
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deformation vibrations of N—H of the protonated amino
groups and the band at 1650 cm™', which describes
azomethine bonds formed after glutaraldehyde treatment,
are observed.
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Fig. 3. FTIR spectrum of obtained silica gel-chitosan composite

The thermogravimetric analysis (hereinafter — TG) of
silica and synthesized composite were conducted in order
to determine the concentration of immobilized chitosan on
the composite surface (Fig.4). The comparison of TG
curves of SiO, and composite silica-chitosan shows that in
the temperature range from 100 °C to 700 °C weight loss of
the composite silica-chitosan, which is most likely caused
by destruction of the organic component of the composite,
is about 10 %. Comparing this value with the weight of
chitosan, which has been taken for the composite
synthesis, shows almost complete polymer anchorage on
the silica surface.
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Fig. 4. TG-curves of silica (a) and composite silica-chitosan (b)



According to literature data, chitosan has interesting
adsorption properties towards to Zn(Il), Cu(Il), Cd(II),
Pb(Il), Fe(Ill), V(V) and Mo(VI) ions [1—15]. The
investigation of sorption properties of the synthesized
composite was started from the definition of optimal
values of medium acidity in which the removal of the
studied ions was highest. The dependences of degree of
removal of examined ions by silica gel with immobilized
chitosan on nature and acidity of the medium are
summarized in Table 1.

Table 1. The degree of adsorption of Zn(Il), Cu(Il), Cd(II),
Pb(II), Fe(IlI), V(V) and Mo(VI) ions as function of the
medium acidity

Degree of adsorption, %
Ion ..
Distilled

pH1.0 | pH2.5 | pHS5.1 water pH 8.0

Zn(10) 5437 | 71.00 | 87.12 89.14 95.94
Cu(Il) 0.00 63.25 | 55.00 44.56 83.50
Cddn 0.00 65.34 | 12.70 15.57 14.13
Pb(1I) 0.00 65.53 | 56.19 62.63 11.08
Fe(I1I) 22.65 | 48.54 | 85.76 72.01 91.42
V(V) 99.10 | 99.57 | 99.96 99.90 99.87

Mo(VI) 0.00 22.9 7.27 49.30 6.20

Note: experimental conditions: mass of sorbent — 0.1 g, volume
of solution — 25 ml, weight of zinc, copper, cadmium, lead,
iron in the original solution — 0.1 mg, weight of vanadium,
molybdenum in the initial solution — 1 mg.

It can be seen from the obtained data that zinc(II) ions
were adsorbed quite well in almost the entire range of
acidity of the medium. However, the maximum degree of
sorption of 100 mg of zinc by synthesized composite was
about 96 % in slightly alkaline medium at pH 8.0, which
generated by ammonium acetate buffer. Also 87 %—89 %
of Zn(Il) cations were removed from the weakly acidic
medium, created by acetate ions, at pH 5.1, and from
distilled water. In strongly acidic conditions (pH 1.0,
chloride ions) adsorption of these cations was only 54 %.

Similarly to Zn(Il) ions, Cu(Il) and Fe(III) ions were
extracted effectively (84 % and 91 %) by synthesized
composite at pH 8.0 in the ammonium acetate buffer.
However, unlike cations Zn(II) and Fe(III), Cu(II) ions are
not adsorbed in 0.1 M HCI medium and moderately
removed in the presence of acetate ions: 63 % at pH 2.5;
55% at pHS5.1 and 45 % from distilled water. In the
similar conditions Fe(Ill) ions were adsorbed better: 49 %
at pH 2.5, 86 % at pH 5.1 and 72 % from distilled water.

The similar adsorption activity as function of the
medium acidity was demonstrated by the synthesized
composite towards highly toxic Pb(II) and Cd(II) ions.
These ions were adsorbed better from the acidic medium in
the presence of acetate ions: 65 % at pH 2.5. But if Cd(II)
ions were poorly removed at all other values of pH
medium, the 63 % of Pb(Il) ions were adsorbed from
distilled water.

1 mg of V(V) anions are removed quantitatively by the
surface of synthesized composite at all investigated pH
range, whereas Mo(VI) anions were quantitatively
adsorbed only from distilled water.
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Thus, the synthesized composite showed adsorption
activity with respect to the investigated ions at different pH
ranges. The values of medium acidity, at which the
maximum of adsorption activity of silica-chitosan
composite for each of the studied ions were achieved,
correspond to published data of complexation conditions of
these ions with amino groups of chitosan in solutions.

The silica-supported chitosan did not show adsorption
activity with respect to examined metal ions, except zinc,
iron and vanadium in medium created by 0.1 M HCI.

Adsorption isotherms in the static mode for each ion
were obtained for calculating the values of the adsorption
capacity of the composite.

The synthesized composite quantitatively removed
from 50 pg to 3 mg of zinc in the form of [Zn(NH;),]*"
ions in the slightly alkaline medium at pH 8.0, created by
ammonium acetate buffer. It was found that at the same
conditions the degree of sorption of [Cu(NH;),]*" ions
gradually decreased from 74 % for a solution containing
50 pg of metal, to 13 % for 2 mg of copper in the initial
solution. The sorption capacity of the composite with
respect to Fe(Ill) ions gradually decreased from 81 % for
50 pug to 5.5 % for 3 mg of the metal at initial solution in
distilled water.

At pH 2.5 and pH 7.0 the degree of adsorption of lead
in the form of [Pb(H,0),]*" ions increased with increasing
metal content in the initial solution from 50 pg to 700 pg.
In a case of Cd(Il) ions, adsorption increased in the range
of initial weight of cadmium from 50 pg to 500 pg at
pH 2.5.

It was shown that in the neutral aqueous medium 63 %
of molybdate-ions MoO,> are quantitatively adsorbed
when the content of molybdenum in the initial solution
ranging from 50 pg to 3 mg. Mixture of dodecavanadate-
jons ([V1902s]%", [HV1004s]’ and [H,V045]") with initial
masses of vanadium from 10 micrograms to 2 mg was
quantitatively adsorbed under the same conditions.
Adsorption capacity of the composite towards V(V) ions is
0.31 mmol/g.

Adsorption isotherms of all investigated ions belong to
the L-type and can be characterized by areas of growing
and maximum adsorption (Figs. 5, 6), which is typical for
monomolecular adsorption. Obtained values of the
adsorption capacity of the composite are shown in Table 2.
The obtained data of the adsorption kinetics of synthesized
composite towards Zn(II), Cu(ll), Cd(Il), Pb(1l), Fe(Ill),
V(V) and Mo(VI) ions are presented in Table 3 and Fig. 7.
Analysis of these data shows that the maximum degree of
adsorption of all studied ions by composite surface are
achieved overnight. But the manifestation of the adsorption
activity of the synthesized composite is observed within a
few minutes of contact that allows one to attribute the
kinetics characteristics of synthesized composite to
inorganic adsorbents.

Sorption capacity and kinetic characteristics of the
synthesized composite are congruous with those for other
sorbents [1—15] and this composite can be useful for
removing all studied ions.

Literature data do not contain sufficient information
about diffuse reflectance electronic spectra (DRES) in case
of investigation of heavy metal complexes with chitosan
on silica surface. DRES of composite samples with



different content of adsorbed Cu(Il), V(V), Mo(VI), Zn(Il),
Pb(IT) Cd(II) and Fe(Ill) were investigated for clarifying
the metal binding sites among the adsorbent’s functional
groups.
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Fig. 5. Adsorption isotherms of Fe(IlI) and Cu(Il) ions by silica-
chitosan composite
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Fig. 6. Adsorption isotherms of Cd(Il) and Pb(II) ions by silica-
chitosan composite

Table 2. Adsorption capacity of chitosan immobilized on silica
with respect to Zn(II), Cu(Il), Cd(II), Pb(II), Fe(IIl),
V(V) and Mo(VI) ions from initial solutions with
various concentrations

lon pH capl:éiii;):pn?r(r)lr(l) /g reglgsglt,lﬁgl\g/ g
Zn(II) 8.0 up to 0.46 up to 0.46
Cu(Il) 0.05 0.01
Cd(ID) 0.06 -

25
Pb(II) 0.03 -
Fe(I1I) 0.16 -
Pb(l) | Distilled 0.01 -
V(V) water up to 0.31 up to 0.31
Mo(VI) 0.31 0.02

The electronic spectrum of the composite adsorbed

700 ng of copper (Fig. 8) shows three characteristic bands,
which can be attributed correspondingly to interligand
transitions of chitosan (450 nm) and to the bands of charge
transition from ligand to the metal (610 nm and 680 nm).
The electronic spectra of the composite with different
adsorbed amount of molybdenum ions (Fig. 9) have three
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characteristic bands, which can be attributed correspond-
ingly to interligand transitions of chitosan (450 nm) and to
the bands of charge transition from ligand to the metal
(610 nm and 720 nm—750 nm).

Table 3. Kinetics of Zn(Il), Cu(Il), Cd(Il), Pb(Il), Fe(IIl), V(V)
and Mo(VI) ions removal by chitosan-silica composite
in the static adsorption mode

The degree of adsorption, %
Ion

5 min 10 min 30 min 90 min Day

Zn(Il) | 86.60 86.60 86.60 86.60 99.84

Pb(Il) | 33.10 33.10 33.10 33.10 65.53

Cu(l) | 65.32 67.54 67.54 70.53 83.50

Cddr) | 93.06 93.51 93.51 94.11 94.11

Fe(III) | 100.00 | 100.00 100.00 100.00 72.01
V(V) | 99.93 99.93 99.93 99.93 99.94

Mo(VI)] 96.08 97.61 98.04 98.26 99.93
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Fig. 7. Dependence of degree of adsorption (R, %) on time of
contact with solutions containing 100 pg of iron in
distilled water and 200 pg of vanadium at pHS5.1 (1),
200 pg of molybdenum in distilled water (2), 500 pg of
cadmium at pH 2.5 (3), 500 pg of zinc at pH 8.0 (4),
100 pg of copper at pH 8.0, (5) and 100 pg of lead at
pH 2.5 (6)
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Fig. 8. DRES of silica-chitosan composite with adsorbed 50 pg
(1) and 700 pg of copper (2)

The DRESs with different amount of adsorbed lead
(Fig. 10) have the band of interligand transitions of
chitosan with the maximum at 450 nm, the band of charge
transition ligand-metal at 610 nm and the band of d—d
transitions of lead at 910 nm.
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Fig. 9. DRES of composite with the adsorbed 50 pg (1), 400 pg
(2) and 1.2 mg of molybdenum (3)
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Fig. 10. DRES of composite with the adsorbed 50 pg (1),
200 pg (2) and 500 pg of lead (3)
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Fig. 11. DRES of silica-chitosan composite with adsorbed 50,
200 and 500 pg of cadmium (1-3 respectively)

Bands of interligand transitions of chitosan with the
maximum at 450 nm and band of d—d transition of metal
with maximum at 960 nm were observed in the DRES of
composite with adsorbed Cd(II) ions (Fig. 11). The band of
charge transition ligand-metal at 610 nm is present only in
the spectrum of the composite, which adsorbed 200 pg of
metal.
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Fig. 12. DRES of silica-chitosan composite with 50, 200 and
500 pg of zinc (1-3 respectively)

For the electronic spectra of composite with adsorbed
zinc ions, only bands of interligand transitions of chitosan
with maximum at 450 nm and the band of d—d metal
transitions with maximum at 960 nm were detected, but the
band of charge transition ligand-metal is absent (Fig. 12).

4. CONCLUSIONS

The composite silica-chitosan was synthesized by
crosslinking of adsorbed biopolymer with glutaraldehyde.
IR spectroscopy confirmed the fact of immobilization of
chitosan in the surface layer of silica. According to the
thermogravimetric analysis the obtained composite
contains up to 10 % of chitosan.

The silica with immobilized chitosan on its surface
showed adsorption activity towards microquantities of
Zn(ID), Cd(1), Pb(I), Cu(Il), Fe(Ill), Mo(VI) and V(V)
ions in the aqueous medium. It was shown that the kinetic
characteristics of the synthesized composite with respect to
studied ions are similar to that for inorganic adsorbents.

The synthesized composite was found to show
adsorption activity with respect to milligram amounts of
toxic metal ions. In particular, it removes quantitatively
Zn(Il), V(V) and Mo(VI) ions (up to 0.46, 0.31 and
0.02 mmol/g, respectively) and 30 %—80 % of the Cu(Il)
ions in pH range from 1.0 to 8.0. At pH2.5-7.0 the
obtained adsorbent extracts from 56 % up to 67 % Pb(II)
ions and 65 % Cd(II) ions at pH 2.5 from a solution
composed of acetate ions. It was shown that the maximum
adsorption capacity of silica with immobilized chitosan
with respect to all studied ions is achieved within a few
minutes of contact with the solution.
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