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Abstract

Glutaraldehyde activated chitosan beads bearing B-cyclodextrin cross-linked by 1,6-hexamethylene diisocyanate was prepared, and
characterized by IR, XRD and TG-DTA. Its adsorption property of hydroquinone was investigated by spectrophotometry. The adsorp-
tion capacity increases with increasing temperature and pH value. The adsorption process can be better simulated by Freundlich
isotherm equation (R*> > 0.996) and the thermodynamic parameters such as free energy change, enthalpy change and entropy change
were calculated. The adsorption of hydroquinone on chitosan beads bearing B-cyclodextrin cross-linked by 1,6-hexamethylene diisocy-

anate is a spontaneous, endothermic and random process.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydroquinone and other phenolic derivatives are widely
used as intermediates in the synthesis of plastics, colours,
pesticides, insecticides etc. Degradation of these substances
results in the appearance of phenol and its derivatives in
the environment. Most of these compounds are recognized
as toxic carcinogens. The presence even in low concentra-
tion causes unpleasant taste and odor of drinking water
and can exert negative effects on different biological pro-
cesses. Different methods designed to remove phenols have
been proposed. Adsorption is the best and most frequently
used method. Thus, many adsorbents, such as activated
carbon (Gupta, Ali, & Saini, 2004; Kumar, Kumar, &
Kumar, 2003; Mohamed, Khater, & Mostafa, 2006;
Mohan, Gupta, Srivastava, & Chander, 2000; Roostaei &
Tezel, 2004), modified bentonites (Yildiz, Goniilsen, Koy-
uncu, & Caliml, 2005) have been designed. Recently, the
usage of natural and chlorinated adsorbents for wastewater
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treatment is increasing because of their abundance, low
price and lack of toxicity (Gupta, Saini, & Jain, 2005;
Gupta, Shrivastava, & Jain, 2001).

Chitosan is a biodegradable and a nontoxic copolymer of
glucosamine and N-acetylglucosamine derived from the nat-
ural polymer chitin, which is commercially available. Chito-
san has a highly reactive amino group is a useful material for
various purposes such as ion-exchange (Muzzarelli & Roc-
chetti, 1974) and functional matrixes (Xia, Guo, Song,
Zhang, & Zhang, 2006). Recently, immobilization of cyclo-
dextrins in cross-linked chitosan has received considerable
attention, because their physical properties, inclusion and
adsorption behaviors are different from those of natural
cyclodextrins and chitosan (Cerchiara, Luppi, Bigucci, &
Zecchi, 2003; Chiu, Chung, Giridhar, & Wu, 2004; Tojima
et al., 1999). The chitosan bearing -cyclodextrin materials
were used for adsorption of p-nonylphenol, bisphenol A
and other phenolic compounds (Aoki, Nishikawa, & Hattor-
1, 2003). However, little data are available on the adsorption
of phenolic compounds by these materials.

In this paper, glutaraldehyde activated chitosan beads
bearing B-cyclodextrin cross-linked by 1,6-hexamethylene
diisocyanate was synthesized and characterized. The ther-
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modynamic parameters of the adsorption of hydroquinone
on synthesized chitosan beads were investigated, and the
adsorption thermodynamic parameters were calculated.

2. Experimental
2.1. Materials and instruments

The purification of chitosan (degree of deacetylation is
91%, mensurated by alkali titration) was attained through
the method of to Matteus, F.A.G. (Matteus, 1997).
B-Cyclodextrin (B-CD) was treated with absolute ethanol,
following washed with double distilled water for three
times, dried and kept in a desiccator before used. 1,6-Hex-
amethylene diisocyanate (HMDI), glutaraldehyde (50%, v/
v), hydroquinone, DMF, and all other chemicals used were
analytical grade.

The products were characterized by comparison of their
spectral characteristics and physical data with authentic
samples. FT-IR spectra were taken with KBr pellets on an
Equinox55 FT-IR spectrophotometer (Brucker, Germany).
X-ray diffraction (XRD) studies were performed by using D/
max-2400 X-ray diffractometer (Rigaku, Japan) with CuKa
as radiation source. TG-DTA was determined with a SSC-
5200 thermogravimetric analyzer (Perkin-Elmer, American)
under nitrogen atmosphere. The adsorption experimental
was carried out at constant temperature controlled by a
SHA-B Shaker (Jiangsu, China) with a precision of
+0.5 K. The absorption spectra were recorded by Agilent
UV-8453A spectrophotometer at Ay, = 289 nm.

2.2. Preparation of chitosan beads bearing B-cyclodextrin

Glutaraldehyde was cross-linked to chitosan macromol-
ecule by an inverse emulsion polymerization method to
form microspheres as follows: 75 ml of 2.5% (w/w) chito-
san solution was dissolved in 2% (w/v) aqueous acetic acid
solution. After the powder was completely dissolved, it was
poured into the dispersion medium, which was composed
of 150 ml of paraffin oil and 1.5 ml of Span 80. During
these processes, the dispersion medium was vigorously stir-
red with a magnetic stirrer at 650 rpm at room tempera-
ture. After stirring for about 30 min, 15ml of 50%
glutaraldehyde solution was added dropwise into the dis-
persion medium and then stirred for 0.5h at 323 K. At
the end of this period, the NaOH aqueous solution was
dropped into the mixture to adjust the pH to 7.0. Then
the emulsion was kept on stirring at constant temperature
for 1.5h. Finally, the beads were collected by filtration
and extracted with petroleum ether in the sorbitic extractor
for 24 h, then washed with ethanol, redistilled water con-
secutively, dried and kept in a desiccator before use.

Prepared chitosan beads (4.0 g) were added to 100 ml of
a mixture containing of 5% (v/v) HMDI of toluene solu-
tion. After stirring for 1h at 323 K, the supernatant was
discarded and 100 ml of DMF solution containing 2%
(w/v) B-CD was added. The mixture was magnetically stir-

red for 1 h. The supernatant was decanted and the B-CD
immobilized chitosan beads (CS-B-CD) were washed sev-
eral times with redistilled water followed by ethanol and
finally with redistilled water before dried. The contents of
the B-CD moiety in CS-B-CD were determined by the
phenol-sulfuric acid method. Degree of substitution by
the B-cyclodextrin of the above product was 4.3%.
The synthesis is summarised in Scheme 1.

2.3. Adsorption experiments

In each adsorption experiment, 20 ml of hydroquinone
solution of known concentration (from 11.011 to
110.11 mg/l) was added to a 50 ml Erlenmeyer flask con-
taining of 50 mg of CS-B-CD. It was shaken at 180 rpm
continuously at the constant temperature. At a predeter-
mined time, the suspension was subjected for centrifuga-
tion and the final hydroquinone concentration of the
supernatant was determined spectrophotometrically.

2.4. Mathematical procedures

The quantity of hydroquinone adsorbed on CS-B-CD
were quantified by mass balance. The following parameters
were used.

Adsorption capacity of the adsorbent (¢q,) expressed in
terms of the hydroquinone amount adsorbed on the unit
adsorbent mass (mg/g):

g == (1

m

where Cy and C, are the initial and equilibrium concentra-
tions of the hydroquinone solution (mg/1), respectively, and
m is the dosage of CS-B-CD (g).

In order to optimize the design of a sorption system to
remove hydroquinone from effluents, it is important to
establish an appropriate correlation for the equilibrium
curve. The Langmuir isotherm Eq. (2) and the Freundlich
isotherm Eq. (3) were used to model the adsorption equilib-
rium data.

1 1 1

= 2
q. Q@ OQkC, 2
lnqezanf—FllnCe (3)

n

In the above equations, Q is the maximum amount of the
hydroquinone per unit weight of CS-B-CD (mg/g). k is the
Langmuir constant related to the affinity of the binding sites.
K, and 1/n are Freundlich constants related to the adsorp-
tion capacity and the adsorption efficiency, respectively.

The Langmuir constant k is related to the enthalpy of
adsorption (Gupta, Ali, Suhas, & Mohan, 2003). There-
fore, the thermodynamic parameters including the free
energy change (AG), enthalpy change (AH) and entropy
change (AS) were also evaluated using the following equa-
tions (Lyubchik et al., 2004; Rattanaphani, Chairat, Brem-
ner, & Rattanaphani, 2007):
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Scheme 1. Preparation of f-CD-linked chitosan beads.
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3. Results and discussion
3.1. Characterization

3.1.1. FT-IR spectra

Fig. 1 shows the IR spectra of chitosan (CS), chitosan
beads and CS-B-CD.

When chitosan is cross-linked by glutaraldehyde, it can
be seen that the two peaks of chitosan beads at 2929 cm™!
and 2870 cm™' are stronger than that of chitosan, espe-
cially at 2929 cm~!. This indicates that a number of methyl
groups are substituted on to the natural polymer. The peak
shows at 1599 cm~! disappeared and a characteristic
absorption band observed near 1640 cm~! attributed to
the C=N vibrations of Schiff base imines. When B-CD is
immobilized on chitosan beads using HMDI as a cross-lin-
ker, the peak at 2929 cm™' is much stronger, which shows
that more methyl groups are formed within the beads. The
absorption band at 1250 cm™! could be attributed to the
C=O0 characteristic vibrations of aliphatic polyurethane.
The 850 cm™! peak is the characteristic bands of a-(1,4)
glucopyranose in B-CD. On the other hand, there is no evi-
dence of characteristic bands of the free isocyanate groups
near 1665 cm™!.

3.1.2. XRD spectra
Further evidence of formation was obtained by X-ray
power diffraction (XRD) as demonstrated in Fig. 2. The

%T

T T T T T T
4000 3000 2000 1000
Wavenumber (cm-1)

Fig. 1. IR spectra of chitosan (a), chitosan beads (b) and CS-B-CD (c

diffraction pattern of pure chitosan presents three peaks
at 20 = 10°, 20° and 27°, respectively. When chitosan are
cross-linked by glutaraldehyde, the peak at 20 = 20° is
weaker than that of chitosan, and the peak at 20 =27° is
not observed. This due to the O of the carbonyl groups
of glutaraldehyde being supplanted by the N in the amino
groups of chitosan to form a Schiff base, which could
weaken the hydrogen bond of chitosan. When B-CD is
immobilized to chitosan beads using HMDI as a cross-lin-
ker, the peak at 20 = 20° is weaker, which indicates that the
degree of crystallinity, of the resulted resin decreases more.
The peak around 260 = 22.5° is the characteristic bands of
B-CD.

3.1.3. TGIDTA
TG cures of chitosan, chitosan beads and CS-B-CD are
shown in Fig. 3. Chitosan degrades in two stages. The first
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Fig. 2. Powder XRD of chitosan (a), chitosan beads (b) and CS-B-CD (c).

stage stares at about 330.9 K with weight loss of about 5%.
The second stage starts at about 583 K and reaches a max-
imum at with weight loss of 60%. The chitosan beads show
two degradation stages. The first stage starts at about
337.6 K with a weight loss of 6.5% due to the loss of water.
The second degradation stage of chitosan beads at about
510 K and reaches a maximum at 673 K with weight loss
of 50%. The first degradation stage of CS-B-CD starts at
about 341.7 K with weight loss of 1.77%. The second deg-
radation stage of CS-B-CD starts at about 514 K and
reaches a maximum at 673 K with weight loss of 44%.
The second degradation stage of chitosan takes place at
higher temperatures than that of the chitosan beads and
CS-B-CD, which can be seen from the DTG cure (dashed
lines) more accurately. This indicates that all the modified
chitosan is less stable than the chitosan due to the weaken-
ing of the hydrogen bonding as a result of the cross-linking.

Differential thermal analysis (DTA) cures of corre-
sponding compounds are shown in Fig. 4. Two exothermic
peaks observed are corresponded to the loss of water and
the heat decomposition of chitosan. The lower decomposi-
tion temperature of modified chitosan derivatives corre-
sponds to the decomposition of less organized chitosan
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Fig. 3. TGA/DTG cure of chitosan (a), chitosan beads (b) and CS-B-CD
(c).

molecules. Although the peak area at the decomposition
temperature of chitosan is larger than that of the CS beads
and CS-B-CD, it decomposes at a higher temperature.

3.2. Adsorption of hydroquinone experiments

3.2.1. Effect of contact time on the adsorption

Before the adsorption thermodynamic studies, it is nec-
essary to determine the equilibrium contact time. Twenty
portions of hydroquinone solutions (20 ml, 55.055 mg/l)
were prepared. Each was contacted with 0.05 g of chito-
san-B-CD at a fixed neutral pH and shake at a constant
temperature of 293 K. At scheduled time, one of the mix-
tures was taken from the shaker and the concentration
was measured by spectrophotometry. By plotting the
adsorption capacity of the adsorbent against the time, it
was found that the adsorption system could be reached
equilibrium after 10 h (see Fig. 5). Therefore, all thermody-
namic measures were performed under these condition.

3.2.2. Effect of acidity on the adsorption

Influence of acidity on the adsorption was studied at the
pH ranged from 2.0 to 11.0. Result shows the adsorption of
hydroquinone by CS-B-CD increases with the increase of
pH (see Fig. 6).

3.2.3. Adsorption isotherms

Adsorption isotherms describe how adsorbates interact
with adsorbents and so are critical in optimizing the use
of adsorbents. Thus, the correlation of equilibrium data
by either theoretical or empirical equations is essential to
the practical design and operation of adsorption systems.
The adsorption of hydroquinone at different temperatures
was measured and the adsorption isotherms are shown in
Fig. 7.

When 1/q, was plotted against 1/C, according to Eq.
(2), the Langmuir model fitted the experimental data very
well with high correlation coefficients (R* > 0.98). The val-
ues of the Langmuir constants Q and k at different temper-
atures were calculated from the intercepts and slopes of
different straight lines, respectively. The calculated results
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Fig. 4. TDA cure of chitosan (a), chitosan beads (b) and CS-B-CD (c).
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Fig. 5. Equilibrium contact time for hydroquinone.
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Fig. 6. Effect of pH on the adsorption of hydroquinone.

are reported in Table 1. The increase in the values of Q
shows that the adsorption rate increases with increasing
temperature.
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Fig. 7. Adsorption isotherms for the adsorption of hydroquinone at three
temperatures.

Table 1
Langmuir and Freundlich isotherm constants for the adsorption of
hydroquinone on chitosan-B-CD at different temperatures

Temp (K) Langmuir Freundlich
0 k R? K, /n R
(mg/g)  (ml/mg) (mg/g)
288 15.31 16.76 0.9898  0.3684  0.75693  0.9988
293 16.11 26.21 0.9947  0.6707  0.67296  0.9990
303 23.31 38.55 09972  1.3230  0.64685  0.9964

A linear relationship was also observed when Freundlich
equation was used to simulate the thermodynamic data.
The higher correlation coefficients (R* > 0.996, see Table 1)
means the Freundlich equation is more suitable for the
adsorption. The value of K, is related to the degree of
adsorption. The increase in the values of K, at higher tem-
peratures shows that the adsorption rate increases with the
rise of temperature. The values of 0.1 < 1/n < 1.0 shows
that adsorption of hydroquinone on the anion exchanger
is favorable (McKay, Blair, & Garden, 1982).

3.2.4. Adsorption thermodynamic parameters

The free energy change (AG) was evaluated using Eq. (4),
while enthalpy change (AH) and entropy change (AS) of the
adsorption were calculated from the slope and intercept of
the straight line of In (k) versus 1/T according to Eq. (5).
Thermodynamic parameters for the adsorption reported in
Table 2 show the free energy of the process at all tempera-
tures was negative and decreased with the rise in tempera-
ture. This indicates that the adsorption process is
spontaneous. The overall process seems to be endothermic.
If physical sorption were the only adsorption process, the
enthalpy of the system would be exothermic (Lyubchik
et al., 2004). This indicates that adsorption of hydroquinone
on the CS-B-CD is rather complex, involving both chemical
adsorption and the inclusion in B-CD are included. It can be
ensured from the IR spectra of hydroquinone adsorbed by
CS-B-CD and crossblended with CS-B-CD shown in Fig. 8.
The peaks at 1463 and 1360 cm ™' are the characteristic bands
of hydroquinone crossblended with CS-B-CD, while its
moved to 1451 cm™" and 1375 cm™! when hydroquinone is
adsorbed by CS-B-CD. The positive entropy change (AS)
indicates that the reorientation or restructuring of water
around the solute or surface is very unfavorable, since it dis-
turbs the existing water structure and imposes a new and
more ordered structure on the surrounding water molecules.
As a result of adsorption of hydroquinone onto CS-B-CD

Table 2
Thermodynamic parameters for the adsorption of hydroquinone on
chitosan-B-CD at different temperatures

Temp (K) k& AG AH AS R?
(ml/mg) (kJ/mol) (kJ/mol) (J/molK)

288 16.76 —6.75

293 26.21 —7.96 38.74 158.5 0.9524

303 38.55 -9.20
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Fig. 8. IR spectra of adsorbed CS-B-CD (a) and crossblended CS-B-CD
with hydroquinone (b).

surface, the liberation of the solvent molecules from the sol-
vated shells is more predominate in the studied system and,
thus, the degree of freedom of the water molecule increases.
Therefore, the positive value of entropy suggests the
increased randomness at the solid-solution interface during
the adsorption of hydroquinone (Igbal & Ashiq, 2007).

4. Conclusion

Chitosan beads bearing B-cyclodextrin was prepared by
activated chitosan with glutaraldehyde, followed by cross-
linked with 1,6-hexamethylene diisocyanate and reacted
with B-cyclodextrin. It was characterized by the methods
of IR, XRD and TG-DTA.

The adsorption properties of synthesized chitosan beads
bearing B-cyclodextrin for hydroquinone were studied. The
adsorption capacity increases with increasing temperature
and pH value.

Both the Langmuir and Freundlich isotherm equations
could be used to modeling the adsorption process, but
the later is more suitable. The thermodynamic parameters
such as AG, AH and AS were calculated. The adsorption
is a spontaneous, endothermic and a random process.
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