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Abstract

The behavior of chitosan nanoparticles as an adsorbent to remove Acid Green 27 (AG27), an acid dye, from an aqueous solution has been
investigated with nanochitosan (particle size = 180 nm; degree of deacetylation = 74%). The dye concentration at equilibrium (Q., mg/g) was
calculated using the weight of the nanoparticles in the mixed solution (Q.,) and the weight of chitosan in the nanoparticles (Q.p). The exper-
imental isotherm data were analyzed using the Langmuir equation for each chitosan sample; the Langmuir monolayer adsorption capacity (Qo)
was calculated with Q. and Q. and the results were 1051.8 mg/g and 2103.6 mg/g, respectively, which were significantly higher than that of the

micron-sized chitosan.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The environmental protection becomes a difficult task while
many industries produce wastes that cause serious pollution. In
the textile industry, large quantities of aqueous wastes and dye
effluents are discharged from the dyeing process with strong
persistent color and high BOD loading that are aesthetically
and environmentally unacceptable [1]. Most of these dye wastes
are toxic and may be carcinogenic [2], and this poses a serious
hazard to aquatic living organisms. As a result, the removal of
dyestuffs from effluents becomes important, and many govern-
ments have established environmental restrictions with regard
to the quality of colored effluents and have forced dye-using in-
dustries to decolorize their effluents before discharging. Differ-
ent kinds of conventional treatment technologies for dye
removal have been investigated extensively [3—9], such as the
trickling filter, activated sludge, chemical coagulation, carbon
adsorption, and photodegradation processes. Among these
chemical and physical methods, the adsorption process is fairly
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effective to produce a high-quality effluent without the forma-
tion of harmful substances, such as ozone and free radicals in
the photodegradation process using UV. Methods are developed
using different sorbents, such as peat [10,11], activated carbon
[5], pith [12—16], fuller’s earth [17,18], and wood [19,20].
Chitosan, a kind of natural polysaccharide derived from chi-
tin, plays an important role in the adsorption process. The poly-
mer is biodegradable and non-toxic and has extremely high
affinity for many classes of dyes such as disperse, direct, reac-
tive and acid dyes [21—28]. In an acidic aqueous medium, the
cationized amino groups can adsorb anionic dye molecules by
the electrostatic attraction. Yoshida et al. [26—28] studied the
sorption of various dyes onto chitosan fibers and reported its
high potentials for dye adsorption. Chiou and Li [29] also re-
ported the adsorption of chemical cross-linked chitosan beads
to Reactive Red 189 (C.I. 18210) at pH 3.0 and at 30 °C. How-
ever, the adsorption of nanochitosan is sparsely reported. It is
believed that the nanochitosan should have a larger capacity be-
cause of its large surface area. Chang and Che [30] studied the
sorption behavior of the carboxymethylated-chitosan-bound
Fe;0,4 nanoparticle to Acid Orange 12 (AO12) and Acid Green
25 (AG25), and found that the adsorption capacities of AO12
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(1883 mg/g) and AG25 (1471 mg/g) were very high due to the
large surface area.

The aim of this paper is to explore the potential of nanochi-
tosan in the dye removal area. Chitosan nanoparticles were
prepared using a typical gelation reaction between the posi-
tively charged amino groups of chitosan and the negatively
charged counter-ions of sodium tripolyphosphate (TPP) [31].
The adsorption ability of the nanoparticles was studied using
anthraquinone type Acid Green 27 (AG27), which is structur-
ally similar to AG25 (Fig. 1). The equilibrium sorption capac-
ities of the dyes on chitosan were studied using the adsorption
isotherm technique. The experimental data were then fitted
into the Langmuir equation.

2. Experimental
2.1. Materials

Chitosan (molecular weight: 100,000, 74% DD) was pre-
pared from chitin (Sigma). Other chemicals of reagent grade
were from Aldrich.

2.2. Preparation of chitosan nanoparticles emulsion

The emulsion was prepared as reported before [31]. Typi-
cally, a TPP solution (95.4 ml, 1.45 mg/ml) was slowly drop-
ped (10 ml/min) into a chitosan solution (150 ml, 2 mg/ml in
0.5% dilute acetic acid) in a 500 ml round-bottom flask under
mechanical stirring (1200 rpm/min). After a further stirring of
20 min, a milky emulsion was obtained at pH 5.0.

The nanoparticles were obtained by freezing the emulsion
at —4 °C. The frozen emulsion was then thawed in the atmo-
sphere and the nanoparticles were precipitated [32]. After an-
other stirring for 24 h, the nanoparticles were collected after
a centrifugation for 24 h. They were then washed with D.L
water and vacuum dried at 60 °C for 24 h.

2.3. Dye adsorption
The nanochitosan emulsion (75 ml) was extracted into a seal-

able glass vessel, and then mixed with 50 ml of AG27 solution
at a specific concentration. The vessel was sealed and shaken in

shaker for 24 h at 200 rpm/min and at 25 °C. The mixed solu-
tion was then centrifuged (18,000 rpm/min (40,000g); 4 °C
for 60 min). The filtrate was analyzed with a visible spectrom-
eter. The dye concentration was calculated with the standard
calibration curve obtained from standard AG27 solutions. The
experiment was repeated with AG27 at concentrations ranging
from 0.4 mg/ml to 2.0 mg/ml.

2.4. Characterization

A Zetasizer 3000HSA was used for the size distribution
analysis of the nanoparticles. A Grant OLS 200 shaker was
used for the dye adsorption. A Beckman J2-21 centrifuge
was used for the ultrahigh speed centrifugation. A Perkin—
Elmer Lambda 18 was used to determine the UV—vis absorp-
tion of the dye.

3. Results and discussion
3.1. Nanoparticle characterization

The nanochitosan emulsion had an average size of 180 nm
with a polydispersity of 0.519, which indicated that the parti-
cle size was narrow. The zeta potential was +30 mV. The pos-
itive charge of the chitosan nanoparticles suggested that the
emulsion was stabilized by the hydrogen bonding between
the amino and hydroxyl groups of the chitosan and the
hydroxyl group and oxygen atom of water [33—35].

Fig. 2 shows the spherical profile of the chitosan nanopar-
ticles with sizes from 10 to 100 nm. We added additional TPP
into the supernatant after centrifugation and observed a milky
emulsion, which implied that not all the chitosan had been con-
verted to nanoparticles. After the freeze—thaw treatment, the
nanoparticles were precipitated from the emulsion. The weight
of the collected nanoparticles after centrifugation (1.2 mg/ml)
was used as the weight of the nanoparticles in the emulsion (par-
ticle content) [36].

3.2. Dye sorption

The nanoparticles quickly aggregated after interacting with
the dye molecules. The possible mechanism for the adsorption

Acid Green 25

Acid Green 27

Fig. 1. Molecular structures of Acid Green 25 and Acid Green 27.
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Fig. 2. SEM images of the chitosan nanoparticles.

process of the chitosan and the acid dye is the electrostatic in-
teractions between the anionic dye and the positive amino group
on the chitosan. In this study, the anionic dye ions are believed
to replace the hydrogen bonds between the chitosan nanopar-
ticles and water with electrostatic interactions, which cause
the aggregation of these nanoparticles. The colorants could be
desorbed in an alkaline medium [29] but not in a neutral me-
dium. On the other hand, no precipitate was observed in the
mixture of dye solution and chitosan solution when TPP was
not present. The affinity between the nanochitosan and the
chemicals used can be summarized: the order of attractive
forces was TPP > H;0™" > SO5 (in dye) > the hydrogen bonds
in acidic conditions; and OH™ > TPP > SO3 (in dye) > H,O in
alkaline conditions.

Table 1 summarizes the sorption results. The sorption was
performed with eight concentrations of Acid Green 27. When
the dye concentration was below 1.0 mg/ml, all the dyes were
adsorbed by the chitosan. Because TPP has no contribution to
the adsorption of dye, we calculated the solid-phase adsorbate
concentration at equilibrium (Q., mg/g) with Egs. (1) and (2) us-
ing both the weight of nanoparticles in the emulsion (Q.s) and
the weight of chitosan in the nanoparticles (Q.p) to investigate
the adsorption ability of the nanoparticles and nano-scale
chitosan in the nanoparticles. The weight of chitosan in the
nanoparticles was calculated by reducing the weight of the
nanoparticles with the weight of TPP according to the original
TPP concentration, which was 0.6 mg/ml.

Table 1
Adsorption of Acid Green 27 onto chitosan at different concentrations
Sample Original dye Final dye Qes Oep
concentration concentration (mg/g) (mg/g)
C, (mg/ml) C. (mg/ml)
A 0.4 0.0000 555.6 1111.1
B 0.8 0.0000 1111.1 2222.2
C 1.0 0.0234 1356.4 2712.8
E 1.2 0.0587 1585.2 3170.3
F 1.4 0.2515 1595.2 3190.3
G 1.5 0.3437 1576.4 3211.9
H 1.8 0.6382 1613.6 32272
I 2.0 0.8352 1617.8 3235.6

0. = weight of adsorbed dye
® " weight of nanoparticles
(Co - Ce)VLhe mixed solution
= 1
12V, (mg/g) (1)
weight of adsorbed dye
er ==

~ weight of chitosan in the nanoparticles

(Co - Ce) [ the mixed solution
= m 2
0.6V, (mg/g) (2)

where C, is the original dye concentration in the mixing solu-
tion, C, is the dye concentration in the solution after centrifu-
gation, V, is the used volume of the emulsion in sorption test.

Both Q. and Q. increased non-linearly with the increase
of C, and then reached a maximum. The nanoparticle adsorp-
tion capacities derived from Eqgs. (1) and (2) have a significant
difference because TPP cannot precipitate all the nanoparticles
in the chitosan emulsion.

3.3. Langmuir equilibrium isotherms

Adsorption isotherms are critical in optimizing the use of
adsorbents because they describe how adsorbates interact
with adsorbents. The correlation of equilibrium data, either
by theoretical or empirical equations, is essential for the prac-
tical design and operation of adsorption systems. In our previ-
ous work, the Langmuir equation has been found to provide
the best prediction for the adsorption of AG2S5 in the entire
concentration range [37], it is used in this study because
AG27 has a similar molecular structure to AG25.

Langmuir’s theory describes the adsorption of gas mole-
cules onto metal surfaces [38], when it is successfully applied
to other real sorption processes of monolayer adsorption. The
Langmuir equation is based on the assumption of a structurally
homogeneous adsorbent where all sorption sites are identical
and energetically equivalent. Theoretically, the adsorbent has
a finite capacity for the adsorbate. Therefore, a saturation
value is reached beyond which no further sorption can take
place. The saturated or monolayer capacity can be represented
by the expression
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Fig. 3. Isotherms for the sorption of AG27 onto the nanochitosan at temper-
ature =25 °C, pH =5.
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where Q. is the solid-phase adsorbate concentration at equilib-
rium (mg/g), C. is the aqueous phase adsorbate concentration
at equilibrium (mg/ml), Ky is the Langmuir isotherm constant
(ml/g), and qy is the Langmuir isotherm constant (ml/mg).

Therefore, plots of C./Q. versus C, give a straight line of
slope a1 /K and intercept 1/K;, where Ki/ay gives the theoret-
ical monolayer saturation capacity, Qy. The adsorption data, Q.
and Q. as summarized in Table 1, were analyzed with Eq. (3).
The linear plots of specific sorption C./Q. against the equilib-
rium concentration C, are shown in Fig. 3. The isotherms
were found to be linear over the whole concentration range
with high correlation coefficients which indicated that the
dye—nanochitosan sorption followed the Langmuir model.

Fig. 4 summarizes the equilibrium capacities of AG27,
showing that the monolayer saturation or maximum adsorption
was reached. The Langmuir isotherm was found to provide
a good prediction for the sorption in the study. As the dye purity
was 65%, the Langmuir equilibrium monolayer capacities, Qy,
were 1051.8 mg/g and 2103.6 mg/g when derived from Q. and
Q.p using Egs. (1) and (2). The two values had a big difference
due to the large difference between Q. and Q. as discussed. In
our previous work [37], Qg of Acid Green 25 onto the chitosan
(degree of deacetylation = 54%; particle size: 355—500 pum)
was 645.1 mg/g. The nanochitosans had a significantly higher
capacity for the acid dye than that of the powdered chitosan.
Further work on the relationship between the surface area and
the sorption capacity is being undertaken.

4. Conclusion

The behavior of the chitosan nanoparticles as an adsorbent
to remove Acid Green 27 from its aqueous solution was inves-
tigated. The affinity between the nanochitosan and the chem-
icals used can be summarized: the order of attractive forces
was TPP > H;0" > SO5 (in dye) > the hydrogen bonds in
acidic conditions; and OH™ > TPP > SO3 (in dye) > H,O in
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Fig. 4. Langmuir isotherms of Acid Green 27 onto the chitosan nanoparticles
at temperature = 25 °C, pH=35.

alkaline conditions. The equilibrium isotherm was measured
to determine the capacities of the nanochitosan for the dye
and analyzed using the Langmuir equation. It was found that
the sorption well fitted in the Langmuir model, especially
when the dye concentration was high.

The Langmuir monolayer adsorption capacities (Qp) were
calculated using the weight of the nanoparticles and the weight
of chitosan in the nanoparticles. The capacities were 1051.8
mg/g and 2103.6 mg/g. The values were significantly higher
than that of the micron-sized chitosan. The study on dye—nano-
chitosan sorption is worth to be further investigated to explore its
high capacity advantage.
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