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A novel magnetically separable adsorbent, namely magnetic y-Fe,Os/crosslinked chitosan composites
(My-Fe,03/CSCs), was prepared by miroemulsion process and characterized by XRD, FT-IR, TGA, DSC,
SEM and VSM. Adsorption of methyl orange (MO), used as a model pollutant, from aqueous solution
on M+y-Fe,03/CSCs was investigated. Characterization results indicated that magnetic y-Fe,; O3 nanopar-
ticles have been introduced in My-Fe,03/CSCs and kept intrinsic magnetic properties. The saturated
magnetization (o) of My-Fe,03/CSCs can be expediently adjusted by changing additive dosage of y-

[C(E{:gg;is" Fe,0s. Adsorption results showed that both nanocomposite adsorbents with weight ratio of y-Fe, 05 to
Methyl orange chitosan of 1:10 and 2:5 exhibited higher adsorption capacities and attained adsorption equilibriums
~v-Fe;03 in shorter time compared with crosslinked chitosan. After adsorption, My-Fe,03/CSCs were effectively
Magnetic separation separated from reaction solution in 10s by applying an adscititious magnetic field. Adsorption kinetics
Adsorption of MO on 1:10 M+y-Fe,03/CSCs followed the pseudo-second-order kinetic model. Effects of both initial

pH and adsorbent dosage on the adsorption of MO were remarkable in experimental conditions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Azo dyes are characterized by the presence of N=N group and
widely used in dyeing textile, leather, cosmetics, ink, food process-
ing [1,2]. However, about 15% of dyes produced are lost during
dyeing processes and released into wastewaters. Due to large
degree of aromatics present in azo dye molecules and their bio-
logical persistence, conventional biological treatment methods are
often ineffective for hazardous azo dye decolorization and removal
[3]. At the same time, these dyes can cause irreversible damages to
environment, aquicolous organisms and human health. In recent
years, numerous treatment methods, including coagulation, floc-
culation, heterogeneous photocatalysis and membrane filtration,
have been used to decolorize dye effluents [4-7]. All these processes
have their own limitations, such as sludge generation, formation of
aromatic amines and membrane fouling, etc. Adsorption on solid
surface is being grown interest in wastewater treatment and con-
sidered as an efficient and economical method to remove dyes from
aqueous solutions [3,8-13].
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Chitosan is a deacetylated product of chitin, naturally occurring
biopolymer, which is the second most abundant polysaccha-
rid in the world after cellulose. Raw, grafted and crosslinked
chitosans used as economical adsorbents are drawing great atten-
tion and showing significant adsorption potential for removal of
various dyes since amino(-NH,) and hydroxy (-OH) functional
groups on chitosan chains can serve as electrostatic interaction
and coordination bonds, respectively [10-13]. However, the dif-
ficulty in separating those powdery chitosan-based adsorbents,
except high speed centrifugation, from treated effluent limits
their practical applications. Magnetic assisted adsorption sepa-
ration technology provides an alternative method to separate
powdery adsorbents from solution effectively [14-16]. Magnetic
adsorbents can be used to adsorb contaminants from aqueous
solutions and easily separated or recovered from the medium
by a simple magnetic process after adsorption [16,17]. Mag-
netite (Fe304) and maghemite (y-Fe;03) have been widely used
as magnetic material due to their excellent magnetic properties,
chemical stability and biocompatibility [15,16,18-22]. Recently,
many researches have reported about magnetic chitosan/Fe304
composites and their applications in removal of metal ions,
adsorption of Saccharomyces cerevisiae and mensuration of fer-
ritin [18-22]. However, to our knowledge, there have been
no reports on preparation, characterization and adsorption
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Fig. 1. Chemical structure of methyl orange.

properties of magnetic nanosized <y-Fe,03/chitosan composite
adsorbent.

In this paper, magnetic y-Fe,03/crosslinked chitosan compos-
ites (My-Fe,03/CSCs) were prepared by microemulsion process
using magnetic y-Fe;03 nanoparticles as magnetic material and
chitosan as basic adsorbent, then characterized by XRD, FT-IR, TGA,
DSC, SEM and VSM. A typical azo dye, namely methyl orange (MO),
was used as a model azo dye to investigate adsorption properties
of My-Fe;03/CSCs by batch adsorption experiments. Effects of both
initial solution pH and adsorbent dosage on dynamic behavior of
adsorption were examined. Adsorption kinetics was evaluated with
Lagergren-first-order, pseudo-second-order and intraparticle dif-
fusion kinetic models. This information may be useful for further
application for the system design in removal of hazardous azo dyes
from aqueous solution.

2. Experimental
2.1. Chemicals and materials

Chitosan (CS, MW 2.1 x 10° gmol~!; degree of deacetylation
91.7%) was purchased from Zhejiang Yuhuan Ocean Biology Co.,
Ltd (Taizhou, China). Commercially available magnetic y-Fe;03
(20-30nm outer diameters; 98% purity) was obtained from Ton-
grenweiye Technology Co., Ltd (Shijiazhuang, China). Methyl
orange (C.I. acid orange 52; C14H14N3SO3Na; MW 327.33 gmol~!)
was purchased from Yongjia Fine Chemical Factory (Wenzhou,
China). Fig. 1 displays the chemical structure of methyl orange.
Other chemicals were of analytical grade and used without any
further purification. All solutions were prepared by double distilled
water.

2.2. Preparation of My-Fe;03/CSCs

Details in the preparation procedures of My-Fe,03/CSCs were
described as follows: 0.5 g chitosan was dissolved in 20 mL 2% (v/v)
of acetic acid aqueous solution. Then magnetic y-Fe,03 nanopar-
ticles were dispersed uniformly into the colloidal solution under
ultrasonic stirring for 30 min. Subsequently, dispersion medium
composed of 80 mL paraffin and 4 mL emulsifier (Span-80) was
poured into the mixed system under mechanical stirring at room
temperature. After 30 min, 2 mL glutaraldehyde (25%, v/v) was
dropped slowly into the reaction system and stirred in a water
bath at 40°C for 60 min. pH of reaction solution was adjusted to
9-10 by using 1 molL~! NaOH and kept at 70+ 0.2 °C for a further
60 min. The products were then collected by the aid of an adsciti-
tious magnet and washed with N, N-dimethylformamide, ethanol
and distilled water for three times, respectively. Finally, the brown
products (Mvy-Fe,03/CSCs) were dried in an oven at 60°C under
atmospheric condition. According to weight ratio of magnetic y-
Fe, 03 nanoaprticles to chitosan, two products were named as 1:10
Mr~-Fe;03/CSCs and 2:5 My-Fe,03/CSCs, respectively.

Chitosan particles were prepared in the same procedure but no
addition of y-Fe;0s.

2.3. Characterization of My-Fe,03/CSCs

Crystal structures of samples were determined by performing
X-ray diffraction (XRD) on D8 ADVANCE X-ray diffraction spec-

trometer (Bruker, German) with a Cu K target at 40 kV and 50 mA
at a scan rate of 2° 20 min~!. Micro-structures of samples were
observed by scanning electron microscopy (SEM) with a Hitachi
SX-650 machine (Tokyo, Japan). Fourier transform infrared (FT-IR)
spectra were measured at room temperature on a FT-IR-8400 spec-
trometer (Shimadzu, Japan). Thermogravimetric analyses (TGA)
and differential scanning calorimetry (DSC) of samples were per-
formed in a Setaram Setsys 16 TG/DTA/DSC (France) under a
nitrogen atmosphere of 0.15 MPa from 25 °C to 800 °C with a heat-
ing rate of 2°Cmin~!. Magnetic hysteresis loops were obtained at
room temperature using a HH-15 model vibrating sample magne-
tometer (VSM) (Nanjing University, China). An IXUS 95 IS digital
Cannon camera (Japan) was used to take photos of solution before
and after magnetic separation.

2.4. Batch adsorption experiments

Adsorption of MO on My-Fe,03/CSCs was studied by batch
experiments. A stock solution (1.0gL~1) of MO was prepared from
analytical-reagent product. The stock solution was then diluted to
give a series of standard solutions in different concentrations. Batch
adsorption experiments were carried out using a model KYC-1102C
thermostated shaker (Ningbo Jiangnan Instrument Factory, China)
at 100 rpm. Typically, adsorption volume of solution was 50 mL and
50 mg Mvy-Fe;03/CSCs were used in each adsorption. At given time
intervals, the suspension containing adsorbents was extracted and
adsorbents were collected using an adscititious magnet. MO con-
centration in supernate after magnetic separation was monitored
by Cary 50 Model UV-vis spectrophotometer at Amax =464.9 nm.
The amount of adsorption q; (mgg~!) was calculated from the
change in MO concentration according to the following equation:

w
where Cy is initial MO concentration (mgL-1), C is the instanta-
neous MO concentration (mgL~!), Wis the weight of the adsorbent
used (g), and V is the volume of solution (L).
The removal of MO (1) was calculated using the following equa-
tion:

(Co-C)
0

n% = 100 2)

3. Results and discussion
3.1. Characterization

3.1.1. XRD analysis

X-ray diffraction (XRD) is an effective method to investigate the
existence of intercalation in composites. XRD patterns of chitosan
(a), 1:10 My-Fe,03/CSCs (b), 2:5 My-Fe,03/CSCs (c) and magnetic
v-Fe; 03 nanoparticles (d) are shown in Fig. 2. Diffraction peaks
of magnetic y-Fe, O3 nanoparticles at 26 of 30.26°, 35.64°, 43.34°,
53.84°, 57.36° and 62.96° corresponded to (220), (311), (400),
(422),(511) and (440) lattice planes of y-Fe,03 (Fig. 2d), which
was consistent with the database of maghemite (y-Fe,03) (JCPDS
no. 39-1346) [23,24]. According to the Scherrer’s equation, calcu-
lated average crystallite size of magnetic y-Fe,O3 nanoparticles
was about 25 nm. The diffraction spectrum of chitosan (Fig. 2a) did
not find obvious crystalline peaks at the scan range 25-75°. With
the introduction of y-Fe, 03, My-Fe; 03 /CSCs samples showed typ-
ical diffraction peaks of y-Fe,05 (Fig. 2b and c) and the peaks of
maghemite increased with the increase of y-Fe, O3 dosage. There-
fore, y-Fe,03 has been introduced into Mvy-Fe,03/CSCs and kept
intrinsic phase of maghemite. At the same time, the maghemite
peaks in XRD patterns shifted slightly to lower angles compared
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Fig. 2. XRD patterns of chitosan (a), 1:10 My-Fe,03/CSCs (b), 2:5 My-Fe,03/CSCs
(c) and magnetic 'y-Fe, 03 nanoparticles (d).
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Fig. 3. FT-IR spectra of magnetic y-Fe;O3 nanoparticles (a), raw chitosan (b), 1:10

My-Fe,03/CSCs (c) and 2:5 My-Fe,03/CSCs (d).

with those of magnetic y-Fe;03 nanoparticles, indicating that the
interaction between chitosan and y-Fe,03 has occurred.

3.1.2. FT-IR analysis
Fig. 3 shows the FT-IR spectra of magnetic y-Fe, O3 nanoparticles
(a), chitosan (b), 1:10 My-Fe;03/CSCs (c) and 2:5 M+y-Fe;03/CSCs.
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For magnetic y-Fe,03 nanoparticles (Fig. 3a), peaks at 560 cm™!
and 636cm~! related to Fe-O group [21]. The strong absorption
peak of chitosan (Fig. 3b) at 1597 cm~! was assigned to the char-
acteristic peak of NHj, indicating that raw chitosan possessed high
degree of deacetylation. While the spectra of 1:10 My-Fe,03/CSCs
and 2:5 Mvy-Fe;03/CSCs (Fig. 3¢ and d) displayed a disappearance
of the peak at 1597cm~! and the formation of a new peak at
1655-1560 cm~! was related to consumption of -NH, groups to
form Schiff base [25,26]. Compared with the spectrum of chitosan
(Fig. 3b), the spectra of two Mvy-Fe;03/CSCs showed broader band
at3150-3700 cm~!, which was attributed to hydroxyl (OH) stretch-
ing [27]. At the same time, its intensity decreased and the peak
shifted from 3442 cm~! (Fig. 3b) to lower wavenumber 3401 cm™!
(Fig. 3¢) and 3396 cm~! (Fig. 3d) with increasing dosage of y-Fe,0s.
This change suggested that y-Fe, O3 was enwrapped by the inter-
action between chitosan and vy-Fe, O3 nanoparticles.

3.1.3. TG analysis

Typical TG and DSC curves of samples are depicted in Fig. 4. The
TG curve of magnetic y-Fe,03 nanoparticles showed that weight
loss over temperature ranges from 25 to 780 °C was about 1.36%,
indicating that no significant weight loss took place (Fig. 4 left a).
However, there was an obvious exothermic peak at 626°C in the
DSC curve of magnetic y-Fe, O3 (Fig. 4 right a), representing a phase
transition from y-Fe; 03 to a-Fe; 03 [28]. The TG and DSC curves of
two Mvy-Fe,03/CSCs samples demonstrated similar trends. Firstly,
two weight losses were observed at 25-780°C. The first stage of
weight loss occurred at 27-150 °C was due to evaporation of water
physically adsorbed on the composites [29] and obvious endother-
mic peaks could be seen from corresponding DSC curves (Fig. 4 right
b and c). The weight loss in second stage between 150 °C and 780°C
were 47.5% and 56.7% for 2:5 M+vy-Fe,03/CSCs (Fig. 4 left b) and
1:10 My-Fe,03/CSCs (Fig. 4 left c), respectively, which were mainly
due to the decomposition of polymer matrix in the My-Fe;03/CSCs
[30]. To our surprise, there was no phase transition peak of nano-
sized Fe,03 (Fig. 4 right b and ¢), which indicated that magnetic
v-Fe; 03 in the My-Fe,;03/CSCs presented much more stable due to
interaction between y-Fe; O3 and chitosan.

3.1.4. SEM analysis

Morphology of samples was investigated using SEM. Fig. 5
presents typical SEM micrographs of crosslinked chitosan (Fig. 5a)
and 1:10 Mvy-Fe,03/CSCs (Fig. 5b). Obviously, the SEM micrograph
of crosslinked chitosan presented relatively compact surface and
some macropores. However, with the introduction of magnetic
v-Fe,03 nanoparticles into chitosan by microemulsion process,
there were significant changes on the surface morphology of
M+y-Fe,03/CSCs (Fig. 5b). The SEM micrograph of M+y-Fe;03/CSCs
(Fig. 5b) indicated that the composite adsorbent was composed
of abound unequal microparticles with rough 2-10 wm outer
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Fig. 4. TG (left) and DSC (right) curves of magnetic y-Fe,03 nanoparticles (a) 2:5 My-Fe,03/CSCs (b) and 1:10 M-y-Fe,03/CSCs (c).
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Fig. 5. SEM micrographs for crosslinked chitosan (a) and 1:10 M-y-Fe,03/CSCs (b).

diameters. The particle size of My-Fe,03/CSCs was much bigger
than that of magnetic y-Fe,03 nanoparticles (20-30nm), indi-
cating that y-Fe; 03 has been encapsulated by chitosan. This was
in agreement with the XRD results. Mvy-Fe,03/CSCs provided
a larger surface and smaller particle diameter compared with
crosslinked chitosan, which offered advantageous condition for the
adsorption of azo dyes from solution onto the novel composite
adsorbent.

3.1.5. Magnetic separation property of My-Fe;03/CSCs

Hysteresis loops of 1:10 Mvy-Fe;03/CSCs and 2:5 My-
Fe,03/CSCs were measured in fields between +1.5kOe at room
temperature and the results are shown in Fig. 6a. The sat-
urated magnetization (os1) of 2:5 My-Fe,03/CSCs reached at
4.36emug-'and the saturated magnetization (os2) of 1:10 Mry-
Fe,03/CSCswas 1.44emu g~!. Theratio of 05 1:05, was 3.1:1, which
was almost consistent with the ratio (3.0:1) of y-Fe,03 content in
two Mvy-Fe;03/CSCs samples. The result indicated that magnetic y-
Fe, 03 nanoparticles enwrapped by crosslinked chitosan kept their
intrinsic magnetic properties and crystal structure. Therefore, the
saturated magnetization (o) of My-Fe;03/CSCs could be expedi-
ently adjusted by changing additive dosage of y-Fe,0s. In order to
verify magnetic separation of My-Fe,03/CSCs, an adscititious mag-
net was used to separate the adsorbents from mixture solution.
Fig. 6b showed that M-y-Fe,03/CSCs dispersed well in water before
magnetic separation, providing good condition and more surface
for MO adsorption on M+y-Fe,03/CSCs. However, magnetic com-
posite adsorbents could be quickly collected and immobilized on
the bottom of test tube near the magnet in 10 s by applying an adsc-
ititious magnetic field (Fig. 6¢c). Therefore, M-y-Fe,03/CSCs could
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Fig. 7. Adsorption of MO on magnetic y-Fe;O3; nanoparticles (a), crosslinked
chitosan (b), 1:10 M+y-Fe,03/CSCs (c) and 2:5 My-Fe,03/CSCs (d). Experimental
conditions: initial MO concentration 30 mgL~"; adsorbent dosage 1.0gL~"; tem-
perature 27 £ 0.2 °C; stirring rate 100 rpm.

easily be separated and recovered from the adsorption system by a
simple magnetic process after adsorption.

3.2. Adsorption property

3.2.1. Comparison of MO adsorption with different adsorbents

Fig. 7 shows adsorption percent of MO as a function of con-
tact time onto four different adsorbents, namely magnetic y-Fe,03
nanoparticles (a), crosslinked chitosan (b), 1:10 My-Fe,03/CSCs (c)
and 2:5 My-Fe;03/CSCs (d), respectively. The saturation adsorption
capacities of MO onto magnetic y-Fe, O3 nanoparticles, crosslinked
chitosan, 1:10 My-Fe;03/CSCs and 2:5 M+y-Fe;03/CSCs were mea-
suredas 0.10mgg~1,20.10mgg-1,29.50mgg ' and 29.37mgg !,
respectively. Two Mvy-Fe,03/CSCs adsorbents showed higher
adsorption capacities as compared with those of magnetic y-Fe,03
nanoparticles and crosslinked chitosan. On one hand, nanoparticles
embedded in biopolymer materials expanded adsorption capacity
due to the improvement in the electrostatic interaction [31]. On the
other hand, with the introduction of y-Fe, 03, M-y-Fe;03/CSCs pro-
vided more available sites for MO adsorption due to a larger surface
and smaller pore diameter compared with crosslinked chitosan.
This phenomenon has been proved by the result of SEM analysis.

At the same time, it took 100 min, 150 min and 270 min to
attain equilibrium for 1:10 M+y-Fe;03/CSCs, 2:5 Mvy-Fe;03/CSCs
and crosslinked chitosan, respectively. The MO removal increased

Fig. 6. Magnetization curves (a) of My-Fe,03/CSCs and photographs of adsorption system before (b) and after (c) magnetic separation.
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Fig. 8. Effect of initial solution pH on the adsorption of MO by 1:10 My-Fe,03/CSCs.
Experiment conditions: initial MO concentration 30mgL-'; adsorbent dosage
1.0gL~"; pH range 4.0-12.0; temperature 27 + 0.2 °C; stirring rate 100 rpm.

dramatically and the adsorption equilibrium was achieved much
faster with the introduction of nanosized y-Fe, Os. It indicated that
the adsorption capacity of My-Fe,03/CSCs towards MO was bet-
ter than both bottom ash and de-oiled soya in previous research
[32]. Therefore, considering relatively low cost and rapid adsorp-
tion rate of the composite adsorbent, it could be used as a promising
alternative adsorbent to decolor the dye effluent.

3.2.2. Effect of initial pH

The solution pH is one of the dominant parameters affecting
the adsorption of organic dyes onto solid polymeric adsorbent
[33]. Effect of initial solution pH on MO adsorption by 1:10
Mry-Fe,03/CSCs at 27 +0.2°C was investigated for 30 mgL-! MO
solution and the results are illustrated in Fig. 8. The effect of pH
on MO adsorption was remarkable in our experimental condi-
tions. As seen from Fig. 8, adsorption percent of MO onto 1:10
Mrv-Fe;03/CSCs decreased from 98.27% to 39.80% after 120 min
adsorption with a decrease in pH from 4.0 to 12.0. This result indi-
cated that the adsorption capacity decreased with the increase
of initial solution pH. The similar effect of pH on MO adsorption
was observed in other researches [32,34]. Chitosan has a positively
charged surface below pH 6.5 (point of zero potential). In acidic
solution, hydrogen atoms (H*) in solution can protonate amine
groups (-NH>) of chitosan [35]. As a result, the electrostatic inter-
actions between MO anions and chitosan with positively charged
surface increased in acidic solution.

3.2.3. Effect of adsorbent amount

Adsorption dosage is another important parameter because it
determines the capacity of an adsorbent for a given initial con-
centration of adsorbate. Effect of adsorbent dosage was studied
on MO removal from aqueous solutions by varying the amount
of 1:10 My-Fe;03/CSCs from 0.10gL~! to 1.6gL~! while keeping
other parameters constant such as 30 mgL-! initial dye concen-
tration, initial solution pH 6.6 and stirring rate 100 rpm. Color
removal of MO increased from 15.35% to 98.25% with increas-
ing adsorbent dosage from 0.1gL-! to 1.0gL~! (Fig. 9). Available
active sites increased with the increase of adsorbent dosage. How-
ever, further increase in adsorbent dosage to 1.6gL~! only leads
to the adsorption percent increase by 0.94%. At the same time, the
amount adsorbed per unit mass of MO decreased evidently from
29.46mgg~'to18.70mgg~'. The decrease in the amount adsorbed
of MO (g;) withincreasing adsorbent dosage was due to unsaturated
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Fig. 9. Effect of adsorption dosage on MO adsorption by 1:10 Mvy-Fe,03/CSCs.
Experiment conditions: initial MO concentration 30 mg L-'; adsorbent dosage range
0.1-1.6gL~"; initial solution pH 6.6; temperature 27 + 0.2 °C; stirring rate 100 rpm.

adsorption active sites during the adsorption process. As a result,
1.0gL~1 was the optimum adsorbent dosage for MO adsorption
onto 1:10 My-Fe,03/CSCs.

3.2.4. Adsorption kinetics

Adsorption kinetics is one of the most important characters
which govern the solute uptake rate and represent adsorption effi-
ciency of adsorbent for design operation and optimization [36]. To
investigate adsorption kinetics of MO on different adsorbents, three
different kinetic models, i.e. Lagergren-first-order model, pseudo-
second-order kinetic model and intraparticle diffusion model were
used to fit the adsorption kinetic data.

The Lagergren-first-order kinetic, pseudo-second-order kinetic
model and intraparticle diffusion model can be given by Egs. (3)-(5)
[37].
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Fig.10. Adsorptionkinetics of MO on crosslinked chitosanand 1:10 M-y-Fe,03/CSCs.
Experimental conditions: initial MO concentration 30 mgL~'; adsorbent dosage
1.0gL-!; temperature 27 4 0.2 °C; stirring rate100 rpm.
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Table 1

Kinetic parameters of MO adsorption onto adsorbents for 30 mgL~" initial dye concentration.

Adsorbents Geexp (Mgg')  Lagergren-first-order kinetic model ~ Pseudo-second-order kinetic model Intraparticle mass transfer diffusion model
Geca (mgg™") ki (min~') R? Geca (Mgg™") k2 (gmg'min!) R ki(mgg~'min~'2) c(mgg™') R?
Crosslinked chitosan  20.10 20.12 0.00758 0.998 25.17 0.003669 0.992 1.47 0.01 0.932
1:10 My-Fe,03/CSCs  29.49 26.83 0.02194 0.991 32.06 0.000338 0.999 2.10 7.01 0.938
qe = kitl/z +c (5) M+y-Fe;03/CSCs. This result was in agreement with the SEM analy-

where ge and g, are the amounts of MO (mg g~!) adsorbed on adsor-
bent at equilibrium and at a given time t (min), respectively; kq is
the rate constant (min~!) of Lagergren-first-order kinetic model,
k, is the rate constant (gmg ! min~—!) of pseudo-second-order
kinetic mode, and k; is the intraparticle diffusion rate constant
(mgg~! min—12); c (mgg~1) is the intercept of intraparticle diffu-
sion model. Values of c give information about the thickness of the
boundary layer, i.e. the larger intercept the greater is the boundary
layer effect.

The regression plots of Lagergren-first-order kinetic model,
pseudo-second-order kinetic model and intraparticle diffusion
model are shown in Fig. 10 and the corresponding adsorption rate
constants are summarized in Table 1. The validity of each model is
checked by the correlation coefficient (R2) as well as the exper-
imental and calculated data. For MO adsorption on crosslinked
chitosan, the correlation coefficient (R2 =0.998) of Lagergren-first-
order kinetic model was higher than that of pseudo-second-order
kinetic model (R =0.992). What is more, the calculated equilibrium
adsorption capacity gecy (20.12mgg~") agreed better with the
experimental value geexp (20.10mgg-1) for Lagergren-first-order
kinetic model (Table 1). Therefore, the kinetic data of MO adsorp-
tion on crosslinked chitosan fitted Lagergren-first-order kinetic
model better than pseudo-second-order kinetic model. However,
the correlation coefficients (R2) of the Lagergren-first-order and
pseudo-second-order kinetic models were 0.991 and 0.999 for
MO adsorption on 1:10 M+y-Fe,03/CSCs, respectively, indicating
that the pseudo-second-order kinetic model was more valid to
predict the behavior of MO adsorption. This supported the assump-
tion of the model that the adsorption was due to chemisorption.
High correlations for pseudo-second-order kinetic equation for
dyes adsorption on various poriferous adsorbents have also been
reported [31,38] and Lagergren-first-order kinetic equation would
be applicable only over the initial stage of the adsorption process
on poriferous adsorbents [39].

The adsorbate can be transferred from the solution phase to
the surface of adsorbent in several steps. The steps might include
external diffusion, pore diffusion, surface diffusion and adsorp-
tion on the pore surface. According to Eq. (5), the intraparticle
diffusion rate constants were calculated from the plots of q; ver-
sus t93 for crosslinked chitosan and 1:10 M+y-Fe;03/CSCs. The
regression analysis showed that the correlation coefficient values
(R?) over the whole time range were lower than 0.94, indicat-
ing that more than one process affected the MO adsorption on
both crosslinked chitosan and 1:10 Mvy-Fe;03/CSCs [40]. For MO
adsorption on crosslinked chitosan, the ¢ value of intraparti-
cle diffusion model was 0.01 mgg~!, indicating that intraparticle
diffusion was the rate-controlling step. For MO adsorption on
1:10 Mvy-Fe;03/CSCs, the large ¢ value (7.01mgg~!) suggested
that intraparticle diffusion was not the rate-controlling step
and the boundary layer diffusion controlled the adsorption to
some degree. With the introduction of y-Fe;O3; nanopartilces,
1:10 M+y-Fe,03/CSCs provided a larger surface and smaller par-
ticle diameter, resulting in more available adsorption active
sites on the surface of 1:10 M+y-Fe,03/CSCs, compared with
crosslinked chitosan. Therefore the boundary layer diffusion of
solute molecules had important effect on MO adsorption on 1:10

SIS.

4. Conclusions

Magnetic nanosized y-Fe,03/crosslinked chitosan composites
(M+y-Fe;03/CSCs) were prepared by microemulsion process using
magnetic y-Fe; O3 nanoparticles as magnetic material and chitosan
as basic adsorbent, then characterized by XRD, FT-IR, TGA, DSC, SEM
and VSM. The characterizations’ results indicated that magnetic
v-Fe; 03 nanoparticles have been successfully introduced into the
composites and kept intrinsic magnetic properties. The magnetic
properties of Mvy-Fe;03/CSCs could be expediently adjusted by
changing additive y-Fe; O3 dosage. The My-Fe,03/CSCs adsorbents
exhibited faster adsorption rate towards methyl orange compared
with crosslinked chitosan. After adsorption, the M+y-Fe;03/CSCs
could be effectively separated from reaction solution in 10s by
applying an adscititious magnetic field. With the introduction of
v-Fe, 03, both transports of MO from aqueous solution through the
particle interfaces into pores and adsorption on adsorbent surface
available were responsible for MO adsorption on Mvy-Fe;03/CSCs.
Both effects of initial pH and adsorbent dosage on MO adsorption
were remarkable in experimental conditions.
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