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ABSTRACT

In this study, ethylenediamine-modified magnetic chitosan composite (MCS-NH,) adsorbent was
synthesized facilely by one-pot method. The structural analysis of the composite were obtained from
Fourier-transform infrared, X-ray powder diffraction, thermogravimetric analysis, vibrating sample
magnetometer, scanning electron microscopy, field transmission electron microscopy, zeta potential,
Brunauer-Emmett-Teller specific surface areas, and pore structure. Its adsorption capacities toward
anionic dye Orange II (ORII) were studied in a batch system. The highest ORII removal of 94.3% was
obtained at the optimum conditions: pH 7.07, initial ORII concentration 100 mg L, adsorbent dose
3 g L7, and room temperature (293 K) at 30 min. In addition, the effect of various salts on the adsorp-
tion performance of MCS-NH, was also investigated. The kinetic adsorption isotherms and thermo-
dynamics were also studied and the experimental data fitted better with the pseudo-second-order
kinetic and the Freundlich model, with spontaneous and exothermic characteristics. The results
showed that MCS-NH, composite exhibited excellent adsorption capacities toward anionic dye,
which should have potential applications in effluent treatment in printing and dyeing industry.
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1. Introduction

The textile industry effluents contain large amounts of
colorants that are most difficult to biodegrade. Several meth-
ods, such as chemical precipitation, ion exchange, reverse
osmosis, oxidation/reduction, adsorption, filtration, coag-
ulation, electrolysis, evaporation, electroplating, activated
sludge, aerobic and anaerobic treatment, have been used to
remove the pollutants with high removal efficiencies [1-5].
In terms of initial cost, flexibility and simplicity of design,
ease of operation, and insensitivity to toxic pollutants,
adsorption is superior to other techniques.

Nowadays, the adsorption of contaminants from waste-
water by nanomaterials has drawn enormous interest.

* Corresponding author.

Among various nanoadsorbents that have been applied for
dye adsorption, magnetic nanoparticles (MNPs) have
attracted great attention because of their distinctive proper-
ties such as low toxicity, large surface area, easy surface mod-
ification, and separation under an external magnetic field
[6-9]. However, because of the anisotropic dipolar attraction
effect, naked MNPs usually easily aggregated in aqueous
solutions, thus reducing its sorption capacity and restricting
its extensive use [10].

In order to improve their stability, Fe,O, NPs are often
modified with functionalized materials or biopolymers
before applications. Chitosan (3-(1-4)-linked-d-glucosamine)
is famous for functionality, biocompatibility, nontoxicity,
adsorption property, low price, and eco-friendly [11,12].
It contains a substantial number of amino and hydroxyl
groups, which can bind pollutants and interact with Fe,O, to
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form a good dispersion of the NPs [13], which is benefit and
widely used for dyes and heavy metals removal [14-17].

In this study, a simple one-pot synthesis approach was
adopted to prepare ethylenediamine-modified magnetic chi-
tosan nanocomposite (MCS-NH,). Its adsorption property
toward anionic dye Orange II (ORII), and the effect of the
operating parameters, such as the dosage of the adsorbent,
contact time, temperature, the initial concentration of ORII,
the initial pH, various inorganic salts on ORII removal, and
the reusability of MCS-NH,, were investigated systemati-
cally. The kinetic, adsorption isotherms and thermodynamics
were also studied to further elucidate the adsorption behav-
ior and the possible mechanism was also proposed.

2. Materials and method
2.1. Materials

Chitosan (CH, NO,) with molecular weight 5 x 10*
(>90% degree of deacetylation) was derived from China
(Golden-Shell Biochemical Co., Ltd.). Ethylenediamine
(NH,CH,CH,NH,, purity 99%), epichlorohydrin (C,H,ClO),
cetyl trlmethyl ammonium bromide (C,,H, NBr), sodium
dodecyl sulfate (C,,H,.SO\Na), ferric chloride hexahy-
drate (FeCl,;6H,0), ferrous sulfate (FeSO,’7H,0), acetic acid
(CH,COOH), ammonium hydroxide(NH,-H,0), sodium
chloride (NaCl), calcium chloride (CaCl,), sodium sulfate
(Na,SO,), and ORII (C H, N,O,SNa-5H,0, A.R)) in analyti-
cally pure were obtained from Sinopharm Chemical Reagent
Co., Ltd., Xi’An, China, and used without further purification.

2.2. Preparation of MCS-NH,

The adsorbent was obtained through one-step method:
Fe O, particles were prepared by coprecipitating Fe* and Fe**
ions by NH,-H,O solution in the presence of MCS-NH, based
on previous method [18-20]. Typically, Ferric chloride hexa-
hydrate (2.17 g) and ferrous sulfate (0.77 g) were dissolved in
50 mL deionized water at a concentration of 0.2 M iron ions
to obtain the magnetic fluid. Chitosan solution was prepared
by dissolving 0.35 g chitosan in 100 mL of 1% (v/v) acetic acid
with stirring for 2 h until completely dissolved. And then the
magnetic fluid was added to the solution slowly. Chemical
precipitation was achieved at 298 K under vigorous stirring by
addition of NH,-H,O solution until the solution turning black
(pH 10). After that the solution stirred for another 1 h to form
coated chitosan layer, chitosan on the surface of the MNPs is
available for further modification to obtain more active sites.
Then, 10 mL epichlorohydrin was added with stirring for 2 h
at 333 K and 15 mL ethylenediamine was introduced exces-
sively to get the maximum amino incorporated according to
Ref. [20]. The reaction mixture was stirred for 3 h at 333 K, then
the solid products were separated using an external magnet
and washed with distilled water followed by ethanol for three
times and finally dried in a vacuum oven at 333 K to obtain
MCS-NH.,. The synthesis of MCS-NH, is given in Fig. 1.

2.3. Adsorption and desorption experiments

In this study, the adsorption performance of MCS-NH,
was investigated by adding 0.03 g MCS-NH, into 10 mL ORII
dye solution (50, 100, 150, or 200 mg L™) in a 50 mL glass
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Fig. 1. Synthesis and adsorption properties of MCS-NH,,.

flask at various temperatures (298, 303, 313, or 323 K) under
an agitation speed of 200 rpm. After a certain time, the adsor-
bent was separated using external magnet as shown in Fig. 1.
The concentration of ORII was then determined by measur-
ing the absorbance of the solution at 484 nm (A___for ORII),
using a UV-vis spectrophotometer (UVT6, Beijing Purkinje
General Instrument Co. Ltd, China). The color removal (R) of
ORII and adsorption amount (g,) were calculated according
to Egs. (1) and (2) as follows:

R% = (G-¢c) x100% 1)
CO

(C,-C )V
w

where C; and C, (mg L) are the respective ORII concentra-
tion in solution at initial time and at time t (min); g, (mg g™') is
the amount of ORII adsorbed onto MCS-NH, at time ¢; V (mL)
is the volume of ORII solution; and W (mg) is the mass of
MCS-NH,,.

For desorption and recycle studies, 0.03 g MCS-NH,
loaded with ORIl was desorbed using 10 mL ethanol, at
298 K and contact time of 2 h. The adsorbent after desorp-
tion dried in a vacuum oven at 333 K and was reused in the
next adsorption experiment. The color removal (R) of ORII
and adsorption amount (g,) were also calculated according to
Egs. (1) and (2).

Effect of various salts: The effect of various salts (NaCl,
CaCl,, and Na,SO, in 10 g L) or NaCl with various concen-
trations on the adsorption performance was investigated.
After 30 min, the adsorbent was separated using external
magnet and the concentration of ORII was then determined
according to the previous procedure.

9= &)

2.4. Characterization of the adsorbents

The crystallization and morphologies of the adsorbents
were analyzed by X-ray powder diffraction (XRD, Rigaku,
Japan). Fourier-transform infrared (FTIR) spectra were taken
on a Tensor 27 (Bruker, Germany) instrument in the range of
4,000-400 cm™. The Brunauer-Emmett-Teller (BET) specific
surface areas and pore structure were obtained from nitrogen
adsorption—-desorption data at 373 K using a BET (ASAP2020



M. Wu et al. / Desalination and Water Treatment 127 (2018) 231-242 233

Mike, USA). Scanning electron microscopy (SEM, Quanta
200, FEI) and field transmission electron microscopy (TEM,
Tecnai G2 F20, FEI) were used to confirm the surface mor-
phology and dispersion of adsorbent. Thermogravimetric
analysis (TGA) measurements were carried out on a ther-
moanalyzer systems (TA, USA), with a temperature range
of 25°C-800°C at a heating rate of 10°C min™. The magnetic
properties of the samples were studied at room temperature
using a vibrating sample magnetometer (VSM, Lakeshore
735, USA) by sweeping the magnetic field from -10,000 to
+10,000 Oe. Zeta potentials of the samples were determined
using a micro-electrophoresis meter (ZEN3690, Malvern).
A certain amount of the adsorbents was dispersed in distilled
water with various pH values before this measurement.

3. Results and discussion
3.1. Characterization of the adsorbents

The FTIR spectra of Fe,O, (a), CS (b), MCS (c), MCS-NH,
(d), and MCS-NH,-ORII (e) are shown in Fig. 2. For the Fe,O,,
the band at 585 cm™ was attributed to Fe-O group, the band
around 3,419 cm™ was related to the -OH group of adsorbed
water [21].

For the CS (b), the band at 3,442 cm™ was attributed to
the stretching vibration band of -NH, and ~OH. The charac-
teristic peak of CS at 2,874 cm™ was attributed to the stretch-
ing vibration of -CH and —CH, [20]. The stretching vibration
of N-H band was observed at 1,654 cm™ [22]. The band at
1,380 cm™ could be assigned to the deformation vibration of
CH, [1]. The band at 1,084 cm™ indicated the combined effect
of C-N stretching vibration of primary amines and the C-O
stretching vibration from the primary alcohol in chitosan [23].

All of the characteristic peaks of CS were observed in
MCS (Fig. 2(c)). The band at around 585 cm™ was assigned to
Fe-O bond vibration, which indicated the presence of Fe,O,
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Fig. 2. FTIR spectra of Fe,O,
and MCS-NH,-ORII(e).
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as a result of the successful coating procedure. The main rea-
son of Fe,O, coated by chitosan was that the surface of iron
oxide with negative charges has an affinity toward chitosan,
thus protonated chitosan could coat the magnetite particles
by the electrostatic interaction [24].

The intensity of the peak at 3,396 cm™ attributed to the
stretching vibration of the N-H bond with O-H strength-
ened and the peak shifted to 3,417 cm™ for MCS-NH,
(Fig. 2(d)). The peaks of N-H bending vibration and C-N
stretching vibration of MCS-NH, observed at 1,626 and
1,080 cm™, respectively, were stronger than those of MCS,
probably due to that more NH, attached to MCS.

After ORII adsorption (Fig. 2(e)), the band of overlapping
of -NH and —-OH stretching vibration shifted to 3,420 cm™,
indicating that—OH joined in ORII adsorption [20]. A decrease
in intensity of the N-H bending vibration at 1,629 c¢cm™
was also observed. These results indicated that hydroxyl and
amino groups both involved in ORII adsorption [25].

Fig. 3(a) shows XRD patterns of Fe,O, CS, and
MCS-NH.,,. Five characteristic peaks marked by their indices
(220), (311), (400), (511), and (440) were observed for Fe,O,,
which were consistent with the database in JCPDS file (PDF
No. 65-3107) and revealed the spinel structure of resultant
Fe,O, nanoparticles [26,27]. The CS exhibited a typical dif-
fraction peak at 20 of around 20°, which was attributed
to intermolecular hydrogen bond between amino and
hydroxyl groups [28] and revealed its amorphous nature
[29]. Quite weak diffraction lines of MCS-NH, composite
indicated Fe,O, nanoparticles have been coated by amor-
phous chitosan [21,30].

TGA measurement provides evidence to prove the reduc-
tion of organic matter. TGA curve of Fe,O, showed weight
loss about 3.2% below 150°C, which was due to the water
physically adsorbed on the Fe,O, surface as shown in Fig.
3(b) [11]. At 250°C-350°C, the weight losses of 15.74% and
18.95% for MCS and MCS-NH, respectively, were mainly
assigned to the degradation and deacetylation of functional
groups of chitosan [31]. The weight loss of MCS-NH, was
more than MCS, indicating ethylenediamine has been incor-
porated in the composite. The final temperature of decom-
position was approximately 750°C. About 51.32% and
47.82% of Fe,O, in the MCS and MCS-NH, samples were
determined.

The pH of zero point charge (pH, ) and zeta potential of
MCS and MCS-NH, at different pHs are shown in Fig. 3(c).
The pH__ values of 7.46 and 8.17 were observed for MCS
and MC%-NHZ, respectively, indicating that more cationic
amino group has been introduced during the aminated
process. Negative zeta potentials above pH,  and positive
values below pH,_were exhibited for MCS and MCS- NH,,
indicating the pH response properties of the adsorbents
More positive zeta potentials of MCS-NH, were detected
than that of MCS, suggesting that more —NH2 have been
incorporated.

The magnetic properties of samples were researched at
room temperature and VSM curves are shown in Fig. 3(d).
The values of saturation magnetization (M) of MCS and
MCS-NH, were determined to be 33.12 and 29.41 emu g7,
respectively, lower than that of the pure Fe,O, (53.08 emu g),
maybe due to the nonmagnetic chitosan layer decreas-
ing the relative content of the Fe,O, in the sample and the



234
(a)
(311
“11) (511) (440)

o)
=
w
=
e
-
=
o

(MCS-NH,)

1 s 1 L 1 L 1 s 1 2 1 L 1 L

10 20 30 40 50 60 70 80

20(°)

Zeta potential (mV)

L | —®—MCS-NH,
_30 1 M Il L 1 P 1

2 4 6 8 10 i

M. Wu et al. / Desalination and Water Treatment 127 (2018) 231-242

100 (b)
90 of 1 3 Fe O,
2 |} ‘B E
= 2 F
< 8o e
i ! | e e
E | e
§ 70 |
60 MCS-NH,
MCS
L)
B e s v bbb
40 L 1 i 1 1 1 1 i 1 n 1 I
0 100 200 300 400 500 600 700 800
Temperature ('C)
L | — (d)
F'.“.
5
" | —mcsnn,

— MICS-RH ORI

==

i
=000 [}

fi:l.'ﬂ
Magnetic field (G)

1000

Fig. 3. XRD patterns (a), TGA curves (b), zeta potential (c), and VSM curves (d) of various adsorbents.

shielding effect on the naked Fe,O, surface [19,32]. There
was no hysteresis loss (Hc = 0 Oe) observed, indicating that
the samples were superparamagnetic in nature. Moreover,
the excellent magnetic responses of the prepared nanopar-
ticles were also demonstrated by the easy separation of
the sorbents from solution by an external magnet (inset in
Fig. 3(d)), which is important for collection, regeneration,
and reutilization of the sorbents. Similar values of saturation
magnetization of MCS-NH, (29.41 emu g') and MCS-NH,-
ORII (29.79 emu g™') were observed, suggesting the magnetic
strength of MCS-NH, was almost kept constant during the
reuse experiments.

The SEM and TEM analyses were performed to con-
firm the surface characteristics of the adsorbents (Fig. 4).
Fe,O, exhibited improved randomly dispersed particles in
MCS-NH, [9], and the chitosan layer was distributed and

coated around Fe,O, particles [21, 23]. The chitosan coating
process was affected weakly the agglomeration, maybe due
to this it has occurred only on the surface of particle, which
was consistent with reference reported [19].

The specific surface area and pore size distribution of the
MCS-NH, and Fe,O, were determined by the (BET method
and relevant parameters are listed in Table 1. Specific surface
area is an intrinsic property of any porous and powered par-
ticle which can divulge crucial information about its adsorp-
tion properties [33]. The BET surface area, pore size, and
total pore volume for Fe,O, were 103.41 m* g™', 14.06 nm, and
0.36 cm® g™, respectively, higher than those of MCS-NH,. As
is well-known, larger surface area is superior to smaller one
for providing higher adsorption capacity [33], indicating that
higher removal of ORII could not merely be owing to larger
surface area.
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Fig. 4. SEM and TEM images of Fe,O, and MCS-NH,,.

Table 1

Porosity parameters of Fe,O,,

MCS and MCS-NH,

Adsorbents BET surface Average pore Total pore volume

area (m*g™) size (nm) (em®g™)
Fe,O, 103.41 14.06 0.36
MCS 26.72 5.90 0.04
MCS-NH, 2.87 3.97 <0.01

3.2. Optimization of adsorption parameters
3.2.1. The adsorption capacities of various adsorbents

Fig. 5(a) shows the adsorption capacities of various
adsorbents toward ORIl under the same conditions. As can be
seen, the adsorption amounts of 16.12, 24.00, and 33.94 mg g™*
were obtained for Fe,O,, MCS, and MCS-NH,, respectively,
indicating that chitosan coating and aminated modification
improved the performance of the adsorbent. Considering the
highest adsorption amount for ORII, MCS-NH, was selected

in the further study.

3.2.2. The effect of contact time and adsorbent dose

The effect of contact time on removal percentage
(Fig. 5(b)) demonstrated that the adsorption for ORII onto
MCS-NH, was rapid. Clearly, the adsorption capacity
sharply increased within the first 20 min and no significant
changes were observed in the next 30 min. Excellent color
removal of 94.3% was attained in 30 min. Furthermore,
the color removal of ORII increased from 62.1% to 95.87%
with increasing MCS-NH, dose from 0.5 to 9 g L™ (inset in
Fig. 5(b)). The fast ORIl removal rate at the beginning might
be attributed to the large numbers of available active sites on
the surface of MCS-NH,. After that, the adsorption became
slower owing to the increased number of occupied adsorp-
tion sites and the slower diffusion of ORII into the inner
hole of the composite [34,35]. All the adsorption equilibrium

was achieved within 60 min. It was reported that a long
time was needed to attain equilibrium for dyes with several
adsorbents, such as chitosan/organoclay bionanocomposites
[36], chitosan cross-linked with ethylenediamine composites
[37], and other adsorbents [38,39]. In contrast, in this study,
rapid adsorption of ORIl onto MCS-NH, was achieved,
which should have potential application in treatment of real
industry wastewater.

3.2.3. The effect of temperature

The removal and adsorption amount decreased with the
temperature increasing (Fig. 5(c)), indicated that the adsorp-
tion was an exothermic reaction. What's more, the increasing
temperature likely influenced the intermolecular hydrogen
bond between amino and hydroxyl groups and the internal
structure of the adsorbents [20]. So the adsorption of ORII
onto MCS-NH, in the further experiment was studied at
room temperature (298 K).

3.2.4. The effect of the initial concentration of ORII

The adsorption amount of MCS-NH, increased from
15.66 to 72.10 mg g with the concentration of ORII varied
from 50 to 250 mg L™ at pH 7.07 (Fig. 5(d)). This mainly
might be attributed to the increase in concentration gradient
in the system, which resulted in the enhanced efficiency of
ORII adsorption [40,41]. Hence a higher initial concentration
of dye enhanced the sorption process.

3.2.5. The effect of the initial pH

It can be observed that the highest removal percentage
was obtained at pH 7 (Fig. 5(e)), which can be attributed to the
impacts of pH on the surface function groups of adsorbent,
surface charge, formation of ion species, and the interactions
between functional adsorbent and ORIl molecules [26].
Based on zeta potential analysis, in aqueous solution below
pH 7.0, the protonated dye molecules formed due to the
large amount of hydrogen ions might compete with NH_’,
leading to the decrease in the anionic dye species interaction
with the cationic active sites [42,43]. On the other hand, at the
lower pH conditions, the dissociations of functional groups
(like carboxyl, amino, and hydroxyl) were difficult [20].
When the solution pH increased from 7 to 11, the removal
percentage decreased from 94% to 60%. This phenomenon
can be explained that more OH in the alkaline solution com-
peted with the anionic ORII molecules to be adsorbed on the
surface of the MCS-NH, while OH™ predominated [44].

3.2.6. Recycle of MCS-NH,

In this study, the reusability of MCS-NH, was inves-
tigated by a consecutive adsorption—-desorption process.
The regenerated adsorbents were used in the adsorption—
desorption cycle for three times, and the results are
illustrated in Fig. 5(f). The dye removal decreased from
94.3% to 88.71%, which might be due to the blockage of some
active sites and the changes in the chemistry and the struc-
ture of the adsorbent [45].
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3.2.7. The effect of type and concentration of coexisted salts

Dye-laden wastewaters released from textile industries
contain various types of salts, with the concentration of
10-25 g L7, which may screen the electrostatic interaction
of opposite charges in adsorbents and the dye molecules,

and decrease the amount of dye adsorbed [46-48]. Here, the
effect of inorganic salts, NaCl, CaCl, and Na,SO,, with the
concentration of 0-20 g L™ on removal of ORII was studied
(Figs. 6(a) and 6(b)). A detrimental effect was observed for
various inorganic salts (NaCl, CaCl,, and Na,SO,), and the
removal decreased with increasing concentration of NaCl in
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the experimental range. In the absence of NaCl, 94% of ORII
was adsorbed after 30 min, while only 77.35%, 68.1%, and
51.7% of removal were observed with the concentration of
NaCl increased from 5 to 20 g L. The inhibition effect may
be caused by the increasing ionic strength in the solutions
leading to a suppression of the electrostatic interactions,
which resulted the inhibition effect of the dyes adsorbed [47].
More information of the effect of inorganic salts would be
studied in the further study.

3.3. Kinetic studies

The initial concentration provides an important driving
force to overcome all mass transfer resistances and deter-
mine the rate of sorption, so the kinetic and thermodynamic
studies of adsorption with different concentrations of dyes
have been studied. The adsorption kinetics was investigated
using three kinetic models, namely pseudo-first-order,
pseudo-second-order, and Weber-Morris intraparticle dif-
fusion model.

The pseudo-first-order equation can be expressed as
follows:

ln(qg—qt):lnqg—klt 3)
The pseudo-second-order equation can be expressed as

follows:

t 1 1

+—t (4)
9, k4 4,

where g, and g, (mg g™') are the amount of ORII adsorbed onto
adsorbents at equilibrium and at time ¢, respectively. k, (min™)
is the pseudo-first-order rate constant and k, (g mg™ min™)
is the pseudo-second-order rate constant.

Weber—Morris intraparticle diffusion model is the most
common internal mass transfer model and is used to verify
the resistance to mass transfer of the adsorbate for the adsor-
bent in the adsorption process [49].

The equation can be expressed as follows:
g =K % +C (5)

where g, (mg g') is the amount of ORII adsorbed onto adsor-
bents at time t; K, (mg g™ min *?) is the intraparticle diffusion
constant; and C is the constant related to the boundary layer
thickness.

The kinetic plots and parameters are listed in Fig. 7
and Tables 2 and 3. The correlation coefficient (R?) of the
pseudo-second-order model was higher than that of pseu-
do-first-order model. What’s more, the experimental adsorp-
tion capacities ¢, are close to the theoretical values of
g, ,» indicating that the adsorption of ORI onto MCS-NH, com-
posite could be described well by the pseudo-second-order
model, and the adsorption process was controlled by chem-
ical adsorption. In addition, the pseudo-second-order rate
constant (k,) decreased with increasing initial ORII concen-
tration, suggesting that the time required to reach adsorption
equilibrium increased with increasing initial concentration [50].

Fig. 7(c) presents three separate regions with different
slopes, indicating that the intraparticle diffusion was not the
rate-limiting step for the whole adsorption process, that is, it
was a multistep limited adsorption process.

The first sharper portion of the plot indicated that surface
adsorption of the ORII dye was governed by a boundary layer
effect. C is the constant related to the boundary layer thick-
ness. The higher the value of C, the greater the effect of the
boundary layer and the more dependent the adsorption pro-
cess on the diffusion [49]. The second linear portion showed
intraparticle diffusion. The third curved portion attributed to
the attainment of equilibrium [41,51]. As shown in Fig. 7(c)
the plots did not go through the origin, indicating the adsorp-
tion of ORII involved boundary and intraparticle diffusion.

3.4. Adsorption isotherm studies

Adsorption isotherm is used to describe the adsorbent
capacity and its surface properties of adsorbent. Several models,
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onto MCS-NH, (298 K; 10 mL; pH =7.07; 3 g L™ MCS-NH,).

Table 2
The kinetics parameters for the adsorption of ORIl onto MCS-NH, (adsorbent: 3.0 g L™, contact time: 2-60 min, original
pH 7.07, 298 K)

Pseudo-first-order model Pseudo-second-order model
Cy(mg L) Goop (MG &) » — ; » P ;

9, (Mg 8") k, (min) R, 9..(M8 8") k, (g mg™ min™) R,
50 15.85 8.3993 0.1029 0.9837 16.5316 0.0284 0.9936
100 34.88 22.5235 0.1004 0.9347 36.1011 0.0139 0.9974
150 50.05 31.2138 0.0905 0.9334 51.0725 0.0103 0.9975
200 65.00 50.6465 0.0929 0.9691 68.3995 0.0044 0.9923

such as Freundlich, Langmuir, Sips, Redlich-Peterson, and
Toth, are widely used to correlate adsorption equilibrium
[52]. In this study, Freundlich and Langmuir models were
applied to describe the adsorption characteristic between

adsorbent and ORII.

The Langmuir isotherm describes the equilibrium
between the surface of solid and the solution as a reversible
chemical equilibrium [53]. Langmuir model is based on the
assumption such as: (1) monomolecular layer adsorption; (2)
all adsorption sites are identical and energetically equivalent;
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Table 3

The whole (a) and multisteps (b) intra-particle diffusion parameters of ORIl onto MCS-NH, (adsorbent: 3.0 g L, contact time:

2-60 min, original pH 7.07, 298 K)

(a)
C,(mg L) C(mgg) K, (mg g™ min~%) R
50 7.48 1.30 0.6016
100 16.86 2.71 0.8450
150 24.44 3.80 0.8388
200 21.34 6.49 0.8651
(b)
CO (mg Li]) Kidl Cl (mg g’]) Rlz KidZ CZ (mg g’l) RZZ Kid3 CS (mg g"l) RSZ
50 9.79 9.35 1 0.68 11.92 0.9999 0.09 15.15 0.9442
100 6.01 8.62 0.9629 0.92 28.71 0.9622 0.32 32.40 0.9896
150 9.07 11.54 0.9957 0.48 45.17 0.9987 0.35 47.36 1
200 12.23 6.21 0.9883 1.26 54.92 0.8729 1.30 55.12 0.9253

(3) each site can accommodate only one molecule or atom;
and (4) there is no interaction between adsorbents [20].
The Langmuir model can be represented as follows:

G__t G ©)

qe - KLqm qm

where C, (mg L™) is the equilibrium concentration of ORII
solution; g, (mg g™) is the amount of ORII adsorbed per unit
weight of adsorbents at equilibrium; g, (mg g™) is the maxi-
mum adsorption capacity; and K, (L mg™) is the equilibrium
constant of Langmuir equation related to the adsorption free
energy.

@)

The parameter R, indicates the favorability of adsorption
as follows: the value of R, = 0 is irreversible adsorption;
0 <R, <1is favorable adsorption; R, =1 is linear adsorption;
and R, > 1 indicates unfavorable adsorption [45]. In this
study, R, calculated was in the range of 0-1 (0 < R, < 1),
so the adsorption of ORIl was favorable adsorption and
spontaneous.

Freundlich isotherm model is the earliest empirical
equation based on the adsorption on reversible heteroge-
neous surfaces [52].

The equation is defined by the following equation:

Ing, =InK, +lInCE 8)
n

where C, is the equilibrium concentration of ORII solution
(mg L7); g, is the amount of ORII adsorbed per unit weight
of adsorbents at equilibrium (mg g™); and K, and n are the
Freundlich constants related to the adsorption capacity and
intensity.

The Langmuir and Freundlich isotherm fitting curves
with the experimental data are shown in Fig. 8 and param-
eters are listed in Table 4. The correlation coefficient of the

Freundlich model was much higher than that of Langmuir
model, indicating the Freundlich model described the
adsorption process better [54] and the adsorption capacity
decreased with the temperature increasing, which was also
consistent with the effect of temperature (Fig. 5(c)).

It is generally stated that the values of n gives the favor-
ability of adsorption. When the value of n is higher than 1,
it represents strong adsorption of ions onto the surface of
adsorbent [53]. From Table 4, the exponent n values were
higher than 1, representing the favorable adsorption condi-
tion in this adsorption process.

3.5. Thermodynamics

The thermodynamic parameters for the adsorption pro-
cess can be used to deduce the adsorption mechanism. The
standard Gibbs free energy change AG° (k] mol™), standard
enthalpy change AH° (k] mol™), and standard entropy change
AS® (J mol™ K™?) were calculated using the dependence of
thermodynamic equilibrium constant (K_) on temperature as
follows (Eq. (12)):

AG’ =-RTInK,_ )

AG® = AH® —TAS" (10)
0 0

InK,_ =—ARHT +% (11)

where K. can be calculated using Eq. (12) as follows:
—= (12)

where R (8.314] mol™ K™) is the ideal gas constant; C, (mg L™)
is the concentration of ORII adsorbed onto MCS-NH, at equi-
librium; and C, (mg L™) is the equilibrium concentration of
ORII adsorbed.
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Fig. 8. The Langmuir and Freundlich models of ORII adsorption onto MCS-NH, (10 mL; pH=7.07;3 g L' adsorbent; contact time:

30 min).

Table 4

The adsorption isotherm parameters of ORII adsorption onto MCS-NH, (adsorbent: 3.0 g L™, contact time: 30 min, original pH 7.07,
ORIL: 50-200 mg L)

T (K) Langmuir Freundlich

q,(mg g™) K, (L mg™) R, R K " K
298 100.50 0.0676 0.07042-0.2326 0.9473 8.6040 1.5459 0.9480
303 182.48 0.0212 0.1908-0.4854 0.7476 4.6007 1.2047 0.9677
313 581.40 0.0047 0.5155-0.8097 0.1949 2.8345 1.0374 0.9816

AH°® and AS° were obtained from the slope and inter-
cept of In K. versus 1/T as shown in Fig. 9 and the calcu-
lated values of the thermodynamic parameters are listed in
Table 5. The negative values of AH’, AS’, and AG® indicated
the exothermic, decreased randomness, and spontaneous
nature of adsorption process. The absolute value of the AG°

Rk .
24t
(¥}
]
=
—_—
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B lMmgl’
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16 & 00mglL’
i i i 1
f.0030 0,003 | 00032 0,033 0.0 34

T

Fig. 9. Plot of In K versus 1/T for adsorption of ORIl on MCS-NH,,.

Table 5

Thermodynamic parameters for the adsorption of ORII
onto MCS-NH, (adsorbent: 3.0 g L7, contact time: 30 min,

original pH 7.07)
CmgL’) TEK) aG AH° AS°
(k) mol™")  (kfmol™)  (J mol? K™)
100 298 -6.55 -18.70 -40.76
303 -6.35
313 -5.94
323 -5.54
333 -5.13
150 298 -5.57 -12.13 —22.01
303 -5.46
313 -5.24
323 -5.02
333 -4.80
200 298 -5.22 -7.793 -8.63
303 -5.18
313 -5.09
323 -5.01
333 -4.92
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Fig. 10. Possible adsorption mechanism.

determines the force of the adsorption. At the same initial
concentration of ORII, the value of AG® increased with the
temperature increasing, suggesting that the degree of ran-
domness decreased and the adsorption became less favorable
at higher temperatures.

3.6. Possible adsorption mechanism

Fig. 10 illustrates the mechanism for the adsorption of
ORII onto MCS-NH,. Under acidic and neutral conditions,
the amino groups on MCS-NH, protonated to the cationic
form (NH,") and exhibited a stronger electrostatic interac-
tion with negatively charged anionic dye ORII, MCS-NH,
showed effective at binding sulfonate groups when the
solution was at pH 3-7, as shown in Fig. 5(e). In addition,
the hydrogen bonding between the amino and hydroxyl in
MCS-NH, and sulfonate groups in ORII was also involved
in the adsorption [55]. At alkaline conditions, more OH~
competed with the anionic ORII molecules on the surface of
MCS-NH, while OH- predominated [44], thus ORII removal
decreased. Meanwhile, the reversible heterogeneous surfaces
of MCS-NH, and the exothermic, decreased randomness,
and spontaneous nature of adsorption process indicated the
complex adsorption interactions of ORII adsorption onto
MCS-NH, composite.

4. Conclusions

In this study, magnetic Fe, O, coated with amino-function-
alized magnetic chitosan composite was synthesized simply
by one-pot method. The feasibility of MCS-NH, composite
for the removal of anionic dye ORII from an aqueous solu-
tion was investigated systematically. The adsorbent exhib-
ited excellent adsorption properties toward ORII due to the
introduction of amino and hydroxyl groups. The pseudo-sec-
ond-order equation better described the adsorption ORII as
evidenced from the better correlation coefficient values as
well as better-predicted value for g, . Freundlich isotherm
model gave better correlation with the experimental data
suggested reversible heterogeneous surfaces of MCS-NH,,.
The thermodynamic analysis shows the spontaneous and

exothermic nature of ORII adsorption onto MCS-NH, com-
posite. Desorption and regeneration studies indicated that
the adsorbent can be reused efficiently for three cycles. Based
on its excellent adsorption performance, it can be concluded
that MCS-NH, could be used as a low-cost and efficient
adsorbent for removal of anionic dye from wastewater.
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