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ABSTRACT

In this study, we have successfully synthesized magnetic carbon composite by utilizing eco-friendly
and biocompatible chitosan (CS), polyaniline (PANI) and rice husk. First rice husk was converted
into magnetic carbon (Fe,0,@C) and mixed in the dissolution of chitosan. Finally, aniline dissolved
in HCl was added into the resulting mixture to initiate the copolymerization process in the pres-
ence of sodium thiosulfate affording CS-PANI/Fe,O,@C composite. SEM, EDX, TGA, FT-IR, VSM,
and XRD analytical techniques confirmed the successful formation of the composite. The synthe-
sized CS-PANI/Fe,O0,@C composite was tested as a magnetically separable adsorbent to remove
reactive blue 198 (RB198) dye from an aqueous solution. The experimental results showed that
the composite possessed adsorption efficiency > 90% for an initial concentration of RB198 dye of
100 mg/L. Moreover, we investigated the effects of concentration, time, pH, and temperature on
the adsorption efficiency of the composite as well as the kinetics of the process. The maximum
adsorption capacities were calculated to be 108.7, 121.9, and 123.5 mg/g at 293, 303, and 313 K
respectively. Moreover, the composite can be easily regenerated by soaking in basic solution fol-
lowed by washing with water. CS-PANI/Fe,O,@C was recycled up to four consequent cycles and

retained ~70% dye adsorption capacity.
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1. Introduction

Water is the source of life and therefore needs to be
preserved, recycled, and purified. A significant amount of
water is being used in various industries such as textiles,
leather, paper, rubber, printing, and plastic etc. In fact, a
medium-sized textile manufacturer consumes approxi-
mately 1.6 million L/d of water and approximately 200 L
of water are required to produce 1 kg of textile fabric [1,2].
Moreover, the daily life activities (washing, bathing, and
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cleaning) also contribute to the water pollution. This pol-
luted water is discharged into the environment without
any treatment causing the serious environmental prob-
lems. Therefore, water treatment has piqued the inter-
est of research scholars all over the world. Among the
various water pollutants, dyes are one of the main active
contaminants widely used to color a variety of products
in various industries and thus produce a huge amount of
wastewater as effluent. Based on the data, approximately
0.8 million tons of dyes were synthesized and more than
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10,000 different types of dyes and pigments are estimated
to be used globally each year [1-3]. Unfortunately, approx-
imately 15% of dyes were discharged into the water during
the dyeing process [3]. Waste water having high concen-
tration of dye pollutant poses a significant risk not only
to the ecological system but also to humans [4,5]. The dye
polluted water prevents the penetration of light and thus
interferes in photosynthesis process and causes problem
to aquatic organisms. Moreover, humans may experience
allergic reactions, carcinogenic, mutagenic effects, derma-
titis, rhinitis, kidney disease and reproductive damage due
to the unwanted absorption of these dyes [6,7]. Therefore,
a number of methods have been developed including
advance oxidation, coagulation, coagulation—flocculation,
precipitation, adsorption, and biological treatment to
remove dyes from industrial effluent [5,8-10]. Although,
every method has its own advantages and disadvantages,
the adsorption method is being widely used to treat waste-
water. It is comparatively simple, effective and low-cost
method for not only to remove the dyes but also heavy
metals [4]. A series of materials have been used as adsor-
bents or as a precursor to synthesize the adsorbents such
as activated carbon [11-13], ordered mesoporous carbon
[14,15], zeolites, limestone, natural clay [16], industrial
and agricultural waste [17], nano and polymer materials
[4,18,19]. However, the bio-based adsorbent, biosorbents,
are the materials of interest for the preparation of future
adsorbent because of their non-toxic, inexpensive, easily
availability, biodegradable and sustainable nature [20-22].

Biomaterials (chitosan, bagasse, husk etc.) are the nat-
urally occurring biopolymers with exciting chemical and
physical properties. Particularly, chitosan has mainly amino
and hydroxyl functional groups, and positive charge that
are generated while deacetylation of chitin. Chitosan and its
derivatives have been used in a variety of important appli-
cations, including metal ion adsorption, dye removal, drug
delivery, and pharmaceutical applications [23-27]. Metal
ions can be absorbed by chitosan and its derivatives via che-
lating due to the presence of a large number of hydroxyl
and amino groups [28-30]. However, the main challenge
associated with using chitosan for the synthesis adsorbent
is its dissolution in acidic solutions and low mechanical
strength. Consequently, physical and chemical modifications
have been accomplished to improve its applicability and
reusability. The synthesis of nanocomposite by integrating
chitosan with some other materials (carbon, biopolymers,
organic polymers etc.) is an effective strategy to enhance
its adsorption capacity. In fact, the maximum adsorption
capacity of the magnetic chitosan/active charcoal compos-
ite towards methylene blue (MB) and reactive blue 4 (RB4)
was calculated to be 500 and 250 mg/g, respectively [31].
Polyaniline (PANI), also known as a conducting polymer,
has picked the interest of researchers due to its conduct-
ing behavior and appealing physicochemical properties.
PANI and PANI-based adsorbents were widely used in
wastewater treatment to remove heavy metals and organic
pollutants [32-34].

Accordingly, the goal of current study is to synthesize a
magnetic separable carbon composite utilizing rice husks,
an agricultural waste source, chitosan and polyaniline with
improved adsorption capacity and reusability. The prepared

composite was then tested as bio-sorbent for the removal
of reactive blue 198 (RB198) from aqueous solution.

2. Materials and methods
2.1. Materials

Rice husk was collected from local rice mills in Vietnam.
Thanh Cong textile dying company provided C.I. Reactive
Blue 198 (RB198) (M = 1304.80 g/mol, A = 604 nm) dye.
Aniline was procured from Merck (Germany). We per-
formed deacetylation of chitin to obtain chitosan in our
laboratory. Iron(Ill) chloride hexahydrate (FeCl,-6H,O) and
iron(ll) chloride tetrahydrate (FeCl,-4H,0) were indented
from TCI Chemical (Japan).

2.2. Preparation of carbon from rice husk

Rice husk was washed with distilled water to remove
dust and foreign objects, and dried at 105°C until constant
weight. 5 g of washed rice husk was then annealed at 650°C
under nitrogen atmosphere for 1.0 h in a ceramic crucible
to obtain the black color powdered material. The synthe-
sized material was subjected to 200 mL of NaOH at 80°C
to remove SiO, based impurities and then filtered, washed
with double distilled water until neutral pH and dried at
105°C [35,36].

2.3. Preparation of magnetic carbon (Fe,0,@C)

Magnetic carbon was synthesized by dissolving
0.01 mol of iron(IlI) chloride hexahydrate (FeCl,-6H,0) and
0.005 mol of iron(Il) chloride tetrahydrate (FeCl,-4H,O) in
150 mL of distilled water and agitating at room tempera-
ture for 10 min to obtain the yellow-orange color solution.
Carbon from rice husk was added to this solution under
continues stirring followed by drop wise addition of 1 M
NH,OH solution until the pH 12 while maintaining the
temperature between 70°C-80°C. The color of solution
first changed from orange-yellow to brown-black and
finally to black color indicating the formation of Fe,O, spe-
cies. The resulting mixture was incubated at 160°C for 6 h
in the absence of oxygen. The solid material was filtered,
washed with deionized water until neutral pH and dried at
100°C to obtain the Fe,O,@C [37].

2.4. Synthesis of CS-PANI/Fe,O,@C composite

Firstly, 1.0% chitosan dissolution was prepared by dis-
solving 2.0 g of chitosan in 200 mL of 1% acetic acid solu-
tion and the resulting solution was magnetically stirred for
2.0 h at room temperature. A mixture of 2.0 g of Fe,O0,@C
and 2.0 g of aniline dissolve in 1 M HCl was added to the
dissolution of chitosan under stirring. Finally, equivmolar
amount of ammonium persulfate (NH,),5,0,) was added to
the resulting mixture and stirring was continued for another
6 h at 5°C. The color of reaction mixture turned to deep
blue indicating the occurrence of polymerization reaction
between chitosan and aniline. Reaction was quenched by
adding 1 M NaOH to achieve pH 7-8 and the solid material
was then filtered, rinsed with double distilled water, and
lyophilized to yield a CS-PANI/Fe,0,@C-1 composite [34].
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The other composites were prepared by taking CS-PANI
and Fe,0,@C in 1:2 and 2:1 weight ratio, and the compos-
ites were referred as CS-PANI/Fe,0,@C-0.5 and CS-PANI/
Fe,0,@C-2, respectively.

2.5. Characterizations

The functional group of the composite was character-
ized using Fourier-transform infrared spectroscopy (FI-IR,
Tensor 27-Bruker, Germany) with wavelengths spanning
from 4,000 to 400 cm™. The morphology of the compos-
ite was examined by scanning electron microscopy (SEM,
Hitachi 5-4800, and JSM-IT200, Tokyo, Japan). The XRD was
measured on LabX XRD-6100, Shimadzu, Japan from 10°
to 80° in 20 steps using Cu-Ka radiation. A TA TGA Pt1600
device was used to determine the thermal properties of the
samples (TA Instruments, Linseis, North, USA).

2.6. Adsorption study

In order to examine the adsorption effectiveness of
RB198 onto the CS-PANI/Fe,0,@C composite, a series of
tests were carried out by using 0.05 g of adsorbent and
50 mL of RB198 solution with concentrations ranging from
20 to 150 mg/L for the time intervals ranging from 5 to
150 min with a shaking speed of 150 rpm. Moreover, the
effect of temperature on the adsorption efficiency of the
composite was investigated for the concentration of 50 mg/L
at different temperatures of 293, 303, and 313 K for 5 to
120 min. Furthermore, the effect of pH was investigated at
3, 5,7, and 9 using 0.05 g of adsorbent and 50 mL of RB198
solution (50 mg/L). Finally, the effect of the presence of for-
eign ions on the adsorption efficiency of the composite was
investigated using 0.05 g of adsorbent and 50 mL of RB198
solution (50 mg/L) containing the cations (Na’, K', and
Mg*) and anions (Cl-, NO;, and SO%"). The concentrations of

cations and anions were taken in between 0.1 and 1 mol/L.
The adsorbent was easily separated from the solution by
applying an external magnate in all of the studies. A UV-Vis
spectrophotometer (Thermo Scientific Evolution 600) was
used to detect the concentration of remaining RB198 dye
at a wavelength of 604 nm. The experiment was repeated
three times and an average was taken as final value.

The removal efficiency was calculated by Eq. (1).

Ho% = S=C

x100% 1)

0

where C, is initial concentration of RB198 (mg/L) and C, is
concentration of RB198 at various interval of time (mg/L).

Adsorption capacity was calculated by Eq. (2):

_(¢,-¢)xvx107
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m

where g is adsorption capacity (mg/g). V and m are volume
of RB198 (L) and amount of adsorbent (g), respectively.

3. Result and discussion
3.1. Surface mophology and structural characterization

The morphology of the prepared composites was
examined using a scanning electron microscope (Fig. 1).
Irregular round or oval pores of varying sizes are clearly
visible on the surface of CS-PANI/Fe,O,@C nanocompos-
ites. However, carbon and magnetic carbon surface dis-
played completely different morphology with no sign
of pores (Fig. 1a and b). Moreover, surface morphology

Fig. 1. SEM images of (a) carbon, (b) Fe,0,@C, (c) CS-PANI/Fe,0,@C-0.5, (d) CS-PANI/Fe,0,@C-1, (e) CS-PANI/Fe,0,@C-2 and

(f) EDX image of CS-PANI/Fe,O,@C-1.
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in terms of pore size and shape found to vary with the
composition ratios of chitosan-PANI and Fe O,@C indi-
cating composition dependent morphological behavior
(Fig. 1c—e). EDX spectra of composites revealed the pres-
ence of C, N, O, and Fe elements, proving the active role
of chitosan, polyaniline, activated carbon and Fe,O, in the
synthesis of nanocomposite (Fig. 1f).

FT-IR results of all prepared nanocomposites are shown
in Fig. 2. Stretching vibrations for the O-H and N-H groups
are at 3,407 and 2,926 cm’, respectively. The prominent
absorption peaks at 2,918 and 2,887 cm™ are attributed to the
symmetric and asymmetric stretching vibrations of the -CH
and —-CH, groups, respectively. Moreover, absorption peak at
1,587 em™ corresponds to the bending vibration of the N-H
groups (amide II). The other peaks at 1,423 and 1,375 cm™
could be ascribed to C-H bending vibrations of the -CH, and
—CH, groups, respectively. The peak at 1,150 cm™ is assigned
to an asymmetric stretching vibration of C-O-C bonds. The
bands formed at 1,066 and 1,028 cm™ are caused by stretch-
ing vibrations of C-O [38]. Furthermore, all samples have
distinct bands at 1,508 and 1,309 cm™ corresponding to
C=C- and C-N- stretching as a result of PANI benzenoid
rings, respectively [39]. Additionally, all composites dis-
played a peak around 568 cm™ due to the stretching vibra-
tion of Fe-O in Fe, O, [27].

The XRD pattern of CS-PANI/Fe,O,@C composites
showed characteristic reflections at 20 = 36°, 43°, 53°, and
63° which correspond to the Miller indices of the cubic crys-
tal plane of Fe O, (220), (400), (422), and (400), respectively.
Moreover, broad and overlapping peaks at 20 = 19.8°, 23.1°,
and 25.2° attribute to the characteristic peaks of chitosan,
carbon, and polyaniline, respectively. Polyaniline and chi-
tosan are semi-crystalline with a low degree of crystallinity
as indicated by the broad peaks (Fig. S1) [40,41]. The vibrat-
ing sample magnetometer (VSM) was used to investigate the
magnetic properties of the composites at room temperature.
The VSM result demonstrates that saturation magnetiza-
tions (M,) for CS-PANI/Fe,O,@C and Fe,O,@C are 0.008 and
0.036 emu/g, respectively (Fig. S2). The coating of nonmag-
netic polymer around the magnetic Fe,O,@C may explain the
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Fig. 2. FT-IR of carbon, Fe,0,@C and CS-PANI/Fe,O,@C
composite.

decrease in magnetization saturation of CS-PANI/Fe,O,@C
[42,43]. However, it was demonstrated that the mate-
rial can be easily separated from aqueous solutions using
an external magnetic force after dye adsorption process.

The thermal stability of the CS-PANI/Fe,0,@C com-
posite is determined using TGA (Fig. 3). TGA curves for
composites show three step decompositions at the tem-
peratures of 100°C, 270°C, and 550°C. The first weight loss
in between room temperature to 200°C for the CS-PANI/
Fe,0,@C-1, CS-PANI/Fe,0,@C-0.5, and CS-PANI/Fe,O,@C-2
composites was 3.4%, 7.1%, and 8.9%, respectively. The
weight loss is proportional to the amount of absorbed and
interfacial water in the respective composites. The further
weight loss was 16.9%, 18.4%, and 33.8% in the range of
200°C to 350°C and corresponds to the dehydration of the
saccharide rings and the breakage of the C-O-C glucoside
linkages in the main chain of chitosan. However, weight
loss was highest for CS-PANI/Fe,0,@C-2, and lowest for
CS-PANI/Fe,0,@C-1 indicating 1:1 weight ratio of CS-PANI
and Fe,O,@C leads to higher thermal stability. Weight of
the nanocomposites continues to drop to 58.8, 53.8 and
65.6% corresponding to the CS-PANI/Fe,O,@C-1, CS-PANI/
Fe,0,@C-0.5, and CS-PANI/Fe,O,@C-2, respectively, on
further increasing the temperature to 675°C. In this case,
weight loss was higher for CS-PANI/Fe,0,@C-1 rather than
CS-PANI/Fe,0,@C-0.5. It could be due to the thermal break-
down and degradation of remaining chitosan and PANI
associted moeites which are less in CS-PANi/Fe,0,@C-0.5
[44]. At 800°C, the residual contents of the CS-PANI/
Fe,0,@C-0.5, CS-PANI/Fe,O,@C-1, and CS-PANI/Fe,O,@C-2
composites were 17.2, 12.6, and 3.5%, respectively.

The surface area and porosity of the composites were
calculated by Brunauer-Emmet-Teller (BET) using the
N, gas adsorption method. The results are shown in
Fig. 4 and Table 1. The nature of N,-adsoption and desorp-
tion curve belongs to the type-IV isotherm according to
the IUPAC classification. The specific surface areas of
the samples CS-PANI/Fe,0,@C-2, CS-PANI/Fe,O,@C-1,
and CS-PANI/Fe,0,@C-0.5 were calculated to be 15.54,
16.28, and 11.23 m?/g, respectively. It was observed that
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Fig. 3. TGA curve of composite CS—PANI/FesO4@C with various
ratio of chitosan-PANI: Fe,O,@C.
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Fig. 4. Nitrogen adsorption-desorption curves of CS-PANI/
Fe,0,@C.

Table 1
BET surface areas and pore volumes of composites

Samples BET surface Average pore Pore volume
areas (m%/g) size (nm) (cm¥/g)
CS-PANI/Fe,0,@C-0.5 11.23 22.61 0.06
CS-PANI/Fe,O,@C-1  16.28 29.86 0.12
CS-PANI/Fe,O,@C-2  15.54 34.02 0.13

average pore size increase as the concentration of chitosan
and polyamine increases in composites resulting pore sizes
ranging from 22.61 to 34.02 nm indicating a mesoporous
structure. Similar results were also observed for chitosan-
grafted-polyorthoethylaniline biocomposite [45].

3.2. Adsorption study of RB198 onto CS-PANI/Fe,O,@C

3.2.1. Effect of various materials and weight ratio
of chitosan-PANI and Fe,O,@C

Various materials (chitosan/Fe,0,@C, PANI/Fe,O,@C,
CS-PANI/Fe,O,@C, carbon, and Fe,O,@C) were synthe-
sized to evaluate their adsorption capacity. The adsorption
experiments were conducted by taking 0.05 g of each mate-
rials and 50 mL of RB198 solution (50 mg/L) for 60 min.
Fig. 5 depicts the effect of several materials on the adsorp-
tion percentage RB198 dye. Carbon, Fe,O,@C, chitosan/
Fe,0,@C, and PANI/Fe,O,@C displayed lower dye removal
efficiency than CS-PANI/Fe,O,@C. These results indicated
that chitosan-grafted polyamine significantly enhanced the
removal efficiency of CS-PANI/Fe,O,@C materials due to
increased porosity and strong interaction between the pos-
itive charge of the chitosan-grafted polyaniline polymer
and the anionic dye RB198 [46]. The CS-PANI/Fe,O,@C-1
was the most effective and displayed over 94% dye removal
efficiency. The results are in good agreement with the BET
analysis, that is, highest specific surface area giving higher
adsorption efficiency. Subsequently, CS-PANI/Fe,O,@C-1
was chosen for further investigation.
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Fig. 5. The adsorption efficiency of synthesized materials
towards RB198 dye solution. Condition: 0.05 g of adsorbent,
50 mL of dye (50 mg/L), 60 min.

3.2.2. Effect of adsorbent dose and pH

The effect of adsorbent amount for RB198 dye removal
was investigated by taking different amounts (0.010, 0.025,
0.05, 0.075, and 0.1 g). The percentage of dye adsorption
increased at higher dosages of adsorbent (data not shown).
The dye removal efficiency was 75.2% for 0.01 g which
increased to 93.5% for 0.05 g of adsorbent. However, fur-
ther increasing the amount of adsorbent from 0.05 to 0.1 g
improved the removal efficiency slightly. Thus high surface
area and availably of active sites can help to increase the
dye adsorption efficiency [41]. Furthermore, dye removal
efficiency was investigated at different pH values (3-9).
It was observed that the removal efficiency was declined
from 92.6% to 45.6% when the pH was increased from 3 to
9. Consequently, high adsorption efficiency was determined
at low pH due to the protonation of the amino group pro-
ducing the positively charged surface of the composite.
The electrostatic interaction was thus improved between
the negatively charged dye and the positively charged sur-
face of the composite. Protons preferentially bonded to the
nitrogen atoms of amine and imine groups of chitosan and
PANI at low pH values leading the positive charges of com-
posite surfaces [41]. On the other hand, amino group prone
to be deprotonated at high pH thus lowering the electrostatic
interaction between dye molecules and the composite sur-
face. Additionally, the synthesized CS-PANI Fe,O,@C com-
posite has a zero charge point at about pH 5.5. Accordingly,
the composites possess net negative charges at pH > 5.5 and
positive charges at pH < 5.5. The better adsorption capac-
ity of CS-PANI Fe,0,@C under acidic environment is in
agreement with point of zero charge explanation.

3.2.3. Effect of initial dye concentration and contact time

The influence of initial concentration of RB198 dye and
contact time on adsorption efficiency of the adsorbent were
examined while varying the contact time from 5 to 150 min
and the results are shown in Fig. 6a. The adsorption effi-
ciency gradually decreased as the initial concentration of
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RB198 was increased from 20 to 150 mg/L. The adsorption
efficiency was 94.8% for the value of 20 mg/L in 120 min.
It reduced to 84.3% when the concentration increased to
150 mg/L in same time. Moreover, it was found that the con-
tact time influenced the adsorption efficiency significantly.
Strong adsorption was observed during the first 30 min due
to rapid surface adsorption and removal efficiency reached
to 54% and 87% at initial concentration of 150 and 20 mg/mL
respectively. The adsorption efficiency was found to gradu-
ally rise as the contact time was reached to equilibrium after
150 min. Additionally, UV-Vis spectra demonstrated the
absorbance intensity diminishes as contact time increases
(Fig. 6b). The quick adsorption of RB198 dye on chitosan—
PANI/Fe,0,@C indicated that it was physically adsorption
[31]. The faster migration of dye molecules to the significant
number of adsorption sites of the composite can explain the
excellent removal efficiency of RB198 dye at low concen-
trations [46]. The removal efficiency was lowered at higher
initial concentrations due to the occupancy of all the active
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sites thus restricting the further absorption of dye molecules.
Furthermore, steric repulsion between dye molecules might
cause the adsorption process slow down and thus lowering
the removal efficiency [41,47]. Similar results were observed
when Congo red (CR) was applied to L-cysteine adorned
with a reduced graphene oxide/polyaniline composite [48].

3.2.4. Effect of interfering ions

Foreign ions are commonly found in the waste water of
textile industry. Therefore, researchers have explored the
influence of foreign ions on adsorption capacity of adsor-
bents. The presence of cations in solution of RB198 dye
had no effect on the adsorption capacity of chitosan-PANI/
Fe,0,@C composite as demonstrated in Fig. 7a. However,
the anions had a considerable impact on the adsorption
process (Fig. 7b). Further raising the anions concentration
reduces removal efficiency of chitosan-PANI/Fe,O,@C com-
posite. When the RB198 solution was comprised with the

0.6] (b)
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Fig. 6. The influence of the initial concentration of RB198 dye and contact time to the adsorption efficiency of CS-PANI/
Fe,0,@C (a) and absorbance curve towards RB198 dye solution (50 mg/L) (b). Condition: 0.05 g of adsorbent.
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Fig. 7. Effect of interfering ions to the adsorption efficiency of CS-PANI/Fe,O,@C towards RB198 dye solution.
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CI;, NO;, SO? anions, the removal efficiency of chitosan-
PANI/Fe,O,@C composite dropped by 10%, 14%, and
20%, respectively. Anions and anionic dye molecules have
the same negative charge, therefore they compete each
other for adsorption on the positively charged adsorption
sites of the composites [47].

3.3. Adsorption isotherms

Adsorption isotherms were studied by taking dif-
ferent initial concentrations of RB198 dye ranging from
20 to 150 mg/L at 293, 303, and 313 K with adsorbent
weight of 0.05 g. The Langmuir, Freundlich, and Dubinin-
Radushkevich isothermal models were used to investigate
the adsorption process. Egs. (3)—(5) describe the Langmuir,
Freundlich, and Dubinin-Radushkevich isothermal adsorp-
tion models, respectively.

qm X KL X C[’

3
1+ K, xC, )

Langmuir: q, =

where C, (mg/L) is the concentration of the RB198 dye at
the equilibrium, g, (mg/g) is the adsorption capacity at the
equilibration, g, (mg/g) is the maximum adsorption capacity
of the adsorbent, and K| is the Langmuir adsorption equi-
librium constant.

Freundlich: g, = K, xC}'" 4)

where K, is Freundlich equilibrium constant and n is
intensity of adsorption, which characterizes the energetic
heterogeneity of the adsorption surface.

Dubinin — Radushkevich: g, =Q,,_ x el Pos2) ®)

where Q, . (mg/g) denotes the maximum adsorption capac-
ity, P g is the isotherm constant (mol’/J?), T is the tem-
perature of the solution (K), R is the universal gas constant
(8.314 J/mol'K), and E (kJ/mol) is the value of the average
adsorption energy.

Table 2 displays the calculated parameters. The rela-
tionship between composite concentration (C) and
adsorption capacity (q,) is depicted in Fig. 8. Langmuir
(R?*=0.991) and Freundlich (R? = 0.992) isotherms fit well
with experimental data of RB198 dye adsorption onto
composite at 293 K. The result indicated that the adsorp-
tion process occurred in a monolayer manner. On the
other hand, the Freundlich equation had higher R* values
than the Langmuir equation at 303 and 313 K thus con-
firming the multilayer adsorption of RB198 dye on the
adsorbent surface at higher temperatures. The Dubinin—
Radushkevich model did not account RB198 dye adsorp-
tion onto composite surface. However, the E value for the
Dubinin-Radushkevich isotherm adsorption model ranged
from 0.461 to 2.882 kJ/mol, indicating physical adsorp-
tion of RB198 dye [47]. Moreover, the values of 1/n in the
Freundlich model at three different temperatures are less
than 1 indicating that the chitosan-PANI/Fe,O,@C surface
is heterogeneous. The maximum adsorption capacity value

Table 2
Various parameters of Langmuir, Freundlich and Dubinin—-
Radushkevich adsorption isotherm models

Isotherms Parameters
Temperature (K) 293 303 313
. K, (L/mg) 0.053  0.057 0.352
Langmuir
q, (mg/g) 108.69 121.95 123.46
R? 0991 0984 0.974
n 1926 1996 2.948
Freundlich K, (mg/g)(L/mg)"" 10.4 12.8 37.0
R? 0992 0998  0.992
Qp (mg/g) 56.2 58.2 722
Dubinin- B (mol¥/kJ?) 2353 1.104 0.060
Radushkevich  E (kJ/mol) 0461 0.673 2.882
R? 0.716  0.653  0.706
100 -
80+
@ 60
Y
E
40
m  Experiment
201 Langmuir
Freundlich
—— Dubinin - Radushkevich
0 5 10 15 20 25 30 35 40 45 50 55

C (mg/L)

Fig. 8. Langmuir, Freundlich and Dubinin-Radushkevich
models for RB198 dye adsorption onto CS-PANI/Fe,O,@C com-
posite at 303 K.

for monolayer adsorption at 293, 303, and 313 K was 108.7,
121.9, and 123.5 mg/g, respectively. Based on the data, the
adsorption process was known to be endothermic [49,50].
Table 3 compares the adsorption capacity of CS-PANI/
Fe,0,@C for RB198 dye with different adsorbents for other
reactive dyes. It is evident from the results that CS-PANI/
Fe,0,@C has a relatively high adsorption capacity for
reactive dyes.

3.4. Effect of temperature and thermodynamic study

The influence of temperature on the RB198 dye adsorp-
tion efficiency of composite was investigated at temperatures
ranging from 283 to 313 K by taking an initial concentration
of RB198 dye (50 mg/L) and adsorbent weight (0.05 g) for
the period from 5 to 120 min (Fig. 9). It was observed that
the adsorption efficiency of CS-PANI/Fe,0,@C increased
as the temperature increased. The adsorption efficiency
was 77% at 283 K for 120 min. However, the adsorption
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Table 3
Comparison of the adsorption capacity of reactive dyes by
various adsorbents

Dye Adsorbents q, References
(mg/g)
Reactive Blue 4 Chitosan 10B 60.7 [30]
Reactive Black 5 ACPSD 6.71 [51]
Reactive Orange 16 m-Cs-PVA/FA 123.8  [52]
Reactive Red 24 SBB-ZnO, 7513  [53]
Reactive Red 120 QAMOPP 344.8 [54]
Reactive Red 198 Alumina/MWCNT 43.72 [55]
Reactive Red 198 Polyaniline/Fe,O,  45.45 [56]
Reactive Red 198 CS-PANi/Fe,O, 99.0 [34]
Reactive Blue 198 CS—PANI/Fe304@C 121.9 This study
1004 ca M
- - =
? 60
E —a— 283K
=] ——293K
£ 40 —— 303K
—y—313K
20
0
0 15 30 45 60 75 20 105 120

Time (min)

Fig. 9. Effect of temperature to adsorption efficiency of
CS-PANI/Fe,0,@C towards RB198 dye. Condition: 0.05 g of
adsorbent, 50 mL of dye (50 mg/L).

efficiency was increased to nearly 95% at 303 and 313 K,
and above 80% at 293 K. These results revealed that RB198
adsorption onto the CS-PANI/Fe,O,@C composite is
endothermic and occurs preferentially at high temperatures.

The thermodynamic parameters such as enthalpy
(AH®), entropy (AS°) and Gibbs free energy (AG°®) for RB198
adsorption process were calculated by Langmuir isotherm
model via Egs. (6) and (7).

Table 4
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AG" =-RTIn(K, ) (6)
AS*  AH°

In(K,)= R )

where R is the gas constant (8.314 J/mol'K), T is the tem-
perature (K) and K, is the Langmuir equilibrium constant
(L/mol). Entropy and enthalpy are determined from the
slope and intercept of the Van't Hoff of In(K|) vs 1/T.

All of the thermodynamic parameters are calculated
from Egs. (6) and (7). The adsorption process appeared to
be spontaneous and endothermic as evidenced by the neg-
ative AG® and posstive AH® (71.1 kJ/mol) values. The mag-
nitude values of AG® are 3.067, 4.840 and 8.133 kJ/mol for
the temperature value of 293, 300, and 313 K, repectively,
showing that the adsorption process was more favorable
at high temperatures [56]. The positive AS° (253.3 J/mol K)
value demonstrates the increased degrees of freedom at the
solid-liquid phase surface during the adsorption of dye
RB198 dye onto CS-PANI/Fe,O,@C composite. Moreover,
the adsorption of RB198 dye onto CS-PANI/Fe,0,@C
was physisorption due to the AG® values between 0 and
=20 kJ/mol [50].

3.5. Adsorption kinetics model

Pseudo-first-order [Eq. (9)] and pseudo-second-order
[Eq. (10)] kinetic models were used to assess the experi-
mental data to investigate the kinetics of adsoprtion.

pseudo-first-order: g, =g, (1 —e Nt ) ®)

g2 xk, xt ©)

pseudo-second-order: g, = Totnr ot

where k, (min™) and k, (g/mg min) are the equilibrium rate
constant of pseudo-first-order and pseudo-second-order
equations, respectively, and g, is the adsorption capacity at
t time (mg/g).

The kinetic parameters for the pseudo-first-order
and pseudo-second-order are shown in Table 4 and Fig.
10. The experimental data effectively fit with first- and
second-order kinetic models as evidenced by the high cor-
relation coefficient (R? > 0.973). However, the second-order
kinetic model (R? = 0.999) described the greater correlation

Kinetic parameters for adosption of CS-PANI/Fe,O,@C towards RB198 dye

C, (mg/L) Top (MB/8) Pseudo-first-order Pseudo-second-order

qea (Mg/8) k, (1/min) R 4., (Mg/g) k, (g/mg min) R
40 39.743 32.443 0.041 0.993 40.077 0.0017 0.999
50 49.743 36.230 0.027 0.973 47.436 0.00122 0.999
100 91.663 73.905 0.028 0.992 89.741 0.00045 0.996
150 128.119 104.295 0.029 0.981 125.191 0.00035 0.993
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Fig. 10. Non-linear pseudo-first-order and pseudo-second-
order kinetic models of CS-PANI/Fe304@C towards RB198 dye.
Condition: 50 mL of dye (50 mg/L), 0.05 g of adsorbent.

coefficient than the first-order kinetic model (R* = 0.973).
The physical adsorption process was demonstrated in the
first-order kinetic model, whereas the chemical process was
thought to control the second-order kinetic model. The rate
controlling step of second-order kinetic model involved the
chemisorption. The high R? values found for pseudo-first-
order and pseudo-second-order kinetic models for all RB198
dye concentrations indicating that RB198 dye was removed
from solution via a two-stage physicochemical process [46].
RB198 dye molecules adsorbed onto the pore sites in the com-
posite caused an electrostatic contact between the positively
charged composite and the negatively charged dyes during
the physical adsorption stage. The adsorption rate appears
to be determined by the chemical adsorption step [57,58].
Moreover, the plot of B, vs. t is linear passing through the
origin for 50 mg/L at 303 K (data not shown), which indi-
cated that adsorption process is controlled by the particle
diffusion.

3.6. Regeneration studies

The reusability of the CS-PANI/Fe,O,@C composite
was tested via four desorption-adsorption cycles. The dye-
loaded composite was soaked into NaOH 0.1 M for dye
desorption and supernatant was decanted. The compos-
ite after dye desorption was used for the further sorption
experiments. Based on the results, the removal efficiency
of the adsorbent towards RB198 dye decreased from 90%
to 70% after four successive cycles. The possible solution
to fix the recovered dye could be its degradation (catalytic
and photocatalytic) in order to avoid the further decon-
tamination and damage to the environment.

4. Conclusions

In this report, we have demonstrated the facile prepara-
tion of magnetically separable CS-PANI/Fe,O,@C composite
for the effective removal of RB198 dye from aqueous solu-
tion. Rice husk was used as sustainable source to produce

the magnetic carbon using Fe,O, magnetic species. Chitosan,
biopolymer, and aniline were then copolymerized and
in-situ supported on the magnetic carbon to enhance the
adoption capacity of the resulting composite. The maxi-
mum removal efficiency of the CS-PANI/Fe,0,@C-1 com-
posite was found to be >90%. Moreover, the maximum
adsorption capacity was calculated to be 108.7, 121.9, and
123.5 mg/g at 293, 303, and 313 K respectively. Importantly,
the composite CS-PANI/Fe,0,@C can be easily collected by
applying the external magnetic field after the use due to its
magnetic property. Moreover, the recovered composite was
regenerated by desorption of dye in basic solution followed
by washing with water and reused consequently up to four
cycles. Based on the recycling data, the CS-PANI/Fe,O,@C-1
composite retained ~70% RB198 dye adsorption efficiency
after four cycles of regeneration.
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Fig. S2. VSM of CS-PANi/Fe,0,@C composite and Fe,O,@C.
Insert: adsorbent in the presence of magnet.
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