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Abstract

In this research, FesOa, FesOa/polystyrene and FesOa/polyaniline nanocompounds were prepared and compared on the
removal of methyl orange from aqueous solutions. The chemical structures of the synthesized compounds were studied
using FT-IR. The crystalline phase of FesOa, FesOa4/polystyrene and FesOas/polyaniline nanocompounds was characterized
by XRD. SEM was used for detecting morphology of the synthesized samples. The magnetic property of the prepared
samples was successfully checked. The prepared nanocompounds were used to remove methyl orange as an anionic dye
from aqueous solutions. Based on results, FesOa/polyaniline nanocomposite showed higher efficiency in the removal of
methyl orange, which is partly due to the oppositely charged methyl orange and FesOa/polyaniline. Effective variables on
the removal of methyl orange such as adsorbent dosage, pH, and contact time were studied and optimized. At the optimum
situations the pH, catalyst dosage, and time were 3-4, 450 mg L™, and 50 min, respectively. For detecting the type of
adsorption isotherm, Langmuir, Freundlich, and Dubinin Radushkevich adsorption isotherms were studied. According to
Langmuir model, FezOa/polyaniline magnetic absorbent showed the highest methyl orange adsorption capacity of 48.76
mg g . Kinetic studies proved that methyl orange adsorption was explained more accurately via pseudo-second order
model compared to the pseudo-first order model. Under controlled reaction conditions, Gibbs free energy (AG®) varied
from -1.41 to -1.69 kJ mol-1, besides, the resulting AH® and AS® quantities were obtained 4.07 kJ mol-1 and 0.018 kJ mol-
1K-1, respectively. Therefore, it can be considered that the adsorption of methyl orange onto the FesOa/polyaniline
magnetic absorbent is a spontaneous and endothermic procedure.
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1.INTRODUCTION nanostructures and conductive electroactive

Water pollution is a major problem because of its
harmful and dangerous impact on ecosystems and
human health. Dye effluent, especially, has
become an important source of water pollution and
is very hard to decompose because of its high
toxicity and carcinogenicity [1,2]. It is therefore
greatly desirable to make constructive and useful
methods for removing the dye pollutants from
wastewater. Different methods are available for the
removal of pollutants, including chemical
composition, coagulation/flocoagulation,
membrane procedures, ion exchange, photo
oxidation, reverse osmosis and adsorption process
[3].

Adsorption is a procedure by which compounds in
a solution are adsorbed onto an adsorbing material.
The adsorption procedure has a high efficiency
compared to other treatment procedures and is able
to remove higher concentrations with lower cost
[4]. Different adsorbents such as carbon nanotubes,
Magnetic core—zeolitic shell, multiwall carbon
nanotubes (MWCNTSs), nanoparticles and
nanocomposites, activated carbon, graphene
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polymers such as polypyrrole and polyaniline were
applied to remove different pollutants from water
and wastewater [5]. Similarly, various metal
oxides such as ZnO, TiO;, MoOs;, WOs, FesOs,
ZrO,, etc were employed for the adsorption of
organic dyes from wastewater [4-6]. The most
important criterion in the selection of adsorbents to
be applied in the adsorption procedure is that it is
easy to find, cheap, and reusable. Despite these
materials, from the last few years, a lot of focus has
been done on polymer-based adsorbent since the
polymer exhibited large surface area, high
porosity, and selectivity for the adsorption of the
dyes[7]. Among the class of polymer, polyaniline
has attracted special attention because of its high
adsorption capacity, simple synthesis,
environmental stability and simple
doping/dedoping chemistry. The presence of
amine and imine groups in polyaniline is the active
species for the dye adsorption. Despite this
property, polyaniline exhibits good mechanical
stability, a highly porous structure, and large
surface area with low cost, and the easy availability
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of aniline (monomer of polyaniline)[8]. Ayad et al.
studied the adsorption of methylene blue using
polyaniline nanotube for the effective removal of
dye because of the chemical interaction of
polyaniline with the dye molecule [9]. Similarly,
Sharma et al. have fabricated crosslinked
nanoporous polyaniline with a large surface area
and employed for the removal of both cationic and
anionic dye [10]. Although polyaniline is used on
a large scale for adsorption of dyes, there is some
obstacle for using it. The poor interaction with dye
molecule, difficult separation, and regeneration of
adsorbent led to the limited use of it. The
increasing research in this field has resolved the
problem by producing nanocomposite of the
polymer-based compound with metal oxides which
leads to the easy separation of the adsorbent
material[11]. When combined with a magnetic
particles, the composite can have a magnetic
property. As a result, the composite can form a
constant suspension in an agqueous solution and is
immediately separated from the external
environment. Therefore, the obtained composite
may have great potential for catalysis and
environmental remediation [12]. Magnetic
separation is a kind of efficient, rapid and
inexpensive technique to separate adsorbents from
solution. Thus far, magnetic polymer-based
adsorbents have been prepared using different
approaches for removal of pollutants. Therefore,
generation of magnetic nanocomposite without
obvious toxicity is an important task for many
applications. Moreover, between different types of
magnetic materials, iron oxide (FesO,) is the best
choices because of its special magnetic properties,
low toxicity, chemical stability, low cost and
simplicity of separation from aqueous solution
compared to other adsorbents [13]. Several
magnetic nanocomposites, including
Fe,Os/graphene/CuO, rGO-Fes0s Fe304/Zn0,
FesO4 alginate, FesOa/polystyrene, FeszOd/
polyaniline and various other NPs, have recently
been used as catalytic materials to achieve
excellent degradation efficiency of organic dyes [
14]. For instance, Monsef et al. [15] have explored
g-C3N4/Fe,O3/EuVO, ternary nanocomposite for
photocatalyst and hydrogen storage application.
They have achieved 80.06% removal of
Rhodamine B using visible sources. Abdalkareem
Jasim et al. [16] reported photocatalytic
degradation of rhodamine B (RhB) and methylene
blue (MB) dyes under visible light irradiation
using a-Fe203 nanoparticles.

The polymer-iron oxide composite, which shows
special magnetic and supercapacitance properties,
has attracted much attention for environmental
application, including for use in treatment of water,
as a catalyst and in magnetic separations. For
example, Tran et al. prepared a magnetic

Polyaniline/FesOs —Hydrotalcite for efficient
removal of methyl orange (MO) from wastewater
[17]. Mohammadi et al. prepared
Fes;Oud/polystyrene-alginate nanocomposite with
high adsorption capacity for removal of malachite
green as a cationic dye from aqueous solutions
[18]. On the other hand, polymers are frequently
applied for surface modification of FeszOs
nanoparticles because of several advantages which
make them suitable in the catalytic applications.
For an instance, polymer coatings can be generated
to wverify the surface properties of
superparamagnetic nanoparticles, to enhance the
compatibility between nanoparticles and aqueous
medium, to prevent particle surface from
oxidation, to decline toxicity and to facilitate
storage or transport, to physically adsorb
compounds [19].

The aim of the present research was to prepare
Fe304, FesOalpolystyrene and Fes;Oa/polyaniline
magnetic nanocompounds and compare their
adsorption capacity for the removal of methyl
orange as an anionic dye from aqueous solutions.
To the best of our knowledge, there is no report on
the comparison of adsorption capacity between
FeszOa4/polystyrene and FesOa/polyaniline
nanocomposites.  Also, various adsorption
parameters such as contact time, adsorbent dosage,
and pH of the solution were investigated.
Moreover, Kkinetics (pseudo-first and pseudo-
second order), equilibrium isotherms (Langmuir,
Freundlich, and Dubinin Radushkevich models),
and thermodynamic studies were applied in this
work.

2.EXPERIMENTAL

2.1. Chemicals

Iron (111) chloride hexahydrate (FeClz-6H20), Iron
(1) chloride tetrahydrate (FeCl;-4H,0), cetyl
trimethyl ammonium bromide (CTAB), sulfuric
acid, Aniline, hydrochloric acid, and sodium
hydroxide are of analytical grade and are obtained
from Merck, Germany. Polystyrene (PS, My
35x10° ) was obtained from Sigma Aldrich.
Methyl orange was purchased from Alvan sabet
Co., Iran and used without further purification.

2.1.1. Preparation of Fe;O4 nanoparticles

FesO4 nanoparticles were prepared through
chemical co precipitation method as explained by
Hammouda et.al. [20]. 1.5 g FeCl..4H,0 and 4.7 g
FeCls.6H,0 were dissolved in 20 mL HCI (0.4 mol
L™1) in a beaker which was degassed with nitrogen
gas for 20 min before use. 250 mL of 1.5 mol L™
NaOH solution was degassed (for 15 min) and
heated up to 80°C in the reactor. Then, it was added
dropwise into the above solution using a dropping
funnel during 30 min under nitrogen gas protection
and was stirred by a hand-made stirrer. During the

DOLI: 10.30473/ijac.2023.68776.1272



https://doi.org/10.30473/ijac.2023.68776.1272

Iranian Journal of Analytical Chemistry 10 (2023) 1-15| 24

whole process, the solution temperature remained
at 80°C and nitrogen gas was used to prevent the
intrusion of oxygen. Upon completion of the
reaction, the resulting black iron oxide
nanoparticles were collected with the help of a
strong magnet and washed several times with
distilled water (Millipore—Aquelix, USA) and
then, the product was oven dried at 90°C.

To find out magnetite particles (FesO4) have been
generated or not via bringing the solution closer to
a permanent magnet. If the black solid that settles
moves closer to the source of the permanent
magnet, it means that the magnetite material has
generated.

2.1.2.  Synthesis of Fe3Os4 /polystyrene
nanocomposite

According to our previous work, in order to
prepare FesOs /polystyrene nanocomposite, 0.1 g
polystyrene (Sabic company) was dissolved in 5
ml xylene. After, 0.5 g FesO4 nanoparticles were
dispersed in 5 mL xylene for 20 minutes in an
ultrasonic bath and added drop wise into the above
solution under continuous stirring. The final
product was mechanically stirred for 2 hours.
Finally, the resulted nanocomposite was washed
twice with 30 mL water and dried at 50 °C [18].

2.1.3. Preparation of Fe3Os /polyaniline
nanocomposite

Fes;0./polyaniline nanocomposite was prepared as
described by Tayebi et al. [21]. One gram of KIO3
was added to 100 mL sulfuric acid (1 mol L™*) and
then a uniform solution was resulted using
magnetic mixer. After y0 min, 1 g Fe3O4

nanoparticles and 0.2 g CTAB were added to the
solution and after 20 min, 1 mL fresh distilled
aniline monomer was added to the stirred solution.
The reaction was carried out for 5 h at room
temperature. Fe3O4 /polyaniline nanocomposite
particles were separated from the reaction media
by placing a strong magnet, and rinsed several
times with deionized water and acetone, and dried
at 60°C temperature in an oven for 24 h and stored
in a desiccator for subsequent use.

2.2. Characterization

Fourier transform infrared spectroscopy (FTIR)
analysis of nanocompounds was performed on a
Nicolet 560 FTIR spectrometer. The samples were
prepared by mixing with KBr and pressing into a
compact pellet. The crystal structure of prepared
samples was recorded using X-ray diffraction
(XRD) (Siemens/D5000) with Cu Ko radiation
(0.15478 nm) in the 28 scan range of 10°-70°. The
morphology and texture of prepared samples were
measured via scanning electron microscope (SEM,
LEO 440i, Leo Electron Microscopy, Cambridge,
England). Magnetic properties of the samples were

studied by the vibrating sample magnetometer
(VSM), quantum design, 14 T PPMS.

2.3. Batch experimental system
The experiments were carried out in 100 ml
Erlenmeyer flasks as batch experimental reactors
to investigate the influences of operational factors
such as the reaction time, adsorbent dosage, and
initial pH on methyl orange adsorption onto
prepared materials. In each run, desired
concentration of methyl orange and catalyst were
fed into the quartz and allowed to establish an
adsorption—desorption equilibrium for 30 min and
then mixed via shaking at a temperature of 25 °C.
The pH was adjusted to the desirable values with
0.1 M HCI and 0.1 M NaOH at the beginning of
each test. The set of experiment was conducted at
an initial pollutant concentration of 20 mg L,
adsorbent dosage of 450 mg L and initial pH of 7
for 50 min. Then, the experimental procedure was
systematically carried out. Subsequently, a magnet
was applied to collect the magnetic
nanocompounds and the adsorption was monitored
via UV-vis Perkin-Elmer 550 SE
spectrophotometer at wavelength of 465 nm.
2.3.1. Batch adsorption experiments
The removal of methyl orange from aqueous
solutions in a batch system conducted in a 250 mL
container with a working volume of 100 mL.
Initially, the methyl orange stock solution was
synthesized at a concentration of 500 mg L™, and
the required various concentrations of methyl
orange were synthesized daily via dilution by
distilled water. In order to optimize the adsorption
procedure, a certain dosage of adsorbent (150, 300,
450 and 600 mg L) was studied under constant
pH conditions, initial pollutant concentration and
ambient temperature (25 °C). After detecting the
optimum adsorbent, the pH of the solution was
adjusted to 3 to 11, viaadding 0.1 M HNOs and 0.1
M NaOH. The equilibrium study was performed by
sampling at 0 to 50 min intervals. To investigate
isotherm studies, 4 solutions were synthesized at
concentrations of 10, 20, 30 and 40 mg L"* of dye.
After 50 min (equilibrium time) sampling was
carried out and equilibrium concentration (C¢) was
measured. The samples were tested two times to
ascertain  the accuracy, reliability, and
reproducibility of the data obtained from
experimental results. After equilibrium was
reached, the concentration of methyl orange in
solution was detected via spectrophotometric
method at 465 nm using UV-vis Perkin-Elmer 550
SE spectrophotometer. The amount of methyl
orange adsorbed onto prepared samples was
estimated via Eq. (1) [22]:
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where ¢, C, and C are the amount of adsorbed dye
(mg g-!), the initial concentration and the final
concentration of pollutant in the solution (mg L-%),
respectively. In addition, V is the volume of the
solution (L) and M is the weight of the catalyst (g).

3.RESULTS AND DISCUSSION

1.1. Characterization of prepared nanocomposite

1.1.1. Fourier transform infrared spectroscopy
(FTIR)

The FTIR spectrum of FeszOs nanoparticles is
shown in Fig. 1(a). The peak at 3440 cm™are due
to O—H stretching vibration arising from hydroxyl
groups from the water on nanoparticles. The
absorption peaks at 2926, 2860, 1620 and 1355.22
cmt are due to water used as solvent. The 725 and
577 cm™* absorption peaks corresponds to the Fe—
O bond vibration of FesO4 nanoparticles [23][Fig
1 ()]

The FTIR spectrum of Fe3O./polyaniline is shown
in Fig. 1(b). As can be seen, polyaniline shows the
presence of the characteristic absorption bands at
1591 cm™ (C=C stretching vibration of the quinoid
ring), 1454 cm (stretching vibration of C=C of
the benzenoid ring), 1304 cm—1 (C-N stretching
vibration), 1125 cm™* (C-H in-plane deformation),
and 811 cm™ (C-H out of- plane deformation). It
can be seen that the characteristic peak of magnetic
Fes0,4 appeared at 561 cm™. The adsorption peak
at 3600 are due to the O—H stretching vibration
[24][Fig 1 (b)].

The FTIR spectrum of Fe3Oa/polystyrene is shown
in Fig. 1(c). The strong absorption band appeared
at about 561 cm™ is assigned to the vibrations of
the Fe-O bond, which confirm the formation of
Fes04 nanoparticles. The adsorption peaks at 1442
and 1535 cm™ are due to the vibration of C=C
bonds in the benzene ring. The strong peak at 639
cm™ and characteristic absorbing peak at 2921
cm™? are corresponding to C-H of the benzene
ring.The bands in the 3340 cm™ region are related
to the O—H stretching vibration [25]. Based on the
above observation, we can find that the FezO4
nanoparticles and polystyrene exist in the
composite particles [Figl (c)].

1.1.2. X-ray diffraction (XRD)

The X-ray diffraction patterns of the synthesized
samples are alliterated in Fig. 2. Each diffraction
peak of the samples may be assigned to the cubic
phase structure (JCPDS card, file no. 79-0418).
The peaks at 20 values: 29.7, 35.5, 43.1, 53. 1,
57.1, 62.2and 74.1° could be indexed as the (220),
(311), (400), (422), (511), (440) and (553) crystal
planes of cubic phase Fe3;Oa, respectively [26].
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Fig. 1. FTIR spectra of (a) FesO4, (b) FesOa/polyaniline,
and (c) FesOa4/polystyrene samples.

The sharpness of the peaks clearly indicates that
the prepared particles had a highly crystalline
nature. These crystalline entities demonstrate the
typical pattern of Fe3O4, and there was no other
phase such as Fe2O3; or Fe(OH)s, which were the
usual  co-products in  chemical reverse
coprecipitation procedure. It can be clearly seen
from the XRD pattern that FesO4’s characteristic
diffraction peaks have been retained well in both
Fes;Oa/polyaniline (Fig. 2b) and
FesOd/polystyrene (Fig. 2c) nanocomposites if
compared with bare FesO4 nanoparticles (Fig. 3a),
which indicates the deposition of polymer layer
has no negative influence on the crystalline
structure of nano Fe3Os.
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Fig. 2. XRD pattern of (a) FesOas, (b) FesO4/polyaniline,
and (c) FesOa/polystyrene samples.
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1.1.3. SEM analysis of FesOs/polyaniline and
Fe;04/polystyrene nanocomposites

SEM image was applied to study the morphology
and aggregation level of materials. Fig. 3 (a) and
(b) illustrate SEM images of FesO4/polyaniline and
FesO4/polystyrene nanocomposites respectively.
The morphology of prepared nanocomposites
seems to be sphere. Interestingly, the pure
polymers agglomerate was not determined in SEM
micrographs, which agrees with conclusions that
polyaniline in FesOa4/polyaniline and polystyrene
in  FesOu/polystyrene nanocomposites mainly
cover the FesO, surface. As can be observed that,
SEM images show particles with good
homogeneity, granular structure and slight
agglomeration. Slight agglomeration is because of
the formation of polyaniline or polystyrene on the
surface of FesOs nanoparticles which causes
repulsion forces between nanoparticles and
inhibits their agglomeration [27]. Since less
particle agglomeration occurred for
FesO4/polyaniline and FesOa/polystyrene
nanocomposites, the large surface area conveys
high adsorption capacities of this materials. Also,
these images indicated that the average particles
size of Fe3Oa4/polyanilne and Fes;Oa/polystyrene
nanocomposites are 10-30 and 15-50 nm
respectively.

@ (b)

Fig. 3. SEM image of (a) FesOas/polyaniline, and (b)
FesOa4/polystyrene samples.

1.1.4. Vibrating sample magnetometer (VSM)

Fig 4 illustrated the plots of the magnetization M
versus the applied magnetic field H for the
prepared samples at room temperature. The
hysteresis loop shows ferromagnetic behaviour.
The saturation magnetization values of Fe3Oq,
FesO4/polystyrene and FesOas/polyaniline samples
were calculated as 62.1, 26.7 and 28.1 emu.g*
from the magnetization curves, respectively. It can
be seen that MS values of FesO4/polystyrene and
FesOa/polyaniline is lower than that of pure Fe;Oa4
nanoparticles. The reduction in saturation
magnetization values reflected the standard
practice of normalizing the magnetization via
sample volume [28]. According to the equation Ms
= pms, Ms was attributed to the volume fraction of
the particles () and the saturation moment of a
single particle (ms) [16]. It should be noticed that

the  saturation magnetization of  the
FesO4/polystyrene and FesO4/polyaniline
composites depended mainly on the volume
fraction of the FesO. nanoparticles, because of the
nonmagnetic polystyrene and polyaniline coating
contribution to the total magnetization, resulting in
the reduction of the saturation magnetization.
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Fig. 4. Magnetization vs. applied magnetic field for (a)
Fe30a, (b) FesOa/polyaniline, and (c) FesOa4/polystyrene
samples.

1.2. Adsorptive removal of methyl orange by
prepared samples

Fig 5 displays the adsorptive removal of methyl
orange fro aqueous solution using Fes0s,
Fes;Oa/polystyrene and FesOa/polyaniline samples.
It could be seen that adsorptive removal of methyl
orange in the presence of FeszOas/polystyrene is
lower than pure Fe3Oa4. Studying the mechanism of
adsorption via the core-shel nanomaterials depends
on the outer coating of these compounds.
Polystyrene was investigated as an outer coating in
Fes;O4/polystyrene nanocomposite. Polystyrene is
chemically a long chain hydrocarbon. Styrene is an
aromatic molecule; aromatics are extremely stable,
therefore the structure change in polystyrene is
difficult. To study the adsorption procedure via
nanomaterials, several parameters such as affective
surface area are important [29]. The mechanism of
adsorption can be explained via physical procedure
involves the electrostatic interaction between
adsorbate molecules and solid adsorbent, which is
usually associated with low adsorption heat [30].
Ohsawa et al., was investigated Zeta potential and
surface charge density of polystyrene-latex and
concluded that there are 2000-4000 negative
charges on the its surface at pH=7.34. In other
words, polystyrene-based adsorbents could show
strong electrostatic repulsive interaction to
negatively charged species.

From Fig6, adsorptive removal of methyl orange in
the presence of FesO./polyaniline is higher than
that of other samples.Via considering the
adsorption of methyl orange onto the surface of
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FeszO4/polyaniline, various mechanisms may be
involved such as ionic attraction between anionic
sulfonate group(s) of dissolved methyl orange
molecules and the cationic amino groups of
protonated  FesO./polyaniline.  The possible
mechanisms of the adsorption procedure of
FezO4/polyaniline and methyl orange is discussed:
In aqueous solution, methyl orange can be
dissolved and the sulphonate groups of methyl
orange is dissociated and converted to anionic dye
ions, as presented in equation (2):

Dye-SO:Na 25 Dye-SO; + Na*  (2)

In the presence of H*, the amino groups of
polyaniline (-NH.) can be protonated according to
the following equation:

Polyaniline-NH, + H* — Polyaniline-NHz*  (3)
The adsorption procedure then proceeds because of
the electrostatic attraction between these two
counter ions. The reaction can be described by the
following equation:

Polyaniline-NH;* + Dye-SOs”— Polyaniline-NHs*
3 0S-Dye 4)

Adsorption process can be controlled via physical
factors on most of the adsorbents such as polarity,
Van der Waals forces, hydrogen bonding, dipole—
dipole interaction, m—m interaction, etc. [31].
Therefore, the design of an adsorbent can be
depended on the type of substance to be adsorbed
or removed. Methyl orange is an anionic dye that
belongs to the azo group and can be removed via
an adsorbent showing strong affinity toward
negatively-charged molecules. Polyaniline in its
conductive emeraldine salt state possesses a large
number of amine (-N<) and imine (-N=)
functional groups and substantial amounts of
positive charges localized over its backbone,
making it an efficient candidate for the adsorption
of negatively polarized materials. This electrostatic
force of attraction could be the essential driving
force leading to the enhanced adsorption of methyl
orange. So, the presence of polyaniline in
FesO4/polyaniline plays an important role in the
adsorption of anionic dyes from aqueous solutions
[20].
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Fig. 5. Adsorptive removal of methyl orange from
aqueous  solution in the presence of (a)
FesOa/polystyrene, (b) FesOa, and (c) FesOa/polyaniline
samples.

1.2.1. Effect of contact time

Fig 6 illustrates the influence of contact time and
temperature on the adsorption of methyl orange via
FesO4/polyaniline nanocomposite. So, initial dye
concentration of 20 mg L?, pH of 3, and
FesO4/polyaniline dosage of 450 mg L in 100 mL
were applied. The mixture was agitated in a
mechanical shaker for different periods of contact
time (0-80 min). The results are shown in Fig. 6.
The removal of methyl orange by adsorption on
FesO4/polyaniline nanocomposite was very fast
during the initial contact time and then slowed
down. It can be related to the sufficient exposure
of adsorptive sites and the appropriate surface
reactivity of the adsorbent for sequestering dye
ions [32]. It can be observed from Fig. 6 that the
enhancement in reaction time up to 50 min led to a
little increase in adsorbed methyl orange. With
passage of time, the remaining vacant surface sites
are hard to be occupied due to the repulsive forces
between the solute molecules on the solid phase
and in the bulk liquid phase [33]. According to
these findings, a contact time of 50 min was
selected for more tests.

40

0 2 40 60 80
time (min)

Fig. 6. Effect of contact time on the removal efficiency
of methyl orange by FesO4/polyaniline nanocomposite.

1.2.2. The effect of adsorbent dosage

Different quantities of adsorbent (150 to 600 mg
LY) under ambient temperature, initial dye
concentration of 20 mg L™, pH 7 and contact time
of 50 min were applied to investigate the adsorbent
concentration. The results are illustrated in Fig. 7.
By increasing the adsorbent dosage up 450 mg L™,
the removal percentage of dye was increased and
the equilibrium adsorption capacity was decreased
(Fig 8 (a)). However, the enhancement in the
adsorbent dosage to more than 450 mg L™ did not
significantly affect the adsorption. After this
point, because of the fact that the adsorption event
was an equilibrium event, there was no significant
influence of enhancing the amount of adsorbent on
the pollutant removal. The enhancement in percent
removal of adsorbate ions with increase in the
adsorbent dosage could be related to greater
availability of adsorption sites. At equilibrium, the
percent removal became constant probably due to
the saturation of the available adsorption sites.
Equilibrium was attained at an adsorbent dosage of
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450 mg L. Another result of Fig 7 was that with
the increasing dosage of the adsorbent, the
adsorption capacity (ge) declined significantly (Fig
8 (b)). As the dosage of adsorbent enhances, the
percentage of pollutant removal enhances, but the
adsorption capacity decreases. It is due to the
existence of a large number of empty active sites
in the environment compared to fixed pollutant
concentration. It was believed that the adsorbate
particles were massive, decline the surface area of
the adsorbent, and prolong the path in the diffusion
step [34].

100
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Removal (%)

0 100 200 300 400 500 600 700
-1
Adsorbent dosage (mg L )
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0 100 200 300 400 500 600 700

-1
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Fig. 7. Effect of adsorbent dosage on the removal
efficiency of methyl orange by FesOus/polyaniline
nanocomposite.

1.2.3. Effect of pH

The initial pH of the media can play an important
role in the adsorption process affecting on other
parameters such as surface charge of adsorbent and
ionization of functional groups presenting on the
active site of the adsorbent surface [24]. In order
to study the influence of this factor on the
adsorption, the experiments were performed at
various initial pH ranging from 3 to 11. The
experiment was carried out on 450 mg L*
FesO4/polyaniline nanocomposite with an initial
dye concentration of 20 mg L' at room
temperature with contact time of 50 min. The
results are presented in Fig. 8. Removal of methyl
orange was enhanced by decreasing pH and a
maximum quantity was reached at an equilibrium
pH of around 3-4. In fact, at acidic pH, the amino
groups of polyaniline (-NH>) are protonated in the
presence of H* ions which increases the
electrostatic scattering between the dye anions and

the adsorbent surface [35]. With the placement of
polyaniline on the composite, more amino groups
of polyaniline were available. Thus, more dye was
adsorbed on the composite. At higher pH, the
number of OH" ions increases in the media and
competes with methyl orange as an anionic dye.
This can reduce the adsorption of methyl orange.
On the other hand, with decreasing the pH, the
competition between OH" ions and anionic ions of
methyl orange decreases and methyl orange mainly
occupies adsorbent sites. So, experiments were
performed at optimum pH of 3-4.

40

30
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Fig. 8. Effect of pH on the removal efficiency of methyl
orange by FesOa/polyaniline nanocomposite.

q_(

=

o

1.3. Adsorption isotherms

Appropriate correlations in the equilibrium
considerations are known as a fundamental
principle in the design of an adsorption system for
removing pollutants. The adsorption isotherms
describe how the adsorbed compounds interact
with the adsorbent providing a comprehensive
understanding of the nature of the adsorption
procedure [36]. The adsorption isotherms imply
the relationship between the quantity of adsorbed
molecules at the constant temperature and
equilibrium concentration in the solution. As a
single operation, physico-chemical adsorption
trend was also detected by obtained data from these
isotherm models to investigate the applicability of
the adsorption procedure [37]. To find information
about the absorption trend, the data were fitted to
three Langmuir, Freundlich and Dubinin-
Radushkevich isotherm models.

Langmuir isotherm model. Langmuir theory was
based on the assumption that the uptake of
adsorbate takes place on a homogeneous surface
via monolayer adsorption and adsorption energy is
constant in this model. The Langmuir isotherm
theory can be represented via the following
equations:

1 ( 1 )1 N 1 )

Je Kiqm Ce dm
where C. (mg L) is the equilibrium concentration
of pollutant, ge (mg g-!) is the quantity of pollutant
adsorbed at equilibrium, gm (mg g) is the
maximum adsorption at monolayer and K_ (L
mg-') is the Langmuir constant including the
affinity of binding sites. The quantities of
Langmuir factors can be determined from the slope
and intercept of linear plots of 1/¢. against 1/Ce.
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Freundlich isotherm model.

The Freundlich isotherm model equation deals
with physicochemical adsorption on
heterogeneous surface at sites with various energy
of adsorption and with non-identical adsorption
sites that are not always available [38].

Freundlich theory is describe by the equation (6):

1
Inq, = HlnCe + InKg (6)

where K [(mg g-!) (L mg-Y)¥"] is the Freundlich
constant and n is the heterogeneity parameter.

The Kg quantity is attributed to the adsorption
capacity, while 1/n value is attributed to the
adsorption intensity. Ke and 1/n are estimated from
the linear plot of In g versus In Ce. The Keand n
quantities are listed in Table 1.
Dubinin-Radushkevich (D-R) isotherm model.
Dubinin-Radushkevich  (D-R)  isotherm s
generally used to describe the sorption isotherms
of a single solute system (Figure 9(c)). The D-R
isotherm can also help to confirm that the
adsorption process was chemisorption or physical
adsorption [39].

D-R isotherm model can be expressed by equation

(7):
Ing, =Inq,, —Ke? (7)

where  g.is  equilibrium  adsorbent-phase
concentration of adsorbate (mg g?), and qpis
theoretical saturation capacity (mg g*). The plots
of €2 vs. In g, were shown in Figure 9(c), and the
values of K and In q,are estimated from the slope
and intercept of the plots, respectively. K is the
adsorption energy (mol? J2) , and ¢ is the polanyi
potential (3 mol*)which can be calculated through

Eq. (8):
£=RTln<1 +Cl) €)

e

where R is the universal gas constant (8.314 J mol
LK1, T is the Kelvin temperature (K), and Ce is
the equilibrium aqueous phase concentration of
adsorbate (mg L™).

The D-R model is mainly used to estimate the
average free energy of adsorption (kJ mol?), as
presented in equation (9):

1
E=Caes O

The magnitude of E can be applied to detect the
mechanism of the adsorption procedure. For
instance, when E > 8 kJ mol?, the adsorption
procedure is chemical in nature.

Alternatively, when E < 8 k] mol, adsorption
occurs through a physical procedure [40].

0.08

(a) y=03887x+0.0205

0.06 R:=09977

0.02

1/C

®)

37 y=04748x+ 1.793
R3=0.9699

0 10 20 30 40 50 60
2
€

Fig. 9. Adsorption isotherms of methyl orange on
FesOu4/polyaniline composites with (a) Langmuir
isotherm model, (b) Freundlich isotherm model, and (c)
-Dubinin-Radushkevich isotherm model .

According to the Fig 9 and correlation coefficient
quantities showed in Table 1, it can be seen that in
all three Langmuir (R? = 0.997), Freundlich (R? =
0.969) and Dubinin Radushkevich models (R? =
0.986) the obtained R? quantities logically explain
the goodness of fitting trend. According to these
findings, in Langmuir model the adsorption
procedure occurred uniformly and on a
homogeneous surface as an adsorption monolayer
without adsorbed molecules interaction. The K;
factor (L mg-Y) is the equilibrium constant which
related to the bond formation energy of the
adsorption  procedure, which implies the
adsorption desirability, and its quantity was 0.052
for methyl orange implying a relatively strong
bond with the adsorbent surface. According to
Freundlich isotherm, the multilayer adsorption
occurs with a non-uniform energy distribution of
the adsorption sites as well as with the interference
of adsorbed ions [41]. The factors of K¢ and n are
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the constants of Freundlich isotherm which reflect
the absorption capacity and intensity, respectively
[42]. Values of 1/n between O and 1 indicate the
heterogeneity of the adsorbent. Obtained Ks value
was 6.007 (mg g-*) (L mg-)¥" for methyl orange
and 0.474 for 1/n, implying that the adsorption
capacity and heterogeneity of the adsorbent are
favorable. The Dubinin-Radushkevich model
generally refers to the expression of the adsorption
mechanism via the Gaussian energy distribution on
a heterogeneous surface. Where parameter E (kJ
mol?) represents the average absorption energy
indicating the type of adsorption. For the
adsorption of methyl orange on FesOa/polyaniline
nanocomposite, the value of E was obtained 3.651
kJ mol?, implying the adsorption of methyl orange
on FesO4/polyaniline  nanocomposite  occurs
physically.

Table 1. Calculated various isotherm factors via linear
method.

Type of isotherm model Value
Langmuir isotherm
gm (Mg g-) 48.78
Ke (L mg-Y) 0.052
R? 0.997
Freundlich isotherm
Kr(mg g4 (L mg-1)*n 6.007
n 2.1
R? 0.969
Dubinin—Radushkevich (D-R) isotherm
K (mol? J?) 0.0375
gm(mg g*t) 8.08
E kJ mol?) 3.651
R? 0.986

1.4. Kinetics of adsorption
In order to characterize the kinetic behaviour of
the procedure of methyl orange adsorption on
FesO4/polyaniline composite and assess the
mechanism of the adsorption, two kinetic models
of pseudo-first-order and pseudo-second-order, as
the most widely applied models, were used.
Pseudo-first-order
The pseudo-first-order rate expression as a simple
Kinetic analysis can describe the kinetics of the
adsorption process as follows Eq. (10) [43]:

dq;

E = kl,ads( qe — qt) (10)

where e, ot (Mg g?) and Kiaes (Min?) are the
amount of adsorbed dye at equilibrium and time t
and the rate constant, respectively. After definite
integration via using the initial conditions g: = 0 at
t=0and qt=q: att=t, Eq. (11) becomes:

ln(qe _qt) =In Je — k1,adst (11)

The values of the pseudo-first order Kkinetic
parameters were detected from the slope and
intercept of linear plots of In(q, —q;) against t.
The results are summarized in Table 2.

Pseudo-second-order

The pseudo-second-order equation is based on
adsorption equilibrium capacity and can be
expressed (12) and presented linearly via the
following Eq. (13)

dq

d_tt = l(Z,ads( de — qt)z (12)
(D
d¢ kZ,adsq<ze Je

where Kza4s (9 mg™ min) is the rate constant of the
equation [44]. The quantities of the pseudo-second
order kinetic factors were estimated from the slope
and intercept of linear plots of t/q, against t (The
figures are not shown). From the slopes and
intercepts, the values of Q. and kpas were
calculated and summarized in Table 2.

The correlation coefficient (R? ) for both of
kinetics models are presented in Table 2. The
correlation coefficient of pseudo-second-order is
greater than pseudo-first-order. Based on results,
the adsorption Kinetic of methyl orange on
FesOa/polyaniline fitted via pseudo-second-order.

Table 2. Kinetic parameters for methyl orange
adsorption onto FesOas/polyaniline nanocomposite.

Type of kinetic model Value
Pseudo-first order model
Qe (Mg g-) 27.6
K1,ads (Min-1) 0.11
R? 0.975
Pseudo-second order model
ge (mg g 34.92
k2,ads (9 mg-* min-1) 0.163
R? 0.996

3.5. Thermodynamic study
Temperature can affect physical and chemical
reactions. In order to investigate the influence of
temperature on the adsorption of methyl orange by
Fes;Oa/polyaniline nanocomposite, thermodynamic
investigations were carried out at adsorbent dosage
of 450 mg L™, pH 3, initial dye concentration of 20
mg L and four different temperatures of 25, 30,
45 and 40 °C. The Gibbs free energy changes
(AG") were determined using following Eq. (14):

AG® = —RT InK (14)
where R, T (K) and K (ge/Ce) are the universal gas
constant, absolute temperature and the partition
ratio, respectively [45]. The quantity of K and AG®
are shown in Table 3. Standard enthalpy (AH") and
entropy (AS°) were detected by the Van’t Hoff
equation as follows Eq. (15) [45]:

As® AHO

Ink = () = (%) (15)
AH® and AS° were obtained from the slope and
intercept of the plot of In k versus 1/T, as presented
in Fig. 10. The values of AH’ and AS° are
summarized in Table 3. Under constant reaction
conditions, Gibbs free energy (AG"®) varied from -
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1.41 to -1.69 kJ mol-, and the resulting AH® and
AS° quantities were obtained 4.07 kJ mol-! and
0.018 kJ mol-* K-, respectively.

The negative quantities of AG® indicate that the
adsorption of methyl orange on FezOa/polyaniline
is spontaneous and thermodynamically favorable
under the experimental conditions.

Positive values of AH" as well as the increasing
trend of K with increasing temperature indicate
that the adsorption of methyl orange on the surface
of  FesOa4/polyaniline nanocomposite is
endothermic. The removal efficiency of methyl
orange enhances with the enhancement in solution
temperature.

When the temperature of the solution is increased,
the pollutant molecules can move faster in the
solution and the pollutant molecules mobility can
be increased.

So, a number of molecules obtain enough energy
to undergo an enhancing interaction with active
sites at adsorbent surface.

From these results it was observed that adsorption
of methyl orange by FesOJ/polyaniline
nanocomposite is endothermic.

In endothermic reactions, if the temperature is
enhanced, the amount of TAS® (favorable
parameter) also is enhanced and TAS® acts as a
favorable reaction agent.

On the other hand, as the temperature enhances, the
adsorption rate also enhances [46]. This increased
temperature can provide the energy needed for
dehydration of pollutant molecules and the
breakage of hydrogen bonds between the water
molecules and the adsorbent surface leading to
enhance in surface active sites [47].

Table 3. Thermodynamic factors (AH", AG®, AS®) for
the adsorption of methyl orange on FesOa4/polyanilne
nanocomposite.

Temperature  (AGP) (k. (AS?) (k) (AH?) (kJ

(K) mol-1) mol-! K-1) mol-1)
298 -1.41 0.018 4.07
303 -1.49 - -
308 -1.58 - -
313 -1.69 - -

3.6. Mechanism of Adsorption

With all the results above, the adsorption and
desorption mechanism of methyl orange on
FesO4/polyaniline are described as below:

In solution, methyl orange molecule is dissociated
into M-SOs™ with M is an organic part of dyeing
molecule. Polyaniline is backbone that will interact
with M-SOs. The electrostatic interactions are
preferably involved in methyl orange adsorption
onto polyaniline particles. In fact, at acidic pH, the
adsorbent surface may be more positively charged
(due to H* ions) which increases the electrostatic
scattering between the dye anions and the
adsorbent surface [48].

y=-489.73x + 22102
R¥=0.9951

0.584

0.56 T T T
0.00316 0.0032 000324 000328 000332 000336

T (1K)

Fig. 10. Thermodynamic profile for adsorption of
methyl orange on FesOa/polyaniline nanocomposite.

Also, in acidic environments, the amino groups of
polyaniline (—-NH) are protonated in the presence
of the released H* Protons in the environment;
therefore, the adsorption of methyl orange, which
has a negative charge, increases.

With protonation of the adsorption surface, the
tendency of methyl orange to the adsorption
surface increases. With the placement of polymer
nanoparticles of polyaniline on the composite,
more amino groups of polyaniline were available.
Thus, more dye was adsorbed on the composite
[31].

4.CONCLUSION

Fe304, FesOalpolystyrene and Fes;Oa/polyaniline
were synthesized and employed as adsorbents for
the removal of methyl orange from aqueous
solutions. The results of the FT-IR, XRD, SEM,
and VSM analyses showed that the synthesis of
samples was carried out successfully.

It is concluded that FesOu/polyaniline
nanocomposite is more effective in the comparison
with Fes0s, and Fe;O4/polystyrene adsorbents. The
results showed that all applied isotherm models
logically described the adsorption process. The
maximum methyl orange adsorption capacity was
predicted as 48.78 mg g-1 via Langmuir model.
Adsorption kinetics showed that pseudo second-
order kinetic model was fitted logically to the
experimental data.

Based on the results obtained from thermodynamic
factors, it was concluded that the adsorption
procedure was endothermic, feasible and
spontaneous.
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