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ABSTRACT: In this study, FesO./polystyrene-alginate nanocomposite with high adsorption
capacity was successfully prepared. Characterization of Fe;Oa4/polystyrene-alginate nanocomposite
was carried out by various instruments, including SEM, EDX, FT-IR, XRD, and TGA. Then,
the prepared nanocomposite was applied to remove malachite green as a cationic dye from aqueous
solutions. The kinetic study was performed and the results showed the suitability of the pseudo-
second-order kinetic model (R? = 0.994). The influence of different parameters, such as initial dye
concentration, solution pH, adsorbent dosage, and contact time on the procedure was extensively
investigated. The maximum adsorption of malachite green onto Fe;O4/polystyrene-alginate
nanocomposite was found at an initial concentration of 20 mg/L, pH 7, adsorbent’s dosage 500 mglL,
contact time equal to 20 min. To understand the nature of the adsorption procedure, the equilibrium
adsorption isotherms were investigated. The linear correlation coefficients of Langmuir and
Freundlich isotherms were obtained. The adsorption of malachite green was better fitted to Langmuir
isotherm (R? = 0.996). According to the Langmuir isotherm model, the maximum adsorption capacity
of FesO4/polystyrene-alginate nanocomposite for sequestering malachite green was about 90.81 mg/g.
In addition, negative AG® and AH° values obtained through thermodynamic investigation implied that
the adsorption of malachite green onto Fe;O4/polystyrene-alginate nanocomposite was simultaneous
and exothermic in nature, respectively.

KEYWORDS: Fe;04/polystyrene-alginate nanocomposite; Malachite green; Operational parameters;
Adsorption isotherms; Thermodynamic investigation.

INTRODUCTION
Environmental pollutants are regarded as one of the and dangerous impact on ecosystems and human health[1].
most important issues worldwide because of its harmful The treatment of polluted wastewater can be carried out by
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various physicochemical and biological procedures
including adsorption, chemical oxidation, membrane
technology, and Advanced Oxidation Processes (AOPS) [3—
6]. Adsorption is one of the most effective treatment
methods because of its simplicity and low cost. The main
factor in an adsorption procedure is to select an adsorbent
with strong capacity and fast kinetics for pollutant removal
from wastewater [7]. Various adsorbents such as activated
alumina, activated carbon, chitosan, and Alginate have
been investigated in water treatment [8-10]. Alginate is
one of the most extensively studied biopolymers generated
from brown algae, which can be applied as a sorbent due
to good hydrophilicity, low cost, nontoxicity,
biocompatibility, and high adsorption potential to remove
the pollutants. Furthermore, the adsorption capacity of the
alginate for sequestering cationic dyes because of the
electrostatic attraction between the carboxylate groups on
the alginate and the ammonium groups of the cationic dyes
would be beneficial to increase the adsorption of cationic
dyes together with the immobilized adsorbent [11].
However, it is hard to separate the applied adsorbents from
treated wastewater. So, FesO4-loaded adsorbents have
attracted more attention because of their unique properties
such as easy recovery through a magnet, large surface area,
simple manipulation procedure, and high separation
efficiency [12,13]. FesO4 nanoparticles may aggregate
in the solution, which can decrease their surface area
and affect stability and catalytic efficiency. Thus, surface
modification for magnetic FesOs nanoparticles is a
necessity [14-16].

Polymers are frequently applied for surface modification
of Fe3O,4 nanoparticles because of several advantages that
make them suitable in catalytic applications. For instance,
polymer coatings can be generated to change the surface
properties of superparamagnetic nanoparticles, to increase
the compatibility between nanoparticles and aqueous
medium, to avoid particle surface from oxidation,
to decrease toxicity and to facilitate storage or transport,
to physically adsorb materials [17].

The main subject of this study is the synthesis of
FesO4/polystyrene-alginate nanocomposite and the evaluation
of its adsorption capacity for the removal of a cationic dye
(malachite green) in aqueous solutions. To the best of our
knowledge, there is no report on the preparation and
application of Fe;O./polystyrene-alginate nanocomposite
as an adsorbent for the elimination of textile dyes.
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Different adsorption factors such as contact time, adsorbent
dosage, dye concentration, and pH of the solution were
studied. Moreover, Kinetics (pseudo-first and pseudo-
second order), equilibrium isotherms (Langmuir and
Freundlich models), and thermodynamic investigations
were used in this study. The search for new alternative,
inexpensive, eco-friendly, and efficient adsorbents to
replace the commercially available adsorbents is ongoing.

EXPERIMENTAL SECTION
Chemicals

Iron (111) chloride hexahydrate (FeCls-6H,0), iron (1)
sulfate heptahydrate (FeSO.-7H,0), xylene (> 99.0 %),
ammonium hydroxide (28% v/v, NH3-H;0), and calcium
chloride anhydrous powder (CaCly) are of analytical grade
and are obtained from Merck, Germany. Polystyrene (PS,
My 35x10% ), and sodium alginate (CAS no. 9005-38-3)
were obtained from Sigma Aldrich. Malachite green was
purchased from Alvan sabet Co., Iran and used without
further purification.

Preparation of FesOs nanoparticles

FesO4 nanoparticles were prepared via the reverse
co-precipitation method using ammonia as a precipitation
agent. In short, 5 mL of 1 mol/L FeClz.6H,0 solution and
10 mL of 0.5 mol/L FeSO,4-7H,0 solutions were mixed.
The mixture was added dropwise into 20 mL of 3.5 mol/L
ammonium hydroxide solution at 60 *C under ultrasound
irradiation. The reaction proceeded for 30 min and the
overall reaction of Fe;O, is expected as follows [21]:

2 3 -
Fe?* +2Fe* +80H™ — Fe,0,+4H,0 )

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).

Preparation of FesOa /polystyrene nanocomposite

For Fe3O, /polystyrene nanocomposite preparation,
0.1 g polystyrene (Sabic company) was dissolved in 5 mL
xylene. Also, 0.5 g FesO4 was dispersed in 5 mL xylene
for 20 minutes in an ultrasonic bath and added dropwise
into the above solution under continuous stirring. The final
product was mechanically stirred for 2 hours. Finally,
the resulting nanocomposite was washed twice with 30 mL
water and dried at 50 °C.
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Preparation of FesO4/polystyrene-alginate nanocomposite
Fe;O4/polystyrene-alginate nanocomposite was prepared
in cross-linking solution using calcium chloride as cross-
linking agent. In a typical procedure, prepared
FesO4/polystyrene nanocomposite was dispersed in 100 mL
of water and then, 0.2 g of sodium alginate were added to
it. The suspension was mixed for 4 h, then added drop wise
into a mixture of calcium chloride and ferrous sulfate
under continuous stirring. FesO./polystyrene-alginate was
formed instantly. The formed nanocomposite was left in
the solution for 2 h. It was then collected with a magnet
and washed several times with distilled water to remove
the excess of unreacted materials. Finally, Fes;O4
/polystyrene-alginate nanocomposite was dried at 60 °C.

Characterization

The morphology and texture of FesOu/polystyrene-
alginate nanocomposite were measured via a Scanning
Electron Microscope (SEM) (Philips XL-30ESM). The
chemical composition of the synthesized nanocomposite was
analyzed by an Energy Dispersive X-ray (EDX) spectroscopy
system. Fourier Transform InfraRed (FT-IR) spectroscopy
analysis of nanocomposite was performed on a Nicolet 560
FT-IR spectrometer. The sample was prepared by mixing it
with KBr and pressing it into a compact pellet. The crystal
structure and the crystallite size of the prepared sample was
recorded using X-Ray Diffraction (XRD) (Siemens/D5000)
with Cu Ka radiation (0.15478 nm) in the 20 scan range of
10°-70°. The average crystallite size (D in nm) was
calculated using Scherrer’s formula [22]:

D= KA
~ BcosO

(2)

where k is a constant equal to 0.89, A, the X-ray
wavelength equal to 0.154056 nm, f, the full width at half
maximum intensity (FWHM) and 60, the half diffraction
angle. ThermoGravimetric Analyses (TGA) were carried
out by a TGA apparatus (NETZSCH-GERATEBAU
GMBHSTA 409 PC LUXX, Kerman, Iran). TGA was
measured in the temperature range of 800° C at a heating
rate of 10 °C/min under N, atmosphere.

Batch experimental system

The experiments were performed in 100 mL
Erlenmeyer flasks as batch experimental reactors to
evaluate the effects of operational parameters such as the
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reaction time, adsorbent dosage, initial pH and the initial
dye concentration on malachite green adsorption onto
FesO4/polystyrene-alginate nanocomposite. In each run,
desired concentration of malachite green and
FesO4/polystyrene-alginate nanocomposite were fed into
the quartz and allowed to establish an adsorption—
desorption equilibrium for 30 min and then mixed by
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 experiment. The set of experiment
was conducted at an initial dye concentration of 20 mg/L,
adsorbent dosage of 500 mg/L and initial pH of 7 for 20 min.
Then, the experimental procedure was systematically
performed according to Table 1. Subsequently, a magnet
was used to collect the magnetic nanocomposite and
the adsorption was monitored by UV-Vis Perkin-Elmer 550 SE
spectrophotometer at wavelength of 617 nm. All
experiments were carried out twice to check the accuracy
of the obtained data. Then the mean values were written
down. The amount of malachite green adsorbed onto
FesOa4/polystyrene-alginate was calculated via Eq. (3):

(Co—O)V

q=— 3

Where q, C, and C are the amount of adsorbed
malachite green (mg/g), the initial concentration and the
final concentration of dye in the solution (mg/L),
respectively. In addition, V is the volume of the solution
(L) and M is the weight of the nanocomposite (g) [23].

RESULTS AND DISCUSSIONS
Characterization of prepared nanocomposite
Morphology and Particle Size

To investigate the morphology of the prepared
nanocomposite, SEM technique was used. The SEM image
of Fe;O4/polystyrene-alginate nanocomposite is shown
in Fig.1 (a). The cubic and averagely spherical magnetite
nanoparticles with very neat arrangement can be seen in this
image. The SEM image shows that the prepared
nanocomposite has a homogeneous morphology. This
homogeneity can be achieved via alginate acting as a
stabilizer for Fe;O,4/polystyrene in the solution state, which
in turn prevents the nanoparticles from aggregation [24].
The average size of the nanospheres was calculated based
on the statistical size of at least one hundred particles. The
particle size distribution of Fe;O4/polystyrene-alginate
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Table 1: Experimental design for the adsorption of malachite green onto FesOas/polystyrene-alginate nanocomposite.

4 No. Parameter Reaction time (min) Adsorbent dosage (mg/L) Initial pH Dye concentration (mg/L) N
Reaction time 0-30 500 Neutral 20
Adsorbent dosage 20 100-600 Neutral 20
pH 20 500 3-8 20
\_ Dye concentration 20 500 Neutral 20-100 )
-
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Fig. 1: (a) SEM image of Fe304/polystyrene-alginate. (b) Size distribution of Fe304/polystyrene-alginate.

nanocomposite is shown in Fig. 1 (b). It is revealed that
FesO4/polystyrene-alginate nanocomposite yields mainly
nanoparticles with a diameter of 15-50 nm, with the
highest contribution of 20-30 nm, in an amount of 63%.
The sample shows a single broad peak, which seems that
Fe;0,-alginate is completely encapsulated in polystyrene
particles. From the above mentioned, therefore,
FesO4/polystyrene-alginate nanocomposite has good
morphology and particle size [25].

Elemental analysis with EDX spectroscopy

Energy dispersive X-ray spectroscopy analysis was
used to identify elements, which exist in the prepared
FesO4/polystyrene-alginate nanocomposite. Fe, C, O, Ca,
and Cl peaks can be clearly seen from Fig. 2. This result is
considered as evidence for the even dispersion of Fe;O,
nanoparticles in the polystyrene matrix. Such fine
dispersion of the nanoparticles could be causing the
enhancement of the thermal stability of the investigated
Fes;04 /polystyrene-alginate nanocomposite and it will be
discussed  afterward.  Energy  dispersive  X-ray
spectroscopy analysis showed no significant levels of
impurities, which could have originated from the
procedure [26].
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Fig. 2: EDX pattern of Fe3Oa/polystyrene-alginate nanocomposite.

FT-IR spectra of prepared samples

Typical FT-IR spectra of Alginate, Fe;O4, Polystyrene,
and Fe3O4/polystyrene-alginate samples are shown in
Fig. 3. Alginate (Fig. 3(a)) showed an intense band around
3300-3362 cm2, which is attributed to the stretching of O—H.
The spectral band around 2923-2854 cm™ is attributed
to stretch vibration absorption of aromatic and aliphatic
C-H, respectively. The bands at 1625 cm™ and 1425 cm™
are associated with the asymmetric and symmetric
vibration of COO- groups, respectively. The peak
appearing at 1042 cm™ is assigned to the C-O-C stretching
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vibration. The C-O stretching vibration of uronic acid
residues is generally linked to the bands centered at 930 cm ™.
The signals at 815 cm™ were attributed to mannuronic acid
residues [27, 28]. The FT-IR spectrum of Fe3O4
nanoparticles is shown in Fig. 3(b). The peak at 3410 cm™
is due to O—H stretching vibration arising from hydroxyl
groups from the water on nanoparticles. The absorption
peaks at 2926, 2860, 1628, and 1385.22 cm™ are due to
water used as solvent. The 785 and 578 cm™ absorption
peaks correspond to the Fe—O bond vibration of Fe;O,4
nanoparticles [29]. The FT-IR spectrum of Polystyrene is
shown in Fig. 3(c). The three adsorption peaks at 1425,
1492, and 1591 cm™ are due to the vibration of C=C bonds
in the benzene ring. Also, the double peaks at 756 and
696 cm™* show that the benzene ring is singly substituted.
The bands at 3026 cm™2, 2850, and 2920 cm™ are assigned
to the stretch vibration absorption of aromatic and aliphatic
C-H, respectively [30]. Fig. 3(d) shows the FT-IR
spectrum of Fe;O4/polystyrene-alginate nanocomposite.
The strong absorption band that appeared at about 574 cm™*
is assigned to the vibrations of the Fe-O bond, which
confirm the formation of Fe;O4 nanoparticles. The C-O
stretching vibration of uronic acid residues is generally
linked to the bands centered at 930 cm™. The signals at
815 cm™* were attributed to mannuronic acid residuesThe
three adsorption peaks at 1591, 1425 and 1492 cm™ are
due to the vibration of C=C bonds in the benzene ring.
Also, the double peaks at 756 and 698 cm™ show that the
benzene ring is single-substituted. The bands at 1602 cm™ and
1438 cm? are associated with the asymmetric and
symmetric vibration of COO" groups, respectively. The
band at 3020 cm™ and 2848-2973 cm™ are assigned to the
stretch vibration absorption of aromatic and aliphatic
C-H, respectively. The peaks at 3433 cm™, 1666, and 1031
cm* are related to the O—H stretching vibration, the C=0
stretching vibration, and C-O stretching vibrations,
respectively. Moreover, the broadening of the peak
associated with O—H at 3433 cm* indicates the increased
hydrogen bonding interactions due to the presence of
FesO, nanoparticles [31, 32]. Based on the above
observation, we can find that the Fe;O, nanoparticles,
alginate, and polystyrene exist in the composite particles.

X-ray diffraction

The X-ray diffraction patterns of the prepared
nanocomposite is shown in Fig. 4. The stacked
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Fig. 3: FT-IR spectrum of Fe3Oa4/polystyrene-alginate
nanocomposite.

diffractogram shows no remarkable peaks for the alginate
fibers. Each diffraction peak of the sample could be
assigned to the cubic phase structure (JCPDS 019-0629).
The peaks at 20 values: 30. 5, 35. 6, 43.5, 53. 8, 57. 2and
63. 4°, could be indexed as the (220), (311), (400), (422),
(511), and (400) crystal planes of cubic phase Fe3O,,
respectively [33].

The sharpness of the peaks clearly shows that the
synthesized particles had a highly crystalline nature. These
crystalline entities show the typical pattern of Fes;O,, and
there was no other phase such as Fe;O; or Fe(OH)s, which
were the usual co-products in the chemical reverse
coprecipitation process. The peak positions of FezO4
nanoparticles are unchanged after encapsulation by
polystyrene, which illustrated that the crystalline structure
of Fe304 nanoparticles was not changed during the
preparation procedure of Fe;O4/polystyrene particles [34].
The broadening of the diffraction peaks indicates the
nanoparticle nature of the sample. The average crystallite
size was estimated from the line width of all diffraction
peaks using the Debye-Scherrer formula which gives
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Fig. 4: XRD pattern of Fe;Oypolystyrene-alginate nanocomposite.

a relationship between peak broadening in XRD and
particle size. The crystallite size thus obtained from this
equation was found to be about 14.5 nm.

Thermal analysis

Fig. 5 shows the thermal behavior of FesO4/polystyrene-
alginate nanocomposite. The thermogram clearly shows that
the presence of FesO4 nanoparticles makes the system more
thermally stable at a lower temperature. The different stages
of thermal degradation of prepared nanocomposite could be
observed as a multistep process. This figure shows three
stages of weight loss. In I stage, from 0° C - 150° C, the slow
weight loss (6.96 %) is attributed to evaporation of solvent
trapped between the polymer chains. The second weight loss
is about 28.1 % from 150° C - 450° C that can be assigned to
the degradation of alginate. This fraction involves the side
chains and the ester bonds connecting the monomeric units of
the alginate [35]. The rapid weight decrease (83 %) is in the
third region from 550° C - 750° C, which is attributed to the
decomposition of the polystyrene polymer matrix. The
residual weight should be related to the weight of Fe;O4. All
adsorption experiments were carried out below 150° C. So,
the slow weight loss shows the high thermal stability of
nanocomposite. Moreover, the increased thermal stability of
FesO4/polystyrene-alginate results from the interaction
between polystyrene matrix and the FesO4nanoparticles. The
surface of the Fe;O4 nanoparticles absorbs the free radicals
generated in the decomposition of polystyrene and limits the
mobility of the molecules, which retards the degradation of
the Fe;O4/polystyrene-alginate.

Adsorptive removal of malachite green by prepared

samples
Fig. 6 displays the adsorptive removal of malachite
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Fig. 5: TGA curve of FesOypolystyrene-alginate nanocomposite.

green  from  aqueous  solution using  Fe3Os,
FesO4/polystyrene and FesO4/polystyrene-alginate
samples. It could be seen that Adsorptive removal of
malachite green in the presence of Fe;OJ/polystyrene is
higher than pure Fe;Os. Studying the mechanism of
adsorption via the nanomaterials depends on the outer
coating of these nanostructures. Polystyrene was
investigated as an outer coating in this nanomaterial. Its
structure consists of a long chain hydrocarbon where the
center carbons are bonded to benzene rings. It is well
known that aromatics are very stable compounds.
Therefore, the change in the structure of polystyrene is not
easily accomplished. To study the adsorption procedure
via nanomaterials, several parameters such as effective
surface area should be considered. The mechanism of
adsorption is dominated via physical procedure involves
the electrostatic interaction between the ion in the solution
and solid adsorbent, which is usually associated with low
adsorption heat [36]. Ohsawa et al. studied Zeta potential
and surface charge density of polystyrene-latex and found
that there are 2000—4000 negative charges on its surface at
pH=7.34 [37]. In other words, polystyrene-based
adsorbents could show strong electrostatic interactions
with positively charged species.

Also, Fig. 6 shows that Adsorptive removal of
malachite green in the presence of Fe;Oa/polystyrene-
alginate is higher than Fe;O4/polystyrene. Accumulation
of a substance between the liquid—solid interface or gas—
solid interface because of physical or chemical
associations is defined by the term the adsorption process.
The 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,
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Fig. 6: Adsorptive removal of malachite green from aqueous
solution in the presence of (a) FesOs, (b) FesOa/polystyrene,
and (c) FesOa/polystyrene-alginate samples.

n—7 interaction, etc. [38]. Therefore, the design of an
adsorbent can be depended on the type of substance to be
adsorbed or removed. Malachite green is a cationic dye
that can be removed by an adsorbent showing a strong
affinity toward positively-charged molecules. Due to the
dissociation of carboxyl groups, the alginate-based
catalyst was negatively charged and showed strong
electrostatic interactions to positively charged species [39].
Based on results, the presence of alginate in prepared
nanocomposite plays a crucial role in the removal of
cationic dye from agouse solutions [40].

Effect of contact time and kinetic study

The exposure time was varied between 0 and 30 min
to investigate the influence of reaction time on the
adsorption of malachite green. The results are shown in Fig. 7.
Within the exposure time of 30 min, the adsorbed malachite
green by Fe;O4/polystyrene-alginate nanocomposite reached
to 18.36 mg/g. The removal of malachite green via
adsorption onto Fe;Ou/polystyrene-alginate nanocomposite
was very fast during the initial contact time and then slowed
down. This phenomena could be attributed to the sufficient
exposure of adsorptive sites and the appropriate surface
reactivity of the adsorbent for sequestering pollutant
cations [41]. It can be seen from Fig. 7 that the
enhancement in reaction time up to 20 min led to a little
increase in adsorbed malachite green. With passage of time,
the remaining vacant surface sites are difficult to be
occupied because of the repulsive forces between the
solute molecules on the solid phase and in the bulk liquid
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Fig. 7: Effect of contact time on malachite green adsorption
onto FesOa/polystyrene-alginate nanocomposite.

phase [42]. So, a reaction time of 20 min was selected
as the optimal value for further experiments.

The kinetic investigation is very important in modeling
and designing the full-scale adsorption plant [39].
The pseudo-first and pseudo-second-order Kinetic models,
as the most widely applied models, were used to assess the
mechanism of the adsorption. The linear form of the
pseudo-first-order Kinetic model is as Eqg. (4):

k
log(d.—a) =log q. — (e )¢ 0

Where g (mg/g) and ki .gs (Min?) are the amount of
adsorbed dye at time t and the rate constant, respectively.
The linear form of the pseudo-second-order kinetic model
is presented as Eq. (5):

S +( L )e )
q kZ,adsq(Ze e

where Kzags (g/mg.min) is the rate constant of the
equation [40]. The values of the pseudo-first and pseudo-
second order kinetic parameters were calculated from the
slope and intercept of linear plots of log(g, —q)versus t
and t/q versus t, respectively (The figures are not shown).
From the slopes and intercepts, the values of Ky ,4s (Min),
ge and Kz ags Were calculated and exhibited in Table 2. The
kinetic of adsorption was investigated at an initial
malachite green concentration of 20 mg/L, adsorbent
dosage of 500 mg/L, initial pH of 7.0 and a contact time
of 20 min. The correlation coefficient of the pseudo-
second order model was more than that of pseudo-first
order model for malachite green adsorption onto
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Table 2: Kinetic parameters for malachite green adsorption
onto Fe30a4/polystyrene-alginate nanocomposite.

/ Value

Type of kinetic model \

Pseudo-first order model

Qe (Mg g-) 28.84
Ky ads (Min-1) 0.102
R? 0.984

Pseudo-second order model

ge (Mg g-4) 34.12
K205 (9 mg-* min-t) 0.154
k R? 0.994 /
18
w4
ob
)
=*10
6
"o 100 200 300 400 50 600 700

Adsorbent dosage (mg L™ )

Fig. 8: The effect of adsorbent dosage on the adsorption
of malachite green through Fe3Os/polystyrene-alginate
nanocomposite.

FesOu/polystyrene-alginate nanocomposite (R? = 0.994).
The Kkinetics of the adsorption procedure may fit
the pseudo-first-order model if dye adsorption is
controlled via diffusion through a boundary layer.
However, the adsorption procedure usually involves
various mechanisms such as electrostatic and chemical
interactions between binding sites and pollutant ions.
So, the pseudo-second-order model provides the best fit
for the adsorption procedure by various adsorbents [43].

Effect of adsorbent dosage

Fig. 8 displays the influence of adsorbent dosage on the
amount of adsorbed malachite green. As shown in the
graph, for the removal of malachite green, the adsorbent
amount enhanced while the adsorption of pollutant
enhanced, reaching a plateau value after a certain value.
After this plateau value, the enhancement in the amount of
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adsorbent does not significantly influence the adsorption.
After this point, because of the fact that the adsorption
event was an equilibrium event, there was no significant
effect of enhancing the amount of adsorbent on the
pollutant removal. The enhancement in percent removal of
adsorbate ions with enhancement in the adsorbent dose
could be related to more availability of adsorption sites [44].
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
500 mg/L. No considerable enhancement in the adsorption
of malachite green with enhancing adsorbent dosage up to
a given value can be related to the change in the
concentration gradient of pollutant species between the
bulk solution and adsorbent [45]. Thus, an adsorbent
dosage of 500 mg/L can be chosen as selective value
for subsequent experiments.

Effect of dye concentration

The effect of various initial dye concentration values,
i.e., 20, 40, 60, 80, and 100 mg/L on the adsorption of malachite
green in an aqueous solution was examined (Fig. 9).
The results highlight that adsorbed malachite green slowed
down with the higher-concentration solutions of dye.
At a higher malachite green concentration, the surface of
the catalyst was rapidly saturated and the malachite green
adsorption intervened in the electron transfer procedure,
subsequently decreasing the catalytic performance.
Additionally, dye molecules and intermediates were
competing for limited surface-bound radicals and reactive
species on the catalyst surface under the higher
concentrations of malachite green, thus preventing
the overall decomposition efficiency of dye [46].

Effect of pH

Solution pH can play a significant role in the
adsorption procedure influencing on other parameters such
as adsorbent surface charge and ionization of functional
groups presenting on the active site of the adsorbent
surface [47]. The pH of aqueous solution is known
as an important control factor in the adsorption procedure,
because the bonding of cations to the surface groups
can be depended on the surface charge of the particles.
According to Fig. 10, adsorbed malachite green was
increased with increasing initial pH. At higher pH,
the adsorbent surface can be more negatively charged
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Fig. 9: The effect of initial dye concentration on the adsorption
of malachite green through FesOa/polystyrene-alginate
nanocomposite.

=3
o
=
N
o
—
=3

Fig. 10: Varying of adsorbed malachite green with initial pH.

(because of OH" ions) which enhances the electrostatic
scattering between the malachite green cations and the
adsorbent surface. At acidic pH, the number of H* ions
enhances in the media and competes with malachite green
as a cationic dye. This can decrease the adsorption of
pollutant. In fact, by increasing the pH from 3 to 7, the
competition between H* ions and cationic ions of dye
declines and cationic dye mainly occupies adsorbent sites.
Investigations have proven that at higher pH values,
malachite green discoloration enhances because of the
reaction of its double bonds with OH- [48]. Therefore,
experiments were conducted at optimum pH of 7 to avoid
the hydrolysis of dye.

Adsorption isotherm studies

Adsorption isotherms shows the amount of adsorbate
that is adsorbed per unit mass of adsorbent as a function of
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the equilibrium concentration of the adsorbate at constant
temperature (Wang et al., 2018). Various adsorption
isotherms, such as Langmuir and Freundlich have been
used to explain the equilibrium characteristics of
adsorption. In this study, the obtained experimental data
were fitted to these adsorption isotherms models in order
to verify which model present the best adjustment. The
adsorption phenomena occur because of the specific
properties of the solid surface that generally comes from
two sources [49]:

1) Discontinuity: Absorbent surface nature is
significantly different from the bulk properties of
absorbents. Actually, atoms on the surface are different
from bulk atoms.

2) Unsaturated: That means the solid surface is in
an unsaturated state. Thus, the surface molecules tend
to reach saturation.

Each of these adsorption isotherms are based on a set
of assumptions.

The Langmuir theory assumes that adsorption occurs
at special homogeneous sites on the surface of the
adsorbent and suggests the monolayer coverage of the
adsorption on the surface of the adsorbent [50].

The Langmuir isotherm model can be represented by
the equation (6).

1 _( 1 ) 1 + 1 )
e Klqm Ce dm

The Freundlich isotherm model assumes that
adsorption occurs at heterogeneous surface that is used to
describe a multi-layer absorption with interaction between

adsorbed molecules [51].
Freundlich theory is describe by the Equation (7):

1
Inq, = HlnCe + InKg 7

Where C. (mg/L) is the equilibrium concentration of
malachite green, ge (mg/g) is the amount of malachite
green 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. Ke [(mg/g)
(L/mg)*™ and n are the Freundlich constants showing
adsorption  capacity and intensity, respectively.
To investigate the equilibrium isotherm, in the first stage,
UV-Vis spectra obtained during malachite green
decolorization with Fe;O4/polystyrene-alginate nanocomposite
at the wvarious adsorption concentrations. In the
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Fig. 9: The effect of initial dye concentration on the adsorption of malachite green through Fe3Os/polystyrene-alginate

nanocomposite.

Table 3: Isotherm parameters for malachite green adsorption
onto FesOa/polystyrene-alginate nanocomposite.

/ Type of isotherm model Value \

Langmuir isotherm

m (Mg g-) 90.81
Ku (L mg-) 0.06
R 0.29-0. 625
R? 0.996

Freundlich isotherm

K (mg g-Y) 1.32
n 1.59
\ R? 0.972 j

second stage, by calculating concentrations, the values of
Langmuir and Freundlich parameters were estimated from
the slope and intercept of linear plots of 1/qe versus 1/C.
and In ge versus In C respectively, at 25 °C. Fig. 11 shows
the adsorption isotherms plots. From the slopes and
intercepts, the values of qm, K., n and Kr were calculated
and exhibited in Table 3.

It can be observed from Table 3 that the adsorption
procedure could be described via all models from
comparing the results of the correlation coefficient values.
However, careful observation may explain Langmuir
isotherm better than other. As can be observed in Table 1,
the obtained correlation coefficient for Langmuir isotherm
model was higher than that of other models, which shows
the suitability of Langmuir isotherm model for explaining
adsorption of malachite green onto FesO4/polystyrene-
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alginate nanocomposite. Based on Langmuir model, the
maximum adsorption capacity of FesO4/polystyrene-
alginate nanocomposite for the adsorption of malachite
green was found to be 90.81 mg/g. Essential features of
Langmuir isotherm model can be defined in term of
separation parameter, R, as below equation [52]:

1

R,=———
LT 14K G

(8)
Where C, (mg/L) is the initial pollutant concentration.

The values of R, arranged as R, =0, 0 <R_ <1 and
R. > 1 suggest that adsorption is irreversible, favorable and
unfavorable, respectively. Table 3 indicates that R values
are between 0.29 and 0.625, which implies the adsorption
of malachite green onto FesO4/polystyrene-alginate
nanocomposite is favorable.

Thermodynamic study

The thermodynamic investigation was performed by
varying the solution temperature between 25 and 40 °C
(298-313 K). The free energy change or Gibbs free energy
(AG® (kJ/mol), enthalpy change (AH?) (kJ/mol) and
entropy change (AS% (kJ/mol.K) for the adsorption of
malachite green were calculated through Egs. (9) and (10):

AG® = —RTInKj 9
K. = ASO AHO 10
nD_(R) (m) (10)

Where R, T (K) and Kp (ge/Ce) are the universal gas

constant, temperature and the distribution coefficient,
respectively [53]. To investigate the thermodynamic
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Table 4: The results of thermodynamic study for the adsorption
of malachite green onto Fe3Os/polystyrene-alginate
nanocomposite.

/~ Temperature (AG®) (AS°) (AH®)
(K) (kJ/mol) (kd/mol.K) (kd/mol)
298 -1.51 -0.034 -11.83
303 -1.36 -
308 -1.17 -
\_ 313 -0.99 - - )
0.65
0.6 4
0.55
R ae
0.5
M
& o045
04
035 4
0.0032 0.00324 '0.00328 0.00332 0.00336
1/T (/K)

Fig. 12: Thermodynamic profile for malachite green
adsorption onto FesOas/polystyrene-alginate nanocomposite.

of malachite green adsorption onto Fe3Oa/polystyrene-
alginate nanocomposite, thermodynamic constants such
as AG®°, AH® and AS° were estimated using Egs. (9) and
(10). From the slope (- AH%R) and intercept (AS°/R)
of the plot of In Kp versus 1/T, the AH® and AS°
of adsorption were calculated, respectively (Fig. 12). The
values of these parameters are summarized in Table 4.
Table 4 shows the negative AG®° values, implying the
spontaneous nature of the adsorption of malachite green
dye [54]. A negative AH° shows an exothermic
adsorption process for malachite green dye. The negative
value of AS? indicates the decrease in the degree of freedom
of adsorbed malachite green on the binding sites of the
nanocomposite at the solid—solution interface, indicating
a strong binding of dye ions onto the active sites [55].

CONCLUSIONS

FesOd/polystyrene-alginate  nanocomposite  was
successfully prepared and was employed as an efficient
catalyst for the adsorption of malachite green. The results
showed that Fe;Os/polystyrene-alginate nanocomposite
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is more effective in the comparison with Fe3O,4, and
FesOd/polystyrene  catalysts.  Scanning  electron
microscope analysis proved a homogeneous morphology
for prepared nanocomposite which achieved by alginate
acting as astabiliser for FesO4/polystyrene in the solution
state, which in turn avoids the nanoparticles from
aggregation. Adsorption is found to depend on contact
time, adsorbent dosage, dye Concentration, and pH.
The initial pH solution has a marked effect on the
malachite green adsorption performance. Kinetic data
revealed that the dynamic tendency of malachite green
adsorption could be described via pseudo-second-order
kinetic model. Equilibrium adsorption data were correlated
with Langmuir, and Freundlich adsorption isotherm
equations. Isotherm investigationes showed that
Langmuir model has well explained the equilibrium data
of malachite green. The maximum adsorption capacities
(gm) calculated with the Langmuir isotherm model was
90.81 mg/g. Thermodynamic studies demonsterated that
the  malachite  green dye  adsorption by
FesO4/polystyrene-alginate nanocomposite was
exothermic and spontaneous in nature. Because of the
results and advantages expressed, FeszO./polystyrene-
alginate nanocomposite, as one of the good absorbents
with high ability has been introduced to remove
malachite green dye from aqueous solutions.
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