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ABSTRACT

In this study, polyaniline/Fe;O, (PAni/Fe;O4) magnetic nanoparticles were synthesized and
used as an adsorbent for the removal of Reactive Red 198 (RR 198) from water. Scanning
electron microscope was used for determining morphology and size distribution of the pre-
pared nanoparticles. The size of magnetic nanoparticles Fe;O4 was characterized by Trans-
mission Electron Microscope. The formation of magnetic nanoparticles Fe;O4, was
confirmed through X-ray Diffraction Technique. The chemical structures of the products
were investigated with Fourier transform infrared spectroscopy. Effective parameters on the
removal of RR 198 such as pH, dosage, and time were investigated and optimized. At the
optimum situations the pH, dosage, and time were 5, 0.8 g 1", and 90 min, respectively. For
determining the type of adsorption isotherm, Temkin, Langmuir, and Freundlich adsorption
isotherms were used. The results revealed that Langmuir isotherm adequately met the
experimental requirements. According to the Langmuir model, PAni/Fe;O, magnetic
nanoparticles sorbents exhibited the highest RR 198dye adsorption capacity of
45.454 mg g~ Kinetic analyses were conducted using pseudo-first and second-order models
and the regression results showed that the adsorption kinetics was more accurately
represented by the pseudo-second-order model. Thermodynamic parameters such as
changes in Gibbs free energy (AG®), enthalpy (AH"), and entropy (AS°) were calculated. The
negative values of AG° and the positive value of AH® (257.068KJ/mol) and AS®
(104.590 J/mol K) show that the RR 198 adsorption on PAni/Fe;O, magnetic nanoparticles
was a spontaneous and endothermic process.
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Thermodynamic study
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1. Introduction

The pollution of natural waters induced by dyes and
some noxious elements has recently been an important
challenge for scientists in general [1]. These venomous
and harmful materials are the cause of many serious
problems in human and animals’ body and plant tis-
sues. In this case, the role of industrial factories and
their chemical waste water is highlighted [2,3]. For
instance, the effluence discharged from textile dyeing
mills into the natural waters makes them inappropriate
for public consumption [4]. Waste water from dyeing
units in a textile plant often consists of highly concen-
trated dyes [5]. Dyes are used in various industries such
as textiles, dyestuffs, cosmetics, paper, etc. [2,3]. Among
all forms of dyes, azoic dyes which are complex aro-
matic structures resist highly to biodegradation [6].
Reactive red 198 is a water-soluble azo dye which is dif-
ficult to be removed from wastewater. There are several
methods for removing dyes and other color contami-
nants: aerobic/anaerobic biological degradation, chemi-
cal coagulation, membrane filtration, flocculation,
photochemical degradation, and chemical oxidation.
These methods are not economical and none of them
are able to totally remove dyes from waste water
[7-10]. Among these methods, adsorption has now
become popular because of its easy operations and low
running costs [11,12]. Several adsorbents have been
developed for the purification of wastewater including
nano-scale zero valent iron, multi-walled carbon
nanotube, micro crystalline naphthalene, SDS-coated
Alumina, polyurethane foam, activated carbon, and
conductive electroactive polymers such as polypyrrole
and PAni [13-16]. PAni, as one of the most potentially
useful conducting polymers, has recently received con-
siderable attention, because of the low cost of its mono-
mer [17-19]. PAni is a poly aromatic amine that can be
easily synthesized chemically from Bronsted acidic
aqueous solutions [17,19-22]. Chemical polymerization
of aniline in aqueous acidic solutions can be performed
using oxidizing agents such as KIO;. Nanomaterials
represent remarkable advantages due to their unique
properties. In recent years, using magnetic nanoparticles
in many fields, such as in protein separation [23-25],
removal of metal ions and dyes [26-28], biotechnology,
and biomedicine has had many pros because of their
unique properties including the large surface area, small
diffusion resistance [29-34], and easy separation of sor-
bent from sample solution by an external magnetic field
[35]. In this study, PAni was synthesized directly on the
surface of chemical route of Fe;O, with magnetic
nanoparticles at room temperature. Fe;Os Magnetic
nanoparticles coated with PAni was used as an adsor-
bent to remove RR 198 from aqueous solutions.
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2. Method
2.1. Materials

All chemicals used in this study were analytical
reagents grade and prepared in distilled water. Ani-
line was obtained from Merck and distilled before use.
As shown in Fig. 1, PAni contains reduced (benzenoid
diamine) and (1-y) oxidized repeat groups (quinoid
diamine) and n is the degree of polymerization. Hex-
adecylTrimethyl Ammonium Bromide (CTAB), ferrous
chloride (FeCl,-4H,0), ferric chloride (FeCl;-6H50),
acetone, sulfuric acid, hydrochloric acid, and sodium
hydroxide were used without further purification pro-
cesses. Reactive red 198 (Reactive red RB),an anionic
dye, was purchased from Dystar (see Fig. 2 and
Table 1), and was used as received without further
purification. A stock solution of Reactive red RB
(1,000 mg L") was prepared and suitably diluted to
the required initial concentration. This dye shows an
intense absorption peak in the visible region at 515 nm
(Fig. 3). This wavelength corresponds to the maximum
absorption peak of the RR 198 (4nax = 515). Calibration
curve of absorbance against Reactive red RB concen-
tration was obtained using standard Reactive red RB
solutions at pH 5. The calibration curve shows that
Beer’s law (A = ¢bc) is obeyed in concentration range
(0.01-100 mg L™"). The experimental data reported in
Fig. 4 were fitted by a straight line with a high regres-
sion coefficient value (+* = 0.999). The pH adjustments
were carried out using diluted NaOH (1.0 mol L™)
and HCI (1.0 mol L™") solutions. A UV-vis spectropho-
tometer (Jenway model 6505) with a 1cm cell was
used to measure absorption data. pH measurements
were made with a Metrohm model 744 pH meter with
a combined pH glass electrode calibrated against two
standard buffer solutions at pH 4.0 and 7.0. The sur-
face morphology of the powders was observed by the
scanning electronic microscope (SEM, LEO 440i, Leo
Electron Microscopy, Cambridge, England). The size
of magnetic nanoparticles Fe;O, was characterized by
Transmission Electron Microscopy (TEM, Hitachi,
HF2000, Hitachi High-Technologies Europe GmbH,
Krefeld, Germany). The products of chemical struc-
tures were investigated with Fourier transform

{OA-OY OO

Fig. 1. Structure of PAni in various oxidation states.
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Fig. 2. Chemical structure of RR 198.
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infrared spectroscope (FTIR Shimadzu model 4100,
Japan). Fe;O, magnetic nanoparticles (MNPs) were
examined by X-ray diffraction (XRD, Japan Jeol
JDX-8030 operated at 30 kV and 20 mA). An electronic
analytical balance (cp 153 sartorius) was used for
weighing the solid materials. Other instruments were
hand-made stirrer, magnet (with 1.4 T magnetic
strength) and an ultrasonic bath EUROSONIC4D.

2.2. Preparation of nanosize Fes0y

Fe;0, MNPs were prepared through chemical co-
precipitation method. First, to prepare a stock solution
of ferrous and ferric ions, 52 g FeCl;-6H,O, 20¢g
FeCl,-4H,O and 0.85 mL HCI (12 mol L) were dis-
solved in 25 mL distilled water in a beaker which was
degassed with nitrogen gas for 20 min before use. On
the other hand, 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
stock solution using a dropping funnel during 30 min
under nitrogen gas protection and was stirred by a
hand-made stirrer. During the whole process, the solu-
tion temperature remained at 80°C and nitrogen gas
was used to prevent the intrusion of oxygen. After the
reaction, the obtained Fe;O, MNPs were separated
from the reaction medium by magnetic field (with 1.4
T magnetic strength), and rinsed with 250 mL distilled
water and then, the product was oven dried at 90°C.

2.3. Preparation of PAni/Fe;04 nano composite

One gram of KIO; was added to 100 mL sulfuric
acid (1 M) and then a uniform solution was resulted
using magnetic mixer. After 10 min, 1 g MNPs and
0.2g CTAB were added to the solution and after
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Fig. 3. Vis spectrum obtained for RR 198 in distilled water.

Sorption

0 L Il L L Il
0 20 40 60 80 100 120

Concentration (mg L)

Fig. 4. Calibration curve of absorbance against concentra-
tion of RR 198.

20 min, 1 mL fresh distilled aniline monomer was
added to the stirred solution. The reaction was carried
out for 5h at room temperature. PAni/Fe;O, nano
composite 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.

Table 1

Characteristics of RR 198

Name CAS number C.I. number Formula Molecular weight Amax
Reactive red 198 145,017-98-7 18,221 Cy7H;5CIN;Na 04555 968.21 g/mol 515
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2.4. Adsorption of RR 198

Adsorption studies were performed by adding
0.07 g nano composite to the 100 mL of RR 198 solu-
tion (20 mg L") in a beaker. The pH value of the RR
198 solution was adjusted to 5 using HCI0.1 M and
NaOHO0.1 M and the solution was shaken by a
mechanical stirrer for 90 min. Subsequently, the mag-
netic adsorbent was isolated easily and quickly by
magnetic field and the aqueous solution was cen-
trifuged at 4,000 rpm for 20 min. The concentration of
RR 198 in the solution was measured spectrophoto-
metrically at 515 nm.

3. Result and discussion
3.1. Surface morphology

A scanning electron microscopy (SEM) image of
MNPs-Fe;O4 before and after coating with PAni is
illustrated in Fig. 5(a) and (b), respectively. The coat-
ing with the polymer produced by the surface poly-
merization is clearly visible. The coating of MNPs has
been found to be uniform by visual inspection.

3.2. Structural characterization

The TEM image showed that most of the MNPs
were less than 50 nm in diameter, as indicated in
Fig. 6. The identity and purity of the MNPs-Fe;O,
were verified by XRD (Fig. 7) [36,37].

The structure of the obtained product was deter-
mined by FTIR spectrum. The FTIR spectroscopy pro-
vided important information regarding the formation
of PAni/Fe;O4 nano composite. FTIR analysis was
done to identify the characteristic peaks of the prod-
uct. FTIR spectra for PAni, Fe;04 MNPs, and PAni/
Fe;0, nano composite are shown in Fig. 8(a), (b) and
(c), respectively. As can be seen, PAni shows the pres-
ence of the characteristic absorption bands at
1,559.18 cm™! (C=C stretching vibration of the quinoid
ring), 1,486 cm™' (stretching vibration of C=C of the
benzenoid ring), 1,304 cm™' (C-N stretching vibration),
1,130 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 Fe;0, appeared at
584.3 cm ™' [38].

3.3. Effect of pH

The pH value of the aqueous solution is an impor-
tant controlling parameter in the adsorption process.
These pH values influence the surface charge of
adsorbent during adsorption. In order to assess the
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Fig. 5. (a) SEM image of Fe;O4 nanoparticles before coating
with PAni and (b) SEM image of Fe;O4 nanoparticles after
coating with PAni.

Fig. 6. TEM image of Fe;O4 nanoparticles.
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Fig. 7. XRD pattern of Fe;0, nanoparticles.

influence of this parameter on the adsorption, the
experiments were carried out at different initial pH
ranging from 2 to 12. The experiment was performed
on PAni and PAni/Fe;O, nano composite with an ini-
tial concentration of 20 mg/L at room temperature
with contact time of 90 min. The results are shown in
Fig. 9. Removal of RR 198 increased with decreasing
pH and a maximum value was reached at an equilib-
rium pH of around 5 (see Fig. 9). This happened
because in acidic environments, the amino groups of
Polymer PAni (-NH,) are protonated in the presence
of the released H* Protons in the environment; there-
fore, the adsorption of RR 198, which has a negative
charge, increases. With protonation of the adsorption
surface, the tendency of RR198 to the adsorption sur-
face increases. In comparison with the adsorption of
PAni, PAni composite adsorbs more dye because of
the tiny size of the magnetic nanoparticles of iron
oxide (about 50 nm). With the placement of polymer
nanoparticles of PAni on the composite, more amino
groups of PAni were available. Thus, more dye was
adsorbed on the composite.

3.4. Influence of sorbent dosage

The removal percentage of RR 198 was measured by
varying the adsorbent (PAni and PAni/Fe;O,) dose
between 0.01 and 0.1 g at dye concentration of 20 mg/L.
The results are presented in Fig. 10. On increasing the
adsorbent dose to 0.08 g, the amount of dye sorption
increased as the adsorbing sites on the adsorbents
increased. However, the increase in the adsorbent dose
to more than 0.08g did not cause any increase in
sorption, so the amount of sorption remained constant
because of the accumulation of the adsorbents. In com-
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Fig. 8. (a) FTIR spectra of PAni, (b) FTIR spectra of
MNPs-Fe;O4 and (c) FTIR spectra of PAni/Fe;O, nano
composite.

parison with the adsorption of PAni, PAni composite
adsorbs more dye because of the tiny size of the mag-
netic nanoparticles of iron oxide (about 50 nm). With the
placement of polymer nanoparticles of PAni on the com-
posite, more amino groups of PAni were available, so
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Fig. 9. Effect of pH on the removal efficiency with: PAni/
Fe;O4 and PAni (the initial concentration, contact time, vol-
ume of solution and amount of adsorbent was 20 mg/L,
90 min, 100 mL and 0.07 g, respectively).
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Fig. 10. Effect of adsorbent dosage on the removal
efficiency with: PAni/Fe;O, and PAni (the initial concen-
tration, pH, contact time and volume of solution was
20 mg/L, 5, 90 min and 100 mL, respectively).

more dye was adsorbed on the composite. This finding
was also obtained through investigating the effect of pH.
The RR 198 removal efficiency increases up to an
optimum dosage beyond which the removal efficiency
does not change significantly. This result was antici-
pated because for a fixed initial solute concentration,
increasing adsorbent doses provides greater surface
area and more adsorption sites, whereas the adsorbed
RR 198 quantity per unit weight of the sorbent
decreased by increasing the magnetic beads quantity.
At the very low adsorbent concentration, the absor-
bent surfaces became saturated with the dye and the
residual dye concentration in the solution was high.
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3.5. Effect of contact time and temperature

Fig. 11 shows the effect of contact time and tem-
perature on sorption of RR 198 by PAni/Fe;O;. In this
regard, initial dye concentration of 70 mg/L, pH of 5,
and PAni/Fe;O4 dose of 0.1 g in 100 mL were used.
The mixture was agitated in a mechanical shaker for
different periods of contact time (5-180 min) and dif-
ferent temperatures) 25, 35, and 45°C). The obtained
results are summarized in Fig. 11. These results
revealed that the adsorption of RR 198 was fast at first
(until 60 min) and the equilibrium was achieved after
90 min of contact time. Taking into account these
results, a contact time of 90 min was chosen for fur-
ther experiments and it was also observed that the
removal efficiency increases with the increase in solu-
tion temperature because the dye molecules mobility
increases with increasing temperature. Therefore, a
number of molecules obtain enough energy to
undergo an increasing interaction with active sites at
sorbent surface. These findings reveal that RR 198
adsorption on PAni composite is endothermic.

3.6. Adsorption isotherms

Appropriate correlations in the equilibrium data
have fundamental importance in the design of an
adsorption system for removing dyes. In the present
study, three isotherm models have been tested for
treatments of the equilibrium adsorption data.

3.6.1. Langmuir isotherm model

Langmuir theory was based on the assumption
that the uptake of adsorbate occurs on a homogeneous

50
n
40 L
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2
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Fig. 11. Effect of contact time and temperature on the
removal efficiency with: PAni/Fe;O, (the initial concentra-
tion, pH, volume of solution and amount of adsorbent was
70 mg/L, 5, 100 mL, and 0.1 g, respectively).
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surface by monolayer adsorption and adsorption
energy is constant in this model. The theory can be
represented by the following equations:

Jm ke Ce
4=11kC. M
where g, is the quantity of dye adsorbed (mg/g) at
equilibrium, C,. is the equilibrium dye concentrations
in residual dyeing bath (mg/L), and ki, (L/mg) and
gm (mg/g) are the Langmuir constants.

Table 2 shows that the Langmuir isotherm model
could be linearized to at least four different types [39].
The Langmuir constants k;, and g, values can be cal-
culated from the plot between C./ge vs. Ce, 1/ge Vs.
1/Ce, ge Vs. ge/Ce, and q./Ce Vvs. ge for type 1, type 2,
type 3, and type 4 Langmuir isotherms, respectively.

Table 3 shows the predicted isotherm constants (kg
and g,,) and the corresponding R* values. The iso-
therm parameters obtained from the four linearized
Langmuir isotherms were different. Type 1 Langmuir
isotherm (Fig. 12) was found to be the best fitting lin-
earized Langmuir expression with coefficient of deter-
mination of approximately 1. Therefore, the results
were taken from Langmuir equation type 1. Correla-
tion coefficients are near to 1 which means that experi-
mental data fitted in this model well.

Essential characteristics of the Langmuir-type
adsorption process can be classified by a term “R;,” a
dimensionless constant separation factor. The Ry, value
indicates the favorability and the shape of the iso-
therms as follows:

1

Rp=——
L"15K G

2

Ry is a dimensionless constant separation factor, C, is
the initial concentration of dye solution (mg/L), and
ki, is the Langmuir constant (L/mg), the parameter Ry,
indicates the shape of the isotherm accordingly. Table 3
depicts the values of R;. The magnitude of the expo-
nent R; gives an indication of the favorability of
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adsorption. According to Table 4, Values of 0 < R < 1
represent favorable adsorption conditions.

3.6.2. Freundlich isotherm model

The Freundlich isotherm model equation deals
with physicochemical adsorption on heterogeneous
surface at sites with different energy of adsorption
and with non-identical adsorption sites that are not
always available [40]. Mathematically, it is character-
ized by the heterogeneity factor “1/n":

e = ke C/" 3)

where K is the Freundlich constant and n is the
heterogeneity factor. The Kp value is related to
the adsorption capacity, while 1/n value is related to
the adsorption intensity. Freundlich model can be
represented by the linear form as follows:

Inge=Inks + 1/nIn C, 4)

Therefore, Kg and 1/n can be determined from the lin-
ear plot of In g. against In C.. The K and n values are
listed in Table 5. Correlation coefficient is below 0.95
suggesting that experimental data is not fitted to this
model. The value of correlation coefficient is lower
than the other three isotherms values. The Freundlich
isotherm (Fig. 13) represents the poorer fit of experi-
mental data than the other isotherms.

3.6.3. Temkin isotherm model

Temkin isotherm is based on the assumption that
the decrease in the heat of adsorption of all the mole-
cules in layer is linear and the adsorption is character-
ized by a uniform distribution of binding energies.
Temkin model can be represented by the linear form
as follows:

ln(Ce) + K 1H(K2)E]e =Kj 5)

Table 2

Langmuir isotherm and its linear forms

Langmuir isotherm Linear form Plot

Type 1 % = iCe + @ Ce/ge vs. Ce
ki Ce

Type 2 9. =1 c ql =5 q}“ o + kqum 1/ge vs. 1/Ce

Type 3 Il — R Ge V8. 4o/ Ce

Type 4 g—i =kiq,, — kg, ge/Ce VS. e
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Table 3
Calculated Langmuir isotherm parameters by different linear method
Langmuir adsorption isotherm Type 1 Type 2 Type 3 Type 4
Gm 45.454 52.631 48.57 50.240
Ky, 0.128 0.070 0.083 0.075
R? 0.995 0.974 0.904 0.904
Ry 0.072 0.125 0.107 0.117
1.8 In C, (see Fig. 14). The K; and K, values are listed in
16 §=00226x + 0.1714 Table 5. Correllatlon coeff1c1.ent is l?elow 0.95. suggest-
R2=0.9955 ing that experimental data is not fitted to this model.
L4r The fitting of the data, obtained from the sorption of
12t RR 198 on PAni/Fe3Oy, to the three isotherm models
- showed that the linearity of the Langmuir isotherm
g type 1 model (* = 0.9955) was higher than that of the
Vost other isotherm models (Table 5).
0.6 It shows that the sorption of RR 198 on PAni com-
i posite was one layered and took place in specific spots
' of homogeneous protonated amino groups on the
0.2 ¢ sorption surface of the Polymer PAni in the acidic
0 . . . . . . environments.

0 10 20 30 40 50 60 70

Fig. 12. Removal of dye RR198 with: PAni/Fe;O; (the initial
concentration, pH, volume of solution and amount of adsor-
bent was 70 mg/L, 5, 100 mL, and 0.1 g, respectively), Type
1 Langmuir isotherm.

Table 4
Values of separation factor Ry,

Value of Ry, Type of isotherm
Ry >1 Unfavorable

Ry =1 Linier

Ry =0 Irreversible
O0<Ry<1 Favorable

where K; is the equilibrium binding constant, corre-
sponding to the maximum binding energy, and con-
stant K; is related to the heat of adsorption. K; and K,
can be determined from the linear plot of In g. against

Table 5
Calculated different isotherm parameters by linear method

3.7. Adsorption mechanism

By considering the adsorption of RR 198 onto the
surface of PAni/Fe;O,4, different mechanisms may be
involved such as ionic attraction between anionic sul-
fonate group(s) of dissolved dye molecules and the
cationic amino groups of protonated PAni/Fe;O4. The
possible mechanisms of the adsorption process of
PAni/Fe;O4 and RR 198 is discussed: In aqueous
solution, the RR 198 is first dissolved and the sulpho-
nate groups of RR 198 (D-50O3;Na) is dissociated and
converted to anionic dye ions.

Dye — SOgNaH—Z(>)Dye —S0; + Na*

Also, in the presence of H*, the amino groups of PAni
(-NH,) are protonated.

PAni — NH, + H" — PAni — NHj

Langmuir isotherm model

Freundlich isotherm model

Temkin isotherm model

Im Ky, RL R? Ky

n R? K K, R?

45.454 0.128 0.072 0.995 10.350

2915 0.893 10.12 1.043 0.923
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4
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y=0343x +2.3379
25t R*=0.8933
: 2t
i
L5F
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0 ] ]
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LnC,

Fig. 13. Removal of dye RR198 with: PAni/Fe;O, (the ini-
tial concentration, pH, volume of solution and amount of
adsorbent was 70 mg/L, 5, 100 mL, and 0.1 g, respectively),
Freundlich isotherm.

40 y =10.126x - 0.4437
35 R*=0.9231

qe

Fig. 14. Removal of dye RR198 with: PAni/Fe;O, (the ini-
tial concentration, pH, volume of solution and amount of
adsorbent was 70 mg/L, 5, 100 mL, and 0.1 g, respectively),
Temkin isotherm.

The adsorption process then proceeds due to the elec-
trostatic attraction between these two counter ions:

PAni — NH; + Dye — SO; — PAni — NH; ;OS
— Dye

3.8. Kinetics of adsorption

In this section, for the purpose of investigating the
kinetics of the process of RR 198 adsorption on PAni
composite, two kinetic models of pseudo-first-order
and pseudo-second-order were used.
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3.8.1. Pseudo-first-order

A simple kinetic analysis of adsorption is the
Lagergren equation, a pseudo-first-order equation
describes the kinetics of the adsorption process as
follows Eq. (6) [41]:

d
=k~ ) ©)

where k; is the rate constant of pseudo-first-order
adsorption (s™'), and g. and g, are the amount of dye
adsorbed on PAni/Fe;O, (mg/g) at equilibrium and
at time t, respectively. After definite integration by
applying the initial conditions g, =0 at t =0 and gq; = g;
at t =t, Eq. (7) becomes:

In(ge —q;) =Inge —ky t @

Linear plot feature of In(g. — ;) against ¢ (Fig. 15) for
adsorption of RR 198 on PAni/Fe;O, were achieved
and the k; and g. values calculated from slope and
intercept of this line were summarized in Table 6.

3.8.2. Pseudo-second-order

The pseudo-second-order rate expression is based
on adsorption equilibrium capacity and can be
expressed (8) and presented linearly by the following
Eq. 9) [41]:

d
% = ka(ge — q1)° ®)

33

3_

251

Ln (q.-q0)

y=-0031x+3.179
L R2=0.9881

0 5 100 15 20 25 30 35 40 45 50
Time (min)

Fig. 15. Removal of dye RR198 with: PAni/Fe;O, (the ini-
tial concentration, pH, volume of solution and amount of
adsorbent was 70 mg/L, 5, 100 mL, and 0.1 g, respectively),
pseudo-first-order.
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Table 6
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Values of the pseudo-first-order and pseudo-second-order models for adsorption of RR 198 on PAni/Fe;O4

Pseudo-first-order

Pseudo-second-order

Ge,exp (MZ/8) K; (min™") ge (mg/g) R? K, (min™") ge (mg/g) R?
45.454 0.031 24.022 0.988 0.002 43.478 0.999
5 35
45t y=0.0238x+0.2178
, 1l
25} \
2l y=-30.922x + 12.585
Cl R*=0.9937
2
15+
I b
051
0 L L L L ' L L L L 0 1 1 L 1 L
0 20 40 60 80 100 120 140 160 180 200 0.31 0.315 0.32 0.325 0.33 0.335 0.34
Time (min) 1T *100

Fig. 16. Removal of dye RR198 with: PAni/Fe;O, (the ini-
tial concentration, pH, volume of solution and amount of
adsorbent was 70 mg/L, 5, 100 mL, and 0.1 g, respectively),
pseudo-second-order.

t 1 1
%_7kzq§+it )

In Eq. (8), k, is the rate constant of pseudo-second-
order adsorption (g/mgmin), g. and g, are the
amount of dye adsorbed on PAni/Fe;O, (mg/g) at
equilibrium and at time ¢, respectively. Linear plot fea-
ture of (t/q;) against t (Fig. 16) for adsorption of RR
198 on PAni/Fe;O, were achieved and the k; and g,
values calculated from slope and intercept of this line
were summarized in Table 6.

The correlation coefficient (R?) for both of kinetics
models are shown in Table 6. The correlation coeffi-
cient of pseudo-second-order is better and higher than
pseudo-first-order. Therefore, it can be concluded that
the adsorption kinetic of RR 198 on PAni/Fe;O, fitted
by pseudo-second-order.

Fig. 17. Removal of dye RR198 with: PAni/Fe;O4 (the ini-
tial concentration, pH, volume of solution and amount of
adsorbent was 70 mg/L, 5, 100 mL, and 0.1 g, respectively),
Van’t Hoff Regression.

3.9. Gibbs free energy, enthalpy, and entropy

The Gibbs free energy changes (AG") were deter-
mined using following Eq. (10):

—AG°=RT Ink (10)
where R is the gas constant, T is the absolute tempera-
ture (K), and K is the partition ratio. The values of
partition ratio (K) and Gibbs free energy change (AG°)
are presented in Table 7. The negative Values of Gibbs
free energy change (AG®) confirm that the adsorption
of RR 198 onto PAni/Fe;O, is spontaneous and
thermodynamically favorable. The more negative val-
ues of AG® imply that the greater driving force is
required for the adsorption process. As the tempera-
ture increases, the AG® values decrease, indicating less

Table 7

Thermodynamic Parameters (AH®, AG®, AS°) for the Adsorption of RR 198 on PAni/Fe;O,

Temperature (°C) K AG” (kj/mol) AH" (kJ/mol) AS® (J/mol K) R?
25 8.974 —5.436 257.068 104.590 0.993
35 13.139 —6.595

45 17.218 —-7.524
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Table 8
A comparison between the results of the present work and some reported results in literature
Sorption
capacity
Sorbent material Dye (mgg™) Isotherm model Refs.
Maize Tassel Powder Reactive Red 198  16.95 Langmuir and Freundlich [43]
Activated carbon Reactive Black 5 14.08 Freundlich [44]
made of walnut wood
Agricultural waste Reactive bluel9 12.534 Langmuir [45]
Azollafiliculoides Reactive Acid 7.1 Langmuir [46]
biomass Bluel5
Bagasse Reactive blue 4 13.2 Langmuir [47]
Chitosan microspheres Reactive Black 5 289 +2.8 Langmuir [48]
Wood-shaving bottom ash treated Reactive Red 141  24.3 Freundlich [49]
with water
(WBA/H0)
Wood-shaving bottom Reactive Red 141  29.9 Freundlich [49]
ash treated with 0.1 N H,SO,
(WBA /H,SO,)
Activated carbon Reactive Red 141 415 Freundlich [49]
Cotton plant wastes—stalk (CS) Remazol Black B 35.7 Langmuir, Redlich-Peterson and [50]
reactive Langmuir-Freundlich
PAni/Fe;0O4 magnetic Reactive red 198 45.454 Langmuir This
nanoparticles work

driving force and hence resulting in lesser adsorption
capacity at higher temperatures.

Standard enthalpy (AH®) and entropy (AS°) were
determined from the Van't Hoff equation [42]:

AS®  AH®

1:
nk=R "RT

(11)

AH® and AS° were obtained from the slope and inter-
cept of the plot of Ink against 1/T, as shown in
Fig. 17. The values of AH" and AS° are listed in Table 7.
The value of AH® is positive, indicating that the
adsorption process is endothermic in nature.

4. Conclusion

PAni/Fe;0O4 magnetic nanoparticle is an effective
adsorbent for the removal of Reactive Red 198 dye from
water. The maximum removal was observed at a sor-
bent dose of 0.08 g, contact time of 90 min and pH 5.
The equilibrium adsorption was best fitted with the
Langmuir isotherm. The maximum dye adsorption
capacity of PAni/Fe;O4 nano composite obtained from
the Langmuir model at 25°C was 45454mgg .
Adsorption kinetics revealed that Reactive Red 198 is
well described by a pseudo-second-order model. Based
on the results obtained from thermodynamic parame-
ters such as enthalpy change (AH®), entropy change

(AS°), and changes in the Gibbs free energy (AG”), it
was revealed that the adsorption process was endother-
mic, feasible and spontaneous. A comparison between
the results of the present work and some reported
results in the literature is represented in Table 8.

List of symbols

Cy — initial dye concentration (mg/1)

Ce — equilibrium liquid phase concentration of dye
solutions (mg/1)

K; — constant related to the heat of adsorption

K, — equilibrium binding constant

Ky — Freundlich isotherm constant (mg/g)

K. ~— Langmuir isotherm constant (I/mg)

L — liter

n — heterogeneity factor

ge — amount of dye per gram of sorbent at
equilibrium (mg/g)

gm — Langmuir isotherm constant (mg/g)

qr — amount of dye adsorbed per gram of sorbent at
any time (mg/g)

R — gas constant (8.314 ] mol/K)

Ry — dimensionless constant separation factor

R*> — correlation coefficient

t — time (min)

T — solution temperature (‘C, K)

AG® — standard free energy change (kJ/mol)

AH® — enthalpy change (kJ/mol)

AS® — entropy change (kJ/mol)
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