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Abstract

Background: Phosphorus is an indispensable element for the growth of animals and plants. There are
several environmental problems related to phosphate; therefore, the technical and economic methods
of removing phosphate are of great importance. This study evaluated the efficiency of polyaniline/
Ni,,Zn, Fe,O, magnetic nanocomposite in removing phosphate from aqueous environments.
Methods: The adsorbent was characterized by several methods, including X-ray diffraction (XRD),
scanning electron microscopy (SEM), vibrating sample magnetometer (VSM), and Fourier transform
infrared (FT-IR) spectroscopy. Then, the potential of the adsorbentto adsorb phosphate was investigated.
The effects of the parameters of contact time (5-60 minutes), pH (3-9), adsorbent dosage (0.05-0.6 g),
and initial phosphate concentration (2-100 mg/L) on the phosphate removal yield were studied. All
phosphate ion concentrations were measured using the ammonium molybdate spectrophotometric
method.

Results: The results showed that a time of 30 minutes, pH of 5, and adsorbent dose of 0.4 g were the
optimum conditions for phosphate removal through adsorption. Increasing the initial concentration of
phosphate from 2 to 100 mg/L decreased the removal efficiency from 90.3% to 32%. The experimental
data was fitted well with the Freundlich isotherm model (R? = 0.997).

Conclusion: Polyaniline/Ni ,Zn Fe O, magnetic nanocomposite removes phosphate from aqueous
solutions with a simple and environmentally benign procedure. The maximum adsorption capacity
based on Langmuir isotherm (R* = 0.931) is 85.4 mg/g. This magnetic nanocomposite is applicable in
managing water resource pollution caused by phosphate ions.
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Introduction have attracted the attention of many researchers. Often,

Adsorption has been established as an important
and economically practical treatment technology for
removing phosphate ions from water and wastewater.
Activated carbon is the most common adsorbent used
for this purpose. Despite the abundance of applications
for activated carbon, its uses are sometimes limited by its
high cost and loss during reformation (1-4). Therefore,
researchers are seeking new low-cost substitute adsorbents
for water pollution control, especially where cost plays an
important role. Many efforts have been made to develop
other adsorbents that are effective and inexpensive. They
can be produced from a wide variety of raw materials which
are abundant and have high carbon and low inorganic
content. Because of the low cost and high accessibility
of these materials it is not essential to have complex
regeneration processes; inexpensive adsorption methods

the adsorption capabilities of such adsorbents are not
great; therefore, studies of more and more new adsorbents
are still being developed. Some inexpensive adsorbents
used to remove phosphate ions have been studied, such
as fly ash (5), red mud (6), aluminum hydroxide (7), iron
oxide (8), zirconium oxide (9), manganese dioxide (10),
modified clinoptilolite (11) and horizontal roughing
filters (12).

In recent years, economic problems have encouraged the
creation of inexpensive, efficient alternative methods of
wastewater treatment. Use of magnetic adsorbents is one
of the most efficient, technical, and economic methods
of treating wastewater. These adsorbents have magnetic
properties and, by using an external magnetic field, can be
easily separated from solutions. In magnetic separation,
the usual high costs of separation, e.g., centrifugation
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and filtration, are not incurred (13). Extensive research
has been done into the magnetization of materials such
as chitosan (14), silica (15), polymer (16), and activated
carbon (17) for water contaminant removal. The use of this
property in nanoparticles is remarkable because of their
high specific surface area and adsorption capacities (18).
Nickel-zinc ferrites have drawn noticeable consideration
from researchers because of their remarkable magnetic
properties, large permeability, and very high electrical
resistivity (19). They have an extensive list of potential
applications in such areas as high-density information
storage devices, microwave devices, transformer cores,
magnetic fluids (20), etc. This study investigated the
capability of Ni . Zn .Fe O, magnetic nanoparticles that
were surface-modified with polyaniline (PANI) and
used a polyaromatic amine as an effective adsorbent for
removing phosphate from aqueous solutions (Figure
1). PANI, a familiar conducting polymer, is one of the
most conceivably useful conducting polymers. It has
received significant consideration by many researchers
(21-23). PANI may be readily synthesized chemically or
electrochemically from acidic aqueous solutions (24,25).
The chemical structure of PANI is shown in Figure 2.

Methods

Materials

Anhydrous potassium dihydrogen orthophosphate
(KH,PO,) was purchased from Merck. A 1000 ppm stock
solution of the KH,PO, was provided in deionized water.
All solutions used in this study were made by consecutive
diluting with double distilled water. All chemicals
[Fe(NO,),9H,0, Zn(NO,),6H,0 and Ni(NO,) .6H,0,
NaOH and HNO,] were of analytical grade and obtained
from Sigma-Aldrich. X-ray diffraction analysis (XRD)
was carried out using a PAN analytical X’Pert Pro X-ray
diffractometer. Surface morphology and particle size
were investigated with a Hitachi S-4800 scanning electron
microscopy (SEM) instrument. Infrared (IR) spectra of the
samples were obtained with a Bruker model 470 Fourier
transform infrared (FT-IR) spectrometer. Concentrations
of phosphate ion solutions were analyzed using the
ammonium molybdate spectrophotometric method.

Synthesis of Ni ,Zn .Fe O,/PANI
Ni, Zn  Fe O, nanoparticles were initially prepared using
stoichiometric ratios of metal nitrates and freshly extracted

Fe(NO3)3.9H,0 +
Zn(NO3),.6H,0 +
Ni(NO3),.6H,0 + ——»
egg white + H,O

@ =PANI

@ = Phosphate anions

Nij sZn, sFe,0,

Aniline

Ammonium peroxydisulfate

egg-white (26). The metal nitrates [Fe(NO,),.9H,0,
Zn(NO,),.6H,0 and Ni(NO,),.6H,0] were dissolved
together in a minimum amount of double-distilled water
to obtain a clear solution. Sixty milliliters of extracted
egg-white was dissolved in 40 mL of double-distilled
water by vigorous stirring and was added to the nitrate
mixture at ambient temperature. After constant stirring
for 30 minutes, the resultant sol-gel was evaporated at 353
K until dry precursor was obtained. The dried precursors
were ground and calcined in a muffle furnace at 823 K
for 2 hours. The PANI-Ni .Zn Fe O, composite was
prepared by precipitating PANI on the surface of pre-
synthesized Ni,.Zn Fe O, nanoparticles. In this method,
50 mL of freshly prepared reaction mixture (0.1 M aniline,
0.125 M ammonium peroxydisulfate in 0.5 M nitric acid)
was added to 1.6 g of Ni .Zn_Fe O, at room temperature
(27). The mixture was stirred during the polymerization
of aniline, which was completed within 1 hour. Next, the
Ni, Zn  Fe O,/PANI nanocomposite was magnetically
separated, washed with 0.5 M nitric acid and with acetone,
and finally dried at 333 K in a vacuum oven for 6 hours.

Batch adsorption experiments

Phosphate adsorption ions onto Ni . Zn .Fe O,/PANI was
studied in aqueous phosphate solutions under diverse
practical conditions (pHs = 3-9) at 298 K and 5 mg/L
phosphate ion solution. 0.10 g Ni . Zn  Fe O,/PANI was
added to 50 mL of phosphate solution. After that, the
resultant mixture was shaken in a shaker at 1000 rpm. The
initial pHs of the phosphate solutions were balanced in the
range of 3 to 9 with 0.1 mol/L HNO, or 0.1 mol/L NaOH
solutions by a pH meter. When equilibrium was reached,
the solutions were centrifuged and the Ni .Zn FeO,/
PANI was magnetically removed. The concentration
of phosphate ions in the supernatant was measured
spectrophotometrically using the ammonium molybdate
method. The effects of various parameters (contact time,
initial phosphate concentration, pH, Ni .Zn Fe O,/

H H H
HNO$ONO$ 1
Cl Cl
n

Figure 2. Chemical structure of acid doped synthesized PANI.

Figure 1. Formation process of Ni; .Zn, Fe,O,/PANI and its application as a phosphate adsorbent.
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PANI dose, and temperature) on phosphate removal were
studied.
Phosphate removal (%R) was computed using Eq. (1):

%RZ%X]OO (1)

0
where C and C (mg/L) are initial phosphate concentration
and time f, respectively.
The adsorption capacity of the adsorbent (Q) was
computed by Eq. (2):

— (G -CIV (2)
m

Qe

where C, and C, are the initial and equilibrium
concentrations of the phosphate (mg/L), respectively, m
is the mass of the adsorbent (g), and V is the volume of
phosphate solution (L).

Adsorption Isotherms

For adsorption equilibrium studies, 040 g of
Ni Zn Fe O,/PANI was added to 50 mL of different
concentrations of phosphate solutions (2-100 mg/L and
pH = 5) at 298 K. These solutions were shaken at 1000
rpm for 30 minutes. After adsorption, the concentrations
of the phosphate solutions were analyzed on a UV-Vis
spectrophotometer using the ammonium molybdate
method.

Results

In this section, the results of this study are presented in the
form of diagrams and tables. Ni ,Zn .Fe O,/PANI nano-
crystallites were specified by FT-IR spectroscopy (Figure
3), XRD (Figure 4), SEM (Figure 5), and VSM (Figure 6).
Figure 7 shows the different contact times, removal
efficiency of the remaining phosphate, and the adsorption
equilibrium time. As shown in Figure 7, removal efficiency
increased in the time range of 0 to 30 minutes, became
fixed at 30 minutes and partly increased at 60 minutes.
Thus, the adsorption equilibrium time was determined to
be 30 minutes in this test.

The effect of solution pH (from 3 to 9) on phosphate
removal was studied at 298 K. Figure 8 shows the removal
efficiency of phosphate at the equilibrium time and at 4
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Figure 3. FT-IR spectrum of Ni  .Zn .Fe,O,/PANI.

different pHs (3, 5, 7, and 9), equaling, respectively, 78%,
82%, 77.5%, and 56%. Maximum adsorption occurred at
around pH 5.0, and this value was therefore selected for all
adsorption experiments in this study.

The effect of Ni . Zn Fe O,/PANI dosage on phosphate
adsorption was investigated with various adsorbent doses
(from 0.05 to 0.60 g). The results are exhibited in Figure
8. The greatest adsorption of phosphate was about 89.0%,
achieved when applying a Ni ,Zn .Fe O,/PANI dosage of
0.40 g in 50 mL of 5 mg/L phosphate solution.
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Figure 4. XRD patterns of Nij Zn Fe,O,. (a) Synthesized
Ni, .Zn,Fe,O,; (b) Standard Ni, Zn Fe,O, (JCPDS 08-0234).
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Figure 6. VSM curve of Nij .Zn Fe,O,/PANI at room temperature.
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Figure 7. Effect of contact time.
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Figure 8. Effect of pH on phosphate removal.
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Figure 9. Effect of adsorbent dosage on phosphate removal.

Batch adsorption experiments were performed at different
initial phosphate concentrations (2, 5, 10, 30, 50, and 100
mg/L) while other experimental parameters were kept
constant. Figure 9 shows that the percentage of phosphate
removal (%R) decreased when the initial concentration
was increased, indicating that the adsorption of phosphate
onto Ni ,Zn Fe O,/PANI is highly related to initial
phosphate concentration.

The adsorption isotherms of phosphate by the adsorbent
are shown in Table 1. As can be seen, R* = 0.931 in the
Langmuir model, R* = 0.997 in the Freundlich model, and
R? = 0.687 in the Dubinin-Radushkevich model.

Discussion
In this study, the SEM technique was used to perform
morphological analyses and characterize the size and shape
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Figure 10. Effect of initial phosphate concentration on removal
efficiency of phosphate.

of the resultant Ni .Zn .Fe O, /PANI nanocomposites.
XRD was used to estimate the morphologic type of
Ni .Zn Fe O /PANIL Functional group analyses of
Ni .Zn Fe O,/PANI were performed using the FT-IR
technique. The magnetic properties of the Ni .Zn ,Fe O,/
PANI were evaluated with a VSM.

Ni .Zn Fe O, nanocrystallites were prepared according
to the procedure reported by Gabal et al (26). Nano
Ni .Zn Fe O,/PANI were characterized by FT-IR (Figure
3). In the FT-IR spectrum of Ni .Zn .Fe O, /PANI,
many of the Ni .Zn .Fe O, and PANI bands, with some
having a slight shift, are distinct, which shows that PANI
well coated the Ni ,Zn Fe O,. The peaks in the range
of 500-1000 cm™ were caused by the Fe,O, framework,
which is in accordance with the iron oxide spectrum
(28). The peaks at 1602 and 1487 cm™ were attributed
to the characteristic C = C stretching of the quinoid and
benzenoid rings; the peaks at 1315 cm™ were assigned to
the C — N stretching of the benzenoid ring; and the broad
peak at 1145 cm™ were related to the vibration mode of
N=Q=N (Q refers to the quinonic-type rings) (29,30).
This apparently shows that the Ni .Zn  Fe O, magnetic
core was coated with PANI and a core/shell nanostructure
was formed. To verify the formation of Ni-Zn ferrite in
the prepared magnetic nanoparticles, the XRD pattern of
the sample was investigated. The XRD patterns (Figure
4) showed that Ni .Zn  Fe O, nanoparticles have a spinel
framework with all the main peaks compatible with the
Ni .Zn Fe O, standard pattern (JCPDS 08-0234). The
adsorbent particle size was investigated using SEM. The
SEM photograph of the sample (Figure 5) showed that the
average size of Ni . Zn  Fe O,/PANIis slightlyless than 100
nm. The magnetic properties of the Ni .Zn .Fe O, /PANI
were evaluated using a VSM. As shown in Figure 6, the
saturation magnetic moments of the Ni  .Zn .Fe O,/PANI
reached about 17 emu/g. It showed superparamagnetic
behavior that would enable easy recovery of the adsorbent
from solution under an applied magnetic field.

The time efficacy on the phosphate removal was studied
with an initial phosphate concentration of 5 mg/L. As
can be seen in Figure 7, the percentage of adsorptions
increased with increases in contact time. The least removal
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occurred in 5 minutes (63.0%), and maximum adsorption
was 69.0% at the time of 30 minutes. The process showed a
fast phosphate adsorption. The adsorption level, however,
reached a stable stage as time was increased, because all
accessible positions were occupied.

The phosphate adsorption clearly increased with
decreases in pH. When the pH was low, the positive
charge on the surface of PANI was concentrated, leading
to a static electricity force between positive PANI surfaces
and negative phosphate ions. Then the mechanism of
phosphate ion removal may be related to the electrostatic
force as well as the interaction of ion-exchange (31). At a
low pH, the phosphate anions can be present in solution
as HPO,? or H,PO, as follows:

PO,* + H* > HPO,?

HPO,? + H*5H,PO,

PANI in the doped state (having releasable dopants
such as CI) can be conveniently exchanged with anions
like phosphate which exist in anionic form in aqueous
solutions. At pH values higher than 3, a de-doping process
took place in the polymer (PANI), and at pH > 5 the
desorption of phosphate becomes the significant process,
lowering the amount of phosphate removed (32).
Figure 9 indicates that, when the amount of Ni .Zn  Fe O,/
PANI was increased, the percentage of adsorption
also increased and approached satiation stage, where
increases in Ni .Zn Fe O,/PANI extent did not alter
phosphate removal. An increment in removal level with
Ni Zn Fe O,/PANI quantity could be ascribed to the
enhanced space and accessibility of further adsorption
sites.

Batch adsorption experiments were performed at different
initial phosphate concentrations. As shown in Figure
10, these observations can be explained by the fact that
increasing the initial phosphate concentration made more
phosphate ions available, while the amount of active sites
on the adsorbent remained constant which led to a lower
removal efficiency percent.

The adsorption isotherm is important for determining the
adsorption behavior of an adsorbent. The experimental
data corresponded with the Langmuir, Freundlich, and
Dubinin-Radushkevich models as shown in Table 1.

In the Dubinin-Radushkevich model, for E < 8 k] mol™,
the adsorption process might be performed physically,
while chemical adsorption occurs when E > 8 k] mol™
(33). All parameters are listed in Table 1. Looking at
Table 1 in which the Langmuir, Freundlich, and D-R
isotherm constants for the adsorption of phosphate are
summarized, it can be derived from R? that the Freundlich
model matched the experimental data better than either
the Langmuir or D-R models. Moreover, it is clear that the
adsorption of phosphate by Ni .Zn  Fe,O,/PANI may be
explained as a physical adsorption process, for the value
of E is 2.236 k.

Adsorption capacity is a significant parameter which
determines the performance of an adsorbent. Table
2 compares the maximum adsorption capacity of
Ni, Zn  Fe O,/PANI for phosphate adsorption with that

Table 1. Langmuir, Freundlich, D-R isotherm constants for the
adsorption of phosphate ions onto Nij .Zn .Fe,O,/PANI

Langmuir

q, (mgg?) K, R, R?

85.40 0.0096 0.51 0.931
Freundlich

1/n K, R2

0.47 1.07 0.997

Dubinin—Radushkevich (D-R)
q, (mgg?) B (mol? kJ?) R? E (k) mol?)
3.57 1x107 0.687 2.236

Table 2. Maximum adsorption capacity of different adsorbents for
phosphate removal

Adsorbents q,, (mg/g) References
Modified fly ash 12.69 (34)
Magnetic biochar 1.24 (35)
Magnetic iron oxide 5.03 (36)
ZnCl,-activated carbon 5.1 (37)
Hydroxy-aluminum pillared bentonite 12.7 (38)
Metal-loaded orange waste 14 (39)

Ground burnt patties 0.41 (40)

Zeolite 2.15 (41)
NiOvSZnD_SFeZOA/PANI 85.40 Present study

of other adsorbents in the literature.

Conclusion

Ni,.Zn Fe O,/PANI magnetic nanoparticles were used in
the adsorption of phosphate ions from aqueous solutions.
The study demonstrated that the adsorption of phosphate
increased with decreases in pH and was enhanced
with increments in the extent of Ni .Zn Fe O,/PANI.
Maximum phosphate adsorption was achieved at pH 5
with a maximum adsorption capacity of 85.40 mg/g at 298
K. The adsorption isotherm fit the Freundlich model well.
The manufactured Ni .Zn Fe O,/PANI nanoparticles
could be spread in the solution well and simply collected by
a magnet. The water treatment described here is efficient
using Ni .Zn [Fe O,/PANIL The current results provide
a practical way for water treatment and the removal of
phosphate ions.
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