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ABSTRACT

In this study, synthesized Fe;O, magnetic nanoparticle (MNP) coated on powder activated
carbon was applied for the adsorption of nitrate from aqueous solutions. This novel
adsorbent was then characterized by Scanning electron microscopy, Transmission electron
microscopy, X-ray diffraction, Fourier transform infrared spectroscope, and N, adsorption—
desorption. Effects of variables such as pH, contact time, initial nitrate concentration, adsor-
bent concentration, and co-existing anions were all evaluated in detail. The adsorption of
nitrate fitted best with the Langmuir isotherm (R* = 0.993) and pseudo-second-order kinetic
models (R* = 0.998). The equilibrium time and the maximum monolayer capacity (Q,) were
determined to be 60 min and 57.1 mg/g, respectively (at pH 3). Thermodynamic studies
revealed that the adsorption process of nitrate was spontaneous and endothermic. More-
over, the adsorption of nitrate followed the circumstantial interface in solid/liquid phases.
Eventually, the activated carbon-Fe;O4s MNP (AC-Fe;04 MNP) could be applied as a proper
adsorbent for the removal of nitrate from aqueous solutions due to the advantages of high
efficiency, rapid separation, and multiple usages.
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1. Introduction

Nitrate, which is regarded as being one of the
main concerns in water pollution, has caused a critical
environmental problem worldwide due to its dis-
charge into water resources [1,2]. Nitrate has been
blamed for causing methemoglobinemia (also called
blue baby syndrome), some cancers, and teratogenic
effects [3]. Hence, WHO has set the maximum
allowable concentration of nitrate in drinking at
50 mg/L [4].

Several methods have been applied for the nitrate
removal from drinking water and wastewaters. They
are all associated with physicochemical and biological
processes like chemical reduction [5], electrocoagula-
tion [6], adsorption [7,8], electrolysis [9], ion exchange
resin [10], reverse osmosis [11], bacterial assimilation
[12], etc. Adsorption, however, has been regarded as a
promising process due to being economical and less
production of sludge and fewer disposal problems [3].

Activated carbon (AC), a general adsorbent for
removal of wide range of pollutants from water, has
some important advantages such as special structure
and high adsorption capacity which both have high-
lighted the AC application in many treatment plants.
However, widespread application of AC in water
purification has been a major concern due to some
problems such as filtration, dispersion, turbidity, and
high cost [13,14].

Magnetic separation method has been offered as
an alternative when the above problems occur
throughout the removal of pollutants from drinking
water [15]. The magnetic adsorbents could be synthe-
sized by jointing an adsorbent with iron oxides, which
the latter could be of nanoscale particles [13,16]. Mag-
netic nanoparticles (MNPs) have the advantages of
large surface area with remarkable active sites, which
enhance the adsorption characteristics followed by a
proper separation of the adsorbent from aqueous solu-
tion [17]. Moreover, MNPs could be easily recovered
and reused for adsorption process. MNPs could also
be employed in situ, and thus have been considered as
the suitable material for on line separation. However,
the strong tendency of MNPs toward agglomeration
has still been a major concern for further application
[18]. To overcome the above-mentioned problems,
coating the MNPs with biocompatible, water-soluble,
and nontoxic materials could be an effective choice.

The present work has focused on the removal of
nitrate from water solutions using the synthesized
Fe;O,-activated carbon MNPs (AC-Fe;O; MNPs). The
adsorbent displayed high efficiency for the adsorption
of contaminants from aqueous effluents. And, when
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the adsorption was accomplished, the magnetic
adsorbents were easily separated from the water
solution by applying a magnetic field. Finally, the
isotherms, kinetics, and thermodynamic parameters as
well as the effect of co-existing anions on the adsorp-
tion efficiency of nitrate using AC-Fe;O, MNPs were
fully investigated.

2. Materials and methods
2.1. Chemicals

Potassium nitrate (KNOs), nitric acid (HNO3 65%),
ferric nitrate (Fe (NO3)3-9H,0), powder activated car-
bon (PAC), natrium chloride (NaCl), hydrochloric acid
fuming (HCl 37%), magnesium chloridehexahydrate
(MgCl,-6H,0), natrium carbonate (Na,COjz), and
natriumsulfate (NaSO4) were all of analytical grade
and purchased from Merck.

2.2. Synthesis and characterization of AC-FesO4 MNPs

The synthesis of AC-Fe;O, MNPs was conducted
based on a chemical co-precipitation method according
to our previous study [16]. Briefly, an specific amount
of AC was impregnated by nitric acid (63%) for 3 h at
80°C (using an ultrasonic bath) in order to make the
adsorbent hydrophilous. Then, 5g of the prepared
powder was impregnated by a 200 mL of aqueous
solution containing Fe (NO;);-:9H,O and placed in
ultrasonic vibration for a 1 h at 80°C. Then, the adsor-
bent was heated using a 750°C furnace within 3 h
under nitrogen gas to form AC-Fe304 MNPs. Finally,
the synthesized magnetized adsorbent washed with
deionized water and dried at 105°C and kept in a
desiccators. The morphology of the exterior surface of
synthesized AC-Fe;O; MNPs was observed with a
scanning electron microscope (SEM, PHILIPS, XL-30)
equipped with energy dispersive X-ray microanalysis.
The adsorbent was also analyzed by transmission elec-
tron microscopy (TEM, PHILIPS, EM 208) to determine
the mean particle size of the synthesized adsorbent
under 200 kV. X-ray diffraction (XRD) pattern of the
adsorbent was performed to identify the crystalline
structure of the adsorbent using Quantachrome,
NOVA 2000 diffractometer. Mono chromatized Cu-ka
radiation was employed in diffractometery. Operation
of XRD was done using Cu-ka radiation, 1 = 1.54 A at
25°C. The Fourier Transform Infrared (FTIR) spec-
troscopy (Bruker-VERTEX 70) was applied in order to
determine the functional groups on the surface of the
adsorbent over 400-4,000 cm™'. The specific surface
area of the adsorbent was measured using a nitrogen
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adsorption-desorption technique on the basis of the
Brunauer-Emmet-Teller (BET) isotherm model.

In order to determine the point of zero charge of
the adsorbent (pHy,.), a known amount of AC-Fe;0,
MNPs was added to 0.01-M NaCl solution. The sam-
ples were stirred at 200 rpm for 48 h and then the pH
values were measured after the removal of the adsor-
bent. The pHp,. value was determined using a plot of
initial pH vs. ApH (ApH = pHinitia—PHeinan)-

2.3. Removal of nitrate from aqueous solution by
AC-Fe304 MNPs adsorbent

The stock solution of nitrate (1,000 mg/L) was pre-
pared by dissolving the required amounts of KNOj; in
distilled water. The adsorption experiments were con-
ducted in a batch mode (100 mL Erlenmeyer flasks) on
a shaker (Bioteck) at 180 rpm. Optimization of pH and
contact time was performed within the range of
3.0-11.0 and 0-180 min, respectively. Then, the
adsorption of nitrate under different concentration
range (50-300 mg/L) and different amounts of adsor-
bent (0.5-2 g/L) was studied, respectively.

A magnet with an intensity of 13T
(5 cm x 5 cm x 4 cm) was used for magnetic separation
of the adsorbent from the aqueous solution. UV-visi-
ble spectrophotometer (CECIL CE7400) for measure-
ment of the residual concentration of nitrate was
employed.

The amount of adsorbed nitrate by the AC-Fe;O,
MNPs was determined by Eq. (1):

ge = (Co—Ce)V/m M

where g. is the adsorption capacity of AC-Fe;O,
MNPs adsorbent at a given time f (mg/g), V is the
volume of solution (L), m is the mass of adsorbent (g)
and Cy and C. (mg/L) are the initial and equilibrium
concentration of nitrate, respectively.

2.4. Isotherms, kinetics, and thermodynamics of the
adsorption process

In adsorption process, the study of equilibrium
adsorption isotherm is the basis for the modeling of
an adsorption system. The Langmuir, Freundlich, and
Temkin isotherm were all applied for the analysis of
adsorption data and represented by the following
equations, respectively:

Ce 1 Ce
e _ 4= 2
qe bQ, Qo
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1
log g. = log k¢ + glog Ce 3)
RT
Je = Tln (K1Ce) 4)

where g. (mg/g) and b (L/mg) are the solid-phase
equilibrium concentration of nitrate and the Langmuir
adsorption constant, respectively. C. (mg/L) is the
equilibrium concentration of nitrate in the solution
[19]. k¢ (L/mg) is the adsorption capacity and n (unit-
less) is the intensity of the Freundlich isotherm which
reveals the type of adsorption as follows: favorable
(2-10); moderately difficult (1-2); or poor adsorption
(n < 1). In order to describe the principal properties of
the Langmuir isotherm, a term Ry (R =1/(1 + bCp))—
a dimensionless separation factor—was considered.
This factor may be varied between unfavorable
(R > 1), favorable (0 <Ry >1), irreversible (Ry =0),
and linear adsorption (Rp =1) [20]. In the Temkin
isotherm, R is the universal gas, b (J/mol) and Ky
(L/mg) are Temkin constants [21].

Three kinetic models (pseudo-first-order [22],
pseudo-second-order [23] and intraparticle diffusion
[24]) were applied for the analysis of adsorption of

nitrate onto AC-Fe;O; MNPs expressed by the
following equations:

In(ge — g:) = In g — kat 5)
t 1 1

—=—+— (6)
g kegs " ge

g = kit* + G @)

k; (1/min) and K, (g/(mg min)) are the rate constant
of the first- and second-order adsorption, respectively.
In Eq. (7), the intraparticle diffusion (k; mg/g min®?)
represents the model constant. The k; is directly
related with the rate of adsorption process controlled
by intraparticle diffusion. C; (mg/g) is a constant
value depicting the boundary layer effects. If the curve
(g; vs. t°7) was multilinearity, it could imply that two
or more controlling steps might affect the adsorption
process [25]. If C; was equal to zero (C; = 0), intraparti-
cle diffusion would the only rate-determining step. In
contrast, C; # 0 values suggest the adsorption process
is rather complicated and involved in more than one
diffusive resistance process [16].

Fundamental thermodynamic parameters including
standard enthalpy (AH®), standard free energy (AG°),
and standard entropy (AS°) were all measured for
thermodynamic studies. Van't Hoff plots were
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employed for the calculation of AH® and AS® based on
the following equations:

AH® AS°

RT + R (8)

Ink, = —

where k. (L/g) is the distribution coefficient and T (K)
is the solution temperature. The AG® value was
measured based on the following expression:

AG® = —RT In k. )]

2.5. Reusability of the adsorbent

Reusability experiments were carried out in order
to determine the potential of AC-Fe;O, MNPs for
multiple usages based on the adsorption-desorption
ratio of nitrate. Desorption process of nitrate from the
used adsorbent was investigated using an aqueous
solution of HCI (0.1 M). The used adsorbent was
placed in the desorption solution and shaken for 4 h
at 30°C. Then, the supernatant was analyzed for mea-
suring the nitrate concentration. Desorption ratio was
calculated by and the ratio of final concentration of
nitrate to concentration of nitrate in the desorption
solution [26].

2.6. Effects of co-existing anions

Water resources contain different anions like chlo-
ride, carbonate, and sulfate which may interfere the
nitrate adsorption onto AC-Fe;O, MNPs. Hence, the
synthetic solution was prepared at different concentra-
tion of existing anions present in natural waters and
their reciprocal effects on the adsorption of nitrate
were investigated. Then, the removal efficiency of
nitrate in the synthetic solution (1.5 mM of co-existing
anions such as CO?, SOﬁf, and Cl) was determined.

3. Results and discussion
3.1. Characterization of AC-Fe30, MNPs adsorbent

The synthesized adsorbent was characterized using
various instrumental techniques including SEM, XRD,
BET, and TEM. The SEM micrograph of AC-Fe;O,
MNPs representing the surface morphology of the
synthesized adsorbent is illustrated in Fig. 1. As
depicted, it is highly porous with the following
features: almost regular texture, a relatively smooth
surface, and low number of cavities. The porous
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nature of the synthesized MNPs is an implication of
large surface area and high adsorption capacity.
Formation of the magnetic AC was confirmed by the
presence of several monodisperse Fe;0, MNPs (about
10 nm diameter) embedded in AC pores.

XRD analysis was performed to examine the crys-
tal structure of the synthesized adsorbent. The typical
XRD pattern of AC-FezO, MNPs is shown in Fig. 2.
The appearance of a broad peak at 26 = 34.4° could be
interpreted as the evidence for the presence of Fe;O,
crystalline phase [27,28]. The main peak at 20 =25.1°
corresponds to carbon [29]. Thus, the findings from
the XRD analysis strongly support the impregnation
of MNPs on the surface of AC.

The specific surface area of AC-Fe;O; MNPs was
determined to be 650-700 m*/g-partially less than that
of used PAC (733 m?/g) [17]. This fall could be attrib-
uted to the occupation of almost the entire pores of
PAC with MNPs resulting in less accessible pores.
This result had an agreement with the related previ-
ous works. The N, adsorption-desorption isotherms,
volume, and pore size distribution for AC-Fe;O4
MNPs by applying the methods of BET were shown
in Fig. 3. It exhibited the type-IV isotherm for the pre-
pared adsorbent as categorized by International Union
of Pure and Applied Chemistry (IUPAC), which indi-
cates that the adsorbent structure is typically meso-
porous [30]. Moreover, the mean pore size of the
adsorbent based on IUPAC classification corresponds
to the class of mesopores (2 < d <50 nm) [31].

The TEM analysis of the adsorbent (Fig. 4) clearly
reveals the fine Fe;O, particles with diameter of less
than 50 nm. Accordingly, Fe;O, nanoparticles are of a
cubic structure. These results also confirmed the suc-
cessful synthesis of Fe;O,4 crystals on the AC surface.
The FTIR spectrum of AC-Fe304 MNPs, before, and
after the adsorption of nitrate, is shown in Fig. 5. The
broad band at 3,414 cm™! and the peak at 1,574 cm™ !
could be related to the stretching and bending vibra-
tion of adsorbed water, and the peak at 1,150 cm !
could be assigned to the bending vibration of hydro-
xyl group on metal oxide (Fe-O) [32,33]. The band at
1,590 cm™' is attributed to the coupling of the
unbalanced vibration modes of the oxygen atoms.
Moreover, the band at 579 cm™' was assigned to the
stretching vibration and the tensional vibration of
Fe-O bonds in the tetrahedral and octahedral sites
of Fe;O, [34]. As can be seen, after the sorption of
nitrate, the new band at 1,389 cm™' was appeared.
Furthermore, the intensity of peak at 1,150 cm™" fell
with an increase in nitrate concentration which means
that the hydroxyl groups on the surface of adsorbent
were involved in the adsorption of nitrate [13].
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Fig. 2. XRD curve of synthesized AC-Fe;O; MNPs
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Fig. 3. N, adsorption/desorption isotherms for AC-Fe;O,4
MNPs.

The pHp,. for the synthesized adsorbent was
measured to be 5.5. It is worth noting that pHpzc was
considered for the explanation of pH effect on the ions
adsorption.

43 nm 80000X

Fig. 4. TEM image of synthesized AC-Fe;0, MNPs
adsorbent.

3.2. Effect of pH

pH has an important role in the adsorption process
of nitrate mainly on the adsorption capacity. Fig. 6
shows that the maximum adsorption efficiency of
nitrate obtained was about 58.2% at pH 3.0. However,
the adsorption efficiency dropped sharply to 8.2% as
the pH was raised to 11.0. Oztiirk and Bektas reported
that the maximum adsorption of nitrate on the AC
(about 92%) occurred at pH 2.0 due to an increase in
the number of positively charged sites on the surface
of AC [35]. At lower pH, the surface of adsorbent was
dominantly charged with the positive ions (protons).
Accordingly, the adsorption of nitrate was promoted
due to the electrostatic attraction.

In a further related study, Xu et al. reported that
the optimum pH range for removal of nitrate using
the stratified wheat straw resin was within 6.0-8.0
(35.3 mg/g adsorbent). This could be explained due to
the fact that the state of functional groups on these
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Fig. 5. FTIR spectra of synthesized AC-Fe;0, MNPs adsorbent (a) before nitrate adsorption and (b) after nitrate

adsorption.
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Fig. 6. Effect of pH on the adsorption efficiency of nitrate
by synthesized AC-Fe;0; MNPs adsorbent (conditions:
Co =100 mg/L, adsorbent dose=1g/L, contact time =
120 min and T =25 = 1°C).

adsorbents is always affected by the pHp,. leading to
the lower uptakes in basic or acidic influents [3].

The adsorption mechanism for anions was specific
and/or non-specific. The specific adsorption was
based on ligand exchange reactions (replacement of
OH groups of the adsorbent with anions), while the
coulombic forces played a vital role in nonspecific
adsorption, which was heavily dependent on the
pHpzc of the adsorbent [36]. In the current study, the
pHpzc obtained for the synthesized AC-Fe;O, MNPs
was about 6.8 and the best removal efficiency of
nitrate was achieved at pH 3.0. It could be concluded
that the mechanism of nitrate adsorption followed a
non-specific adsorption pattern.

3.3. Effect of contact time and kinetics of adsorption

Contact time is regarded as being one of the main
parameters affecting the adsorption efficiency. As
demonstrated in Fig. 7, the maximum removal effi-
ciency of nitrate adsorption was achieved after 60 min
which was about 57.4%. However, longer contact
times did not significantly improve the adsorption of
nitrate. Therefore, the equilibrium time for the adsor-
bent was set at 60 min for initial concentration of
nitrate (100 mg/L N) and the adsorbent (1 g/L). This
phenomenon could be explained by the fact that a
great numbers of active sites could lead to a fast
adsorption rate of nitrate on synthesized AC-Fe304
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Fig. 7. Effects of contact time on the adsorption efficiency
of nitrate by synthesized AC-Fe;0, MNPs adsorbent
(conditions: pH 3, Cy = 100 mg/L, adsorbent dose =1 g/L
and T=25+1°C).
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MNPs. However, at longer contact times, the availabil-
ity of adsorbent active sites for the adsorption of
nitrate ions was reduced [28]. In a further related
study, Cho et al. reported the equilibrium time of
90 min for the removal of nitrate by CPM-GAC
(cationic polymer-modified granular activated carbon)
from aqueous solutions [1].

The pseudo-first, pseudo-second-order kinetics,
and intraparticle diffusion were applied to analyze
nitrate adsorption on the AC-Fe;O4 MNPs in terms of
adsorption rate. Table 1 presents the values of kinetic
model for nitrate adsorption onto AC-Fe;O, MNPs.
The correlation coefficient (R%) 0.972, 0.998, and 0.774
were obtained for pseudo-second, pseudo-second-
order, and intraparticle diffusion kinetic model,
respectively. This suggests that the adsorption by
AC-Fe;0, MNPs fitted best to pseudo-second-order-ki-
netic model which may be due to the adsorption
dependency on the amounts of nitrate adsorbed on
the Fe;0, MNPs at equilibrium condition [28]. Fur-
thermore, a good agreement between the calculated g,
and the experimental g. was observed in the pseudo-
second-order model. Hence, it could be concluded that
the adsorption of nitrate followed the chemisorption
mechanism, which incorporates the exchange or shar-
ing of electrons between nitrate and the binding sites
on the AC-Fe;O, MNPs [37].

In a similar related study, Demiral and Giindiizo-
glu reported that the adsorption of nitrate by AC pre-
pared from sugar beet bagasse fitted best to the
pseudo-second-order kinetic model (R*=0.998) [38].
In a further related study, Wan et al. found out that
both nitrate and nitrite adsorption followed the
pseudo-second-order rather than pseudo-first model
using calcined hydrotalcites adsorbent [39].

According to Table 1, the value of C; was mea-
sured to be 16.43 mg/g indicating that intraparticle
diffusion was not the only controlling step for nitrate
adsorption on the AC-Fe;O, MNPs, and to some
extent the process was controlled by boundary layer
diffusion [16,25]. The low R? value (0.66) of the
intraparticle diffusion model also revealed that the
pore diffusion was not the rate-controlling step.

3.4. Effect of different concentrations of adsorbent and
nitrate

At equilibrium time of 60 min and the optimum
pH of 3.0, the effects of adsorbent and nitrate concen-
tration on the adsorption efficiency were investigated
in the range of 0.5-2 g/L and 50-300 mg/L, respec-
tively. As shown in Fig. 8, by increasing AC-Fe;O4
MNPs dosage from 0.5 to 2 g/L, the adsorption per-
centage of nitrate increased from 23.1 to 90.4%
(Table 2). This could be explained by the fact that an
increase in the adsorbent dose may increase the
accessibility of the active sites on the pores of the
AC-Fe;04 MNPs for the nitrate ions, which leads to
an enhancement in the removal efficiency [16]. Since
the nitrate removal percentage of 56.7% was obtained
in the presence of AC-Fe;O, MNPs 1 g/L, which is
still less than the maximum allowable concentration of
nitrate in drinking water (50 mg/L), 1g/L of
AC-Fe;0, MNPs was selected as the optimal dosage
of the adsorbent for the adsorption process. Fig. 8 also
indicates that the adsorption percentage of nitrate was
decreased from 77.3 to 18.7% as an initial nitrate con-
centration was increased from 50 to 300 mg/L (on
1 g/L of AC-Fe;0, MNPs). This was probably due to
a fixed number of active sites available for nitrate on
the adsorbent [14]. Similar behavior was observed for
nitrate adsorption on other adsorbents as reported in
the literature [1,38,40].

3.5. Adsorption isotherm

The study of adsorption isotherm has been consid-
ered as an important view point for theoretical and
practical design of adsorption systems [3]. Therefore,
the determination of proper correlation of the equilib-
rium data is essential for optimization of a design for
an adsorption system. In this study three models,
namely the Langmuir, Freundlich, and Temkin were
employed as common isotherms for analysis of
adsorption data. The Temkin isotherm proposed a lin-
ear reduction of sorption energy as the completion of
sorption increased. The heat of adsorption for all the

Table 1

Values of kinetic model parameters of nitrate adsorption on AC-Fe;O4 MNPs

Pseudo-first-order Pseudo-second-order Intraparticle diffusion

Jecal (Mg/g) K (min™") R? e cal K, (g/mg min) R? ki Ci R?
50.8 0.05 0.972 59.17 0.002 0.998 3.86 16.43 0.774
Je,exp(mg/g) 57.4

Note: g, showed the capacity of the adsorbent in the pseudo-second-order which the adsorption process was best fitted to this model.
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Fig. 8. The effect of various concentrations of nitrate and AC-Fe;O, MNPs on the adsorption percentage (conditions: pH

3.0, contact time = 60 min and T =25 = 1°C).

Table 2

Comparison of the adsorption performance of different adsorbents in removal of nitrate anion

Adsorbent pH qm (mg/g) Refs.
AC-Fe304 MNPs 3 57.4

Granular-activated carbon 6.5 26 [1]
Powdered-activated carbon 3 27.55 [38]
Ammonium-functionalized MCM-48 5 34 [40]

molecules in the layer decreased linearly with the
coverage due to the adsorbent interactions. The
adsorption was characterized by a uniform distribu-
tion of binding energy.

As shown in Table 3, the correlation coefficients of
the Langmuir isotherm were found out to be 0.993 at

all selected temperatures. As the temperature

Table 3

Parameters of adsorption equilibrium isotherms for

AC-Fe;0, MNPs

Isotherms  Temperature (°’K) Constants

Langmuir Qo b Ry, R?
293 571 0.185 0.973 0.993
308 645 0160 077  0.993
318 689 0.156 0.4 0.993

Freundlich K n R?
293 3084 7.69 0.713
308 3156 714 0.716
318 319 6.66 0.754

Temkin Kr b R?
293 81.11 387 0.7
308 40.1 3414 0.69
318 31 3305 0.73

increased from 20 to 45°C, the maximum adsorption
capacity (ge) increased from 57.1 to 68.9 mg/g. Ry, a
dimensionless equilibrium parameter, was considered
as an additional analysis in the Langmuir equation.
The desirable adsorption was achieved when the aver-
age Ry value (different initial nitrate concentrations)
fell between 0 and 1 [38]. The results also revealed
that the Freundlich correlation coefficients were sig-
nificantly lower than those of Langmuir isotherm. This
implies that the nitrate adsorption follows a mono-
layer pattern with a homogenous adsorption patch.
According to the previous studies, the nitrate

60
40
20
0+
Blank co,? so; cr

Co-existing anion

Removal Efficiency (%)

Fig. 9. Effects of Co-existing anion on the adsorption effi-
ciency of nitrate by synthesized AC-Fe;O, MNPs adsor-
bent (1.5 mM) (conditions: pH 3, Cy = 100 mg/L, adsorbent
dose=1g/Land T=25+1°C).
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Table 4
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Thermodynamic parameters of nitrate adsorption by AC-Fe;0, MNPs adsorbent

Temperature (K) In k; AG® (k]/mol) AH" (kJ /mol) AS° (k] /mol K)
293 1.22 —2.98 88.5 0.37

308 1.37 —-3.51

318 1.48 —3.92

adsorption on AC obeyed the Langmuir isotherm
[36,38,41]. The results also showed that the R; values
for adsorption of nitrate by synthesized AC-Fe;O,
MNPs adsorbent were between 0.4 and 0.973, imply-
ing that the adsorption of nitrate was favorable. The g,
and the Langmuir constant (b) of the AC-Fe;0, MNPs
adsorbent (at 20°C) were obtained to be 57.1mg/g
and 1.05 L/mg, respectively. This desirable process
was also confirmed by the Freundlich exponent n; n
values were located between 1 and 10 under all
studied temperatures [38,42].

3.6. Thermodynamic studies

Temperature has been considered as an important
parameter affecting the adsorption efficiency. As
demonstrated in Table 4, the AG® values at selected
temperatures (20, 35, and 45°C) were negative; while,
the corresponding AH" values were positive. The nega-
tive values of AG® imply that the adsorption process
of nitrate is of spontaneous nature, while the positive
AH® values are an indicator of endothermic adsorp-
tion. Moreover, the adsorption process of nitrate was
favorable at higher temperatures due to the fall of
—AG". The AH° value was determined to be
88.5 kJ]/mol (between 80 and 200 kJ/mol) indicating
that the transportation of nitrate ions from the aque-
ous solution to the AC-FesO, MNPs surface occurred
chemically [43]. This finding was also consistent with
the results obtained from the study of the adsorption
kinetics. The positive values of AS° indicate that the
adsorption of nitrate was dependent on AC-Fe;O,
MNPs adsorbent and circumstantial interface in solid/
liquid phases.

3.7. Effect of co-existing ions

Anions present in natural waters may compete
with nitrate adsorption [39]. The presence of common
anions in water such as, CO?, SOi*, and CI" may
affect the adsorption efficiency of nitrate on AC-Fe;O,
MNPs. As demonstrated in Fig. 9, the presence of
those anions (1.5 mM) decreased the adsorption capac-
ity of nitrate. Their impact on the nitrate adsorption
was in the following order: CO% >S0 >CI .

Anions have electron affinity toward AC-Fe;0, MNPs
contesting with the target anion (nitrate) in the
adsorption process. Several studies reported that the
multivalent anions had more adsorption tendency
compared with mono charge ones, which could be
attributed to high ionic strength [39,44]. Therefore,
divalent anions like CO3~ and SO3 could conquer on
nitrate in the adsorption process. Moreover, the pres-
ence of CI" decreased the nitrate adsorption less than
expected due to having a shorter anion radius,
although CI™ has the same charge capacity as nitrate.

3.8. Reusability potential of the adsorbent

Desorption could be regarded as a substantial pro-
cess because of the importance of economical issues.
Aqueous solutions containing HCI (0.1 M) were used
for measurement of desorption efficiency of the applied
adsorbent. Results showed that the desorption effi-
ciency of nitrate using 0.1 M HCl was about 98.9%. The
adsorption—-desorption experiment was repeated 10
times using the same adsorbent. As shown in Fig. 10, a
slight decrease in the adsorption capacity of AC-Fe304
MNPs throughout the regeneration cycles was observed

H Adsorption i Desorption

100

90 |
80
70 -
60 -
50 -
40 -
30
2 |
10 -
1 2 3 4 5 6 7 8 9 10

Cycle No.

0O 000000 0o

Adsorption/desorption efficiency (%)

Fig. 10. Adsorption-desorption cycles for nitrate adsorp-
tion by synthesized AC-Fe;0, MNPs adsorbent(conditions:
Co=50mg/L, adsorbent dose =1 g/L, adsorption contact
time = 240 min, 0.1 M HCl and T =25 + 1°C).
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(from 96.1 to 87.5%). Considering the reusability of the
adsorbent, the results also showed that AC-Fe;Oy
MNPs had high capacity for adsorption, which makes
the adsorbent to be reused nearly 10 times without a
significant loss in the adsorption efficiency [45,46].

4. Conclusion

The adsorption process is an appropriate method
for the removal of nitrate from drinking water. The
synthesis of AC-Fe;0, MNPs adsorbent was prosper-
ously applied to remove nitrate from the aqueous
solutions. The pseudo-second-order and the Langmuir
isotherm model fitted best to the kinetics of adsorption
indicating that the adsorption of nitrate followed the
homogeneous chemisorption process. The AC-Fe;O,
MNP adsorbent was easily synthesized and regener-
ated and then applied as a reversible adsorbent for
highly efficient removal of nitrate. The study also
showed that the application of the synthetic adsorbent
in larger scales could be a proper economical choice
concerning the removal of nitrate from water. The
magnetic characteristics of the adsorbent improved its
reusability for multiple usages, which reduces the cost
and the time required for the removal of nitrate.
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