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a b s t r a c t
The study aimed to evaluate the efficiency of Fe3O4@C nanocomposite and ultrasonic (US) waves in 
removal of nitrate from aqueous solution. In this study, the effect of various parameters influencing 
nitrate removal, including contact time, pH, nanocomposite dosage, US power, initial nitrate concen-
tration, and temperature, was investigated. The equilibrium adsorption data were analyzed using four 
common adsorption models. Furthermore, the kinetic and thermodynamic parameters were used to 
establish the adsorption mechanism. The results of this research revealed a high removal efficiency 
in pH = 3, equilibrium time = 90 min, and adsorbent dose of 2 g/L. The nitrate removal followed the 
Langmuir isotherm with R2 = 0.996 and pseudo-second-order kinetic model (R2 = 0.996). The thermo-
dynamic parameters indicated that the adsorption of nitrate onto nanocomposite was endothermic 
and spontaneous. However, this method is important in terms of financial and engineering aspects 
because of its simple system, low cost, and high removal efficiency.
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1. Introduction

Increased industrial and agricultural activities have 
resulted in the generation of toxic pollutants such as inor-
ganic anions. Excessive use of nitrogenous fertilizers in agri-
culture and discharging untreated industrial wastewater 
led to contamination of surface and groundwater resources 
[1,2]. When the concentration of nitrate in drinking water 
exceeds the limit, it can cause a serious threat to human 
health manifested through liver damage, cancer, and blue 
baby syndrome [1,3,4]. Moreover, nitrate discharge in water 
resources causes eutrophication (algal bloom) phenome-
non, which results in the inefficiency of the water resources 
[5,6]. Hence, the World Health Organization (WHO) set the 
maximum permissible concentration of nitrate as 50 mg/L in 

terms of nitrate or 10 mg/L in terms of azote [7]. Also, the 
Environmental Protection Agency (EPA) has stated the maxi-
mum permitted level of nitrate in drinking water 10 mg/L (in 
terms of nitrate-nitrogen ion) and 50 mg/L in terms of nitrate 
ion [8]. The Institute of Standards and Industrial Research of 
Iran has determined nitrate concentration 45 mg/L in terms 
of nitrate [9]. Therefore, it is essential that nitrate concentra-
tion is reduced to a less than the acceptable level. Nitrate ion 
has a high solubility, so it cannot be easily removed from 
water [10]. The methods used to remove nitrate include ion 
exchange, reverse osmosis, chemical reduction, and biolog-
ical denitrification [11,12]. Most of these methods have dis-
advantages such as high costs, creating secondary pollution, 
production of dangerous by-products, difficult exploitation 
and implementation, pressure drop, problems related to the 
treatment, and disposal of the produced biological sludge 
[13,14]. The process of adsorption is taken into consideration 
because of the low cost, simplicity, and easy governance as 
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a suitable method for removing contaminants [14]. Many 
studies have been conducted in the world to use cheaper 
adsorbents. Activated carbon is one of the known substances, 
that due to having a large active surface, suitable surface reac-
tion and high porosity to be widely as an adsorbent [15,16]. 
Unfortunately, the main problem in using powder activated 
carbon (PAC) or adsorbents with nanosize is isolating them 
after the adsorption and turbidity in generated wastewater 
due to the small size of the particles so the distribution and 
production of secondary pollution is a problem of these sys-
tems [17]. Therefore, creating appropriate conditions to facil-
itate the separation of activated carbon is essential. One of the 
cheap and fast strategies for this purpose is creating magne-
tism in activated carbon and their sequestration by magnets. 
Most recently this method has been widely used because of 
its simplicity, cost-effectiveness, and high efficiency [18,19]. 
Fe3O4 nanoparticle is widely used due to having several 
unique properties such as large specific surface area, phys-
ical and chemical stability, low toxicity, recyclability, and 
excellent magnetic features for pollutant removal from water 
and wastewater [20,21]. In addition, ultrasonic (US) waves 
are used to enhance the efficiency and speed of reaction and 
reduce the time. US waves’ radiation to the solution surface 
leads to the formation, development, and collapse of cav-
itation bubbles. Reactive oxidizing agents such as O●

2
–, ●H, 

●OH, and hydrogen peroxide are produced during collapse 
of the bubbles in high temperature and pressure [22–24]. 
Ultrasound waves also act as a mixer, causing an increase 
in the mass transfer between the liquid and solid phase and 
reducing the particle size and helping to create new active 
sites on the surface of the Fe3O4@C nanocomposite, which 
improves the distribution of nanocomposite and accelerates 
the reaction between nitrate and adsorbent [25,26]. So far no 
studies have been conducted on the removal of nitrate by 
this nanocomposite in the presence of US waves, therefore 
the aim of this study was to synthesize and evaluate the effi-
ciency of Fe3O4@C nanocomposite and US waves in removing 
nitrate from aqueous solution.

2. Material and methods

2.1. Materials

The materials used in this study consisted of ferrous 
sulfate seven water (FeSO4.7H2O), sodium borohydride 
(NaBH4) potassium nitrate (KNO3), polyethylene glycol, eth-
anol, and sodium hydroxide (NaOH). All chemicals had labo-
ratory purity and were obtained from Merck, Germany. PAC 
with above 95% purity, specific surface area of (1,027 m2/g) 
and pore volume (0.5 cm3/g), was used as the adsorbent 
without any further treatment.

2.2. Synthesis of Fe3O4 @C nanocomposite

Magnetic nanoparticles were prepared using a liquid 
phase reduction method according to the technique given by 
Ranjithkumar et al. [27], with small modifications. At first, 
powdered activated carbon was washed twice with distilled 
water and dried overnight at the temperature of 333°K. 
Then, 1.5 g of FeSO4.7H2O and 1.2 g of dried activated carbon 
were added in 100 mL of distilled water and heated at 323°K 

for 20 min. Then to this mixture, 100 mL of ethanol 70% and 
1 g of polyethylene glycol with constant stirring were added 
and the reaction pH was adjusted on 7.5 using NaOH (1 M). 
In the next step, 0.5 g of NaBH4 was added drop by drop to 
the solution for 3 h to form black colored precipitates. To 
separate sediments, the suspension was filtered and rinsed 
with deionized water, and finally, the nitrogen gas furnace 
with a temperature of 343°K for 24 h was used for drying 
sediments. 

2.3. Characterization Fe3O4 @C nanocomposite, PAC

X-ray powder diffraction (XRD) was used in order to 
determine the magnetic nanocomposition crystalline struc-
tures. The XRD patterns were recorded using Rigaku Miniflex 
diffractometer with Cu Ka radiation at λ = 0.15060 nm, 
scanning range (2θ): 10°–109°, scanning speed 5°/min, and 
tube voltage/current 40 kV/30 mA. In addition, surface mor-
phology of the samples was characterized using scanning 
electron microscopy (Fe-SEM) via a Philips XL 30 electron 
with an accelerating voltage of 15 kV. Fourier transfer infra-
red (FTIR) spectra of prepared sample were recorded in 
vibrational frequency ranging from 4,000 to 400 cm–1 using 
a JASCO 460 plus FTIR spectrometer. Magnetic properties 
of nanocomposite were determined via a vibrating sample 
magnetometry (VSM model MDKB). 

2.4. Experimental set-up

The experiments were performed in 250 mL glass 
containers. Sonication was conducted with an ultrasound 
generator (SONOPULS-HD2200 model, Germany), which 
was equipped with a 7 mm titanium probe. The tip of the 
probe was placed 30 mm below the surface of the solution 
and sonication was performed in an on/off (5 s/5 s) pulse 
mode at the selected power. 

2.5. Experimental procedure

This research was an applicable study that was per-
formed on the synthetic wastewater in a laboratory scale. 
At the first, nitrate standard solution was made with a con-
centration of 500 ppm and the rest of concentrations were 
prepared from dilution of stock solution. HCL and NaOH 
(0.1 N) were used for adjusting the pH, and the effects of 
parameters such as contact time (0–120 min), pH solution 
(3–9), nanocomposite dosage (from 0.4 to 2 g/L), US power 
(100–400 W), initial nitrate concentration (50–300 mg/L), and 
temperature (298–313 K) were investigated. After adding 
the Fe3O4@C nanocomposite, samples were US for 10 min. 
Then, sampling from solutions at specified time intervals 
was carried out and the nanocomposite was separated from 
the suspension by magnet under the magnetic field and was 
immediately washed using a huge amount of deoxygenated 
water and then dried. Finally, the residual nitrate concentra-
tion was analyzed by a spectrophotometer UV-visible (model 
DR5000) at a wavelength of 220 nm, and the efficiency of the 
process was determined according to the standard method 
[28]. Data analysis was performed using Excel software. In 
this study, using one factor at the varying times, each param-
eter was separately optimized.
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The adsorption capacity of the adsorbent and the removal 
efficiency were respectively calculated using the following 
equations [29]:

q
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−( )0  (1)
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where Re is removal efficiency, qt is the amount of the 
adsorbed nitrate (mg/g), C0 is the initial nitrate concentration 
in the solution (mg/L), Ct is the concentration of the residual 
nitrate in the solution (mg/L), V is the volume (L), and M is 
the dose the adsorbent used (g).

2.6. Adsorption studies

In the study, in order to describe nitrate adsorption, iso-
therm Langmuir, Freundlich, Dubinin–Radushkevich (D–R), 
and Temkin models were used.

• Langmuir adsorption isotherm

Langmuir isotherm is the most applicable adsorption iso-
therm. Saturated monolayer adsorption is presented through 
the following equations [30,31]:

q
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The linear form of the Langmuir equation can be written 
as follows:
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where qe is the amount of adsorbed per 1 g of adsorbent 
and Ce is the amount of remaining material after reaching 
the state of equilibrium and Qm is the maximum amount of 
adsorbed material after reaching the state of equilibrium and 
KL is Langmuir constant.

• Freundlich adsorption isotherm

The general form of Freundlich equation is shown in the 
following equation:

q K Ce f e
n= 1/  (5)

where qe and Ce are similar to items mentioned in Langmuir 
relation, K and n values are constants which are determined 
experimentally and are associated with a maximum capacity 
of bonding and power or traction of bonding, respectively. 
Freundlich linear form is shown in Eq. (6).
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• Dubinin–Radushkevich (D–R) adsorption isotherm is used 
to determine whether the adsorption process is physical 
or chemical, and heterogeneity of the surface energies 

Polanyi potential can be determined via the following 
equation:
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where ε is the Polanyi potential (J2/mol2), R is the universal 
gas constant (8.314 J/mol K) and T (K) is the temperature 
of the solution containing adsorbate molecules.

Isotherm linear form is expressed as follows:

ln lnq q Ke s= − adε
2  (8)

where qs (mol/g) is the maximum sorption capacity, Kad is a 
constant related to the mean sorption energy (J2/mol2). The 
constants Kad and qs can be obtained by plotting of ln(qe) 
versus ε2. The sorption energy Es (kJ/mol), which represents 
the transport free energy of solute the surface of adsorbent 
calculated by following equation:

Es = −
1
2 0 5β .  (9)

In Es values between 8 and 16 kJ/mol, the adsorption 
process would be considered as chemical, while Es < 8 kJ/mol, 
is a physical adsorption.

• Temkin adsorption isotherm contains a factor that considers 
interactions between adsorbent and adsorbate explicitly 
(Eq. (10)) is as follows: 

q RT
b

A Ce T e= ( )ln  (10)

where qe is the amount of adsorbed per gram of adsorbent.
Temkin isotherm linear form is expressed as follows:

q RT
b

K RT
B

Ce t e= +ln ln  (11)

R is the gas constant (8.31 J/mol K), T (K) is the absolute 
temperature, Kt is equilibrium bond constant (L/mg) associ-
ated with the maximum binding energy, and B is constant 
related to heat of sorption (J/mol). B = RT/b and Kt are con-
stants in this study. Isotherm constants (B, Kt) are obtained 
from the slope and intercepting of qe graph against ln Ce.

2.7. Kinetic studies 

Kinetic studies are used for designing and modeling 
the processes and the reactions performed in the reactor. In 
this research, pseudo-first-order and pseudo-second-order 
models were utilized [32,33].

• Pseudo-first-order Eq. (12):

dq
dt

k q qt
e t= −( )1  (12)

The linear pseudo-first-order equation is given as:

log log
.
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where qe and qt (mg/g) are the amounts of nitrate adsorbed on 
the adsorbent at equilibrium time and at the time of t, respec-
tively, k1 is the equilibrium rate constant of pseudo-first- 
order (min–1), and t is the contact time (min). The slope and 
intercept of the plot of log (qe – qt) versus t were used to deter-
mine the pseudo-first-order rate constant.

• Pseudo-second-order Eqs. (14 and 15):

dq
dt

k q qt
e t= −( )2

2
 (14)

The linear pseudo-second-order equation is given as:
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where K2 (g/mg min) is the rate constant of pseudo-second- 
order model for adsorption. The values K2 and qe were 
calculated from the plot of t/qt versus t.

3. Results and discussion

3.1. Characterization of Fe3O4 @C nanocomposite

The Fe-SEM images and EDX of the nanocomposite 
and PAC taken at different magnifications are shown in 
Figs. 1(a) and (b). Nanocomposite images in Fig. 1(a) show 
that nanoparticles are spherical with well-dispersed and 
average particle size is (13.12–19.41 nm). The chemical com-
position of the magnetic nanoparticles was analyzed by EDX. 
The quantitative analysis indicated the molar presence of 
carbon (59.33%), oxygen (35.69%), and iron (14.98%) in the 
nanocomposite. Also, Fig. 1(b) shows a uniform distribution 
of PAC with particle size ranging from 18.69 to 19.47 nm, 
the elemental analysis shows the molar presence of carbon 
(86%) and oxygen (13%) in PAC. These materials consist 
mainly of pure carbon walls with a small amount of oxy-
gen-containing functional groups. Powder X-ray diffraction 
patterns of the synthesized MNPs and PAC are shown in 
Figs. 2(a) and (b). The XRD spectra in Fig. 2(a) revealed small 
peaks at 2θ = 53.52o and 62.43o, while main dominant peaks 

of nanocomposite were observed at 2θ of 26.17o and 35.68o 
which is related to the existence of adsorbent crystalline 
phases and it is in good agreement with the standard JCPDS 
card no (98-007-7842). Also, according to XRD analysis in 
Fig. 2(b), the results revealed that small peaks are located 
at 2θ = 29.66o with d spacing 2.04051Å, and main dominant 
peaks of PAC were observed at 2θ of 23.52 and 26.53o, which 
is in good agreement with the standard JCPDS card no (00-
050-0926). The FTIR spectra of Fe3O4@C nanocomposite 
are shown in Fig. 3(a), it can be seen that adsorption band 
at 470.34 cm–1 related to Fe-O functional group on the sur-
face of nanocomposite, the stretching vibration of C = O is 
observed in 1,633.06 and 1,726 cm–1. The adsorption peaks 
observed at 3,433.6 and 3,759.8 cm–1 could be assigned to the 
OH. The peaks at 2,856 and 2,923 cm–1 related to CH stretch-
ing, the intense bands at 1,086–1,328 cm–1 can be attributed 
to stretching of C–O [34]. Therefore, it can be concluded that 
the Fe3O4@Cnanocomposite was effectively coated by the 
PAC. Magnetic characterization of the nanocomposite was 
determined using (VSM) at room temperature. According to 
Fig. 3(b), it shows that magnetic saturation value is 0.9 emu/g 
for Fe3O4@C nanocomposite, it can be concluded that the 
decrease of saturation magnetization is due to the existence 
of PAC on the surface of Fe3O4 [35].

3.2. Effect of operational parameters

3.2.1. The effect of pH value

Fig. 4(a) shows the effect of pH on the uptake of nitrate 
with initial concentration of 100 mg/L, nanocomposite dose 
(0.4 g/L) in contact time (0–120 min), and US power of 100 W. 
According to this figure, by increasing the contact time, the 
nitrate removal efficiency increased during initial 60 min and 
after this time the adsorption amount increased with a mild 
slope until reaching the equilibrium (about 90 min). Also, the 
results obtained showed that with increasing pH from 3 to 
9, in contact time 90 min, nitrate removal efficiency reduced 
from 57.1% to 33.1%, respectively, and the maximum 
removal was obtained in pH = 3. The reason of increased effi-
ciency removal of nitrate in low pH is the increasing of ion 
H+ in the environment and decreasing of ion OH–. Because in 
low pH, the electrostatic attractions increase between nitrate 

Fig. 1. Fe- SEM images and EDX of (a) Fe3O4@C and (b) (PAC).
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a)Fe3O4@C 
b) PAC 

Fig. 2. XRD patterns of (a) Fe3O4@C and (b) PAC.

(a)

(b)

Fig. 3. (a) FTIR pattern and (b) VSM of Fe3O4@C nanocomposite.
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molecules (negative charge) and the adsorbent surface (pos-
itive charge) and the amount of adsorption of contaminant 
increases on the adsorbent surfaces. In other words, the 
charge on the surface of the adsorbent is affected by the pH of 
the solution [36,37]. This finding is similar to literature Zhu et 
al. [38]. In this study, due to the little difference in the amount 
of nitrate removal between pH 4 and 3 in terms of efficiency, 
pH = 4 has been considered as the optimal pH. The pHpzc 

was taken as the point which the net electric charge on the 
adsorbent surface is zero. For Fe3O4@C nanocomposite, the 
pHpzc (point of zero charge) is 5.5, suggesting that the surface 
charge of Fe3O4@C nanocomposite is negative at pH > pHpzc, 
and positive at pH < pHpzc. Moreover, the adsorption speed 
was fast during the first 60 min and then, it followed a steady 
slope and reached equilibrium after 90 min. The reason 
is that at the primary stages of adsorption, a large number 

 

(a) 

 

(b) 

 

 

 

(d) (c)

Fig. 4. Effects of different parameters on nitrate removal using Fe3O4@C/US process, (a) effect of initial solution pH (nanocomposite 
dose: 0.4 g/L, US: 100 W, nitrate concentration of 100 mg/L), (b) effects of Fe3O4@C nanocomposite dosage (pH = 4, US: 100 W, nitrate 
concentration of 100 mg/L), (c) effects of US power (frequency: 35 kHz, pH = 4, nitrate concentration: 100 mg/L, nanocomposite 
dosage: 1.5 g/L), and (d) effects of initial nitrate concentration (pH 4, nanocomposite dose: 1.5 g/L, US: 300 W).
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of blank area on the surface of Fe3O4@C nanocomposite is 
available that with the passage of time is occupied by nitrate 
molecules and the removal efficiency after the balance time 
remains constant [39].

3.2.2. The effect of Fe3O4@C nanocomposite dosage 

In order to determine the effect of the dosage of nano-
composite on the nitrate removal, different amounts of 
nanocomposite (0.4–2 g/L) were added to 100 mg/L of ini-
tial nitrate concentration at pH = 4 and US power of 100 W. 
According to Fig. 4(b), the obtained results showed that by 
increasing the dose of nanocomposite from 0.4 to 1.5 g/L, 
the removal efficiency increased from 50.1% to 70.1%, and 
in dose 2 g/L, removal efficiency reached to 74.3%. Also, the 
adsorption capacity decreased from 125.25 to 46.73 mg/g and 
in dose 2 g/L reached 36.65 mg/g. However, the addition of 
more amount of adsorbent had little impact on increasing 
the amount removed of nitrate, thus the dose of 1.5 g/L as 
the nanocomposite optimal dose was considered. Increase 
in the removal rate by increasing the dose is due to increas-
ing adsorption unsaturated active sites on adsorbent surface 
which are occupied by nitrate anions [1]. Bhaumik et al. [40] 
studied Cr (VI) removal with polypyrrole/Fe3O4, and the 
results showed that by increasing adsorbent dose from 0.025 
to 1 g/L the removal percentage increased. 

3.2.3. The effect of ultrasonic power

To evaluate the effect of US power on nitrate removal, 
experiments were conducted using Fe3O4@C nanocomposite 
dose of 1.5 g/L at pH = 4 and different US power (100–400 W) 
in a fixed frequency 35 kHz. According to Fig. 4(c), it is clear 
that nitrate removal efficiency increased with increasing 
US power and these changes are most evident when the US 
power rises from 100 to 400, so that after 90 min, the removal 
efficiency increased from 70.5% to 95.1% for concentration 
100 mg/L of nitrate. The reason is that with increasing US 
power intensity of mixing between the adsorbent and solu-
tion increases due to the production of turbulence by the 
collapse of cavitation bubbles [24,25]. In this study, to save 
energy consumption, US power 300 W was determined to 
continue testing. Results of current study in terms of US 
power effects are in accordance with literature [41].

3.2.4. The effect of initial nitrate concentration

The effect of initial nitrate concentration was evalu-
ated using nanocomposite dose of 1.5 g/L at pH 4 and US 
with a power of 300 W at different concentrations of nitrate 
(50–300 mg/L). The results obtained in Fig. 4(d) show that by 
decreasing the initial nitrate concentration of 300–50 mg/L, 
removal efficiency increased from 58.1% to 98.6%. In addi-
tion, the adsorption ion capacity decreased from 116.2 to 
32.86 mg/g. Because in the fixed amount of adsorbent, most of 
the nitrate molecules are adsorbed on the surface of adsorbent 
and most of the adsorption sites are saturated. Also, increased 
in adsorption capacity is due to an increase in the driving force 
of the concentration gradient with the increase in the initial 
concentration [42]. In another recent study by Moradi et al. 
[43] on removal of Pb (ii) ions using magnetic nanocomposite, 

the results obtained shown that by increasing concentration, 
the removal efficiency decreased from 99% to 44%.

3.2.5. Comparison of Fe3o4@C/US, PAC and US processes for 
nitrate removal

In Fig. 5, the effect three processes (Fe3O4@C, US, and 
PAC) on removal nitrate have been shown. It is obvious that 
the removal efficiency of nitrate through Fe3O4@C/US pro-
cess was higher than other processes. Therefore, according to 
results it is clear that the use of US waves can reduce contact 
time and increase removal efficiency. Also, several research-
ers have investigated about the removal efficiency of nitrate 
shown in Table 1.

3.3. Adsorption isotherms and kinetics

To determine isotherm models and to evaluate the capac-
ity of nitrate adsorption, the adsorption experiments were 
performed in glass containers 200 mL, with the addition of 
Fe3O4@C nanocomposite optimized dose. The solutions of 
each container were placed in Shaker incubator with 150 rpm 
and the temperature of 303°K and the samples were taken 
after 2 h and the amount of adsorption capacity was deter-
mined. The results of the four isotherms and their correlation 
coefficients are shown in Table 2. According to the results 
obtained from isotherm studies, it is obvious that Langmuir 
isotherm model with R2 = 0.996 had a better correlation com-
pared with the other isotherms and the capacity of equilib-
rium adsorption was gradually increased by increasing the 
equilibrium concentration of nitrate, and maximum adsorp-
tion capacity of magnetic nanocomposite was obtained as 
116.2 mg/g. The reason for this is easy access to adsorption 
sites in the early stages of the process. The values of n in the 
range of 1–10 show which adsorption was favorable. The 
result obtained of the Freundlich isotherm indicates the con-
stant n was greater than 1, which represents the favorable 
removal conditions. Furthermore, the value of E obtained 
of D–R isotherm was calculated 16.6 kJ/mol, which showed 

Fig. 5. Comparison of Fe3o4@C, PAC and US processes for nitrate 
removal in optimum condition.
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the adsorption of nitrate onto nanocomposite was chemi-
cal mechanism. To determine the kinetic models, adsorp-
tion kinetics experiments were performed in 200 mL glass 
containers containing adsorbent dose of 1.5 g/L and initial 
nitrate concentration 100 mg/L to determine the minimum 
time required to achieve anion adsorption in constant and 
uniform conditions at pH = 4. The obtained results from 
examining kinetic models in Table 3 show that pseudo-sec-
ond-order kinetic equation is the best model to determine 
the reaction rate (R2 = 0.996). Adsorption equilibrium curve 
and pseudo-second-order kinetic equation curve are shown 
in Figs. 6(a) and (b). The results of the study conducted by 
Öztürk et al. [48] on removing nitrate by powdered activated 
carbon, showed that nitrate adsorption followed a pseu-
do-second-order kinetics model with R2 = 0.999.

3.4. The effect of temperature

Fig. 7 shows the effect of temperature on the nitrate 
adsorption process in different temperatures using adsorbent 

dose of 1.5 g/L, pH = 4, and initial nitrate concentrations 
100 mg/L. The results obtained showed that by increas-
ing the temperature from 298 to 313 K, removal efficiency 
increased from 66.6% to 95.2%. Also, in order to determine 
thermodynamic parameters, experiments were carried out at 
three different temperatures for nitrate removal. The thermo-
dynamic parameters standard free energy (ΔG°), enthalpy 
change (ΔH°), and entropy change (ΔS°) were estimated 

Table 1
Comparison the results of this study and done studies

Compound Process Removal 
(%)

References

Nitrate Ze-NZVI at (pH = 5.5) 84 [44]
Nitrate Clinoptilolite 8.7 [45]

Activated carbon 62.6 [45]
Nitrate Almond shells 

activated with magnetic 
nanoparticles at 
(pH = 5.5)

76.29 [46]

Nitrate and 
phosphate

Clinoptilolite- 
supported iron 
hydroxide at (pH = 2) 

81–93 [47]

Nitrate Fe3O4@C/US at (pH = 4) 90.1 This study

Table 2
The results of the study of adsorption isotherms

Type of isotherm model Parameters Value

Langmuir Qm (mg/g) 90.9
Ka (L/mg) 0.3
R2 0.996

Freundlich KF (mg/g) 34.67
n 4.34
R2 0.986

Dubinin–Radushkevich (D–R) qm (mol/g) 170
E (kJ/mol) 16.6
R2 0.97

Temkin bt 622
KT (L/mg) 7.59
R2 0.88

(b)

(a)

Fig. 6. Modeling (a) Langmuir adsorption isotherm and (b) 
pseudo-second-order kinetic model for nitrate adsorption.

Fig. 7. Effect of the temperature on nitrate removal (ultrasonic 
power: 300 W pH: 4, adsorbent dosage: 1.5 g/L) at different times.

Table 3
The results of studying the kinetics

Type of kinetic model Parameter Value

Pseudo-first-order k1 (min–1) 0.047
qecal (mg/g) 58.85
R2 0.962

Pseudo-second-order k2 (min–1) 0.001
qecal (mg/g) 67.4
h 4.99
R2 0.996
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to evaluate the exothermic or endothermic nature of the 
adsorption process. The Gibb’s free energy change (ΔG0) can 
be calculated by the following equations [49,50]:

∆ ° = − ( )G RT KLln  (16)

∆ ° = ∆ ° − ∆ °G H T S  (17)

ln K S
R

H
RTL( ) = ∆ °







 −

∆ °







  (18)

where KL is equilibrium constant (mol–1), R is the gas constant 
(8.314 J/mol K), T is the temperature (K). The values of 
enthalpy change (ΔH°) and entropy change (ΔS°) were cal-
culated from the slope and intercept of the plot of ln KL ver-
sus (1/T). The results of these thermodynamic parameters 
are given in Table 4. According to results, the negative val-
ues of ΔG° indicate the spontaneous nature of adsorption at 
higher temperatures. Positive value of ΔH° indicates that the 
adsorption process is endothermic nature and positive value 
of ΔS° shows the increase in the degree of freedom at the 
solid–liquid interface during nitrate adsorption [51].

3.5. Desorption study

For the reusability of Fe3O4@C nanocomposite, adsorp-
tion/desorption cycles were done using a methanol solution 

(60%, V/V). Hence, nanocomposite was immersed in meth-
anol for 30 min, then washed by Milli-Q water and was 
dried in furnace for further use. The results obtained from 
Fig. 8 show that the removal of nitrate by nanocomposite, 
decreased slightly after four cycles and from 73.5% reached 
34.6%, hence application of Fe3O4@C nanocomposite, in 
removal of nitrate and other pollutant is suggested.

4. Conclusions

In the current study, the magnetic nanocomposite of 
Fe3O4@C was successfully synthesized and used in the 
removal of nitrate from aqueous environments. Modified 
activated carbon with the Fe3O4 nanoparticle is more efficient 
in nitrate removal because of the adsorption sites increased 
on adsorbent surface. The adsorption results showed that 
increasing contact time and initial nitrate concentration led 
to enhancing the adsorption as mg/g. Also, Freundlich iso-
therm and pseudo-second-order kinetic model are the best 
models for describing the nitrate adsorption reaction on 
magnetic nanocomposite of Fe3O4@C. However, this method 
is important from the perspective of economic and engineer-
ing because of the simple system, low cost, and removal high 
efficiency.
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