
Vol.:(0123456789)1 3

Nanotechnology for Environmental Engineering (2023) 8:153–166 
https://doi.org/10.1007/s41204-022-00294-6

ORIGINAL PAPER

Adsorption removal of nitrate by a novel magnetic zeolite adsorbent 
(zeolite/γ‑Fe2O3 nanocomposite) in solution

Esmaeel Darezereshki1  · Fereshteh Bakhtiari2 · Mehri Rahmani2

Received: 18 February 2022 / Accepted: 25 September 2022 / Published online: 15 October 2022 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract
Due to the presence of nitrate ions in various sources, including industrial and domestic water, the aim of the present research 
was to remove nitrate ions from aqueous solution using a new adsorbent of zeolite modified with maghemite (γ-Fe2O3) 
nanoparticles. The maximum nitrate removal capacities of the as-prepared adsorbents in solution were investigated against 
influencing factors like shaking time, adsorbent dose, temperature, solution pH and initial nitrate concentration. The adsorp-
tion–desorption interaction of the zeolite/gamma  Fe2O3 nanocomposite with the adsorbate was also investigated. Several 
instrumental techniques such as XRD, BET, FTIR, SEM and TEM analysis were utilized to examine the adsorption mecha-
nisms like ion exchange, complexation and electrostatic interactions. Results indicated that in comparison with the other 
adsorbents used for nitrate removal, the present adsorbent exhibits high adsorption capacity (421.5 mg/g) in a shorter time 
(5 min) with adsorbent dosage of 0.2 g/L at room temperature. The highest removal of nitrate was 91.5% at initial nitrate 
concentration of 100 mg/L, adsorbent dosage of 2 g/L and pH = 6. The adsorption process followed the Langmuir model 
and pseudo-second-order kinetics. It was also found that after three times of adsorbent (magnetic zeolite) regeneration by 
 H2O2, the removal percentage was still more than 85.
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Introduction

The fast growth in city life and agricultural activities has led 
to one of the most important problems of the twenty-first 
century, which is the pollution of water resources. Among 
different inorganic contaminants, nitrogen-containing com-
pounds such as ammonium  (NH4

+), ammonia  (NH3), nitrate 
 (NO3

−) and nitrite  (NO2
−) are real hazards to the environ-

ment and health [1]. Biological and chemical processes can 

oxidize nitrite to nitrate or reduce it to various compounds 
[2]. The nitrate is the stable form of nitrogen (N) as pol-
lutants in the environment and water supplies [2, 3]. The 
nitrate converted into nitrite in water could cause vital health 
risks when it contacts hemoglobin [4]. In humans, the excess 
amount of nitrate and nitrite may cause kidney failure, can-
cer, blue-baby syndrome, especially infectious diseases, 
Alzheimer’s disease, the potential formation of carcinogenic 
nitrosamines, etc. [1, 2, 5]. The allowable concentration of 
nitrate in drinking water by the World Health Organiza-
tion (WHO) is 40–50 mg/L [1, 6–8]. In addition, an epide-
miological investigation has showed that long time usage 
of drinking water with 18 mg/L  NO3 could lead to non-
Hodgkin’s lymphoma (NHL) [5]. Nitrate ions are present in 
the primary and secondary wastewater sources like indus-
trial wastes, sewage sludge, household wastes and surface 
water [6]. Tasks such as excess use of nitrogenous fertiliz-
ers, discharge of industrial production of glass, explosives, 
discharges from various chemical production and separation 
processes, biological waste decomposition such as disposal 
of untreated sanitary, leakage from septic systems, landfill 
leachate, and animal manure lead to release of nitrate ions 
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into the environment and water sources [1, 2, 8]. For the 
purpose of eliminating the nitrogen-containing pollutants 
from water and waste water resources, recently several meth-
ods have been used, such as bio and chemical denitrification 
[8, 9], ion exchange [5, 8, 10–13], catalytic reduction [8, 
14–16], reverse osmosis [2, 8], and adsorption [1, 3, 4, 6, 
7, 10, 17–24]. Among the various technologies, the adsorp-
tion technique is presented as the most effective method in 
a wide range of applications leading to eco-friendly, high 
safety, simple and fast processes with economic benefits [1, 
6]. Moreover, it does not cause the formation of any second-
ary pollutants [6].

Due to the relatively low cost of natural and green materi-
als [25], different kinds of natural adsorbents such as zeolite 
[26], herschelite-sodium chabazite [1], bentonite [1], clays 
[27], metal oxide [4] and chitosan [4] have been used for 
the removal of nitrate contaminants from aqueous solutions 
[1]. Because of the potential of adsorption ions with positive 
charge, zeolites are very popular for adsorbing small cations 
like nitrate and metal ions. Nevertheless, when raw zeolite 
particles are dissolved in a solution, because of their net neg-
ative surface charge, they have a little affinity for adsorbing 
anions which means they are not suitable for the removal of 
anionic contaminants. With the aim of modifying zeolites’ 
surface properties and enhancing removal of anionic water 
pollutants, the zeolites are treated by HCl and modified by 
maghemite nanoparticles [21]. Nanotechnology can improve 
and make the above-mentioned conventional techniques 
more effective for environmental applications such as water, 
soil treatment, and pollutant separation [7, 28]. The most 
important factor in the adsorption procedure is to choose a 
suitable adsorbent substance, which can adsorb dissolved 
contaminants on the surface and then easily release it [1]. 
Application of advanced technology such as nanomaterials 
has some advantages like self-assembly, large surface area 
and enhanced reactivity reported in the literature [14, 22, 28, 
29]. These reports have shown the advantages of magneti-
cally modified materials to be ease of separation and high 
adsorption efficiency. Hence, the magnetically modified nat-
ural materials have recently received significant attention in 
the water purification research field [2, 6, 14, 15, 17, 24, 30, 
31]. A few articles are attributed to the provision of magnetic 
carbon substances (such as zinc ferrite-activated carbon [6], 
magnetic MWCNTs (multi-walled carbon nanotubes) [17]), 
and these materials were utilized for the elimination of dyes, 
toxic cations, anions and other organic contaminants from 
aqueous solutions. The magnetic nanoparticles studied thus 
far focus on their influence as an appropriate adsorbent for 
nitrate removal from water because of their high specific 
surface area, non-toxicity, easy separation by a magnet, rapid 
response, and high efficiency [17].

Adsorption with cheap sorbents such as zeolite is a 
cost-effective way for the removal of nitrate. Due to the 

abundance of clinoptilolite zeolite mines in Iran and its 
very low price and high efficiency in removal of the ions 
such as ammonium and nitrate, it seems to be beneficial 
to use this adsorbent in treatment of the polluted water 
sources. The main problem of using natural zeolites such 
as clinoptilolite, however, is smallness of the pores of this 
adsorbent that limits catalytic adsorption of the nitrate. 
Therefore, modified clinoptilolite zeolite may acceler-
ate adsorption rate and obtain higher efficiency of nitrate 
removal. The aim of the present research was to assess 
whether removal of nitrate ions from aqueous solution at 
high concentrations by a new adsorbent of zeolite/γ-Fe2O3 
nanocomposite will yield higher adsorption capacity and 
lower residence time compared to those reported by other 
researchers.

After preparing the nanocomposite adsorbents by a one-
step chemical precipitation method, the morphology, crys-
tal structure, functional group, specific surface area, and 
magnetic force of the prepared adsorbents were evaluated 
through several instrumental techniques such as X-ray dif-
fraction (XRD), Brunauer–Emmett–Teller (BET), Fourier-
transform infrared (FT-IR), scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM). The 
adsorption performance of zeolite/gamma  Fe2O3 nanocom-
posite was examined using the batch mode of adsorption.

Experimental

Materials

Zeolite/γ-Fe2O3 nanocomposite was synthesized using 
stock aqueous solutions of chloride irons  (FeCl3.6H2O, 
 FeCl2.4H2O), natural zeolite powder (clinoptilolite) with the 
average particle size of 75 micron (Negin-Powder company 
of Semnan, Iran), ammonium hydroxide (25–30%,  NH4OH), 
hydrochloric acid (HCl, 37%) and ethanol  (CH3CH2OH, 
99.93%). Potassium nitrate salt  (KNO3) supplied by Merck 
Company was the basis to prepare nitrate materials required 
in adsorption tests. Hydrochloric acid and sodium hydroxide 
solutions 0.1 M were used to set the pH of solutions. All 
other used chemicals were of analytical grade.

Preparation of treated zeolite

To determine the chemical elements of powder zeolite which 
was used in this study, X-ray fluorescence (XRF) analysis 
was done. To obtain treated zeolite (TZ), 70 g of zeolite 
powder was impregnated in 500 mL of 4 M HCl and refluxed 
for 3 h at 50 °C. The product was separated by filtration 
and dried at 55 °C temperature. The surface area and the 
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water-holding capacity (WHC%) of the TZ were measured 
by BET and Keen cup method, respectively.

Synthesis of magnetic zeolite nanocomposite 
(zeolite/γ‑Fe2O3) by precipitation method

In a typical experiment of synthesizing zeolite/γ-Fe2O3 
nanocomposite by the precipitation method, 10 g of TZ 
was mixed with 150 mL solution of 1 M  FeCl3.6H2O and 
37.5 mL of 2 M  FeCl2.2H2O (to keep the  Fe3+/Fe2+ = 2). 
The mixed solution was mechanically stirred at 900 rpm, 
which was immersed in a room temperature (25 °C) water 
bath. The 400 mL of  NH3·H2O solution (3 M) was dropped 
to these solutions. After ending the reaction (pH = 9.5), the 
dropping was stopped, the dark brown precipitate of mag-
netic zeolite (MZ) nanocomposite was collected by a man-
ual magnet, washed several times with ethanol, and dried at 
55 °C after filtration.

Treated zeolite and magnetic zeolite nanocomposite 
characterization

The structure of the TZ and MZ nanocomposite was identi-
fied by XRD (X'pert-MPD Philips equipped with a detector 
using CuKα radiation). To identify functional groups in the 
samples, FT-IR spectra of the TZ and MZ nanocomposite 
were recorded on a Bruker Tensor 27 instrument with an 
RT-DLATGS detector in the range 400–4000   cm−1. To 
show the morphology of the TZ and MZ nanocomposite 
SEM (MIRA3-Tescan) was used, and TEM (Philips CM20) 
technique was utilized to determine the size of  Fe3O4 nano-
particles on the MZ nanocomposite. To determine the spe-
cific surface area of the samples, BET measurements of  N2 
adsorption were carried out at 77 K using an ASAP2020 
instrument. Vtot was evaluated by converting the volume of 
nitrogen adsorbed at p/ps ≈ 0.99 to the volume of liquid 
adsorbate. Mass magnetization of the MZ nanocomposite 
versus the applied magnetic field was measured at room tem-
perature for 120 min using a vibrating sample magnetometer 
(PAR-VSM 155R).

To obtain  pHZPC (zero-point charge) of MZ, 0.5 g of 
nanocomposite was mixed with 100 mL solution of 0.01 M 
NaCl in nine different polyethylene vessels, and the pH 
set from 2 to 10 by 0.1 M HCl and NaOH in each vessel 
[32–37]. The nine vessels were then placed in a shaker incu-
bator at 25 °C for 24 h. Finally, the zero-point charge of the 
adsorbent was estimated by drawing the difference in initial 
pH and the final pH (ΔpHfinal − ΔpHinitial) against initial pH 
[32]. The pH of the solutions was measured by an 827-pH 
lab pH-meter (Metrohm).

Nitrate Adsorption Batch Tests

To investigate the effect of pH on the nitrate adsorption with 
MZ nanocomposite, one liter of nitrate ion solution (100 mg/L) 
was prepared by dissolving 100 mg  KNO3 in one-liter distilled 
water. Then, 100 mL of the nitrate solution was poured into 
each eight 250 mL of Erlenmeyer flasks, and pH set between 
2–9 by 0.1 M HCl and NaOH. Into each container was added 
0.02 g (0.2 g/L) of nanocomposite, and all of them were placed 
in a shaker incubator with 150 rpm at 25 °C for 48 h. After 
adsorption process, a magnet was used to manually remove 
the nanocomposite from solution. The solution was passed 
through a 0.22-µm syringe filter to ensure the validity of the 
separation procedure. Two milliliters of the solution were then 
subjected to nitrate concentration analysis using spectropho-
tometry (Model Optizen 3220).

The concentration of  NO3 before and after adsorption was 
measured by a spectrophotometer. The detection limit was 
0.05 mg/L, and the relative standard deviation of five replicate 
analyses was generally below 2.5%. To determine the concen-
tration of nitrate in the solution, at first 7 samples of standard 
solution were prepared with concentrations of 0 to 11 mg/L, 
and the adsorption amounts of each sample were measured 
by the spectrophotometer in wavelengths of 220 and 275 nm, 
followed by subtracting the double absorbance at 275 nm from 
the absorbance at 220 nm (Eq. 1). Then, by using these results 
to read the adsorption amounts of unknown samples and com-
paring to the standard curve of known nitrate concentration, 
the nitrate concentration of the samples was calculated from 
the calibration curve [38].

To study the kinetics of nitrate removal, approximate con-
centrations of 100, 250 and 400 mg/L nitrate ions were used at 
initial pH of 6 and 25 °C. Then, 0.02 g of adsorbent was added 
to 100 mL of solution (0.2 g/L) and the residual nitrate concen-
tration in the solution was measured at time intervals 1, 3, 5, 
20, 30 and 60 min. Each test was performed in duplicate, and 
average values were recorded. In the control test, no change in 
initial nitrate concentration was observed without the presence 
of adsorbent at pH = 6. The experiments with TZ in the same 
conditions at 100 mg/L nitrate were performed to compare the 
adsorption kinetics with MZ nanocomposite.

Thermodynamic parameters such as ΔH°, ΔS° and ΔG° 
are obtained by the linearized Van’t Hoff function and Gibbs 
free energy equations (Eqs. 2–4) [32]. ΔH° and ΔS° values are 
achieved by plotting the linear  LnKd diagram against 1/T and 
then extracting the slope and y-intercept of the aforementioned 
linear equation, respectively.

(1)
Absorbance of nitrate = adsorption in 220 nm

−2 ∗ (adsorption in 275 nm)
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where Kd is the adsorption distribution coefficient, qe is 
the equilibrium concentration of nitrate on the adsorbent 
(mg/L), R is universal gas constant (8.314 J/mol K) and T is 
the absolute temperature in Kelvin [32].

For the thermodynamic study, the tests were done at ini-
tial pH = 6, concentration of 100 mg/L nitrate, time of 5 min 
and 0.2 g/L of adsorbent in an incubator shaker with three 
different temperatures of 25, 35 and 45 °C.

To determine the nitrate adsorption isotherm, 0.02 g of 
adsorbent was added to 100 mL of solution with initial con-
centrations of 100, 250 and 400 mg/L. The initial pH of the 
solution was set to 7. The mixture of solution and adsor-
bent was stirred until equilibrium (120 min) in an incubator 
shaker at 150 rpm, and then, separation by hand magnet was 
done. Before measuring  NO3 concentration by spectropho-
tometry, the solutions were passed through a 0.22-micron 
syringe filter.

The most widely accepted surface adsorption isotherm 
models for single solute systems are by Langmuir and Fre-
undlich [32–37]. The obtained adsorption amount and the 
concentration of the liquid phase were tested with them. 
Linear regression is often used to determine the best-fitting 
isotherm, and the applicability of isothermal equations is 
compared by judging the correlation coefficients.

The Langmuir equation is commonly expressed as fol-
lows (Eq. 5) [32–37]:

where qm is monolayer adsorption capacity (mg/g), and KL 
is Langmuir isotherm constant related to the affinity of the 
binding sites and energy of adsorption (L/mg). The values 
of qm and KL can be calculated by plotting Ce/qe versus Ce.

The Freundlich equation was employed for the adsorp-
tion of nitrate on the adsorbent. The Freundlich isotherm is 
represented by Eq. (6) [32–37]:

where qe is the amount of nitrate adsorbed (mg/g), Ce is the 
equilibrium concentration of nitrate in solution (mg/L), and 
Kf and n are constants incorporating the factors affecting the 
adsorption capacity and intensity of adsorption, respectively 
[32–37].

The kinetics of nitrate adsorption onto MZ nano-
composite is required for selecting optimum operating 

(2)Kd =
qe

Ce

(3)ΔG0 = ΔH0 − TΔS0

(4)Ln Kd = −
ΔH0

R ⋅ T
+

ΔS0

R

(5)Ce∕qe =
(

1∕KLqm
)

+
(

1∕qm
)

Ce

(6)log qe = log Kf + 1∕n log Ce

conditions for the full-scale batch process. The kinetic 
parameters that are helpful for the prediction of adsorp-
tion rate give important information for designing and 
modeling the adsorption processes. Various kinetic mod-
els have been suggested to investigate the mechanism of 
adsorption. The two kinetic models used to better analyze 
the kinetics of nitrate adsorption by MZ nanocomposite 
are pseudo-first-order and pseudo-second-order.

The kinetic data were treated with the following Lager-
gren pseudo-first-order rate equation (Eq. 7) [32–37]:

where qt and qe are the amounts adsorbed at time t and at 
equilibrium (mg/g), and  kf is the pseudo-first-order rate con-
stant for the adsorption process  (min−1).

Pseudo-second-order kinetic model (Eq. 8) [32–34]:

where qt (mg/g) is the adsorbed amount at time t, qe (mg/g) 
is the maximum adsorption capacity, and k2 (g/mg min) is 
the rate constant [32–34]. The pseudo-second-order kinetic 
model assumes chemisorption to be the rate-limiting step 
due to its tendency to involve electron exchange between the 
adsorbent and adsorbate [32–34].

Different amounts of adsorbent with concentrations of 
0.2, 0.5, 1.5 and 2 g/L were used to evaluate the opti-
mum amount of adsorbent in nitrate removal. For this pur-
pose, 100 mL of nitrate solution with a concentration of 
100 mg/L was prepared and certain amounts of adsorbent 
were added into each of the Erlenmeyer flakes. Test condi-
tions were performed at ambient temperature, pH = 6 and 
150 rpm inside the incubator shaker with a residence time 
of 120 min.

Regeneration and reuse

First, 500 mL of nitrate solution with a concentration of 
100 mg/L was prepared for the adsorption and desorption 
process. Three consecutive adsorption–desorption cycles 
were performed in duplicate to evaluate the feasibility of 
regenerating and reusing the MZ nanocomposite (zeolite/γ-
Fe2O3) adsorbent. The adsorption experiments were per-
formed in 100 mL of solution with an initial concentration of 
100 mg/L nitrate, pH = 6 and an adsorbent of 2 g/L for 5 min. 
Thereafter, the magnetically separated MZ nanocomposite 
was gently and repeatedly rinsed with deionized water, fol-
lowed by redispersion in 20 mL of regenerant, i.e., 0.2 mol/L 
 H2O2 and HCl solution, and shaken for another 120 min. 
Before the next adsorption process, the MZ nanocomposite 
was washed with deionized water. After separation by hand 

(7)Log
(

qe − qt
)

= log qe − kft∕2.303

(8)
t

qt
=

1

k2q
2
e

+
1

qe
t
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magnet, 100 mL of initial nitrate solution was added to it 
and the pH of the solution was adjusted to 6 with 0.01 M 
hydrochloric acid. These adsorption–desorption cycles were 
repeated three times, and the nitrate adsorption removal was 
analyzed and recorded.

Results and discussion

The characterization of nanocomposite

The XRF analysis of powder zeolite, which has been 
used in this study, showed that it contains 67%  SiO2, 12% 
 Al2O3, 2%  Na2O, 2%  K2O, 1% CaO, 0.56% MgO and 
0.52%  Fe2O3. The BET surface area and WHC% of zeo-
lite after treatment were 155  m2/g and 65%, respectively.

Figure 1 shows the XRD spectrum of the TZ (a) and MZ 
nanocomposite (b) obtained by the precipitation method. 
The presence of well-ordered and dispersed crystalline 
maghemite (γ-Fe2O3) is evident with lattice parameters: 
a = 0.835 nm, b = 0.835 nm, c = 0.835 nm on the TZ sur-
face via chemical linking. All peaks in the XRD pattern 
are consistent with the standard structure (ICDD Card 
No. 39–1346) [39, 40], and the weak peaks appearing at 
2θ = 22º and 27º correspond to the TZ [41]. The mean 
particle size of maghemite nanoparticles was estimated to 
be approximately 18 nm according to the Debye–Scherrer 
equation D = (Kλ)/(β∙cosθ), where λ is the wavelength of 
the X-ray used for the diffraction, K is a constant called 
shape factor (K = 0.89), θ is peak position (2θ/2) in radi-
ans, and β is the full width at half-maximum (FWHM) 
intensity in radians [42–47].

Fig. 1  X-ray diffraction patterns 
of a TZ and b MZ

Fig. 2  FTIR spectra of a TZ and 
b MZ
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Figure 2 shows the FTIR spectrum of the TZ (a) and the 
produced MZ nanocomposite (b). The IR absorption bands 
in the 465, 620, 799, 1102  cm−1 range correspond to the TZ. 
The absorption peak at 465  cm−1 and 799  cm−1 is related to 
the bending vibrations of M–O bonds and stretching vibra-
tion modes of O–M–O groups (M=Si and Al), respectively 
[26, 48]. The 1102  cm−1 band is related to M–O bonds in 
 MO4 tetrahedra, which make transition to 1085   cm−1 in 
nanocomposite [26, 48]. The absorption peak at 493  cm−1 
and 798  cm−1 is related to maghemite nanoparticles [24, 
39, 42, 44], and this is in agreement with the XRD meas-
urement. The absorption bands at around 610   cm−1 are 
attributed to the Fe–Si–O groups of reacted nanoparticles 
with zeolite [26]. The absorption bands visible on the spec-
tra around 1638   cm−1 are characteristic of vibrations in 
structural water molecules, and the band at 3413  cm−1 is 

attributed to -OH-stretching [42–47]. Finally, the tiny dip in 
the spectra at 2356  cm−1 is due to atmospheric  CO2 [39, 42].

Figure 3 is the SEM images of the treated and magnetic 
zeolite nanocomposite, which shows that most of the zeo-
lite has a smoother surface with morphology of multilayer/
single plate, and the maghemite (γ-Fe2O3) nanoparticles 
are spherical, which is located on their surface. Due to the 
γ-Fe2O3 nanoparticles bonded with the TZ surface, the BET 
surface area decreases from 155  m2/g for TZ to 102  m2/g 
for MZ, and also pore volume decreases from 0.14  cm3/g in 
TZ to around 0.093  cm3/g in MZ. The phenomena could be 
related to the formation of maghemite nanoparticles inside 
the pores [43].

Figure 4 is the TEM images of the MZ nanocompos-
ite. The average size of 150 randomly chosen particles 
was 21 ± 2 nm. This result is in agreement with the XRD 

(a)

(c) (d)

(b)

Fig. 3  SEM images of a, b TZ and c, d MZ
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analysis (⁓18 nm). However, it is evident that maghemite 
nanoparticles were bonded to the surface of the TZ. The 
magnetization curves at room temperature plotted against 
H/T for MZ are shown in Fig. 5. The magnetization sat-
uration occurred at relatively low external field (∼5000 
Gaussian). It indicates a narrow particle-size distribution 
and a good crystalline of the maghemite nanoparticles. 
Low magnetic remanence (Mr = 0.43) indicated that the 
produced maghemite nanoparticles are super-paramag-
netic at ambient temperature. This observation is con-
sistent with reference [16]. The saturation magnetization 
was 23.5 A  m2  kg−1 (emu/g) for MZ; the value for bulk 
γ-Fe2O3 crystallites is 73.5 A  m2  kg−1, where the differ-
ence is due to the surface spin canting and disorder bro-
ken bonds, whose effect becomes increasingly important 
with decreasing particle size. Moreover, MZ could be 
quickly separated from the solution and brought to the 
side wall of a cuvette within 10 s using an ordinary magnet 

(insert Fig. 5), suggesting that MZ had excellent magnetic 
properties.

The  pHZPC of MZ nanocomposite produced in this study 
by the chemical precipitation method was approximately 
6.8. For the pH higher and lower than ZPC, the surface 
of nanocomposite contains negative and positive charges 
attracting cations and anions, respectively (by electrostatic 
forces), while at this point, the positive charges equal the 
negative ones [32, 39, 43].

Adsorption tests

Effect of pH

Figure 6a depicts  NO3
− adsorption on the MZ at 25 °C dur-

ing 48 h with different initial pH values. The results dem-
onstrated that  NO3

− adsorption in acidic pH range (3 to 
6) is higher while at alkaline pH (greater than 7), nitrate 

Fig. 4  a Typical TEM images of MZ by maghemite nanoparticles (240,000×); b Particle size distribution for maghemite nanoparticles on MZ

Fig. 5  Magnetic hysteresis 
curves measured at room tem-
perature for MZ
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adsorption drops. In fact, the increase in the amount of 
hydroxyl ions in the solution at highly alkaline pH results 
in a competition between nitrate ions and hydroxyl to 
occupy active adsorption sites on the MZ, while decreas-
ing  NO3

− adsorption [30]. Also, the nitrate ions in solution 
were replaced by the hydroxyl (OH −) ions present in MZ 
(ion exchange). This observation is consistent with what was 
reported by reference [15].

Table 1 shows the stability constant logarithm (Log K) 
related to each stable nitrate species in the pH range of 1–14. 
According to Log K, the formation of  NH4

+,  NH3OH+, 
 N2H5

+,  NO2
− and  N2O2

− is possible at acidic pH that can 
increase or decrease the adsorption ability or kinetics of MZ. 
According to the diagram of the species obtained by Fig. 6b, 
the three types of nitrates are formed in solution at differ-
ent pH, where  NO3

− is converted to  NH4
+ ions at pH lower 

Fig. 6  a Effect of pH on the 
adsorption of nitrate ions by MZ 
and b diagram of the fractional-
pH for the nitrate-water system 
at 25 °C. (Drawn by Medusa 
software, Royal Institute of 
Technology, Sweden)
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than 4. Therefore, it is postulated that  NH4
+ was removed by 

ion exchanges with  Na+ and  K+ in zeolite structure. Addi-
tionally, the proposed mechanisms for nitrate adsorption on 
nanocomposite surface are shown in Fig. 7.

Effect of contact time and initial concentration

The effect of initial nitrate concentrations and contact time 
on the removal by TZ and MZ is shown in Fig. 8. The 
removal percentages for MZ with respect to initial con-
centrations reveal approximately 5 min to approach steady 
state. After this time, the removal percentages of nitrate 
are 84.2, 82, and 79.5 for initial concentration of 100, 250, 

and 400 g/L, respectively. So, by increasing the nitrate con-
centration from 100 to 400 mg/L, the removal of nitrate 
decreases by only 4.7 percent (high to low difference) and 
the time required to reach equilibrium slightly increases. 
Therefore, for low nitrate concentrations, the empty space 
within the adsorbent is large enough, while increasing the 
nitrate concentration causes suitable spaces to be filled up 
first. Then, the amount of residual nitrate moves from the 
bulk solution toward the adsorbent and hardly penetrates into 
the pores and adsorbs within the empty space of the adsor-
bent. This mass transfer resistance increases the adsorption 
time.

Fig. 7  The mechanisms of 
nitrate adsorption on the 
zeolite/γ-Fe2O3 nanocomposite

Fig. 8  Effect of initial concen-
tration and contact time on the 
adsorption of nitrate removed 
by TZ, and MZ; dosage of 
absorbent 0.2 g/L at ambient 
temperature
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The three concentrations of nitrate after removal have 
decreased from 100 to 16.5 mg/L, 250 to 45 mg/L, and 400 
to 75 mg/L. According to WHO, the maximum levels of 
nitrate in drinking water are 50 mg/L [1]. Therefore, con-
centrations of 100 and 250 mg/L reach below the allowable 
limit after removal.

In addition, 77.5% of nitrate removal occurred by a 
dosage of 0.2 g/L TZ and at 100 mg/L initial nitrate con-
centration. The results showed that the removal of nitrate 

(100 mg/L initial concentration) with the MZ was only 6.7% 
higher than that of the TZ, but its separation from solution 
by a manual magnet was advantageous with respect to cost 
and time compared to filtration and centrifugation methods 
used for conventional zeolite.

Fig. 9  Effect of adsorbent dos-
age on percentage removal of 
nitrate by MZ
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Table 2  Comparison of adsorption capacities and other parameters of nitrate removal between this research and literature

Adsorbent Exp. adsorption 
capacity (mg/g)

Nitrate 
concentration 
(mg/L)

Time Tem-
perature 
(°C)

pH Adsorption isotherm model References

Zeolite/gamma  Fe2O3 nanocomposite 421.5 100 5 min 25 6 Langmuir This research
Zinc ferrite@activated carbon 75.58 100 120 min 30 7 Langmuir [6]
Zirconium encapsulated chitosan 

quaternized
138.4 100 30 min 25 6.6 Langmuir [4]

Magnetic MWCNTs 112 100 120 min 25 6 Langmuir [17]
Carbon nanotubes functionalized with 

mesoporous silica-nitrenium ions 
(CNT-MS-N)

112 80 5 h 30 7 Langmuir [18]

Polyaniline-modified activated carbon 
(PAN/AC)

48.9 75 120 min 25 6.6 Sips model [19]

AC/Al2O3 nanoparticles 300 30 75 min 25 4 – [3]
Cation exchange resin-supported iron 

and magnesium oxides/hydroxides 
composite (Fe–Mg/CER)

200 100 30 40 5 – [10]

Modified zeolite by surfactant (UZM-5) 18.62 100 12 h 25 6 Langmuir [21]
Chitosan/Zeolite Y/Nano-ZrO2 nano-

composite (CTS/ZY/nano-ZrO2)
23.58 20 60 min 35 3 Langmuir [22]

Amine-modified cocoa shell (ECAB) 31.65 50 180 min 20 5.5 Langmuir and Freundlich [23]
Mesoporous carbon CMK-3 48.78 50–250 5 min 25 7 Langmuir [7]
Zeolite-supported zero-valent iron 

nanoparticles
22.94 100 24 h 25 5.5 Langmuir [41]

Modified Clinoptilolite zeolite 21.66 100 180 min 25 5 Langmuir [48]
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Effect of adsorbent dosage

The effect of adsorbent dosage on the removal of nitrate by 
MZ is shown in Fig. 9. Increasing the amount of MZ from 
0.2 to 2 g/L led to increasing the removal amount by about 
7.2% (from 84.3 to 91.5), which is not significant. There-
fore, the absorbent concentration of 0.2 g/L was selected as 
the appropriate dose for the other experiments. Referring to 
Table 2, which shows a comparison between the results of 
this study using MZ with other researchers who worked with 
other adsorbents for nitrate removal, the present study has 
the highest adsorption capacity (421.5 mg/g) after 5 min at 
initial nitrate concentration of 100 mg/L with adsorbent dos-
age of 0.2 g/L at room temperature. The closest result to the 
current study appearing in reference [7] using mesoporous 
carbon reports an adsorption capacity of roughly 1/9th of this 
study at the same residence time.

Calculation of thermodynamic parameters and the effect 
of temperature

The thermodynamic parameters of nitrate adsorption in 
concentration of 100 mg/L are produced by the thermody-
namic equations as shown in Table 3 and in Fig. S1 (sup-
plementary of materials). A negative value of ΔH° confirms 
the exothermic nature of nitrate adsorption and proves that 

the adsorption increases by decreasing the solution tem-
perature. The obtained ΔG° values for temperatures 298, 
308 and 318 K were −4.152, −4.008, and −3.95 kJ/mol, 
respectively. The low temperatures yield a more negative 
Gibbs free energy in surface reactions, resulting in a more 
spontaneous nitrate adsorption process. A negative observed 
ΔS° was indicative of decreasing disorder, and consequently, 
increasing adsorption levels in the mutual liquid–solid phase 
at lower temperatures during the adsorption process [32].

Adsorption isotherm models

Table 4 shows how the isotherm parameters were obtained 
by fitting the adsorption data with Langmuir and Freundlich 
models. Based on the high correlation coefficient of the data 
with the Langmuir model (R2 = 0.98), it can be concluded 
that adsorption of nitrate on the MZ is performed as a single 
layer on the adsorbent surface and there is no interaction 
between the adsorbed units (Fig. S2). Also, the adsorbent 
surface is homogeneous and the heat of absorption is uni-
form. The maximum amount of adsorbed nitrate (qmax) was 
500 mg/g at 25 °C. The Freundlich isotherm model yielded 
a 0.89 correlation coefficient (R2) at ambient temperature 
(Fig. S3).

Kinetic study of adsorption

The kinetic parameters of nitrate adsorption by MZ adsor-
bents are shown in Table 5. In pseudo-first-order kinetics, 
calculated adsorption capacity (qe,cal) does not represent 
experimental adsorption capacity (qe,exp) (Fig. S4). However, 
the calculated adsorption capacity, in comparison with the 
experimental adsorption capacity in pseudo-second-order, 
shows high agreement (R2 = 0.99), and therefore, nitrate 
adsorption conforms with pseudo-second-order kinetics 
(Fig. S5). The reaction expressed by the quasi-quadratic 
kinetic model is directly proportional to the number of active 
sites on the adsorbent surface. The pseudo-second-order 
kinetics model is based on the assumption that the reaction-
limiting step may be chemical adsorption. Therefore, the 
adsorption of nitrate by MZ is a chemical adsorption and not 
a physical adsorption [6]. These results are consistent with 

Table 3  Thermodynamic parameters of nitrate adsorption in concen-
tration 100 mg/L

ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol K) R2

298 K 308 K 318 K

−4.152 −4.008 −3.95 −6.015 −6.51 0.9814

Table 4  Langmuir and Freundlich constant for the adsorption of 
nitrate on MZ

Langmuir constants Freundlich constants

qm (mg/g) K (L/mg) R2 n K R2

500 0.06 0.98 1.8 5.23 0.89

Table 5  Kinetics parameters for 
nitrate adsorption on the MZ 
in the concentration of 0.2 g/L 
of MZ

Adsorb-
ate dose 
(mg/L)

Pseudo-second-order Parameters Pseudo-first-order Parameters

Ks  (min−1) qe,Cal (mg/g) qe,exp (mg/g) R2 Kf  (min−1) qe,Cal (mg/g) R2

100 0.0024 417 421.5 0.998 −0.0338 1.72 0.80
250 0.001 1040 1043.5 0.999 0.0877 2.90 0.89
400 0.0006 1600 1620 0.999 0.0064 2.84 0.67
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the results of a study by Pavlovik et al. [48] that examined 
the nitrate removal with MZ by iron oxide nanoparticles.

Regeneration and reuse

According to Fig. 10, the percentage of nitrate removal by 
fresh MZ was 87.8%, while after regeneration 1, 2 and 3 
times with  H2O2 solution, the removal percentage was 
87.4%, 85.5% and 85%, respectively. After the same number 
of regenerations by HCl solution, the removal percentages 
decreased to 86.8%, 84.4% and 70%, respectively, due to 
the regeneration of the active space on the adsorbent after 
each adsorption step. According to the diagram of the spe-
cies shown in Fig. 6b,  NH4

+ ions formed at pH lower than 
4. Therefore,  NH4

+ was desorbed by ion exchanges with  H+ 
in acidic media (HCl) from MZ nanocomposites. Referring 
to reaction-9 (below) using hydrogen peroxide, since zeolite 
has been improved by gamma-Fe2O3 nanoparticles, there is 
a tendency to produce  H+ ions and HO⋅

2
 radicals [49]. The 

formation of the ions and radicals improves the elimination 
of nitrate ions in successive cycles with respect to HCl.

These results indicate better performance of  H2O2 than 
HCl in regenerating the adsorbent. They also show that the 
prepared MZ can be easily regenerated by  H2O2 and there-
fore is highly durable.

Conclusion

In comparison with the other adsorbents used for nitrate 
removal, the present study revealed that the MZ exhibits 
high adsorption capacity (421.5 mg/g) after 5 min with 
adsorbent dosage of 0.2 g/L. However, the reference [7] 

(9)Fe3+ + H2O2 → Fe2+ + H+ + HO⋅

2

method using mesoporous carbon produced an adsorption 
capacity of roughly 1/9th of this study at the same resi-
dence time (Table 2). In addition, the highest percentage 
removal of nitrate was 91.5% at initial nitrate concentration 
of 100 mg/L, adsorbent dosage of 2 g/L and pH = 6. It is 
also concluded that separation of adsorbent from solution 
by a manual magnet was advantageous with respect to cost 
and time compared to filtration and centrifugation meth-
ods used for conventional zeolite. Therefore, the MZ is an 
economical, efficient and effective adsorbent as compared 
with other reported adsorbents. From the thermodynamic 
point of view, the increase in nitrate removal was associ-
ated with a decrease in enthalpy and entropy. This implies 
that the exothermic reaction occurs with less disorder which 
raises the amount of available energy for removal. In addi-
tion, the adsorption process of nitrate followed the Langmuir 
model and pseudo-second-order kinetics. Finally, it is rec-
ommended to continue research in substantiating the claim 
that the formation of  H+ ions and  HO2

• radicals by  H2O2 
during the regeneration of adsorbent improves the elimina-
tion of nitrate ions.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s41204- 022- 00294-6.
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