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ABSTRACT

The life-threatening nature of high nitrate concentrations in various
water resources motivated the present study to investigate the nitrate
adsorption by ZSM-5 nanozeolite and the feasibility of increasing
nitrate removal efficiency using iron-doped ZSM-5 (ZSM-5/Fe)
nanoadsorbent. The optimal adsorption conditions were determined
first by modeling the central composite design (CCD) using Design
Expert.7 software based on four influential factors of contact time,

Keywords: pH, adsorbent dosage and initial nitrate concentration. Then, the
Adsorption, isotherms of nitrate adsorption under optimized conditions were
ZSM'5/FG nanozeolite, investigated using the degree of fit of experimental data with
Freundhph, Langmuir and Freundlich models for mathematical modelling of
Langmuir, the nitrate adsorption process. Based on the test design results, the

UV-Vis Spectrophotometry highest nitrate removal efficiency (%93.1) was determined with UV-

Vis spectrophotometry at the contact time of 150 min, pH value of
3, the adsorbent dosage of 4 g L! and initial concentration of 40 mg
L. Analysis of adsorption isotherms also confirmed the greater fit
of the experimental data with the Freundlich equation, so that the
correction factor of the Freundlich equation was greater than the
Langmuir equation, due to the heterogeneous distribution of active
sites for adsorption on the ZSM-5/Fe nanosorbent surface. Therefore,
it can be concluded that ZSM-5/Fe is a high efficiency nanosorbent
for nitrate removal from water resources.

1. Introduction

Nitrate is known to be one of the most serious threats
to human health in the world, which enters the human
body through the penetration into groundwater and
surface water resources following the excessive use
of chemical fertilizers and uncontrolled discharge
without nitrification of municipal and industrial
wastewater in the environment [1-3]. This ion is
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relatively non-toxic in nature, but its reduction to
nitrite by microorganisms can pose serious health
risks to humans, including blue baby syndrome,
also known as infant methemoglobinemia [4-7].
Accordingly, the EPA has recommended that the
maximum permissible concentration of nitrate is
10 mg L' in drinking water [8]. Hence, various
methods have been previously employed to
remove nitrate from aqueous solutions, such
as adsorption, ion exchange, reverse osmosis,
chemical and biological methods. In recent years,
adsorption methods have attracted much attention
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in the removal of mineral ions, including fluoride,
nitrate, bromate and perchlorate from water and
wastewater. Conventional chemical adsorbents
today include those based on carbon, clay,
zeolite, chitosan, bilayer compounds (hydroxide/
hydrotalcite), agricultural and industrial wastes,
and miscellaneous group [9- 19]. Many researchers
at present are focusing on zeolites as natural
adsorbents of environmental pollutants through
ion exchange or adsorption or both due to large
specific surface area, unique channel structure,
high-temperature hydrothermal stability and high
modifiability to enhance adsorption efficiency
[20-25]. Kamarehie et al. fabricated a natural
nanosorbent using granular activated carbon
from grape wood coated with iron nanoparticles
to remove nitrate from aqueous solutions.
The adsorption was then investigated by the
Freundlich isotherm model. Their results showed
that more than 99% of nitrate was removed from
the solution with this nanosorbent [26]. Mazarji
et al removed nitrate from the aqueous solution
using modified granular activated carbon. They
modified a commercial granular activated carbon
with sodium hydroxide to increase nitrate removal
efficiency, followed by examining parameters such
as adsorbent dosage, solution pH, contact time
and initial nitrate concentration and temperature
in the nitrate adsorption process. They concluded
that the use of two-step treatment could be a
promising method in improving the efficiency of
activated carbon to remove nitrate from water [27].
Hafeshjani et al. used sugarcane residues to remove
nitrate from aqueous solutions, and investigated
the physicochemical properties of the adsorbent
such as morphology, element composition, ion
exchange capacity and specific surface area.
They measured parameters such as pH, adsorbent
dosage, contact time, initial nitrate concentration
and temperature using different adsorption kinetic
models such as Freundlich, Langmuir and others.
Their results indicated that the maximum nitrate
removal efficiency was achieved at pH value of
4.64, contact time of 60 minutes, adsorbent dosage
of 2 g L' and the best models were Langmuir

isotherm model and Pseudo-second-order
kinetic model [28]. Meftah et al modified natural
nanozeolite with 3-aminopropyl triethoxysilane
and investigated the optimal conditions for nitrate
adsorption capacity of modified zeolite in aqueous
solutions. Their results revealed that the best nitrate
removal capacity (80.12 %) was obtained at the
lowest pH value of 3 and nitrate concentration of
50 mg L' and adsorbent dosage of 4 g L' [29].
Alimohammadi et al optimized the nitrate removal
efficiency using magnetic multi-walled carbon
nanotubes by response surface methodology
(RSM). They measured two parameters of pH
and D/C ratio with quadratic models using RSM,
and reported the maximum nitrate removal
efficiency (%97.15) at pH = 4 and D/C = 40 mg per
mg L. It is worth mentioning that they used the
Freundlich adsorption isotherm to interpret the
adsorption dosage [30]. Azari et al. fabricated a
zeolite modified with hydrochloric acid to remove
nitrate from aqueous solutions, and investigated
the effects of pH, strings speed, contact time, and
optimum adsorbent dosage for this nanosorbent
under isotherm equations. Their results revealed
that the optimum conditions for pH, contact time
and adsorbent dosage for maximum nitrate removal
with this nanosorbent were 5, 180 minand 16 g L',
respectively, confirming higher removal efficiency
compared to simple unmodified zeolite due to
the presence of larger sites [31]. Sepehri et al.
presented a natural zeolite-supported zero-valent
iron nanoparticles (ze-Nzvi adsorbent) using the
sodium borohydride reduction method with the aim
of removing nitrate from aqueous solution. Then,
they measured the parameters of contact time,
adsorbent dosage, initial nitrate concentration,
initial pH, the results of which showed that the
nitrate removal efficiency was decreased with
increasing the initial solution pH and the adsorbent
dosage but elevated with increasing the initial
nitrate concentration [32]. Fataei et al investigated
the effects of iron and sand nanoparticles on nitrate
removal efficiency on a laboratory scale. In this
research, they tested the effect of pH, sand and iron
particles parameters on nitrate removal efficiency.
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The mixture of iron and sand particles elevated
efficiency and specific area. The results showed
that the efficiency of iron nanoparticles was 65% in
the first 20 min and 45% in the next times when the
pH of the reactions increased. Therefore, the results
confirmed that the initial solution pH was important
in the maximum nitrate removal efficiency [33].
Bhatnagar et al. introduced nanoalumina to remove
nitrate from aqueous solution. In their study,
they examined the parameters of contact time,
pH, nitrate concentration with a pseudo-second-
order kinetic model. The highest nitrate removal
efficiency was achieved at a concentration of 4 mg
g, a temperature of 23-27°C and a pH value of
4.4. Langmuir isotherm model was performed to
analyze the nitrate adsorption. The results of this
study verified the nano-alumina as a useful and
effective adsorbent for the nitrate removal from
aqueous solutions [34].

Given that metals such as Al, Sn, Zn, Fe and Ni are
effective agents for remediation of contaminated
groundwater, hence the present study tested iron
metal due to its availability, inexpensiveness, non-
toxicity, high efficiency and rapid reaction in the
decomposition of contaminants to functionalize
ZSM-5 nanozeolite with the aim of determining
the optimal conditions and effective factors in
nitrate removal, including pH, contact time and
adsorbent dosage using RSM as well as evaluating
the adsorption isotherms.

2. Experimental

2.1. Material

The ZSM-5 nanocatalyst powder (from the Zeolites
family) was purchased from Sigma Aldrich with a
crystal size of 0.5 pm and a pore size of 5.5A°. Ferric
chloride (FeCl,), sodium hydrocside (NaOH),
Potassium nitrate(KNO,), Hydrocloric acid (HCI)
and %98 sulfuric acid (H,SO,) were also obtained
from Merck Germany.

2.2. Materials characterization

X-ray diffraction (XRD, STADI-P, the USA) and
energy-dispersive X-ray spectroscopy (EDX,
MIRA III SAMX, Czech Republic) was used to
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investigate ferrous (Fe) metal in the nanocatalyst
structure functionalized with these metal. Brunauer-
Emmett-Teller (BET) surface area analysis (Belsorb
apparatus, Japan) was used to determine the SSA of
nanocatalyst particles. The concentration of nitrate
was determined by spectrophotometer UV-Vis
(Hach model Dr2800) was used.

2.3. Preparation of ZSM-5/Fe Nanozeolite

To Preparation the functionalized ZSM-5
nanocatalyst, first 2.5 g of ZSM-5 nanozeolite
powder was placed in the furnace at a temperature
of 500°C for 4 hours and calcined. Then, 0.5 g of
ferric chloride (FeCl,) powder was dissolved in
distilled water twice for one hour, added to the
calcined ZSM-5 nanozeolite powder and mixed
for another 30 minutes, and filtered with a filter
paper. The resulting powder was rinsed three times
with distilled water and placed in an oven at a
temperature of 80°C for 2 hours. Next, the powder
was separated from the filter paper and re-calcined
at a temperature of 500°C for 4 hours. The method
of preparation above nanocatalyst is schematically
illustrated in Fig.1.

2.4. Preparation of solutions

To prepare a standard concentrated potassium
nitrate solution, 7 g of anhydrous KNO, was dried at
100°C for an hour. After cooling, 1.805 g of KNO,
was dissolved in a volumetric flask and diluted to
250 mL, thus preparing a standard solution of 1000
mg L' or 1.0 mg mL"'. HCL and NaOH solutions
were prepared to set the pH values. Then, nitrate
solutions with concentrations of 20, 40, 60, 80,
100 and 120 mg per liter were prepared from the
standard solution of potassium nitrate 1000 mg L.

2.5. Procedure

In this research, the experimental design table was
first provided using the effective variables of pH,
contact time and stirring speed in the intervals
defined to RSM and the central composite design
(CCD) by Design Expert.7 software. Then, the
value of each parameter was provided according
to the experimental design table and finally the
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Fig.1. Schematic of ZSM-5/Fe nanosorbent fabrication method

absorbance values or nitrate concentrations were
measured by UV-Vis spectrophotometry. The
results were analyzed by experimental design
software, and the optimal values of pH, contact
time and stirring speed were determined. In the
next step, the isotherms of nitrate adsorption under
optimized conditions were investigated using the
degree of fit of experimental data with Langmuir
and Freundlich models for mathematical modeling
of the nitrate adsorption process.

2.6. Langmuir adsorption model
The mathematical model of this isotherm is shown
in Equation land 2 .

J|||||||([(||||.:I

q.9,,,bc/1+bC, (Eq. 1)

1/q,_1/q,, be+1/q (Eq. 2)

Where, q__
q, for the amount of substance absorbed per unit

and b stand for experimental constants,

mass of adsorbent (mg g') and C_for the equilibrium
adsorbate concentration in solution (mg L).

2.7. Freundlich adsorption model

Equation 3 shows the mathematical model of the
Freundlich isotherm. Where, qe and Ce are similar
to the Langmuir isotherm, and n and K stand for
Freundlich constants. The linear equation of the
Freundlich isotherm is as equation 4.

Fig. 2. Energy-dispersive X-ray spectroscopy (EDX) analysis of the ZSM-5 and ZSM-5/Fe
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Fig. 3. Investigation of nickel doping by X-ray diffraction (XRD) analysis

q=KC'" (Eq. 3)

logq = logK+1/n logC, (Eq. 4)

3. Results and Discussion

3.1. Investigation of electrode surface
modification by EDX and XRD analysis
According to Figure 2 the presence of iron particles
in the nanosorbent structure is quite evident. The
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XRD spectrum for the ZSM-5/Fe nanozeolite
confirms the presence of iron particles doped with
silicate particles(Fig.3).

3.2. BET characterization

By comparing the BET parameter (Fig.4 and Table
1), in each of the four BET analysis curves of the
nanozeolite, the highest SSA was related to the
catalyst functionalized with Fe metal (ZSM-5/Fe,
which was determined to be 408.41 m? g).
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Table 1. The specific surface area of prepared nanozeolite

Row Nanocatalysts BET Unit
1 7ZSM-5 374.66 m? g!
2 ZSM-5/Fe 408.41 m’ g

3.3. Optimization and experimental design

In this research, the experimental design
using RSM in combination with CCD method
was performed to investigate the effects of
influential variables of pH (in the range of
2-8) (A), contact time (30-180 minutes) (B)
and adsorbent dosage (1-5 g L!) (C) on nitrate
removal efficiency. Due to the extensive use of
research on (A), (B) and (C) parameters for the
nitrate removal process, these parameters were
selected as effective factors in optimizing nitrate
removal [35-40] [41s,42s, This referenceshowed
in supporting nformation page, SIP]. The RSM
method is a mathematical and statistical method
used for the analysis and empirical modeling of
problems where a given answer is influenced
by several variables and the RSM can be
calculated to determine the optimal conditions.
One advantage of this method is to reduce the
number of empirical tests performed to obtain
statistically valid results. In addition, the RSM
method can also analyze the interactions between
variables. Therefore, the use of this method in
optimization can report more comprehensive and
accurate data by performing the least number of
experiments [43s-44s, SIP]. Table 2 shows the
range of independent variables and design levels
of the experiments examined in this study. The

results of the complete design of the test and the
exact responses of the tests listed in Table 3.
According to the results of the data analysis in
Table 4, a quadratic function model can fit well
to the empirical results. The fit of this model was
evaluated by Analysis of Variance (ANOVA),
normal probability plot and residual analysis.
The quadratic function for nitrate removal
efficiency is expressed as follows:

% Removal Nitrate=>51.29-(11.26x A)+(4.76x B)-(3.64
x CPH(11.90 x DYH(5A1 x A x B)+(3.69% A x C)-(0.062 x A
xD)+(3.16x B x C)+5.76x B x D)- (2.77 xC x D)+0.52 x
A2H0.89 x B2H(3.23 x C?)- (1.75 x D?)

In the Table 4, the ANOVA analysis showed the
importance of each parameter in response to nitrate
removal by P and F values. The smaller the P value,
the higher its impact factor and its contribution to
the response variable. The P values less than 0.05
indicate that the model expressions are significant.
The P values more than 0.1 indicate that the model
terms are insignificant. Accordingly, the seven
terms of (AC), (BD), and (C?) are significant
parameters of the model and have the greatest
effect on nitrate removal efficiency. The P values
of the other terms were greater than 0.05, which
means that their effect on the response model was
not statistically significant.

Figure 5 shows the residual curve in terms of the

Table 2. Factors and levels for CCD study.

Level pH Tempture Time
o- 22.4874 -4.31981 -13.7046
-1 3 5 1
+1 8 50 72
o+ 472.487 59.3198 86.7046
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Table 3. Experimental range and values of different variables studied.

Mostafa Hassani et al

Std  Run Block pH Time nitrate absorbent %Removal
(min) (mgL") (grL')  Nitrate(mgL™)
5 1 Block 1 7 60 40 4 48.76
7 2 Block 1 3 150 100 4 81.23
11 3 Block 1 5 105 70 3 53.22
8 4 Block 1 3 60 40 2 71.66
12 5 Block 1 5 105 70 3 54.6
1 6 Block 1 7 150 100 2 47.13
10 7 Block 1 5 105 70 3 50.62
3 8 Block 1 7 60 100 4 38.62
9 9 Block 1 5 105 70 3 5591
6 10 Block 1 3 60 100 2 57.84
2 11 Block 1 7 150 40 2 33.56
4 12 Block 1 3 150 40 4 93.51
14 13 Block 2 8 105 70 3 28.64
17 14 Block 2 5 105 20 3 63.28
20 15 Block 2 5 105 70 5 61.17
22 16 Block 2 5 105 70 3 53.76
21 17 Block 2 5 105 70 3 50.44
15 18 Block 2 5 30 70 3 40.62
18 19 Block 2 5 105 120 3 47.19
13 20 Block 2 2 105 70 3 66.51
19 21 Block 2 5 105 70 1 21.13
16 22 Block 2 5 180 70 3 56.62

Table 4. Experimental design and actual results of nitrate removal efficiency.

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Block 374.47 1 37447 e e
Model 5147.23 14 367.66 20.32 0.0007

significant
A-pH 717.07 1 717.07 39.64 0.0007
B-Time 128.00 1 128.00 7.08 0.0375
C-gr nitrate 181.09 1 181.09 10.01 0.0195
D-gr absorbent 801.60 1 801.60 4431 0.0006
AB 97.08 1 97.08 5.37 0.0597
AC 109.00 1 109.00 6.03 0.0495
AD 0.013 1 0.013 7.024E-004 0.9797
BC 79.70 1 79.70 4.41 0.0806
BD 110.03 1 110.03 6.08 0.0487
CD 61.44 1 61.44 3.40 0.1149
A2 4.23 1 4.23 0.23 0.6457
B2 12.30 1 12.30 0.68 0.4411
c2 160.98 1 160.98 8.90 0.0245
D2 47.05 1 47.05 2.60 0.1579
Residual 108.53 6 18.09
Lack of Fit 87.66 2 43.83 8.40 0.0370
significant

Pure Error 20.87 4 5.22
Cor Total 5630.23 21

55
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predicted response for response of nitrate removal
efficiency. This Figure shows that all empirical data
are uniformly distributed around the mean response
variable. This indicates that the proposed model is
sufficient and there has been no deviation from the
hypotheses made. As can be seen in Table 5, the

difference between the adjusted R?and the predicted
R? is less than 0.2 and the precision of the model is
19.613 (which is greater than 4), indicating the used
model is accurate.

Figure 6 shows a comparison between the actual
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Fig.5.The residual value curve in terms of the predicted response

Table 5. Model equation statistical parameters for ANOVA model
for nitrate removal efficiency.

Type of variables Results
Std. Dev. 4.25
R-Squared 0.9793
Mean 53.46
Adj R-Square 0.9312
CV.% 7.96
Pred R-Squared -4.0544
PRESS 26564.71
Adeq Precision 19.613
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response values obtained from the empirical
results and the predicted response values obtained
from the quadratic function model equation. It is
observed that the model describes the empirical
results and data fairly accurately, meaning that it
has been successful in comparing the correlations
between the three variables. In addition, there is
a sufficient correlation with the linear regression
coinciding with the R value of about 0.9793. In
addition, Figure 7 shows the three-dimensional
interaction curves of contact time, pH, adsorbent
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dosage and initial nitrate concentration for nitrate
removal efficiency. The highest nitrate removal
efficiency was reported at the contact time of 150
min, pH value of 3, adsorbent dosage of 4 g L
and initial concentration of 40 mg L'. Analysis of
the diagrams in Figure 7 revealed higher nitrate
removal efficiency at lower pH values and longer
contact times.

3.4. Absorption isotherms and measurements

Predicted vs. Actual

75.75 —

57.50 —

Predicted

39.25 —

21.13 39.23

57.32 75.42 93.51

Actual

Fig. 6. Comparison between predicted and actual empirical values

of nitrate removal efficiency
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The nitrate adsorption efficiency was measured
by dissolving 4 g of adsorbent in 250 mL of
nitrate solution at the initial concentrations of
20-120 mg at the contact time of 150 min at
laboratory temperature and the stirring speed of
50 rpm. Finally, the equilibrium concentration
of nitrate in solutions was determined by the
UV-Vis spectrophotometry at 220 and 275 nm.
The equilibrium nitrate adsorption capacity was
calculated by the equation 5. Where, q_ is the
equilibrium adsorption capacity (mg g'), C, is
the equilibrium concentration of nitrate ion (mg
L), V is the solution volume (L) and M is the
adsorbent dosage (g).
q.=(C,-C,)V/M (Eq.5)
3.4.1.Nitrate adsorption isotherm

Nitrate adsorption on ZSM-5/Fe adsorbent was
determined at laboratory temperature in terms
of equilibrium concentration, as shown by the
corresponding adsorption diagrams in Figures
8 and 9. Langmuir and Freundlich adsorption
models were employed to evaluate the adsorption
describe the
relationship between the amount of ion adsorption

isotherm data. These models
desired on the adsorbent surface and its equilibrium
concentration in the liquid phase. The Langmuir
and Freundlich isotherms indicate mono-layer and
multi-layer adsorption on surfaces, respectively.
The Langmuir isotherm reveals active sites with
a limited number, while the Freundlich equation
represents heterogeneous surfaces [45s, SIP]. By
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procedure, first the experimental data were fitted
with Langmuir and Freundlich equations and then
the constant parameters of the isotherm equations
were calculated. The Langmuir and Freundlich
models are explained by Equations 6 and 7,
respectively.

q.=(qm KLC )/(1+KLC, ) (Eq. 6)

q.=K_FCe”(1/N) (Eq. 7)
Where, q_ stands for the maximum adsorption
capacity (mg g'), C, for the equilibrium
concentration of nitrate ion (mg L), KL for the
constant of Langmuir isotherm (L mg"'), and KF
(mg g') and N are the constants of Freundlich
isotherm.

According to the results, the correction factor for
the Freundlich equation is larger than that for the
Langmuir equation, indicating experimental data
well-described with the Freundlich equation.
This fact is probably due to the heterogeneous
distribution of adsorption active sites on the
adsorbent surface, because the Freundlich model
assumes the adsorbent surface heterogeneity.
The values of parameter N in Freundlich model
are less than unit, which indicates an increase in
bond energy with surface density and shows the
optimal nitrate absorption conditions [46s-47s,
SIP]. The effective parameters of isotherm
models obtained from regression analysis of
experimental data are reported in Table 6.

4. Conclusions

Table 6. Parameters of Langmuir and Freundlich adsorption isotherms

for nitrate adsorption on ZSM-5/Fe adsorbent

R2 KL (L mg™)

gqm (mg g-1)

R2 N KF(mg g")

0.9881 0.290 8.072

0.9959 0.642 1.83
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According to the results of the experimental
design table, the pH value, contact time and initial
nitrate concentration optimized for maximum
nitrate removal (%93.51) were reported as 3,
150 minutes and 40 mg L', respectively. In the
results of the adsorption isotherms, the correction
factor for the Freundlich equation is larger than
that for the Langmuir equation, which shows
that the experimental data are well described
by the Freundlich equation, probably due to the
heterogeneous distribution of active adsorption sites
on the adsorbent surface because the Freundlich
model assumes the adsorbent surface heterogeneity.
The values of parameter N of the Freundlich model
are less than unit, indicating the increase of bond
energy with surface density and also the optimal
conditions of nitrate adsorption. Therefore, it can
be concluded that ZSM-5/Fe is a high efficiency
nanosorbent for nitrate removal from aqueous
solutions. The nitrate concentration in water samples
was determined by UV-Vis spectrophotometry
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