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Abstract Zeolite Socony Mobil-5 (ZSMS5)-supported
nano-zero-valent iron (NZVI@ZSMS5) was synthesized
using homogenous precipitation method. The prepared
particles were characterized by transmission electron
microscope (TEM), field emission scanning electron
microscope (FESEM), atomic force microscope, X-ray
diffraction spectroscopy and Brunauer—-Emmett-Teller as
well as Fourier transform spectroscopy. The TEM image
confirms the formation of NZVI particles with average size
of 15 nm within ZSMS5 pores. Moreover, the ability of the
NZVI@ZSMS in nitrate removal from industrial wastew-
aters was tested. The effects of different parameters such as
solution pH, NZVI@ZSM5-nitrate solution contact time,
amounts of NZVI@ZSMS5, initial nitrate concentration and
nitrate solution volume on removal efficiency were inves-
tigated. More than 97% nitrate ion was removed at
pH = 2.5, 30 min contact time, and 0.55 g NZVI@ZSM5
for 100 mL of 50 ug mL ™" nitrate. It was also shown that
among the four fitted adsorption isotherms, Langmuir iso-
therm gives the best description of the adsorption process.
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Kinetic studies showed that nitrate removal using
NZVI@ZSMS obeys pseudo-second-order  Kkinetics
(R* = 0.9998). The present method was successfully
applied to the removal of nitrate contents of different
wastewater gathered from the different industries located in
the Khuzestan province, Iran. The reduction in their nitrate
contents was in the range of 94-99%.
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Introduction

Nitrate removal from drinking and waste water is of vital
importance since the toxicity and especially carcinogenic-
ity of the high level of nitrate on both human and ani-
mals is reported. Therefore, a vast verieties of nitrate
remediation procedures have been introduced. Some
researchers reported chemical reduction methods. In these
methods, nitrate is converted to nitrite, ammonium ion or
nitrogen gas (James 2000; Gomez et al. 2002; Wang et al.
2009; Li et al. 2010; Devadas et al. 2011; Kassaee et al.
2011; Pan et al. 2012). Denitrification using different living
organisms is another method for nitrate remediation from
aqueous media (Rajakumar et al. 2008; Ayyasamy et al.
2009; Zhang et al. 2009; Ma et al. 2010; Zhao et al. 2011).
Water desalination by reverse osmosis and membrane fil-
trations remove nitrate as well (Baek and Yang 2004;
Tepus et al. 2009; Kumar and Goel 2010). There are a vast
variety of methods which take advantage of nitrate
adsorption on the surface of a suitable sorbent (Oztiirk and
Bektas 2004; Yuh-Shan 2005; Cengeloglu et al. 2006;
Mena-Duran et al. 2007; Wang et al. 2007a, b; Chatterjee
et al. 2009; Chatterjee and Woo 2009; Demiral and
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Giindiizoglu 2009; Tepus et al. 2009; Bhatnagar et al.
2010; Cho et al. 2011; Islam and Patel 2011; Katal et al.
2011; Zhan et al. 2011; Bhardwaj et al. 2012; Xu et al.
2012). The objectives of all developed methods are to
introduce simple, rapid, low cost, and environmentally
green as well as high-efficient removal process.

Zero-valent iron removes nitrate through oxidation—re-
duction reaction (Westerhoff and James 2003). But it takes a
long time due to the low reduction rate. NZVI shows more
efficient and rapid nitrate remediation. These changes in the
behavior of macro- and nano-iron are mainly because of the
differences in their specific surface area (Kassaee et al. 2011;
Pan et al. 2012; Karimi et al. 2014; Liu et al. 2014; Su et al.
2014; Wang et al. 2014). The main problems of NZVI are high
reactivity and aggregation. It reacts rapidly with atmospheric
oxygen as exposed to the air, then making its handling and
weighing difficult. To solve these problems, two methods,
namely surface coating using different materials such as sur-
factants (Shekarriz et al. 2010) and using different supports for
the particles, are suggested by researchers. When surfactants
are used, they release into aqueous media and increase TOC.
Therefore, researchers prefer to use different support such as
resin (Park et al. 2009), bentonite (Shi et al. 2011), kaolinite
(Chen et al. 2013) and pillared clay (Zhang et al. 2011) as well
as carbon (Busch et al. 2015) to maintain the synthesized
nanoparticles. NZVI usually penetrates into the pore of the
support and has shown more stability, decreased aggregation
and low reaction with atmosphere, compared to the uncoated
one (Zhang et al. 2011).

ZSMS is a highly porous zeolite contains different metal
oxides. The very regular 3-D structure and the acidity of
ZSMS5 can be utilized for acid-catalyzed reactions such as
hydrocarbon isomerization and the alkylation of hydro-
carbons (Dyer 1988; Bjgrgen et al. 2008); sometimes,
ZSMS5 is modified with other metals or metal oxide to
increase the catalytic activity. These particles cannot
adsorb pollutants strongly. However, surface modification
increases their sorption capacity (Zhan et al. 2011).

The aim of this study is to prepare new supported NZVI
with the purpose of increasing its availability and stability in
the environmental remediation. Furthermore, its application
in the nitrate remediation of aqueous wastes is investigated.
In the end, the results are compared with the other similar
reported methods of nitrate removal from aqueous solutions.

Materials and methods
Materials and Instrument
All chemical used in this study such as potassium nitrate,

hydrochloric and nitric acid, and potassium hydroxide was
purchased from Merck (Darmadshdat, Germany) and used
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without further purification. ZSM5 was prepared from
Zeolyst international company (USA) with the following
specification: SiO,/Al,0; = 30, Na,O = 0.05% and sur-
face area 405 m*/g (sample CBV 3024E).

X-ray diffraction (XRD) analyses were performed
using a Philips X-ray diffractometer PW1840 with Cu-
ka radiation (y = 0.154 nm). Representative transmis-
sions electron microscope (TEM) images of nanoparti-
cles were obtained using a Philips CM 120 electron
microscope (Netherland). Field emission scanning elec-
tron microscopy (FESEM) and energy-dispersive spec-
troscopy (EDS) were used via a Mira 3-XMU
microscope (Czech Republic). Samples were coated with
gold before investigations. NanoWizard II, JPK (Ger-
many) was used to record AFM images. BET surface
area was determined by N, physisorption using a
Micromeritics ASAP 3020 automated (USA). FTIR
spectrum was recorded by Vertex70, Bruker (Germany).
CTA 3000 Anal Tech (England) atomic absorption
spectrometer was used to calculate the iron contents of
NZVI@ZSMS5. Metrohm pH meter was used for all pH
adjustments. Nitrate concentrations were determined by
ASTM standard method using Lambeda45 PerkinElmer
UV/Vis spectrophotometer (England). VS-8480 shaking
incubator (Korea) was used for agitating purposes.

Iron content of NZVI@ZSMS after dissolution in nitric
acid was determined by flame atomic absorption spec-
troscopy. The iron content was determined to be 23.5%.

Preparation of NZVI@RZSMS5

A solution of iron (IIT) chloride was prepared by dissolving
6 g anhydrous FeCl; (0.036 mol) in a solvent mixture
consists of 100 mL EtOH and 30 mL deionized water. Two
grams of the zeolite (ZSM5) was added to the clear solu-
tion of FeCl; (0.036 mol). Then, a solution which was
prepared by dissolving 4.5 g of potassium borohydride
(0.08 mol) in 20 ml of deionized water was gradually
added and completely mixed with the above-prepared
mixture of ZSM5 and FeCl; under constant vigorous stir-
ring. Stirring was continued for 1 h after the formation of a
black mixture. Then, the products were separated and
washed several times with water, absolute ethanol and
acetone, respectively. All reactions were run under nitro-
gen atmosphere. All of the solutions and solvents were
purged with N, before use.

Remediation procedure

Stock solution: potassium nitrate was dried for about 24 h
in an oven at 105 °C. Accurate amount of 0.7218 g
potassium nitrate was dissolved in distilled water and
diluted to 1 L. The resulting solution is 100 pg mL™"
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N-NOj;. Working solutions were prepared from this solu-
tion by successive dilution.

pH of 100 mL of the sample or standard solutions was
adjusted using 0.1M HCI and 0.1M NaOH solution. Then,
0.55 g NZVI@ZSMS5 was added, and the resulting mixture
was agitated at 350 rpm for about 30 min. The particles
were removed from the solution using 1.4T magnet. Nitrate
concentrations before and after the particles contact were
determined by the spectrophotometer at two wavelengths
A = 220 and 275 nm according to procedure described in
the standard method for water and wastewater analysis.
Percent nitrate removed was determined by Eq. (1) in
which C; is the initial nitrate concentration and C, is the
equilibrium nitrate concentration after removal.

C - Ce

i

%Removed =

% 100 (1)

Results and discussion
NZVI@ZSMS5 characterization

The synthesized particles were characterized by XRD,
TEM, FTIR and FAAS as well as BET.

Figure 1c shows the X-ray diffraction patterns of
NZVI@ZSMS. The iron nanoparticles of this study are
rather amorphous, but a weak peak around 20-44° that is
the main peak of iron is identified. Other peaks are related
to metal oxides in ZSMS5. The color changes in ZSMS5 on
NZVI loading from white to black is the first visual indi-
cation of NZVI@ZSMS5 preparation.

ZSM5 and NZVI@ZSMS5 were separately dispersed in
ethanol by ultrasonic agitation. Then, one drop of the
resulting suspensions was spread over mica sheet and
allowed to dry. Finally, their AFM image was recorded.
Three dimension AFM images of ZSMS5 and
NZVI@ZSMS are shown in Fig. 1. The average diameter
of ZSMS particles is 354.1 nm and that of NZVI@ZSMS5
is 48.17 nm. Figure 1 also demonstrates that although
ZSM5  aggregates extensively in the solution,
NZVI@ZSMS5 is more dispersed.

The TEM image of NZVI@ZSMS is shown in Fig. 1d. It
shows the formation of NZVI inside the ZSMS5 pores. The
image also identifies that NZVIs are amorphous and have an
average size of 15 nm. The particle size of NZVI@ZSMS5
observed in TEM image is smaller than that of AFM. It may
be due to the aggregations of the magnetic nanoparticles
while AFM cantilever moves along the surface.

Figure 2a displays the FESEM images of synthesized
NZVI@ZSMS5. FESEM shows that the average particle
size is 10 nm. It is consistent with TEM results that show
average diameters of 15 nm. Produced particles have rather
spherical shapes. EDXS spectrum of resulting

nanoparticles that is shown in Fig. 2b identified iron along
with the zeolite constituents (Al and Si oxides).

BET surface area of NZVI@ZSMS5 was obtained by N,
physisorption. It was 80 m?g~'. This decrease in the sur-
face area compared to ZSM5 (405 m?/g) may be attributed
to the formation of NZVI in ZSM5 pores. Although the
specific surface area is lower than ZSMS, the removal is
better than ZSMS5. This also confirms the ability of zero
iron in reduction of nitrate through electrochemical
reactions.

FTIR spectrum of ZSMS5 and NZVI@ZSMS5 in KBr is
presented in Fig. 3. Exactly the same amount of ZSM5 and
NZVI@ZSMS5 was mixed with KBr powder in KBr tablet
preparation. Zero-valent iron has no peaks at IR regions, and
nano-zero-valent iron cannot be detected by FTIR, but ZSM5
which contains metal oxides of silicate, aluminum, and
sodium has shown their corresponding M-O bands. M-O
bands intensity decreases due to the quantitative relation
between ZSMS components concentration and peak inten-
sity. However, FTIR just identifies the ZSM5. Therefore,
asymmetric stretching of Si-O-Si band at about 1100 cm ™"
is clearly observed. Stretching vibration of Si—O appears at
about 451, 793, and 900 cm ™. Peaks appeared at 500-700
are also related to Al-O, and alkaline and alkaline earth
oxides such as Na—O, Ca—O and Mg-O. FTIR patterns are
well matched with those of ZSMS synthesized by Khatamian
and Irania (Khatamiana and Irania 2009).

Comparing NZVI and NZVI@ZSMS5 reactivity

Nano-zero-valent iron is extremely reactive and needs
more precautions while using in remediation studies. Pre-
liminary experiments showed that the bare NZVI was not
as stable as NZVI@ZSMS5 and burned into iron oxide
immediately after the exposure to the surrounding atmo-
sphere. This mixture of Fe and magmite has reduced its
nitrate remediation ability compared to NZVI@ZSMS.
Observation for nitrate removal using bare NZVI is con-
sistent with previous data obtained by Shekarriz et al.
(2010). However, the stability of prepared NZVI@ZSMS5
particles was high, so there was enough weighing and
transfer time prior to the remediation studies.

Nitrate remediation

The synthesized nano-composite was checked for reduc-
tion of nitrate from aqueous solution. To apply that, batch
experiments were performed. However, to achieve the
highest possible removal ability of the present nanopar-
ticles, the effect of different parameters such as pH,
amount of NZVI@ZSMS5 and contact time along with
initial nitrate concentration and volume at 25°C was
evaluated.

’r @ Springer
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Fig. 2 FESEM image a and EDXS b of prepared NZVI@ZSMS
Effect of pH

Acidity has great effect on nitrate remediation in the
presence of NZVI. The nature of the reaction between
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Fe Ka

Fe K3

5 10

nitrate and NZVI is oxidation-reduction. NZVI reduces
nitrate to nitrite, ammonium, or nitrogen according to the
acidity of the solution. The mechanisms for nitrate removal
by NZVI are brought in Egs. (2)-(4) (Kassaee et al. 2011)
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Moreover, NZVI action in nitrate removal is well
established in the acidic media. First step in the nitrate
remediation by NZVI is effective contact between the
reagents. At low pH, the surface charge of NZVI@ZSMS is
positive (Fig. 4) and can strongly adsorb nitrate and speeds
up the remediation through redox reaction, while at high
pH, the surface charge reverses and repulsion forces
dramatically decrease nitrate adsorption on the particle
surface. This is also confirmed by the data presented
graphically in Fig. 4. Hence, the optimum pH for nitrate
remediation by the present particle was 2.5. Furthermore,
in order to check the necessity of the high acid content of
this remediation reaction, the nitrite content of the solution
after nanoparticle contact was determined by Griss—
Saltzman method. According to the results, no nitrite
residue was detected at higher pH. The absence of
ammonium was also tested by adding NaOH to the
solution after nitrate removal and detecting the ammonia
evolution using a litmus paper placed above the solution.
Of course a precise measurement of low concentration of
ammonium by methods such as capillary electrophoresis is
required to decisively prove this conversion. It was
previously reported that metal oxides can adsorb
ammonium (Westerhoff and James 2003). ZSMS5 contains
mixture of different metal oxides. So it can assume that the
produced ammonium during remediation was adsorbed on
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Fig. 4 Effect of pH on the nitrate remediation by NZVI@ZSMS5

ZSM5 and no contaminant was present in the aqueous
media after remediation. However, it was assumed that all
nitrates may be converted to N,.

Amount of NZVI@ZSM5

As illustrated in Fig. 5, an increase in the amount of
NZVI@ZSMS particles increases nitrate elimination
extensively up to 0.55 g. After that gradual increase in the
nitrate removal is observed. At lower particle concentra-
tion, the iron content is not enough for the complete
reaction with 50 mg mL™" nitrate. At higher doses of the

@ Springer
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Fig. 5 Effect of the amount of NZVI@ZSMS on nitrate remediation
at pH = 2.5

particles, the maximum capacity is reached. Hence, 0.55 g
was selected as optimum value since higher amount
remains almost unreacted in the solution.

Contact time

The nitrate removal using zero-valent iron has shown
oxidation reduction mechanism as it is depicted in Eqgs. 1-
3 (Suzuki et al. 2012). Therefore, the reaction has two
steps. Firstly, nitrate ions should be carried to the surface
of the particle, and secondly the reduction between the
adsorbed nitrate and NZVI occurs. However, the contact
time between the particles and nitrate solution has a great
effect on the remediation. Figure 6 indicates that nitrate
removal kinetic is fast and reaches a plateau after 20 min
for all studied concentrations. In order to improve the
robustness of the remediation, 30 min was used as opti-
mum contact time. The removal time is considerably
below the one obtained in the similar study using different
sizes of zero-valent iron (Kassaee et al. 2011). This may
occur as a result of both protecting effect and catalytic
action of ZSM5 used as the support for NZVI. Su et al.
(2014) reported that bimetallic mixture of NZVI improves
its remediation ability.

Initial nitrate concentration and volume

The removal ability of 0.55 g NZVI@ZSMS at pH = 2.5
for different initial nitrate concentrations in the range of
10-100 ug mL~" was investigated. The nitrate concentra-
tions were selected according to the wastewater nitrate
permitted level. The experimental results showed that the
removal efficiency reaches almost its highest value at

@ Springer

Contact Time (min)

Fig. 6 Effect of contact time between NZVI@ZSMS5 and nitrate
solution on the removal efficiency at pH = 2.5

20 min for all tested concentrations. A slight decrease in
the removal efficiency for 100 pg mL™~" may be due to the
limited doses of nanoparticles.

Initial nitrate solution volume is another important fac-
tor and has a considerable effect on the remediation.
Increasing the volume of 50 pg mL ™" nitrate solution from
50 to 100 mL causes about 20% increase in the removal
ability. Further increase in volume decreases the removal.
An increase in volume causes more particles dispersion in
the solution, and one expects more adsorption. But further
increase in the solution volume provides more dissolved
oxygen available for surface deactivation of the nano-zero-
valent iron. It may change the solution pH that can be
described well by Eq. (5). Figure 7 graphically illustrates
the results.

Fe’ + H,0 + O,Fe’*t + HO™ (5)

Adsorption isotherm

As it was mentioned before, nitrate should be adsorbed on
the particle surface before reduction. In order to identify
the adsorption mechanism, different adsorption isotherms
listed in Table 1 were applied. Linear form of Langmuir
Adsorption Isotherm that was used to calculate the corre-
sponding isotherm equation is:

C. 1 +Ce

e B anKL q7m

(6)

where C. = the equilibrium concentration of adsorbate
(mg/L), g. = the amount of metal adsorbed per gram of the
adsorbent at equilibrium (mg/g), ¢, = maximum mono-
layer coverage capacity (mg/g), and K; = Langmuir iso-
therm constant (L/mg).
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Fig. 7 Percent nitrate removed for different initial solution volume of
50 pg mL~" nitrate at optimum conditions

Table 1 Different isotherm parameters

Isotherms Parameters  Parameters amount
Langmuir isotherm Om (mg/g) 11.66
K, (L/mg)  0.9835
R? 0.9386
Freundlich isotherm 1/n¢ 0.3599
K (L/mg)  3.724
R 0.5048
Temkin isotherm B, 1.44
Kt (L/mg)  56.75
R? 0.6735
Dubinin—Radushkevich isotherm Qg (mg/g) 11.88
B 3 x 107
E (kJ/mol)  1290.99
R 0.881

The essential features of the Langmuir isotherm can be
expressed in terms of Ry, which is a dimensionless constant
referred to as separation factor and defined as:

1

Rl=—
T FKLG)

(7)
where Cj is the initial concentration and Ry value indicates
the adsorption nature. The R > 1, R =1, 0 <R < 1,
and R = 0 identify unfavorable, linear, favorable, and
irreversible adsorption, respectively.

The empirical equation proposed by Freundlich is

ge = KfCeei (8)
where Ky = Freundlich isotherm constant (mg/g),
n = adsorption intensity, C. = the equilibrium

concentration of adsorbate (mg/L), g. = the amount of
metal adsorbed per gram of the adsorbent at equilibrium
(mg/g).

Linear form of the equation has the following form:

1
log g = log K¢ + ;log C. 9)

The constant Ky is an approximate indicator of
adsorption capacity, while 1/n determines the adsorption
strength in the adsorption process.

The Temkin model is given by the following equation

RT RT
e =~ LnAr 4+ ——LnC, (10)
br br
RT
B=— 11
o )

At = Temkin isotherm equilibrium binding constant (L/g),
bt = Temkin isotherm constant, R = universal gas con-
stant  (8.314 J/mol K), T = temperature at 298 K,
B = constant related to heat of sorption (J/mol).
Dubinin—Radushkevich isotherm (DRK) model and its
linear form are described by the following equations

ge = gse(P7) (12)
Lng, = Lnq, — Bpre® (13)
where g. = amount of adsorbate in the adsorbent at equi-
librium (mg/g), ¢, = theoretical isotherm saturation

capacity (mg/g), Bpr = Dubinin—Radushkevich isotherm

constant (molz/J 2). Mean free energy of adsorption (E) can
: __1

be determined by E = NI (Shafeeq et al. 2012). The ¢

can be calculated using ¢ = RTIn [1 + CLJ

Comparison of R?> values of the different isotherms
indicates that Langmuir (0.936) is the best description of
the adsorption process. The obtained Ry value was between
0 and 1 that indicates favorable adsorption.

According to the results, it may be suggested that a
chemical adsorption takes place between nitrate ion and
NZVI@ZSMS species.

Kinetic study

First- and second-pseudo-orders as well as interparticle
diffusion models were applied to identify the kinetic of the
remediation. 100 mL of 50 ppm nitrate solution got into
contact with NZVI@ZSMS5 at optimum conditions.
Equilibrium concentration was determined after the filtra-
tion of the solution at different time intervals. Data were
fitted to the first-order (Eq. 14) and second-order (Eq. 15)
kinetic equations.

* @ Springer
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Table 2 Kinetic model parameters

Model Parameters Parameters amount
First-order kinetic K 0.0329

q. (calc) 2.0950

R? 0.3468
Second-order kinetic K> x 10° 0.0401

q. (calc) 9.3023

R? 0.9998

H 0.139
Intraparticle diffusion Kaise 0.7273

C 2.61

R? 0.6139
Elovich p 0.585

o 5.152

R? 0.7192
In(ge — gt) = Inge — kit (14)
a kG qe

where K| and K, are first-order and second-order kinetic
rate constants, respectively, ¢. is milligram nitrate
adsorbed on 1 g NZVI@ZSMS at equilibrium, q, is
milligram nitrate adsorbed on 1 g NZVI@ZSMS at time
t, The Elovich equation, originally presented in 1939, is
satisfied in chemical adsorption processes.

. %ln(aﬁ) + %m(:) (16)
The terms o and f in the equation are initial adsorption
rate in mg g~ ' min~' and Elovich constant (g mg™ "),
consequently.
The initial rate of intraparticule diffusion is calculated
by the linearization of the curve

g = Kat'* + C (17)

Data in Table 2 indicate that the second-order model
shows the best fit for the experimental data. Therefore, the
first step, adsorption of nitrates on the surface of the
nanoparticles, is the rate-determining step.

Nitrate removal for industrial wastewater

Tap, surface and river as well as wastewater of different
industries contain so many cations and anions such as Fe3+,
Ca*", Mg*", Pb**, Cd**, CI~, SO,*~ and CO;>~ that may
interfere in nitrate remediation through changes in the ionic
strength or competition in the adsorption and/or reduction
by the NZVI particles. Sometimes, co-ions such as cad-
mium can enhance the removal ability through their cat-
alytic activity after conversion to zero-valent cadmium (Su
et al. 2014). However, it could be helpful to evaluate the
removal at optimized condition for nitrate contaminated
industrial wastewater rather than investigation of the ionic
strength by salts such as NaCl. To accomplish that, several
wastewater from different industrial companies in the
Khuzestan province were collected according to the sam-
pling protocol under supervision of Ahvaz water and
wastewater organization. Then, a pair of homogenized
collected wastewater having certain volume (100 mL) was
selected for each industrial sample. One of them received
no treatment, while the other was subjected to nitrate
remediation at optimized condition using NZVI@ZSMS5.
Finally, nitrate concentrations of both samples were
determined and percent of nitrate removed was calculated.
The matrix has strong effect on the remediation since
incredible removal is possible even at high nitrate con-
centrations in the selected wastewaters. Data are presented
in Table 3.

Comparing to other reported methods

Table 4 summarizes some reports on nitrate remediation
using zero-valent irons. Comparing the results of com-
mercial NZVI and surfactant-coated NZVI, we obtained
faster and higher efficiency of nitrate removal while the
nanoparticles are coated with surfactant. The same changes
in the removal efficiency were observed while using dif-
ferent supports such as zeolite and pillared clay. The results
of Zhang et al. (2011) are approximately the same as those
obtained in the present study, but they work under anaer-
obic condition. NZVI@ZSMS has shown about 97% nitrate
removal at about 30 min under aerobic condition.

Table 3 Nitrate removal from

. Company location
wastewater of different

Nitrate (mg/ml)

% Removed

companies located in Khuzestan Before After

province, Iran, at pH = 2,

contact time = 30 min, and Gotvand 290.8187 &+ 0.58 3.3859 £+ 0.25 98.84

sample volume = 100 mL Dezful 306.3081 £ 0.46 15.1428 + 0.49 95.06
Chamgolak 263.4484 + 0.24 2.8216 £+ 0.27 98.92
Ahvazl 90.1998 + 0.15 4.7027 £ 0.11 94.79
Ahvaz2 115.8760 + 0.12 2.1632 £+ 0.28 98.13
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Table 4 Comparison of the results obtained by the present study with some recently reported ones

Method g/l Conc.NO; % Removed Time (min) References
mg/l

Fe commercial 4 96 <2 85 Shekarriz et al. (2010)
NZVI (8-18 nm surfactant-coated) 4 96 96.8 30 Shekarriz et al. (2010)
Zeolite 15 100 78 120 Naeej et al. (2012)
NZVI@zeolite 7.5 100 97.8 50 Naeej et al. (2012)
Pillared clay 1 50 <10 120 Zhang et al. (2011)
NZVI (30-50 nm) 1 50 62.3 120 Zhang et al. (2011)
NZVl@pillared clay (under anaerobic condition) 1 50 100 120 Zhang et al. (2011)
Arc fabricated NZVI 1.33 5-30 78 720 Kassaee et al. (2011)

92 1440

96 2880
ZSM5 10 50 <15 60 Present research
NZVI@ZSM5 5.5 5-100 99 30 Present research

The present method shows higher speed and reasonable
nitrate removal compared to the most reported methods.

Conclusion

To sum it up, the present study shows that ZSMS5-supported
NZVI particles efficiently remove nitrate in 30 min under
aerobic condition. This particle can also be successfully
applied in water and wastewater refinement systems under
aerobic condition. In addition to NZVI stability, the cat-
alytic action of metal oxides presented in ZSM5 may be
responsible for the increase in the removal of nitrate.
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