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ABSTRACT: In this work, stabilized Ni/Fe bimetallic nanoparticles (S-Ni/Fe NPs) were synthesized
in the presence of starch as the stabilizing agent and characterized by FE-SEM, EDS, and XRD.
The results showed that the S-Ni/Fe NPs were spherical in the shape and have a nearly uniform distribution
with a particle size of 20-50 nm. Then, perchlorate as a persistent inorganic pollutant was destructed
to chloride ion by the S-Ni/Fe NPs. The main factors controlling the removal of perchlorates, such as
the initial pH of the solution, the dosage of the S—Fe/Ni NPs, initial perchlorate concentration,
temperature, and reaction time were optimized by using an experimental design based on response
surface methodology. Under the optimal conditions, perchlorate was destructed with an efficiency of
nearly 100%. The kinetics for the destruction of perchlorate by the S-Ni/Fe NPs complied with pseudo-
first-order characteristics. The rate constant (Kops) and activation energy (E,) for the destruction
were obtained 0.0471 1/min at 343 K and 13.07 kJ/mol, respectively. Therefore, the present study offers
a powerful bimetallic nanoparticle for the destruction of the environmental oxidant pollutants
such as perchlorate from aqueous media.
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INTRODUCTION

The persistent inorganic pollutants (PIPs) are inorganic
compounds that are resistant to destruction through
chemical, biological, and photolytic processes, and are
stable in the environment [1]. These pollutants including
oxyanions, mineral acids, sulfates, some of organometallic
complexes, and cyanides that are non-biodegradable
and persist in the environment [2]. Perchlorate (ClO4)
as an oxyanion has recently received a great deal of attention
due to high concentrations found in ground waters and
surface waters. Perchlorate primarily has been released

to the environment via use of Ammonium Perchlorate (AP)
as a propellant in missiles, rockets, and explosives,
as a pyrotechnic in fireworks, in magnesium batteries, paint,
and as an automobile air bag inflator [3, 4]. The important
source of AP is the demulsion and recovery of
the propellant from solid rocket motors, which can result
in contamination of AP in the soil, the surface water,
and the groundwater. Perchlorate is a harmful matter to health
because it reduces the absorption of iodine by thyroid
hormone production decreases [5]. A perchlorate reference
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dose to 0.0007 mg/kg/day in the drinking water is
the no-observed-effect level (NOEL) that proposed by
the National Academy of Science, USA. This is equivalent
to 24.5 pg/L in the drinking water (drinking water equivalent
level, DWEL) [6].

As a strong oxidant with a higher oxidation state
of the chlorine, +7, the perchlorate reduction is
a thermodynamically desirable process under environment
conditions [3].

Clo, +8H" +8¢ — Cl  +4H,0 E°=+129V (1)

Because of the high reduction potential of perchlorate,
it is an electron acceptor in the presence metal
nanoparticles, which often highly depend on the structure
of the NPs (e.g., shape, size, composition, and surface
chemistry) [7]. The nanometals used for these purpose
include iron and zinc nanoparticles (Fe® or Zn%, however
nanoscale zero valent iron (nZV1) is most commonly used
[8-12].

Besides, other metals such as nickel and palladium
have been added to improve the reductive destruction rate.
The combination of nZVI with a noble metal is referred
to bimetallic nanoparticles. The iron-noble metal couple
essentially creates numerous galvanic cells where iron
serves as the anode and becomes preferably oxidized.
Meanwhile, the noble metal (cathode) is protected and
remains unchanged. Bimetallic NPs, also called
nanoalloys, are a class of important materials receiving
considerable attention because of their unique properties.
Bimetallic NPs typically consist of a metal such as iron as
electron donors and second metal (such as nickel,
palladium, etc.) as an activator [13]. In many cases,
the specific properties of bimetallic NPs are enhanced because
of the synergistic effects of the two distinct metals.
Moreover, the diversity in structures, compositions, and
properties of bimetallic NPs enable their widespread
application in various fields such as catalyst [14],
electrochemistry [15, 16], magnetism [17, 18], optics, and
biomedicine [12].

Because zero-valent metals-based reactions are surface
mediated processes, increasing the surface area of nano
zero-valent metals (nZVM) was found to increase
the reaction rate. It has been shown that decreasing the size
of zero-valent metallic particles to the nanoscale can greatly
enhance the reaction rates [19]. However, because
nanoscale zero-valent metals tend to agglomerate rapidly.

58

Zarei A.R. & Moloudi A.

Vol. 40, No. 1, 2021

Therefore, the nZVVM without a stabilizer is agglomerated
to large particles. To prevent agglomeration and also
to stabilize metal nanoparticles, various stabilizers have been
reported [20-24]. Compared with conventional non-
stabilized nZVM, the stabilized nanoparticles displayed
much greater surface area, superior physical stability,
and faster reaction rates. The water-soluble starch, sodium
carboxyl methylcellulose (CMC), and chitosan are widely
used as a stabilizer [25-27].

So far, In recent years, the various treatment
technologies have been applied for removal of perchlorate
from water including biological removal [28, 29], lon
Exchange (1X) [30], tailored activated carbon adsorption [31],
filtration [32], and chemical reduction [33-35]. All of these
methods, only transferred perchlorate from aqueous phase
to solid phase, but do not degradation. In the reduction
methods by metal nanoparticles, the complete degradation
occurs. The studies have also been conducted
to investigate the reduction of perchlorate by iron metal.
Thermodynamics predicts that perchlorate should be
readily transformed to chloride ion in the presence of
metals such as ZVI; however, recent researches demonstrated
that perchlorate reduction by Fe® is a very slow process
under ambient conditions [36]. The purpose of this study
is to propose a fast method and high efficiency
for the removal of perchlorate via reductive destruction
by metal nanoparticles. In this study, we evaluated
the feasibility of the S-Ni/Fe NPs for the destruction
of perchlorate and investigated the reaction kinetics and
the factors affecting the destruction rates during treatment.

EXPERIMENTAL SECTION
Reagents and instruments

All the chemicals and reagents, which are used
in this work, were in analytical grade. Sodium borohydride
(NaBH4, 98%) was purchased from Fluka. Starch
((C12H22011)n, >99%), ferrous chloride (FeCl..4H20,
>99%), Nickel (II) acetate hexahydrate  (Ni
(acetate),-6H.0,  >99%), ammonium  perchlorate
(NH4CIO4, >99%), hydrochloric acid (HCI), sodium
hydroxide (NaOH), methylene blue, sulfuric acid (H2SO.)
and chloroform (CHCIs) purchased from Merck (Merck,
Darmstadt, Germany). In all of the experiments, deionized
water was used to prepare solutions.

A Hitachi model 3310 UV-Vis spectrophotometer
with 1 cm quartz cells was used for recording absorbance spectra.
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A pH meter (PH.Z.S. PTR79) was used to measure pH.
FE-SEM images were acquired using an electron
microscopy Sigma model (Zeiss Ltd. Co., Germany).
The XRD analysis was carried out using a Model STOE
STADI Diffractometer. (STOE Ltd. Co., Germany).
Samples were analyzed by ion chromatography using
Professional IC 850 fitted with a conductivity detector
(METROHM AG, Swiss).

Preparation of the S-Ni/Fe NPs

The S—Fe/Ni NPs were synthesized using the liquid-phase
reduction method with starch as a stabilizer material, which
has been previously reported [13]. The co-precipitation
method was performed by dissolving a mixture of starch (0.5 g),
Ni(acetate); .4H,0O (0.224 @), and FeCl,.4H,O (5.964 @)
in 50 mL deionized water into a three-necked flask of 200 mL
volume and stirring well with mechanic stirrer (Ni:Fe with
1:33 molar ratio). Separately, 50 mL of 3 mol/L NaBH,
solution was added into a 100 mL dropper. The reaction
was initiated by dropwise excess NaBHs solution into metals
ions solution (within 2 hours). Nitrogen gas was continuously
flowed to prevent the oxidation of freshly the prepared NPs.
The proposed chemical reactions for the preparation of
S-Ni/Fe NPs are as follows:

2+ -
2Fe ) + BH 4 +3H,0) > (2)
2Fe(s) + HZBO_;(aq) + 4H(aq> + 2H2(g)
S22+ 2+ Lo
2Fe )+ Nij o+ Fe o+ Ni { 3)

A magnet was employed to collect the S—Ni/Fe
particles and these were quickly rinsed three times with
distilled water, and then dried at 70 °C under vacuum
overnight, and kept in a nitrogen atmosphere before use.
The theoretical mass fraction of starch in synthesized
S—Fe/Ni was 1 (%wt), and the Ni:Fe molar ratio was 0.03.
Based on experiments conducted in different periods,
nanoparticles are usable in the presence of starch, up to
a maximum of 30 days. Also, by increasing the percentage
of nickel in comparison to iron in nanoparticles, the rate of
corrosion of iron increases, and the nanoparticles are not usable
for more than a few hours.

Perchlorate destruction procedure

A batch procedure was carried out for the destruction
process. Under optimal conditions, first, in a three-necked
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flask, 50 mL solution of 10 pg/mL of perchlorate (Co)
purged under N gas for 10 min, and the pH of the solution
was adjusted at 5.6 using 0.1 mol/L H,SO, and/or
0.1 mol/L NaOH. Following it, 63 mg of the S-Ni/Fe NPs
was transferred to a flask and was washed three times
with pure alcohol for removing starch coated on the Ni/Fe NPs.
Then, the washed Ni/Fe NPs were added to the perchlorate
solution and was stirred for 90 min at 70 °C. Finally,
the nanoparticles were separated using a strong magnet
(1.2 Tesla). The concentration of perchlorate (Cy)
in the stripped solution was determined spectrophotometrically
according to the procedure described below. The entire
scheme of preparation of S-Ni/Fe NPs and its application
in reductive destruction of perchlorate was shown
in Scheme 1.

Spectrophotometric determination of perchlorate

For the monitoring of the perchlorate, it was used from
a simple spectrophotometric method based on the ion
pairing of the perchlorate with the methylene blue
in the acidic media and its extraction into chloroform [37].
Briefly, an aliquot of the perchlorate solution so that its
final concentration would be in the range of 1.0-10 pg/mL,
1 mL of methylene blue (1.5 mmol/L), and 1 mL of
sulfuric acid (2 mol/L) were transferred into a 10-mL
centrifuge tube. Then, 3 mL of chloroform was added and
was shaken for 5 min. The test tube was set aside for a 2 min
to separate the organic phase from the aqueous phase, and
the absorbance organic phase was measured at 676 nm.
The linear calibration curve was obtained in the
concentration range of 0.5 to 20 pg/mL and detection limit
was 80 ng/mL. Destruction efficiency for perchlorate
was calculated as follow:

A, -A
%DE = —>—Sx100% 4)
A

Where DE is the destruction efficiency (%) of
perchlorate, A, and A. absorbance at the initial and
appropriate times of the process, respectively.

Design of the experiments

The Response Surface Methodology (RSM) is
a collection of the statistical and mathematical techniques
useful for developing, improving, and optimizing
processes. RSM defines the effect of the independent
variables, alone or in combination, on the process.
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Scheme 1: Schematic illustration of preparation of S-Ni/Fe NPs and its application in reductive degradation of perchlorate

The main advantage of RSM is the reduced number of
experimental runs needed to provide sufficient information
for statistically acceptable results. It is a faster and
low-cost method for gathering research results, compared
to the classical methods. The main aim of this work was
to optimize the conditions to maximize removal of
perchlorate. In the design of the experiments, the selection
of the factors affecting the desired response is the most
important step. Therefore, many factors are considered,
which may then be removed because of the negligible
impact. In this study, the independent variables pH (X1),
the dosage of the S-Ni/Fe NPs (Xz), temperature (Xs), and
time (X4) were investigated using the RSM, and the response
was destruction efficiency (%). A face-Centered
Composite Design (CCD) with four factors and five coded
levels was used to determine the efficiency. After running
the experiments and measuring the pectinase activity
levels, a second order model including interactions fitted
to the response data was used as follow:
y=B,+, lkﬁixi + rBiiXiz + i<,-Z ByXiX;+e (5)
Where vy is the predicted response, k the number of
factor variables, £ the model constant, g; the linear
coefficient, X; the factor variable in its coded form, gi
the quadratic coefficient, and pi is the interaction
coefficient [38]. In the dimensionless coordinate system,
the upper and lower levels of the factors are at +1 and -1,
respectively. The coordinates of the center point
of the design are zero. These coded values of X;were used
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to build a regression model to fit the experimental data.
The factors and levels were followed according to Table 1.

Fifty additional media optimization experiments
were designed in the CCD. The analysis of data and generation
of response surface graphics was done by version 10 of the
statistical software Design-Expert. The analysis of
variance (ANOVA) tables was generated and the effect
and regression coefficients of individual linear, quadratic,
and interaction terms were determined. The quality
of the polynomial model equation was judged statistically
by the coefficient of determination R?, and its statistical
significance was determined by an F-test.

RESULTS AND DISCUSSION
Characterization of Bimetallic Nanoparticles

Fig. 1 shows a Scanning Electron Microscopy (SEM)
image of the synthesized S-Ni/Fe NPs. It was observed
that all the NPs were spherical with an average diameter
of 20-50 nm. The Energy-Dispersive X-ray Spectroscopy (EDS)
of fresh the S-Ni/Fe NPs (washed with ethanol) was presented
in Fig. 2.

The elemental compositions of Fe and Ni in the Ni/Fe
NPs were 96.87 and 3.13 wt%, respectively. The crystalline
phase of the S-Ni/Fe NPs was determined using an
X-ray diffraction pattern (XRD) (Fig. 3). The apparent
peaks at the 20 of 44.64°, 65.16°, and 85.5° indicated
the presence of Ni/Fe NPs. The characteristic peak of
20= 44.64° indicates the crystallization of Fe® and Ni°
in S—Fe/Ni NPs [39,40].
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Table 1: The range and levels of the independent variables.

Date= 16 Aug 2015 ZEISS

200nm EHT=15.00kV  Signal A= SE2
=3 User Name= SYSTEM

WD =8.8 mm Mag=20.00 KX

Fig. 1: (A) Image of laboratory-synthesized S-Ni/Fe NPs
obtained with a field-emission scanning electron microscope
(SEM) (100.00 KX). Eighty percent particles had diameters
less than 100 nm.

CPS/eV

Fig. 2: EDS spectrum of the S-Ni/Fe NPs (vacuum, 5 x 107 Torr;
lens current, 1.8 A; voltage, 20 kV).

Experiment design

Based on the CCD methodology, thirty tests with
different operational conditions were designed (Table 2).
The tests were performed and the regression analysis
for the reductive destruction of perchlorate ion showed
that the data could be modeled by a second-order polynomial

Research Article

4 Factor Name Units Minimum Maximum Coded Values Mean )
X1 pH 3.50 9.50 -1.000=5.00 1.000=8.00 6.50
X mass of NPs mg 10.00 90.00 -1.000=30.00 1.000=70.00 50.00
X3 T °C 30.00 90.00 -1.000=45.00 1.000=75.00 60.00
\ X4 time min 20.00 120.00 -1.000=45.00 1.000=95.00 70.00 /
4 N\ equation for perchlorate ion adsorption, described
as follows:
%DE=+85.16-(4.69X )+ (11.19 X, )+ (6)

(3.82 X3 )+ (12.04 X, )—(3.18X, x X, )~
(9.61X7 )= (5.63X;)-(2.57X5)~(4.57X7)

The analysis of variance (ANOVA) for the response
quadratic model was investigated. The values of ‘“Prob>F”
(p-value) less than 0.05 indicate the model terms are significant
and the values greater than 0.10 indicate they are not significant.
In the present research, Xi, Xz, Xs, Xa, X2xXz, (X1)?, (X2)?,
(X3)? and (X4)? were the significant model terms. The analysis
of variance for the reduced quadratic model for the removal of
perchlorate is shown in Table 3.

The Model F-value of 35.35 and the p-value less than
0.0001 implies the model is significant. The lack of fit
F-value of 3.29 implies the lack of fit is not significant
relative to the pure error. Predicted R-squared represents
how good a model predicts a response value. In this work,
the predicted R-squared value of 0.86 is in reasonable
agreement with the adjusted R-squared value of 0.91.
Adequate precision measures the signal-to-noise ratio and
a ratio greater than 4 is desirable. For the reduced model,
this ratio is 18.89, which indicates an adequate signal.
The overall performance of the model is expressed by
the R-squared value, as the degree of correlation between
the observed and predicted values is expressed by the adjusted
R-squared value [41]. For this model, R-squared and
adjusted R-squared were 0.94 and 0.91, respectively,
which suggests that the model can be used for predicting
the process behavior at the design space.

The 2D contour plots and 3D response surface curves
were plotted to explain the interactions of the medium
components. Each plot showed the effect of two variables,
while the other was held at the optimum level. These
response surface plots and their respective contour plots
provided a visual interpretation of the interaction between
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4 Run Xq:pH Xz:mass of NPs (mg) X4T (°C) Xgq:time (min) DE% A
1 5.00 70.00 45.00 95.00 92.75
2 6.50 50.00 60.00 70.00 86.56
3 9.50 50.00 60.00 70.00 46.87
4 6.50 10.00 60.00 70.00 35.43
5 6.50 90.00 60.00 70.00 87.87
6 5.00 30.00 75.00 45.00 60.87
7 8.00 30.00 75.00 95.00 56.87
8 6.50 50.00 60.00 70.00 80.7
9 6.50 50.00 60.00 120.00 91.87
10 5.00 30.00 45.00 45.00 35.87
11 6.50 50.00 60.00 70.00 87.34
12 8.00 30.00 45.00 95.00 53.87
13 8.00 70.00 45.00 45.00 52.87
14 6.50 50.00 60.00 70.00 86.76
15 6.50 50.00 90.00 70.00 80.76
16 6.50 50.00 60.00 20.00 39.87
17 6.50 50.00 30.00 70.00 66.98
18 6.50 50.00 60.00 70.00 88.87
19 8.00 70.00 75.00 45.00 54.54

20 5.00 70.00 75.00 95.00 96.23
21 8.00 30.00 45.00 45.00 25.98
22 5.00 30.00 75.00 95.00 75.43
23 8.00 70.00 75.00 95.00 78.87
24 5.00 30.00 45.00 95.00 67.76
25 8.00 30.00 75.00 45.00 47.77
26 8.00 70.00 45.00 95.00 76.87
27 6.50 50.00 60.00 70.00 80.76
28 5.00 70.00 75.00 45.00 67.65
29 5.00 70.00 45.00 45.00 68.23
\ 30 3.50 50.00 60.00 70.00 44.54 )

62

Research Article



Iran. J. Chem. Chem. Eng.

Highly Efficient Destruction of Perchlorate to Nontoxic Chloride lon ...

Vol. 40, No. 1, 2021

Table 3: Analysis of variance for the response surface reduced quadratic model.

4 Source Sum of Squares df Mean Square F Value Ppr-(;/ba I;JEF )
Model 10767.48 9 1196.39 35.35 <0.0001
Xi-pH 527.25 1 527.25 15.58 0.0008
Xo-mass of NPs 3003.17 1 3003.17 88.74 <0.0001
X4-T 349.53 1 349.53 10.33 0.0044
Xy-time 3476.91 1 3476.91 102.74 <0.0001
XX 161.86 1 161.86 478 0.0408
X2 2535.45 1 2535.45 74.92 <0.0001
X,? 868.85 1 868.85 25.67 <0.0001
X3 181.62 1 181.62 5.37 0.0312
X2 573.65 1 573.65 16.95 0.0005
Residual 676.82 20 33.84
Lack of Fit 614.53 15 40.97 3.29 0.0971
Pure Error 62.29 5 12.46
\_ Cor Total 11444.30 29 )

Synthesized Ni/Fe NPs

| MMWMMWWWWW

Ni/Fe (Standard)

Intensity (a.u.)

10 20 30 40 5 60 70 80
20 (degree)

Fig. 3: XRD patterrn of the S-Ni/Fe NPs.

two variables. Previous studies reported that the circular
contour plots of response surfaces might indicate
a negligible interaction between the corresponding
variables. An elliptical or saddle nature of the contour plots
might indicate the existence of a perfect interaction
between these independent variables [42, 43]. The 2D
contour plots and 3D response surface curves for the
destruction of perchlorate are shown in Fig. 4. As can be seen,
the efficiency of destruction is increased when
the dosage of the S-Ni/Fe NPs is increased, and it is decreased
when there is too much decrease. This observation
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suggests that there is an interaction between these two
factors. At the optimum level, the maximum of destruction
efficiency occurred at low pH and high dosage of
the S-Ni/Fe NPs. The results show that perchlorate destruction
is favored at lower pH with more H* as a reactant.
The nZV1 is readily oxidized to ferrous iron, Fe?*, by many
substances. The electrons required to reduce perchlorate
must come from Fe® either directly or indirectly through
the corrosion products, Fe*ion and hydrogen. Fe®is a mild
reductant, but the presence of nickel along the iron
increases the electron production rate in ZVI due to their
reduced potential [17, 44]. At higher pH, iron,
as an electron producer, showed reducing activity via
production of iron oxides, and the newly-formed iron
oxides cover the Fe® surfaces to impede further reduction,
therefore, perchlorate destruction is not favored at higher
pH [45].

A regression model can be used to predict future
observations on the response %DE (destruction efficiency)
corresponding to particular values of the regress variables.
The residuals from the least squares fit to play an important
role in judging model adequacy.

The normal probability plot and the residual plot verify
all the assumptions for randomness, normality and
constant variances of the residuals. The normal plot of
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Fig. 4: Response surface graph of the variation of the destruction efficiency: (A) 2D contour plots, (B) 3D response surface curve.

residuals is shown in Fig. 5A and Fig. 5B, as the most
important diagnostic for the model, the normal probability
plot of the residuals, came up by default. A linear pattern
demonstrated normality in the error term, i.e., there were
no signs of any problems in our data. Fig. 5C and Fig. 5D
presents a plot of residuals versus the predicted response.
The general impression is that the residuals scatter
randomly on the display, suggesting that the variance of
the original observation is constant for all values of
responses. Both of the plots are satisfactory, so we conclude
that the empirical model is adequate to describe
the adsorption and destruction efficiency by response
surface.

The optimization of the operating parameters

The optimization of the process means the finding
of value of the operating factors to reach a desired point
of the %DE, based on the proposed full factorial model.
The optimization study of the experimental results was
performed by keeping all responses within desired ranges
with the full factorial model. In this study, all variables
were within range, and the goals of variables were set
“maximize” that was set at %DE of 96.23%. Under
the settings, for 50 mL of 10 pg/mL of perchlorate solution,
the software predicted a %DE of 96.5% when the optimum
value of pH, dosage of NPs, temperature and reaction time
be 5.64, 62.86 mg, 70.15 °C, and 90.39 min, respectively.
To evaluate the accuracy of the model prediction, further
confirmatory experiments were performed under optimum
conditions, and a %DE of 97.03% was obtained
practically. Also, the destruction efficiency can be improved
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up to 100% by increasing the time of the process
to 110 min.

Chloride mass balance and reaction completeness

The reductive destruction of perchlorate to non-
toxicity chloride ion is believed to occur via a series
of stepwise reactions through chlorate (ClO3), chlorite (CIOy),
hypochlorite (CIO), and finally chloride (CI) (Egs. 6 to 9).

Clo, +2H" +2e” — ClO; + H,0 (6)
ClO; +2H" +2e” —» CIlO, + H,0 (7)
Clo, +2H" +2e” - ClO + H,0 (8)
ClIO” +2H" +2e” - CI” +H,0 9

In this study, to prove the completion of the process of
perchlorate destruction by the S-Ni/Fe NPs, an experiment
was conducted using a solution containing 10 pg/mL of the
perchlorate under optimal conditions and the amount of
produced chloride ion was measured by ion chromatography.
According to Fig. 6, and based on the peak area,
the concentration of chloride ion was obtained 3.5ug/mL.
This value showed that complete destruction of perchlorate
to chloride ion stoichiometrically occurred.

Kinetic study

The destruction of perchlorate in aqueous solution
is a multi-step reaction. Therefore, pseudo-first order kinetic
was applied to determine the rate of destruction according
to Eq. (10):
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Fig. 5: Residual diagnostics of the contour surface of the quadratic model. (A), (B) Normal probability of internally studentized
residuals. (C), (D) Plot of internally studentized residuals vs. predicted response.
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Fig. 6: Chromatogram of chloride ion resulting from the
destruction of perchlorate in optimal conditions. Chromatographic
conditions: 6.1006.510 Metrosep a Supp 5-100/4.0. Column
(dimensions (mm), 100 x 4.0); mobile phase 1.0 mM NaHCOsg,
3.2 mM Na:COs; flow rate 0.7 mL min; injection volume, 20 uL;
conductometric detection..
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dc
— = -K_,C (10)
dt

Where C is the concentration of perchlorate (pg/mL);
Kobs is the measured rate constant (min) and t is reaction
time (min). The pseudo-first-order rate constants
were calculated by the method of linear regression.
The destruction kinetic for perchlorate was investigated under
the optimum conditions and the natural logarithm of C/C,
as a function of time is shown in Fig. 7A.

The slope of the line was kos and the correlated
parameters had a high correlation coefficient (R?> 0.99).
Fig. 7A shows a good fitness of the experimental data
for the destruction with the pseudo-first-order Kinetic
model with the rate constant of 0.0335 min™ at room
temperature (25 °C).
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Fig. 7B shows an Arrhenius plot of the natural
logarithm of the first order rate constant (k) versus 1/T.
Data were fitted to the Arrhenius classic equation as follow:

Lnk = LnA —Ea/RT (11)

Where k is the rate constant, A is the pre-exponential
factor, Ea is the activation energy, T is the temperature (K),
and R is the ideal gas constant. The average Ea. value
was calculated to be 13.07 kJ/mol.

Application

To appraise the practical applicability of the proposed
method, it was applied to the removal of perchlorate
in well water and industrial wastewater. To investigate the
effect of matrix and interfering species, 50 mL of
20 po/mL of perchlorate solution was prepared using well
water and after removal of perchlorate under optimum
conditions, the mean destruction efficiency was obtained
98.6%. Also, in this research, the removal of perchlorate
was carried out on a wastewater sample from perchlorate
production factory with a concentration of nearly
200 pg/mL of perchlorate. For this purpose, 5 mL
of wastewater was transferred into a 50 mL volumetric flask
and was diluted to the mark with distilled water, and then
degraded by proposed method under optimum conditions,
and destruction efficiency was obtained 97.6%. The results
show that the proposed method is applicable to remove
perchlorate from wastewater samples.

Comparative review

To express the strengths of the study, the proposed
method was compared to the other methods that so far have
used to remove perchlorate based on reductive destruction.
The comparison of the parameters (Table 4) shows that
stabilized-Ni/Fe NPs have been better, firstly, because the
rate constants of the destruction have been more
appropriate due to the relatively lower temperature than
the other tests, secondly, the destruction begun with lower
activation energy. This high efficiency is due to the
presence of starch and Ni. In other words, the presence
of starch and Ni can improve the stability and activity
of Ni/Fe bimetallic NPs, respectively.

CONCUSIONS

In this work, we examined the use of S- Fe/Ni NPs
for the reductive destruction of perchlorate. The most
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outstanding findings of the work can be briefly stated
as follows: (i) the S-Ni/Fe NPs with a size ranges from
20 to 50 nm were successfully prepared, (ii) perchlorate
in the presence of the S-Ni/Fe NPs was destructed
to nontoxic chloride ion, (iii) A first-degree order reduced
polynomial model established by the full factorial is able
to describe the applied chemical reduction with metal
nanoparticles well, (iv) based on the model prediction,
destruction of perchlorate can reach 97 % that this
efficiency can be improved up to 100% by increasing the time
of the process to 110 min. Therefore, the S-Ni/Fe NPs
can be powerful promising material for reductive
destruction of perchlorate from aqueous solutions. Using
this method is much faster than other methods of
the perchlorate removal.
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