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ABSTRACT
This study was conducted to investigate the removal efficiency of heptachlor from aqueous
solutions using bimetallic iron/copper (Fe/Cu) nanoparticles. The highest removal efficiency of
99.3% for heptachlor compounds was achieved at pH 7.0, bimetallic Fe/Cu dosage 0.33 g/L, initial
heptachlor concentration 2 µg/L, contact time 30 min, and stirring rate 250 rpm. The adsorption
data of heptachlor fitted well to Koble–Corrigan isotherm and Avrami kinetic model. Artificial
neural network r2: 0.9567) was more precise than the response surface methodology (r2: 0.774) in
simulating the adsorption of heptachlor onto the bimetallic Fe/Cu nanoparticles. This study
indicated that bimetallic Fe/Cu could be employed as an efficient adsorbent for the removal of
heptachlor compound.
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Introduction

Chlorinated pesticides are semi-volatile organic com-
pounds and part of persistent organic pollutants
(POPs).[1] They are commonly used as pesticides due to
their simplicity, rapidity, low cost, and high efficiency.[2]

POPs contain nine compounds from organochlorine
pesticides.[3] Organochlorines have been of great concern
due to their occurrence in high concentrations even in
remote ecosystems, despite bans on production and
usage. Organochlorine compounds have a negative effect
on reproduction cycle of human and animals and can cause
hormonal problems.[4] Heptachlor is one of the organo-
chlorine compounds, which is characterized by high
toxicity.[5] It exists in surface water, wastewater, contami-
nated soil, and groundwater.[6] Because of its toxicity, the
World Health Organization has separated heptachlor and
heptachlor epoxide from organochlorine pesticide that are
listed in the allowable drinking water limits (not exceeding
0.03 µg/L) although the allowed limits for other organo-
chlorine pesticides compounds range from 1 to 20 µg/L.[7]

Recent years have witnessed an excessive use of pesticides,
especially in developing countries, which led to an increase
in heptachlor concentration in surface water. For example,
one of the agricultural drains in Egypt called “Mahsama,”
was suffering fromhigh concentration of heptachlor, which
has a direct effect on aquatic life and human health.Moraes

et al.[8] have collected water, sediment, and fish samples
from different rivers in Brazil, and they have reported that
the concentration of heptachlor in five sites were above the
regulatory concentration for protection of aquatic life.
Additionally, heptachlor compounds were present in all
analyzed sediment samples, as well as in all fish samples.
The results of another study showed that heptachlor could
cause DNA damage, which may lead to mammary
cancer.[9]

The removal of organochlorine pesticides especially
heptachlor compound was studied using different techni-
ques, such as degradation and adsorption methods.[10,11]

These techniques include electro coagulation, enzymes,
bacteria, and nanotechnology.[12–14] Nanocatalysts tech-
nology, such as zero-valence metal, semiconductor mate-
rials, and bimetallic nanoparticles, has been widely used
in wastewater treatment due to their reactivity and high
surface area.[15] Bimetallic iron/copper (Fe/Cu) has
proved to be effective in the removal of many organic
compounds, such as chlorinated ethane, chlorinated
hydrocarbons, poly and mono aromatic hydrocarbons,
and polychlorinated biphenyls.[15,16] The removal of hep-
tachlor compound using bimetallic nanoparticles under-
goes two main processes: reductive degradation process
and adsorption process. For this reason, bimetallic is
preferred for dechlorination or reduction followed by
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adsorption of organic compounds.[17] Cao et al.[18] have
reported a high reductive efficiency about 90% for
dechlorination of 1, 2, 4-trichlorobenzene using mono
dispersed carboxy methyl cellulose-stabilized Fe–Cu
bimetal nanoparticles. Therefore, the adsorption of hepta-
chlor from aqueous solutions onto bimetallic Fe/Cu can
be a viable research topic.

Many environmental factors, such as adsorbent
dosage, pH, initial adsorbate concentration, contact
time, etc. could affect the adsorption process. The
correlation between these factors and the response of
interest (removal efficiency of adsorbate) can be eval-
uated using response surface methodology (RSM).[19]

Recently, RSM has been widely used for system per-
formance optimization.[20] The performance of the
adsorption process can also be predicted using the
artificial neural network (ANN) technique. ANN is
mainly consisting of input layers (environmental fac-
tors), hidden layers, and an output layer (removal
efficiency). ANN contains highly interconnected neu-
rons that are capable of solving complex problems by
linking the independent variables (inputs) with each
other and with the dependent variable (output).[21]

The main purpose of this research is to explore the
effect of bimetallic Fe/Cu nanoparticles on the removal
efficiency of heptachlor pesticide from aqueous solu-
tion. The effects of different environmental factors (i.e.,
bimetallic Fe/Cu dosage, initial heptachlor concentra-
tion, pH, contact time, and stirring rate) on the adsorp-
tion process were identified using the batch technique.
Isotherm and kinetic models were employed to simu-
late the adsorption data. RSM and ANN were also
applied to find the correlation between the experimen-
tal factors and heptachlor removal efficiency.

Materials and methods

Preparation of heptachlor solution

A standard 40098 SUPELCO heptachlor solution
(1,4,5,6,7,8,8-Heptachloro-3a,4,7,7a-tetrahydro-4,7-metha-
noindene) with concentration1000 µg mL−1 in methanol,
which has been purchased from SUPELCO, PA, USA, was
used to prepare the stock and working heptachlor solution.

Preparation of nanoscale zero-valent iron (nZVI)

The ZVI nanoparticles were prepared by the sodium
borohydride (NaBH4) reduction method as described
in a study by Cumbal and SenGupta[22] and Zin et al.[23].

About 2.4345 g iron chloride hexahydrate (FeCl3.6H2O)
that is equivalent to 0.018 M ferric chloride solution was
dissolved in a 6/1 (v/v) ethanol/water mixture (417 mL

ethanol 95% + 83.0 mL deionized water) and efficiently
stirred. The NaBH4 solution was prepared by mix-
ing1.40 g NaBH4 with 50 mL of deionized water.
FeCl3.6H2O was purchased from Loba Chemie Pvt Ltd,
India, and NaBH4 was procured from WinLab Co., UK.
TheNaBH4 solution was filled into the burette and then
the burette was fixed above the FeCl3.6H2O solution and
adjusted at flow rate of one drop per 2 s. The black
precipitate appeared after dropping about 4 mL of
NaBH4 solution, this black precipitate quickly disap-
peared and appeared again in all the solution after add-
ing approximately 23 mL of NaBH4. A filtration
technique was used to separate the black iron nanopar-
ticles from the liquid solution. The black iron nanopar-
ticles were placed in two sheets of Whatman filter papers
(41 circles, diameter 150 mm). After filtration, the iron
nanoparticles were washed five times with 30 mL of
absolute ethanol (99.99%, HPLC grade) to prevent the
rapid oxidation of nZVI. Finally, the prepared iron
nanoparticles were dried in the oven for 3 h at
70ºC. For storage purposes, a thin layer of ethanol was
added above the iron nanoparticles to prevent the oxida-
tion of iron.[24]

Preparation of bimetallic Fe/Cu nanoparticles

The bimetallic Fe/Cu nanoparticles were prepared
according to a study conducted by Zin et al.[23] About
1 g from freshly prepared nZVI was added into copper
sulfate (CuSO4.6H2O) solution in a flow rate of 0.1 g per
60 s with powerful stirring. The CuSO4.6H2O solution
was prepared by mixing 0.1 g from CuSO4 with 100 mL
ethanol/distilled water (1:1) at 60ºC. After that, the solu-
tion was allowed to settle for 15 min. The color of black
nZVI was changed into coppery color. The solution was
filtrated using two sheets of Whatman filter papers (41
circles, diameter 150 mm). After filtration, the bimetallic
Fe/Cu nanoparticles were washed two times with 20 mL
of absolute ethanol (99.99%, HPLC grade). The prepared
Fe/Cu nanoparticles were dried in the oven for 5 h at
60ºC. For storage purposes, a pure nitrogen gas was added
above the Fe/Cu nanoparticles; the bottle was tightly
closed and covered with the thin parafilm layer.

Batch adsorption studies

Adsorption of heptachlor onto bimetallic Fe/Cu nano-
particles was studied using a batch technique in
1000 mL Erlenmeyer flasks at fixed temperature of
25 ± 2ºC. A one-variable-at-a-time approach was
used to examine the effects of bimetallic Fe/Cu dosage
(0.05–0.40 g/L), pH (2–12), contact time (5–60 min),
stirring rate (50–300 rpm), and initial heptachlor
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concentration (0.5–3 µg/L) on the removal efficiency
of heptachlor. The investigated factors and their
ranges of variation were selected based on the litera-
ture survey.[12,25] Experiments were performed in tri-
plicate. Reciprocating Shaker (Digital GFL-3018,
Germany) was used to mix the bimetallic Fe/Cu nano-
particles in aqueous solutions. After equilibration, the
suspension of the adsorbent was separated from solu-
tion by filtration using Whatman No. 42 filter paper
and the concentration of heptachlor remaining in
solution was measured using Master DANI GC (fast
gas chromatography) using micro column DN5 non-
polar diameter 60 m × 0.32 µm × 0.25 mm, wool linear
2 mm, split/splitless injector and FID detector accord-
ing to ASTM 2005 standard method for water and
wastewater.[26]

The removal efficiency of heptachlor by bimetallic
Fe/Cu nanoparticles was estimated using Eq. (1):

R %ð Þ ¼ Co � Cf

Co
� 100 (1)

where R(%) is the heptachlor removal efficiency (%),
Co is the initial concentration of heptachlor (mg/L),
and Cf is the final concentration of heptachlor (mg/L).

The adsorption capacity of heptachlor onto bimetal-
lic Fe/Cu nanoparticles was estimated using Eq. (2):

q ¼ Co � Cf
� �� V

W
(2)

where q is the quantity of heptachlor adsorbed per unit
mass of bimetallic Fe/Cu nanoparticles (mg/g), Co is the
initial concentration (µg/L), Ct is the concentration of
Heptachlor at time t (µg/L), W is the mass of bimetallic
Fe/Cu nanoparticles (g), and V is the volume of aqu-
eous solution (L).

Characterization of nZVI and Fe/Cu nanoparticles

Prepared nZVI and Fe/Cu nanoparticles were ana-
lyzed using X-ray powder diffraction (XRD). After
placing the nZVI and bimetallic Fe/Cu nanoparticles
in the stainless steel sample holder, the XRD pat-
terns were recorded at radiation wavelength (Cu
K-alpha = 1.5418 Aº). The X-ray current and voltage
values were 40 kV and 40 mA, respectively. The
diffraction angle (2θ) ranged from 5º to 70º at
a step size of 0.0167º.[27] The crystallite size of the
prepared nanoparticles was calculated using
Scherrer equation (Eq. (3)).[28]

D ¼ Kλ
β cos θ

(3)

where D is the crystallite size (nm), θ is diffraction
angle, β is the full wave at half maximum (FWHM), λ
is X-ray wavelength, and k is Scherrer constant (0.9).

The surface structure of bimetallic Fe/Cu nanoparti-
cles, before and after treatment, was investigated using
Field Emission Scanning Electron Microscopy (FE-
SEM) (Philips, Quanta FEG 250, USA) at voltage
20 kV and magnification 16,000 ×.

Adsorption isotherm

Isotherm study is used to describe the transmission of
heptachlor from the aqueous solution phase to the solid
phase of bimetallic Fe/Cu at equilibrium condition.[29,30]

The equilibrium isotherm of heptachlor was determined
using nonlinear isotherm models. The nonlinear models
include Langmuir, Freundlich, Redlich–Peterson, Hill,
Sips, Khan, Toth, Koble–Corrigan, Jovanovich, and
Hossein. The description and the nonlinear mathemati-
cal equation of each isotherm model is presented in
Supplementary Table S1.

Kinetic studies

Kinetic models were used to describe the kinetics
adsorption of heptachlor onto bimetallic Fe/Cu. These
models include pseudo-first order, pseudo-second
order, Elovich, Avrami, and Intraparticle models.[31]

The description, as well as the nonlinear equations of
these models, is presented in Supplementary Table S2.

Validation of adsorption isotherms and kinetics

Five error function equations that are listed in
Supplementary Table S3 were used to evaluate the
better fit of nonlinear isotherm and kinetic models
and to choose the most suitable model that can describe
the treatment process.

Quality control

All experiments were conducted triplicate during this
research and the average values are reported along with
the standard deviations.[32] Blank samples which only
contain heptachlor compound without bimetallic were
run along the tests. The analytical glassware[A] type
and the deviation were added in uncertainty.
Instruments and tools were calibrated a month before
the measurements. Microsoft excels 2007; Origin 5.0,
SPSS, and MATLAB software were used for all statis-
tical analyses.
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Statistical analysis

RSM is an effective tool for estimating the effects of dif-
ferent parameters in the removal efficiency of a specific
contaminant. A linear regression equation was used to fit
the laboratory batch experiment results (Eq. (4)).[33]

Y ¼β0þβ1x1þβ2x2þβ3x3þβ4x4þβ5x5 (4)

This relation describes the effect of studied parameters,
which include pH, adsorbent dose, contact time, initial
concentration, and stirring rate in the removal effi-
ciency of heptachlor compound.[34,35] Where β0 is the
equation constant; β1,2,3,4,5 is corrected operating para-
meter values; x1,2,3,4,5 is operating parameter values,
and Y describes the removal efficiency.

Artificial neural network

ANN structure
The removal efficiency of heptachlor is estimated
through a series of layers: input, hidden, and output.
The input layer includes the data of the five studied
parameters: pH, initial heptachlor concentration, con-
tact time, stirring rate, and adsorbent dose. The hidden
layer includes ten neurons, and thus a structure of
5–10–1 was used for predicting heptachlor removal
efficiency. Input and target data were divided: 60% for
training the network, 20% for model validation, and
20% for testing the created network.

ANN properties
The mean squared error (MSE) in feedforward back-
propagation algorithm was calculated in order to com-
pare output data with the target data (Eq. (5)).[36] The
MSE was propagated back from the output to the input
layer for adjusting the values of weights and biases until
reaching the maximum number of iterations:

MSE ¼
PN

i¼1
ti � aið Þ2

N
(5)

where N is the number of measured data, and ti and ai are
the target data and the predicted outputs, respectively.

The algorithm method used for network training is
Levenberg–Marquardt algorithm (trainlm). The trans-
fer functions chosen for hidden layer and output layer
are “tansig” which is used for pattern recognition (Eq.
(6))[36] and “purlin” which is used for function fitting
(Eq. (7)),[36] respectively:

f xð Þ ¼ ex � e�x

ex þ e�x
;�1 � f xð Þ � 1 (6)

f xð Þ ¼ x;�1< f xð Þ< þ1 (7)

Results and discussion

Characterization of nZVI and Fe/Cu nanoparticles

Figure 1(a) shows the XRD pattern for nZVI and Fe/Cu
nanoparticles with an angle (2θ) from 5 to 70. The XRD
pattern for prepared nZVI (Fig. 1(a)) shows two peaks
at 2θ = 44.58º and 64.99º for planes Fe (110) and Fe
(200), respectively. A sharp peak at 2θ = 44.58º indi-
cated a dominance of zero-valent iron (Feº) in the
prepared nZVI samples.[20] According to XRD peak
analyses (Fig. 1(a)) of prepared Fe/Cu nanoparticles,
the peaks were relatively broadened and they have
different intensities. These peaks are composing phases
of copper and iron, and were consisting mainly of
copper oxide (Cu2O) with a small fraction of iron oxide
(Fe2O3). The peaks with 2θ values of 29.6º, 36.5º, and
61.5º correspond to the planes of 110, 111, and 220 of
crystalline Cu2O, respectively, which agrees with the
work of Qian et al.[37] These results prove that the
iron was encapsulated in a shell of Cu2O. The other
peaks are negligible compared with the peaks of Cu2O,
indicating that there is a little impurity.

The crystallite size of nZVI and Fe/Cu nanoparticles
can be calculated using Debye-Scherrer formula
through analyzing the positions and the broadness of
the peaks. The FWHM for 2θ = 44.58º and 64.99º was
0.0067 and 0.002898 radian, respectively, and thus the
calculated particle size for nZVI ranged from 23 to
59 nm, which agrees with the results obtained by the
SEM analysis for nZVI nanoparticles (Fig. 1(b)). The
SEM image of the synthesized nZVI showed the pre-
sence of large nanoclusters that are formed due to
magnetic forces among the iron nanoparticles. The
prepared iron nanoparticles have also an irregular sur-
face structure with particle size ranging from 25 to
60 nm. There are voids spaces formed by particles
stacking were observed in the SEM image which guar-
antees better diffusion and mass transfer of heptachlor
to the inner iron nanoparticles. The crystallite size of
Fe/Cu nanoparticles was estimated also using Debye-
Scherrer formula from the width of the Cu (111) and
Cu (200) peaks. The particle size of Fe/Cu nanoparticles
ranged from 20 to 30 nm, which means that the crystal-
lite size of Fe/Cu nanoparticles will not exceed 80 nm,
which agrees with the results obtained by the SEM
analysis for Fe/Cu nanoparticles (Fig. 1(c)). The SEM
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image of the synthesized Fe/Cu showed the presence of
smaller nanoclusters compared to nZVI. This is mainly
due to the presence of copper, which hinder magnetic
forces between the iron nanoparticles. There are also
clear voids spaces, which guarantees mass transfer of
heptachlor to the inner iron nanoparticles after the
degradation process.

Effect of contact time

The effect of contact time on heptachlor removal was
studied at time ranges from 5 to 60 min. An initial
heptachlor concentration of 2 µg/L was used along with
0.2 g of Fe/Cu nanoparticles added to 1000 mL of
heptachlor. The pH was adjusted to 7 ± 0.2 and the
stirring rate was fixed at 250 rpm.

The removal efficiency of heptachlor increased with
increasing contact time, as shown in Fig. 2(a). The
removal efficiency of the heptachlor increased from 45%
(contact time 5 mins) to 70% (contact time 60 min).
A rapid increase in heptachlor removal efficiency (64%)
was observed during the initial 15 min of contact time. At

the beginning of adsorption, considerable amounts of
vacant sites were available on the surface of the nanopar-
ticles, which sorbed a large amount of heptachlor. The
removal efficiency of heptachlor reached 67% after 30min
of contact time and then increased at a slow rate, which
may be due to approaching the equilibrium condition and
saturation of the nanoparticles. In another study,
Mansouriieh et al.[38] revealed that organophosphorus
profenofos pesticide uptake level of 0.3 mg/g was achieved
by using bimetallic Fe/Cu at equilibrium time of 8 min,
pH 7, and absorbent dose of 0.6 g/L. Arabi and Sohrabi[39]

mentioned that after equilibrium condition is reached, it
would be difficult to occupy the remaining adsorption
sites due to the repulsive forces that exist between adsor-
bate compounds in the bulk phase and those on the
material surface.

Effect of adsorbent dose

The effect of adsorbent dosage on heptachlor removal
was studied at dosages ranges from 0.05 to 0.40 g/L. An
initial heptachlor concentration of 2 µg/L was used and

Figure 1. (a) X-ray powder diffraction results for nZVI and Fe/Cu nanoparticles, (b) SEM analysis for the prepared nZVI nanoparticles,
and (c) SEM analysis for the prepared Fe/Cu nanoparticles.
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contact time was fixed at 30 min. The pH was adjusted
to 7 ± 0.2 and stirring rate was fixed at 250 rpm.

The removal efficiency of heptachlor increased from
18% to 75% when Fe/Cu nanoparticles dosage was
increased from 0.05 to 0.25 g/L, respectively, as shown
in Fig. 2(b). This may be attributed to the increase in
the number of vacant sites and the adsorbent surface
with increasing the adsorbent dosage, which adsorbs
great amounts of heptachlor compound.[40] The
increase of the adsorbent dosage will also increase the
free electrons resulted from the separation between iron
and copper nanoparticles in the solution, and thus
enhance the degradation of heptachlor compounds,
which in turn enhance the adsorption process.[41]

A minor improvement in the removal efficiency of
heptachlor from 97% to 99% was achieved after
increasing the Fe/Cu nanoparticles dosage from 0.35
to 0.4 g/L, which may be due to the agglomeration of

iron nanoparticles. Similarly, Seyhi et al.[42] found that
heptachlor removal by activated carbon (AC) produced
from an agro-waste material was improved from 92%
to 97% when the AC dosage was increased from 1 to
2 g/L, respectively.

Effect of stirring rate

The effect of stirring rate on heptachlor removal was
studied at stirring rate ranges from 50 to 300 rpm. An
adsorbent dosage of 0.2 g was added to 1000 mL of
heptachlor. The pH was adjusted to 7 ± 0.2 and contact
time was fixed at 30 min.

The removal efficiency of heptachlor increased from
64% to 75% when stirring rate was increased from 50 to
250 rpm, respectively, as shown in Fig. 4(c). This result
indicated that a stirring rate of 250 rpm allows better
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diffusion and transfer of heptachlor compounds into the
porous of the adsorbent. In addition, no significant
improvement in heptachlor removal efficiency was
achieved with further increasing stirring rate to
300 rpm, where the attachment mechanism became
unstable due to the disturbance that occur to the electro-
static forces within the system during high stirring
rate.[43]

Effect of the initial concentration

The effect of initial concentration on heptachlor
removal was studied at initial concentration ranges
from 0.5 to 3 µg/L. An initial heptachlor concentration
of 2 µg/L was used along with 0.2 g of Fe/Cu nanopar-
ticles added to 1000 mL of heptachlor and stirring rate
was fixed at 250 rpm. The pH was adjusted to 7 ± 0.2
and contact time was fixed at 30 min.

The removal efficiency of heptachlor was 88% at
initial concentration of 0.5 µg/L, which decreased to
67% at initial concentration of 3 µg/L, as shown in Fig.
2(d). At low concentration, the ratio of nanoparticles
active sites to adsorbate compounds was high, causing
more heptachlor compounds to come into contact and
attach to the adsorbent surface.[36] However, at high
concentration, the removal efficiency decreased because
the number of active sites was not enough to accom-
modate all heptachlor compounds found in the solu-
tion. In addition, the competition that exists between
the heptachlor compounds to fill the pores.[44] In
another study, Ozcan et al.[45] found that at initial
concentration of 5 µg/L, the removal efficiency of hep-
tachlor by montmorillonite was 96% under equilibrium
time of 2 hours. The equilibrium time in most of the
previous research was considerably higher than the
equilibrium time reported in this study, and this is
mainly attributed to the treatment mechanism. In the
previous research, they focused only on adsorption,
however in this study; both degradation and adsorption
processes have been investigated, which in turn helps to
reach equilibrium in the shortest time.

Effect of pH

The effect of pH on heptachlor removal was studied at
pH ranges from 2 to 12.[12] An initial heptachlor con-
centration of 2 µg/L was used along with 0.2 g of Fe/Cu
nanoparticles added to 1000 mL of heptachlor. The
contact time was fixed at 30 min and stirring rate was
fixed at 250 rpm.

The lowest removal efficiency of heptachlor of 45%
was reported at pH of 2, as shown in Fig. 2(e). At a high
acidic medium, some iron nanoparticles dissolve in the

solution leading to a decrease in sorbent capacity.[36]

Another reason for the decrease in heptachlor removal
efficiency is the combination of the excess H+ found in the
solution and the free electrons generated by iron nano-
particles forming water.[36] An increase in pH from 2 to 7
resulted in an improvement of heptachlor removal effi-
ciency from 45% to 75%, respectively. This is mainly due
to the increase in the number of OH− ions, which enhance
the degradation process of heptachlor compounds.
Similarly, Mansouriieh et al.[38] reported that the opti-
mum pH for organophosphorus profenofos pesticide
removal using bimetallic Fe/Cu was 7.

The highest removal efficiency of 77% was reported at
pH 8 which is higher than the point of zero charge
(pHZPC) ≈ 7.7 for nZVI.[36] At solution pH higher than
pHZPC, the nZVI surface becomes (-) in charge, which
enhances the degradation and attraction mechanisms.[34]

An increase in pH level from 8 to 12 caused a decrease in
heptachlor removal efficiency from 77% to 54%, respec-
tively. This is mainly attributed to the excess OH− ions in
the solution which compete with heptachlor anions to
attach to the vacant sites on the nZVI surface, as well as
electrostatic repulsion that occurs between OH− ions pro-
duced by nZVI and OH− ions in the solution.[44] Another
reason for such a decrease in heptachlor removal effi-
ciency in alkaline medium is the hydrolysis/corrosion of
nZVI producing ferric iron and ferrous iron which pre-
cipitates in the solution as iron hydroxides/oxides.[46]

Adsorption study

Supplementary Figure S1a describes the nonlinear relations
between different adsorption isotherm models. The
resulted data from adsorption study using different non-
linear models indicating that Koble–Corrigan is the most
suitable model that describes the adsorption process with
the lowest sum of error of 1.671, as shown in Table 1. The
low sum of error suggested the consistency of Koble–
Corrigan isotherm to the experimental data, as well as, the
dominance of both mono and multilayer adsorption, since
Koble–Corrigan model combines Langmuir and
Freundlich adsorption isotherm models. This indicated
that the model constants for Langmuir isotherm (i.e., KL

= 1.938 L/µg and qm= 10.08 µg/g) were suitable for describ-
ing the homogeny adsorption process. Furthermore, the
value of 1/n: 0.52 from the Freundlich isothermwas smaller
than 1 indicating the favorable adsorption of heptachlor
compounds onto nZVI at the investigated conditions. In
addition, the high value of Kf: 10.08 (µg/g)·(L/µg)1/n from
the Freundlich isotherm indicated that the iron nanoparti-
cles provided a great ability to adsorb heptachlor
compounds.
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Kinetics studies

Supplementary Figure S1b describes the nonlinear rela-
tions between different kinetic models. The resulted
data from the kinetic study using different nonlinear
models indicating that Avrami is the most suitable
model that describes the adsorption process with the
lowest sum of error of 0.829, as shown in Table 2. The
low sum of error suggested the consistency of Avrami
model to the experimental data. According to Avrami
model, chemical reaction rate is an important factor
that controls the kinetic process where n, a parameter
depending on the nucleation mechanism and the num-
ber of growth dimension, lies between 0.5 and 1 which
means that the type of nucleation and geometry of
growing obey diffusion law, which lead to instanta-
neous nucleation and one-dimensional growth.[47]

Statistical analysis

From the previous results, it was concluded that the effect
of stirring rate in the heptachlor pesticide removal effi-
ciency is minor. The effect of stirring rate, Fe/Cu nano-
particles dose, initial heptachlor concentration, pH, and
contact time in the heptachlor removal efficiency was
studied. Table 3 illustrates a positive linear effect of the
independent variables “adsorbent dose,” “pH,” and “con-
tact time,” while a negative linear effect was observed for
“initial heptachlor concentration.” A significant effect
(p < 0.05) was observed for the linear terms of “adsorbent
dose,” “pH,” “initial heptachlor concentration,” and “con-
tact time”, while insignificant effect (p > 0.05) was
observed for the linear term of “stirring rate.”

A moderate correlation is suggested between simulated
results and measured data, where the coefficient of deter-
mination (r2) and adjusted r2 were 0.774 and 0.720,
respectively. High r2-value indicated that the proposed
model is reliable. Eq. (8) showed the regression equation,
which includes all the factors (significant and insignif-
icant). For simplicity, the insignificant factor “stirring
rate” was excluded from Eq. (8), and a new regression
equation was obtained (Eq. (9)):

Y ¼ � 3:328þ 2:999x1 þ 261:033x2
� 10:213x3 þ 0:402x4 þ 0:014x5 (8)

Y ¼ 0:808þ 2:935x1 þ 260:090x2 � 10:307x3
þ 0:4x4 (9)

where Y is the predicted response of heptachlor removal
efficiency (%); x1 is initial pH values (2–12); x2 is adsor-
bent dose (0.05–0.4 g/L); x3 is initial heptachlor concen-
tration (0.5–3 µg/L); x4 is contact time (5–60 min), and x5
is stirring rate (50–300 rpm).

Artificial neural network

Adjusted weights and biases
The connection between each component of the input
vector (P5×1) and each hidden layer neuron has gener-
ated a weight matrix (W10×5), as shown in Fig. 3a. The
weighted input (ΣW10×5.P5×1) was added to 10-length
bias (b10×1) to produce a net input (u10×1 = ΣW10×5.P5×1
+ b10×1), which is then transferred to output layer

Table 1. It shows the results of nonlinear adsorption mode.
Model Redlich Peterson Hill Sips Khan Toth

Constants Kr 31.31 QH 0.053 Qs 22.27 Qk 4.498 Kt 3.758
Br 2.21 nH -0.004 Ks 0.734 Bk 9.768 at 0.451
G 2339 KD -0.99 Bs 0.732 Ak 0.627 t 3.758

Errors
Chi error 0.259 0.741 0.055 0.084 0.259
ERRSQ 0.639 2.025 0.286 0.349 0.638
HYBRD 0.199 0.583 0.053 0.079 0.199
MPSD 0.079 0.216 0.014 0.024 0.079
ARE 0.424 0.726 0.241 0.300 0.424
EABS 1.694 2.798 1.220 1.379 1.693
Error sum 3.293 7.090 1.870 2.215 3.292

Model Koble –Corrigan Javanovic Hossein Freundlich Langmuir

Constants A 15.49 Qm 10.458 r 21.008 Kf 10.08 qm 14.123
B 0.557 Kj 2.553 p -17.11 n 1.938 KL 2.217
D 0.674 z -0.019

Errors
Chi error 0.044 0.455 1.278 0.059 0.259
ERRSQ 0.273 0.963 2.764 0.373 0.638
HYBRD 0.044 0.312 0.781 0.058 0.199
MPSD 0.009 0.127 0.281 0.011 0.079
ARE 0.200 0.486 0.932 0.213 0.424
EABS 1.102 1.848 3.894 1.177 1.693
Error sum 1.671 4.191 9.930 1.891 3.292
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Table 2. The results of different kinetic models.
Model P.F.O P.S.O Elovich Avrami Intraparticle

Constants Qe = 6.787 Qe = 0.498 α = 27.863 Qe = 6.905 Kid = 0.402
Kav = 0.309

K1 = 0.194 K2 = 0.645 β = 1.033 Nav = 0.745 Ci = 4.184
Errors
Chi error 0.035 0.019 0.088 0.013 0.182
ERRSQ 0.191 0.120 0.500 0.078 1.025
HYBRD 0.034 0.019 0.086 0.012 0.185
MPSD 0.006 0.003 0.015 0.010 0.035
ARE 0.152 0.102 0.243 0.002 0.358
EABS 0.846 0.617 1.428 0.624 2.045
Error sum 1.266 0.882 2.360 0.829 3.831

Table 3. t statistics and p-values for coefficients of a linear regression model.
ANOVA

Model Sum of squares df Mean square F Sig.

1 Regression 4437.604 5 887.521 14.403 0.000
Residual 1294.026 21 61.620
Total 5731.630 26

Term Estimate Standard error t-ratio Prob> |t| Effect*
β0 −3.328 17.148 −.194 .848 Significant
β1 2.999 1.114 2.691 .014 Significant
β2 261.033 36.441 7.163 .000 Significant
β3 −10.213 3.644 −2.803 .011 Significant
β4 0.402 .161 2.490 .021 Significant
β5 0.014 .031 .451 .657 Insignificant

Abbreviations: Standard error, the error of the estimated difference between the means; t-ratio, the t-ratio for the test of whether the estimated difference
between the means is zero; Prob> |t|, the p-value for the test

*The significant levels at the 95% level (p < 0.05) were considered to have a greater impact on the response
aDependent variable: %
bPredictors: (constant), stirring rate rpm, time min, Conce ug/L, dose ug/L, PH

Figure 3. (a) Weight and bias matrix (b) training performance, (c) best validation performance, and (d) regression plot between
target and output for the prediction of heptachlor removal efficiency.
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using “tansig” function. The connection between each
hidden layer neuron (P10×1) and output layer single
neuron has generated weight matrix (W1×10). The
weighted input (ΣW1×10.P10×1) was added to 1-length
bias (b1×1) to produce a net input (u1×1 = ΣW1×10.P10×1
+ b1×1), which is then transferred to output layer using
“purlin” function.

Training and validation performance
The plot in Fig. 3b shows the results of the training step
which include the gradient magnitude (0.34727) and
the number of validation checks (6). Although the
gradient magnitude has exceeded the least error level
of 1e-5, the training step was stopped because the
number of validation checks has reached the maximum
allowable limit at epoch 6.

Figure 3c depicts the relationship between the
mean square error (MSE) performance and the itera-
tion number. A normal trend was observed for the
training step, where the MSE decreased gradually
until reaching the lowest value at epoch 6. In the
validation step, a gradual increase in the MSE was
observed after epoch 0, which indicates over fitting of
the data. A similar behavior was observed for both
validation and the test curves. Finally, the best vali-
dation performance was recorded as 21.0248 at
epoch 0.

Regression plot
Figure 3d depicts the relationship between network out-
puts and network targets. The dashed line indicates the
perfect result, while the solid line indicates the best-fitting
line. A very strong correlation was observed between the
target and the output data in each step: training, valida-
tion and test with r2-values of 0.9835, 0.9583, and 0.8767,
respectively. The overall r2-value of the three steps com-
bined was 0.9567, indicating the reliability of the pro-
posed model. This means that 95.67% of the variations in
heptachlor removal efficiency were explained by the stu-
died parameters (pH, adsorbent dose, initial heptachlor
concentration, contact time, and stirring rate). In sum-
mary, the proposed ANN can accurately estimate hepta-
chlor removal efficiency within the studied range.

Models verification and optimization

In order to confirm the validity of RSM and ANN mod-
els, a comparison was conducted between the outputs of
these two models and the experimental results by calcu-
lating the mean absolute error (MAE) for 26 solutions
(Table 4). The ANN model was found to be more reliable
than RSM in predicting the removal efficiency of hepta-
chlor, where the MAE of heptachlor removal efficiencies
for 26 experimental runs when using ANN was 0.86%,
while the MAE when using RSM was 7.7%.

Table 4. Testing results of RSM and ANN model with new experimental runs.

Run

Experimental parameters* Heptachlor removal (%) Absolute error (%)

x1 x2 x3 x4 x5 Actual ANN RSM ANN RSM

1 7 0.2 2 30 100 65 65.1 62.9 0.1 2.1
2 7 0.2 2 30 150 67 69.4 63.6 2.4 3.4
3 7 0.2 2 30 200 74 71.9 64.3 2.1 9.7
4 7 0.2 2 30 250 75 73.7 65 1.3 10
5 7 0.2 2 30 300 75 75.3 65.7 0.3 9.3
6 7 0.2 2 5 250 45 46 55 1 10
7 7 0.2 2 10 250 55 55.9 57 0.9 2
8 7 0.2 2 15 250 64 63.3 59 0.7 5
9 7 0.2 2 45 250 68 68 71 0 3
10 7 0.2 2 60 250 70 69.8 77.1 0.2 7.1
11 7 0.05 2 30 250 18 18 25.9 0 7.9
12 7 0.15 2 30 250 57 58.2 52 1.2 5
13 7 0.25 2 30 250 75 74.9 78.1 0.1 3.1
14 7 0.3 2 30 250 80 79.8 91.1 0.2 11.1
15 7 0.33 2 30 250 99.3 99.4 98.8 0.1 0.4
16 7 0.2 0.5 30 250 88 88 80.3 0 7.7
17 7 0.2 1.5 30 250 78 78.5 70.1 0.5 7.9
18 7 0.2 2 30 250 75 73.7 65 1.3 10
19 7 0.2 2.5 30 250 69 68.2 59.9 0.8 9.1
20 7 0.2 3 30 250 67 67.7 54.8 0.7 12.2
21 2 0.2 2 30 250 45 47.2 50 2.2 5
22 4 0.2 2 30 250 57 58 56 1 1
23 6 0.2 2 30 250 75 72.4 62 2.6 13
24 8 0.2 2 30 250 77 74.4 68 2.6 9
25 10 0.2 2 30 250 65 65.1 74 0.1 9
26 12 0.2 2 30 250 54 54 80 0 26

Mean absolute error 0.86 7.7

* x1 is pH, x2 is adsorbent dose (g/L), x3 is initial concentration (µg/L), x4 is contact time (min), x5 is stirring rate (rpm)
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Conclusions

Results from the batch studies conducted during this
research suggest that Fe/Cu nanoparticle is a strong
material that can degrade heptachlor compounds and
then absorb the smaller compounds from aqueous solu-
tions. The adsorption data fitted well by Koble–
Corrigan isotherm model (A = 15.49 Lnµg1−n/g;
B = 0.557 (L/µg)n; D = 0.674; the sum of error = 1.671),
indicating the dominance of both mono and multilayer
adsorption. The adsorption data fitted also well by
Avrami kinetic model, indicating instantaneous nuclea-
tion and one-dimensional growth. The highest removal
efficiency for heptachlor compounds from aqueous
solution was recorded as 99.3% at the following condi-
tions: bimetallic Fe/Cu dosage of 0.33 g/L, contact time
of 30 min, pH of 7.0, initial heptachlor concentration of
2 µg/L, and stirring rate of 250 rpm. Modeling results
showed that ANN with r2-value of 0.9567 was more
reliable than RSM with r2-value of 0.7740 in the pre-
diction of heptachlor removal efficiency under the
tested experimental conditions. At the same environ-
mental conditions, the highest removal efficiency of
99.4% and 98.8% was recorded for ANN and RSM,
respectively. This paper indicated that Fe/Cu nanopar-
ticles are efficient in the removal of heptachlor com-
pounds and that the designed ANN can be used in
future studies to optimize the removal rate of hepta-
chlor by Fe/Cu nanoparticles under different environ-
mental conditions.
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