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a b s t r a c t
The removal of arsenic (III) from aqueous solutions was investigated using zeolite supported by nano 
zero-valent iron/copper bimetallic composite (Z-nZVI/Cu) coupled with Ultrasound. The bimetallic 
nZVI/Cu nanoparticles incorporated into zeolite were prepared using an ion exchange method and 
were characterized using transmission electron microscopy, X-ray diffraction, Fourier-transform 
infrared spectroscopy and Brunauer–Emmett–Teller. The results of the analyses showed that ZVI/
Cu nanoparticles were successfully distributed on the zeolite. The highest As (III) removal efficiency 
by ultrasonic process coupled with Z-nZVI/Cu was obtained at pH of 5, As (III) concentration of 
1 mg/L, catalyst dosage of 0.3 mg/L, ultrasonic frequency of 80 kHz and reaction time of 60 min. The 
experiments showed that the As (III) removal efficiency was decreased by increasing the initial pH and 
As (III) concentration, but it was increased by increasing the catalyst dosage and ultrasonic frequency. 
The results of the comparative experiments showed that the presence of the ultrasonic process in the 
solution containing Z-nZVI/Cu is led to increasing the removal of As (III) by dispersing the nanoparti-
cles and increasing the specific surface area, as well as cleaning the catalyst surface and improving the 
transfer of pollutant mass between bulk solution and catalyst surface. Further study on the treatment 
of real water sample confirmed the applicability of the ultrasonic system coupled with the catalyst in 
the removal of As (III). This study showed that the ultrasonic process coupled with Z-nZVI/Cu can 
be effectively used to remove As (III) from aqueous solutions.
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1. Introduction

The pollution of aquatic environments by inorganic con-
taminants is one of the major concerns of the world [1–3]. 
Arsenic, as a Class A human carcinogen, is an inorganic 

compound, which is recently known as one of the greatest 
environmental hazards in the world [4,5]. This pollutant is 
introduced into the ecosystem through toxic chemicals of 
agriculture, gold mining, biological activity, geochemical 
reactions and other anthropogenic activities [6]. Arsenic is 
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observed in organic and inorganic forms and various oxi-
dation states in aquatic environments depending on pH 
and Redox conditions. Among them, As (III) is more toxic 
and more mobile compared to other forms of arsenic [6,7]. 
Long-term exposure to the water contaminated by As (III) 
causes the cardiovascular, gastrointestinal, black foot, skin 
and kidney cancers [7,8]. Therefore, the World Health 
Organization (WHO) and the Environmental Protection 
Agency (EPA) reduced their maximum concentration lev-
els from 0.05 to 0.01 mg/L to decline the exposure to arsenic 
compounds [9]. Conventional methods for removal of arsenic 
from aqueous environments include adsorption, membrane 
processes, chemical precipitation, biosorption, coagulation 
and filtration, ion exchange and chemical oxidation [10–12]. 
Compared to these technologies, the chemical reduction 
has recently been considered as a simple and effective tech-
nique to eliminate the metals from aqueous solutions. In this 
process, the metals are converted into the less toxic forms, 
which can be easily removed by subsequent process, e.g., 
the adsorption and precipitation processes [13].

In recent years, zero-valent iron nanoparticles (NZVI) 
have been used as a reducing material in the treatment of 
harmful organic and inorganic materials [13,14]. In addi-
tion, the NZVI due to the small size, high specific surface, 
non-toxic and low-cost has been considered as a promising 
substance in environmental engineering for elimination 
and reduction of the toxicity of pollutants such as chlorine, 
disinfection by-products, metal ions, chlorinated aliphatic 
and aromatic compounds [15,16]. However, this method has 
the disadvantage in treatment processes such as a tendency 
to accumulate, rapid deposition on a solid surface and 
application in acidic pH to remove the organic pollutants 
[16,17]. In addition, the results of previous studies have 
shown that NZVI is rapidly consumed and it produces large 
amounts of ferrous and ferric hydroxide [17].

Many attempts have been made to obtain the sustained 
suspension of NZVI and to reduce its deposition on the 
surfaces by altering the NZVI surface [16]. One of the meth-
ods is the addition of the copper to the NZVI to design the  
Fe/Cu composite due to faster reaction kinetics, slower 
deposition of corrosion byproducts on the particle surface 
and a suitable price of the copper [18,19]. Recently, the use 
of Fe/Cu bimetallic nanoparticles has found great popular-
ity in various treatment processes. For example, Li et al. [20] 
synthesized and used the Fe/Cu composite as a Fenton-like 
catalyst for oxidation of the methylene blue. The results 
showed that copper metal, by accelerating the Fe3+/Fe2+ 
cycle, provides the rapid decomposition of the H2O2 to 
produce the radical hydroxyl. Xiong et al. [18] reported 
that Fe/Cu bimetallic had a higher catalytic activity than 
Fe alone. Hosseini et al. [16], by investigating the reduction 
of nitrate by Fe/Cu nanoparticles, reported that the bimetal-
lic nanoparticles have the high ability to reduce the nitrate 
to nitrogen and ammonium gas. However, for a catalyst or 
effective reducing material, there are still problems such 
as low availability of active metal sites, metal loss during 
activity, and reduction in the scattering of the metals [21]. 
To eliminate these disadvantages, the use of support mate-
rials such as activated carbon [22], clay [23], zeolite [24] and 
carbon nanotube [25] has developed. Among them, zeolite 
is a favorable substance because of its high specific surface 

area, high ionic exchange stability, high hydrothermal sta-
bility and uniform micropores [21,26]. However, in some 
studies, it has been reported that the effect of bimetallic 
nanoparticles on support materials during the process can 
be reduced by increasing the resistance of the mass trans-
fer by the support material and the decreasing the reaction 
rate between the contaminants and the nanoparticles [13]. 
Therefore, a new method is needed to increase the reactivity 
of nanoparticles and to prevent the accumulation.

The ultrasonic process, as a promising method, has 
attracted much attention to increasing the mass transfer 
between the liquid-solid phase and continuous cleaning the 
surface of metals through the effect of cavitation in the pro-
cess of oxidation and reduction [27]. In addition, ultrasonic is 
used as a mixer to reduce the accumulation of nanoparticles 
and to produce the homogeneous suspensions. Additionally, 
studies have reported that the presence of ultrasonic with 
nanoparticles reduces the particle size, eliminates the corro-
sion products, and produces high amounts of reactive oxy-
gen species [13,28]. However, the application of the ultrasonic 
process alone needs for a long time and high energy to com-
plete degradation of the organic pollutants. Previous studies 
reported that this limitation can be eliminated through the 
application of this process combined with a suitable catalyst; 
the use of the appropriate catalyst along with the ultrasonic 
irradiation can lead to increasing the production of more 
•OH radicals and, consequently, increasing the degradation 
efficiency [29]. In a study conducted by Hassani et al. [30] 
for removal of AO7 dye, it was observed that increasing the 
ultrasonic power has a positive effect on removal of the dye; 
they reported that increasing the ultrasonic power is led to 
increasing the mass transfer, production of reactive radicals 
and generation of further active sites on the catalyst sur-
face which result in improvement of degradation efficiency. 
In another study, Qiao et al. [31] studied the sonocatalytic 
degradation of tetracycline using a ternary SrTiO3/Ag2S/
CoWO4 composite; they also observed that increasing the 
ultrasonic irradiation power has led to increasing the deg-
radation of tetracycline. Moreover, Cui et al. [32] studied the 
arsenite oxidation using the Ultrasound/Iron and observed 
that this method is able to provide significant arsenite 
removal efficiency (more than 99.1%) by US450 kHz.

Despite the problems associated with As (III) and the 
excellent properties of Fe/Cu bimetallic and ultrasonic, no 
study has conducted on the combination of the ultrasonic 
and Z-nZVI/Cu bimetallic composite for removing the arse-
nic. Therefore, the purpose of this study was to synthesize 
the zeolite-supported bimetallic nZVI/Cu (Z-nZVI/Cu) and 
to evaluate its application with ultrasonic for removing of 
As (III). The effect of different operational parameters on the 
As (III) removal was investigated. In addition, the kinetics 
of the effect of parameters on the removal of As (III) in an 
ultrasonic system coupled with the Z-nZVI/Cu was studied.

2. Materials and methods

2.1. Materials

Natural zeolite was provided from Sigma Aldrich 
Company (Germany). All chemicals including ferrous sul-
fate (FeSO4·7H2O), cupric sulfate (CuSO4·5H2O), sodium 
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hydrochloride (NaBH4), and sodium hydroxide (NaOH) were 
purchased from Sigma Aldrich (Germany). Hydrochloric 
acid (HCl), ethanol and sodium arsenite (NaASO2) were pro-
vided from the Merck Company, (German). All chemicals 
used in this study were of analytical grade and were used 
without additional purification. Double distilled water was 
used in each step to prepare suspensions and solutions.

2.2. Synthesis of Z-nZVI/Cu bimetallic nanomposite

Synthesis of zeolite supported nano zero-valent iron/
copper bimetallic composite (Z-nZVI/Cu) was performed 
by ion exchange method. The mesh number of zeolite was 
surface area: 940–1,000 m2/g, pore size: 4.6–8 nm and pore 
volume: 2.5–3 nm. Prior to synthesis, zeolite was sieved 
through the mesh screen and was immersed in a 20% HCl 
solution for 24 h and was then washed with distilled water. 
After removing the impurities, 0.5 g zeolite was added to 
300 ml of a solution containing 0.025 gr CuSO4·5H2O and 
1 gr FeSO4·7H2O. The pH of the solution was adjusted to 4 
by using HCl to prevent the effect on the zeolite stability, 
as well as the oxidation of iron and copper. The resultant 
mixture was kept for 30 min under ultrasonic conditions and 
then mixed for 30 min. The mixture was then filtered using 
a 45 μm filter and the remaining solid was transferred to a 
three neck flask containing 50 ml of deoxygenated water. 
Under nitrogen gas, a NaBH4 (1 M) solution was added 
dropwise to a continuous flask. After formation of a black 
solution, the Z-nZVI/Cu composite was separated using 
the filter, was washed with distilled water and ethanol and 
was then dried under vacuum at 60°C for 24 h. Bimetallic 
nanoparticles nZVI/Cu were prepared under the same 
conditions without the addition of zeolite [28].

2.3. Characterization of Z-nZVI/Cu bimetallic composite

The morphology and the elements of Z-nZVI/Cu were 
determined by a scanning electron microscope (SEM) 

coupled with energy dispersive X-ray spectroscopy (EDX) 
(Dazheng PS-305D, China). Transmission electron micros-
copy (TEM, JEOL model, USA) was used to determine the 
size and distribution of nZVI/Cu bimetallic on the zeolite 
surface. The Z-nZVI/Cu structure was studied using the 
X-ray diffraction (XRD, Bruker, Germany) with Cu Ka 
radiation in 40 kV and 40 mA by scanning in the range of 
10°–80°. Nitrogen adsorption-desorption isotherms were 
obtained using the Brunauer–Emmett–Teller (BET) method 
(Micromeritics, USA) and were used to find pore size, 
volume size and specific surface area of the prepared cata-
lyst. Evaluation of functional groups on the surface of the 
Z-nZVI/Cu in the range of 4,000–400 cm–1 was performed 
by Fourier-Transform infrared spectroscopy (FTIR, Bruker, 
Germany).

2.4. Experimental method

As (III) removal was carried out in a 250 ml conical flask 
placed in an ultrasonic bath containing a constant frequency 
of 80 kHz and at a temperature of 30°C (Fig. 1). To determine 
the As (III) removal efficiency, the experiments were carried 
out at various initial pH values (5–8), Z-nZVI/Cu dosage 
(0.1–0.4 mg/L), As (III) concentration (1–5 mg/L) and ultra-
sonic frequency (37 and 80 kHz). The impact of factors was 
tested by changing a parameter and keeping constant other 
factors. Samples were taken at appropriate time intervals 
from the reaction vessel with a 10 mL syringe and filtered 
through 0.45 μm membranes for separating the Z-nZVI/
Cu. The residual As (III)  concentration was then measured 
by inductively coupled plasma optical emission spectros-
copy (ICP-OES) (PQ9000/Elite-Germany). In the process of 
experiments, the pH of the solution was kept constant by 
phosphate buffer and adjusted by 0.01 HCl or NaOH. To 
evaluate the efficiency of the Z-nZVI/Cu-coupled ultrasonic 
process, a real water sample prepared from Bijar city of Iran 
was used. The removal efficiency (RE) of As (III) and pseudo- 
 first order kinetic was calculated using Eqs. (1) and (2).

 
Fig. 1. Schematic of the process studied.
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where K is the first-order rate constant, t is the reaction time, 
C0 and Ce are the initial and final concentrations of As(III), 
respectively.

Experiments were carried out at room temperature 
to prevent the temperature rise in the reactor circulating 
operation during the test.

2.5. Validation and verification methods were performed as follows

•	 We made synthetic concentrations of pollutants during 
the tests and measured them by the ICP-OES machine 
which showed the proper functioning of the device to 
measure the concentration of the contaminant.

•	 Calculation of limit of detection (LOD) and limit of quantifi-
cation (LOQ): First, we prepared a Blank and injected it 
into the machine and repeated it at least 5 times and we 
obtained a standard deviation (Sb) for Blank.
LOD: (3 × standard deviation)/slope of the line equation
LOQ: (10 × standard deviation)/slope of the line equation
 Calibration data: R2 = 0.999321790, m = 69,028,192 and 
Sb = 0.0089094 mg/L
BEC: Y = a + bx; a = 15.130501 and b = 6,902.8192

2.6. Optimization of process

In order to optimize the studied parameter, the experi-
ments were carried out by varying one of the parameters 
and keeping constant other parameters. The value of non- 
constant parameter in which the highest removal efficiency 
was obtained was selected as the optimum value.

3. Results and discussion

3.1. Characterization of Z-nZVI/Cu bimetallic composite

The morphology and structure of zeolite and Z-nZVI/Cu 
obtained by SEM and TEM images are shown in Fig. 2. As 
shown in Figs. 2a and b, the zeolite has a smooth surface, 
while the Z-nZVI/Cu bimetallic composite has the polygonal 
and abrasive structure. The TEM image (Fig. 2c) showed that 
the nZVI/Cu is distributed in the form of black spots on the 
entire zeolite surface. The EDX analysis, represented in Fig. 3, 
was performed to determine the elements and revealed that 
natural zeolite has no iron and copper metal content, while 
the Z-nZVI/Cu has high iron and copper concentrations.

The XRD pattern of nZVI/Cu and Z-nZVI/Cu is shown 
in Fig. 4. The XRD profile in Fig. 4a clearly shows the pres-
ence of copper with diffraction peaks at 43.32° and 53°. The 
diffraction	 peaks	 at	 47.12°	 and	 67.99°	 are	 related	 to	 α-Fe0, 
which confirms the presence of zero-valent iron in the Fe/Cu 
bimetallic composite. In addition, the XRD pattern of nZVI/
Cu exhibits the presence of Fe2O3 at 27.37°, while the sharp 
peak at 38.26° may be related to CuFeO2. In Fig. 4b, the zeolite 

diffraction peak is not detected, which indicates the strong 
interaction of iron and copper nanoparticles with zeolite and 
the crystalline growth of metals between the zeolite layers.

The textural properties of the Z-nZVI/Cu are shown 
in Table 1. As seen, filling nitrogen occurs approximately 
at P/P0 = 0.99, which indicates a high degree of pore size 
of the catalyst. The BET specific surface of Z-nZVI/Cu is 
174.64 m2/g, which is much higher compared with the zeo-
lite specific surface reported by Danish et al. [33]. This could 
be related to the incorporation of iron and copper nanopar-
ticles into zeolite. The average pore size and the pore volume 
of Z-nZVI/Cu were 8.05 nm and 0.35 cm3/g, respectively, 
which are well agreed with Danish et al. [34]. The FTIR 
spectrum of zeolite and Z-nZVI/Cu obtained in the range 
of 4,000–400 cm–1 is shown in Fig. 5. According to this figure, 
the characteristic peaks at 3,450 and 1,635 cm–1 are related to 
the stretching vibration of OH [26] and the band near 465, 
680 and 1,100 cm–1 are related to stretching and bending 
vibration of Al–O–Si in zeolite [34]. The changed spectral 
peaks in 440 and 535 cm–1 show the presence of cations such 
as iron nanoparticles [33], while the stretching peak near 

 

(b) 

(c) 

(a) 

Fig. 2. SEM micrograph of (a) zeolite, (b) Z-nZVI/Cu, and (c) 
TEM micrograph of Z-nZVI/Cu.



347A. Seid-Mohammadi et al. / Desalination and Water Treatment 161 (2019) 343–353

990 cm–1 is due to the presence of copper on the Al–O–Si 
Bridge [34]. In addition, the appearance of new spectral 
peaks and the changes in the intensity of other peaks in the 
FTIR of the Z-nZVI/Cu shows the interaction of iron and 
copper nanoparticles with zeolite [33].

3.2. As (III) removal in various systems

Fig. 6 shows the As (III) removal efficiency in different 
systems at pH of 5 and ultrasonic frequency of 37 kHz. 
According to this Fig, the removal of As (III) by ultrasonic at 
different reaction times is between 4%–18%. This low efficiency 
is due to the production of low amounts of oxidants during 
water decomposition. The correction coefficient (R2) for 
pseudo-first-order kinetic model was >0.93. These results 
are consistent with Wang et al. [27]. The results of Fig. 6 also 
show that the As (III) removal efficiency by the ultrasonic 
and Z-nZVI/Cu at the various reaction times is 6%–11% 
greater than that of the Z-nZVI/Cu alone. These results were 

 

 

(a) 

(b) 

Fig. 3. EDX of (a) zeolite and (b) Z-nZVI/Cu.
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Fig. 4. XRD pattern of (a) Z-nZVI/Cu and (b) nZVI/Cu metallic nanoparticles.

Table 1
Textural characterization of Z-nZVI/Cu

Pore volume (cm3/g) 0.35
Pore size (nm) 8.05
BET surface area (m2/g) 174.64
P/P0 0.99
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confirmed by the constant reaction rate shown in Fig. 6b. 
This can be explained by the fact that the application of 
ultrasonic in the process containing the catalyst and pollut-
ant is led to accelerating the mass transfer rate of As (III) 
into Z-nZVI/Cu. Then, the metals hydroxides are formed 
through the reaction between the As (III) and metals of 
nZVI/Cu bimetallic. At the same time, by reduction of Fe0 
to Fe2+, the As (III) is converted into As (V). In addition, at 
the presence of ultrasonic in the reaction solution, the dis-
persion, cleaning, and activation of the catalyst occur, which 
result in the reduction or elimination of As (III) [13,35]. 
Zhou et al. reported that, by combining the ultrasonic 
process with nZVI, the removal efficiency of chromium is 
increased by accelerating the mass transfer and increasing 
the chromium reaction with the nanoparticle surface [13]. 
Sun et al. [17] investigated the removal of nitrobenzene 
by Fe/Cu bimetallic catalyst and reported that bimetallic 
catalyst by the production of iron hydroxide and radical 
hydroxyl is led to eliminating the nitrobenzene through 

adsorption, precipitation and oxidation processes. In this 
study, the results also showed that nitrobenzene can be con-
verted into aniline during the reduction process of Fe to Fe2+.

3.3. Effect of initial pH

The pH of the solution is one of the important parameters 
for the removal of organic and inorganic contaminants due 
to the control of the metals concentration in the catalyst and 
the production rate of various oxidants [31]. The effect of dif-
ferent pH on the As(III) removal efficiency was investigated 
under the initial concentration of As(III) of 1 mg/L, tempera-
ture of 30°C, frequency of 80 kHz and catalyst dosage of 
0.025 mg/L and the results are shown in Fig. 7. It can be seen 
that, by increasing the pH from 5 to 8, the As (III) removal 
efficiency is reduced.

The kinetic constant rate was decreased from 0.0236 to 
0.015 min–1 when the initial pH increased from 5 to 8. The 
correlation coefficient (R2) for pseudo-first-order kinetic 
model was >0.75.

These observations of the results can be explained by 
the effect of pH on the Z-nZVI/Cu and ultrasonic reaction 
[28,36]. In the acidic condition, high levels of hydrogen 
ions are led to increasing the corrosion rate of the Z-nZVI/
Cu and to increasing the production and reactivity of Fe2+ 
in the presence of ultrasonic [13,27]. The presence of both 
hydrogen and Fe2+ ions reduces the As (III) to As (V) [13,37]. 
Compared to this situation, in alkaline pH, the accessibility 
of the As (III) to Z-nZVI/Cu surface is reduced by formation 
of the metal hydroxide and, subsequently, reduction of the 
reactive site of the catalyst [38]. Similar results were reported 
by He et al. to remove nitrate and phosphate by Z-Fe/Ni 
bimetallic nanoparticles [26].

In addition to the above considerations, the changes in the 
As (III) removal efficiency at pH values in the range 5–8 can 
be attributed to the ionization properties of Z-nZVI/Cu and 

 

Fig. 5. FTIR spectrum of zeolite and Z-nZVI/Cu.
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As (III). The ionization state of the Z-nZVI/Cu surface and  
As (III) at different pH values depends on the point of zero 
charge (PZc). According to Babaee et al. [39], the PZc of 
Fe/Cu nanoparticles is between 8 and 9, which means that 
the surface charge of the nanoparticles was positive at the pH 
values lower than PZc and was negative at the values higher 
than the mentioned limit. Simultaneously, at the pH values 
below 9, the As (III) is mainly in form of neutral H3ASO3, 
while its dominant form, at pH higher than 9, is H2ASO3

–. 
Moreover, the dominant form of arsenate in the pH range 
from 5 to 11 is HASO4

2–. Considering these cases, within the 
studied pH range, there is the potential for adsorption of 
As (III) and its reduced form (arsenate), as well as the pos-
sibility for catalytic activity of Z-nZVI/Cu in removing the 
contaminants.

3.4. Effect of Z-nZVI/Cu dosage

Effect of different dosages of Z-nZVI/Cu (0.05–0.4 mg/L) 
on As (III) removal efficiency was evaluated under the 
conditions, i.e., pH of 5, initial concentration of 1 mg/L 
As (III), temperature of 30°C, frequency of 80 kHz. The 
results obtained in Fig. 8 showed that the As (III) removal 
efficiency significantly increased from 0.05 to 0.3 mg/L by 
increasing the Z-nZVI/Cu dosage. However, by the further 
increase in Z-nZVI/Cu dosage, no significant effect was 
observed in the As (III) removal. For example, removal of 
As (III) at 30 min was increased from 76% to 79%, 82% and 
84% when catalyst dosages were 0.05, 0.1, 0.2 and 0.3 mg/L. 
However, no significant differences were observed for the 
catalyst dosages of 0.3 and 0.4 mg/L. Therefore, the dosage 
of 0.3 mg/L was chosen as the optimum dosage of Z-nZVI/
Cu for the next experiments. The results of the first- order 
kinetic constant showed the same trend (Fig. 7b). The 
correlation coefficient (R2) for the pseudo-first-order kinetic 
model was >0.95. Increasing the As (III) removal efficiency 

by more loading of Z-nZVI/Cu may be associated with an 
increase in active sites available for chemical reactions and 
adsorption. Similar results were observed by Danish et al. 
for the degradation of trichloroethylene using the zeolite 
containing nZVI/Cu nanoparticles [34]. Mosaferi et al. 
[4] reported that increasing the dosage of nZVI on starch 
and carboxymethylcellulose is led to develop the As (III) 
removal efficiency. Asfaram et al. [40] investigated the 
effect of ultrasound coupled with activated carbon contain-
ing the Mn–Fe3O4 nanoparticles and found that the cationic 
dyes removal efficiency increases by increasing the carbon/
Mn–Fe3O4 composite, due to increasing the active sites for 
the adsorption process and chemical reactions.

3.5. Effect of ultrasonic frequency

The effect of ultrasonic frequencies of 37 and 80 kHz 
on As (III) removal efficiency was studied at pH of 5, ini-
tial concentration of 1 mg/L As (III), temperature of 30°C 
and catalyst dosage of 0.3 mg/L. Fig. 9a shows that, by 
increasing the ultrasonic frequency, the As (III) removal 
efficiency was increased from 78% to 89%. The results of 
kinetic analysis also showed that the As (III) removal rate 
increases with increasing the frequency (Fig. 9b). The cor-
relation coefficient (R2) for pseudo-first-order kinetic model 
was >0.89. This can be due to increasing the turbulence of 
the solution and increasing the mass transfer rate of As (III), 
intermediates and oxidants between the bulk solution and 
the catalyst surface. In addition, increasing the frequency 
is led to increasing the effect of the wave on the dispers-
ing and increasing the specific surface of the catalyst. It is 
also resulted in cleaning and removing the by-product from 
the catalyst surface. Increasing the As (III) removal can also 
be attributed to the acceleration of reactions 3 and 4 due to 
the increase of ultrasonic frequency [13,37]. Similar results 
were reported by Khataee et al. [41] in the sono-catalytic 
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degradation of the acid blue 92 dye. Zhang et al. [42], by 
studying the effect of the catalyst assisted by ultrasonic on 
the treatment of the water, reported that the presence of 
ultrasonic is led to cleaning the products of degradation of 
pollutants from the catalyst surface.

Pollutant Fe H Fe
product of reduction or degradation

+ + → +
+

+ +0 2

HH O2  (3)

Pollutant Fe H Fe
product of reduction or degradation

+ + → ++ + +2 3

++H O2  (4)

3.6. Effect of As (III) concentration

The effect of initial concentration of As (III) was studied 
by changing its concentration from 1 to 5 mg/L at pH of 5, 
ultrasonic frequency of 80 kHz, temperature of 30°C, and 
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catalyst dosage of 0.3 mg/L. The results of Fig. 10a show that, 
by increasing the As (III) initial concentration, the efficiency 
of As (III) removal was decreased from 98% to 64% at 60 min. 
The kinetics analysis results showed the same trend in the 
efficiency of As (III) removal (Fig. 10b). The correction coeffi-
cient (R2) for the pseudo-first-order kinetic model was >0.91. 
This can be due to the limitation of active sites of Z-nZVI/
Cu for high concentrations of As (III). Similar results were 
obtained in the studies conducted to remove acid orange 7 
[28,35] and chromium metal using the catalyst coupled with 
ultrasonic [13].

3.7. Treatment of the real water sample

To investigate the applicability of the Z-nZVI/Cu coupled 
with the ultrasonic process for treatment of the water 
containing the As(III), the experiments were carried out at 
pH of 5, ultrasonic frequency of 80 kHz, temperature of 30°C, 
and catalyst dosage of 0.3 mg/L. The results of Table 2 show 
that the average removal of nitrate and As (III) in the actual 
sample using the Z-nZVI/Cu coupled with the ultrasonic 
process was 87% and 90%, respectively.

4. Conclusion

In this study, the Z-nZVI/Cu was synthesized and used 
as a catalyst in the ultrasonic process to increase the removal 
of As (III) from aqueous solutions. SEM, TEM, EDX, and 
FTIR analyses showed that nZVI and Cu nanoparticles were 
successfully coated on the zeolite surface. The nitrogen 
adsorption-desorption analysis confirmed the high specific 
surface, suitable pore size and pore volume of the catalyst. 
The As (III) removal efficiency was increased by increasing 
the Z-nZVI/Cu dosage and ultrasonic frequency, but it was 
decreased by increasing the initial pH and As (III) concen-
tration. Comparative experiments showed that the combined 
ultrasonic and catalyst process has a higher efficiency com-
pared to the ultrasonic and composite process alone. This 
increase in efficiency can be due to the interaction effects 
of ultrasonic and catalyst in increasing the chemical reac-
tions and adsorption. The results of the application of the 
optimum parameters obtained for the actual sample con-
taining As (III) showed that the Z-nZVI/Cu-coupled with 
the ultrasonic process is capable to provide As (III) removal 
efficiency of 90%. The results showed that the ultrasonic pro-
cess combined with Z-nZVI/Cu composite can be used as a 
promising method for treating the solutions containing toxic 
metals, especially As (III).
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