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Abstract
In this study, copper–nickel ferrite  (CuNiFe2O4) nanoparticles were successfully loaded onto multi-walled carbon nanotubes 
(MWCNTs) by using the coprecipitation method and used as new catalysts (MWCNT–CuNiFe2O4) in the sonophotocatalytic 
degradation process of the acid blue 113 (AB113) dye. The success of the MWCNT–CuNiFe2O4 synthesis and its properties 
were determined by analyzing it using field emission scanning electron microscopy (FESEM), transmission electron microscopy 
(TEM), X-ray powder diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR). A high efficiency of dye removal 
(100%), total organic carbon (93%), and chemical oxygen demand (95%) were achieved with the following conditions: pH of dye 
solution = 5, MWCNT–CuNiFe2O4 dosage = 0.6 g/L, AB113 dye concentration = 50 mg/L, UV light intensity = 36 W, ultrasonic 
wave frequency = 35 kHz, and treatment time = 30 min. The kinetic results revealed that the efficiency of the sonophotocatalytic 
process using MWCNT–CuNiFe2O4 was higher than that of the sonolysis, photolysis, photocatalysis, and sonocatalysis processes. 
Scavenging studies demonstrated that the holes  (h+) and hydroxyl radical (•OH) were the main reactive species for the AB113 dye 
degradation. The stability and recyclability of MWCNT–CuNiFe2O4 were confirmed with eight consecutive cycles for a maximum 
efficiency of more than 92%. The high rate of  BOD5/COD indicated that the sonophotocatalytic process had the potential to degrade 
the dye into degradable compounds. The toxicity study with an Escherichia coli growth inhibition rate emphasized that MWCNT–
CuNiFe2O4 in the sonophotocatalytic degradation process of the AB113 dye had a significant effect on reducing toxicity, when 
compared to processes of photolysis and photocatalysis. During the sonophotocatalytic process using MWCNT–CuNiFe2O4, the 
AB113 dye was mineralized into  CO2,  H2O,  NH4

+,  NO3
−, and  SO4

2−. The results of the present study proved that the MWCNT–
CuNiFe2O4-based sonophotocatalytic process was a promising dye degradation technology to protect the aquatic environment.

Keywords MWCNT–CuNiFe2O4 · Sonophotocatalytic · Acid blue 113 · Toxicity · Mineralization · Degradation efficiency

Introduction

In recent times, one of the concerns of environmentalists has 
been the pollution of water resources by sewage discharged from 
various industries, especially textile industries (Muhambihai 

et al., 2020). Today, more than ten thousand types of dyes are 
produced at an annual rate of 0.6 ×  106, of which approximately 
10% are discharged as waste, eventually getting into the envi-
ronment via pumped dye wastewater. The introduction of dye 
wastewater into the aquatic system will increase the level of 
toxic compounds, chemical oxygen demand (COD), and the 
suspended solids (Samarghandi et al. 2020). The acid blue 113 
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(AB113) dye is one of the common azo dyes used in the wool, 
polyamide, and plastic industries due to its properties of good 
adhesion and high stability (Samarghandi et al. 2020; Asghar 
et al. 2019). The International Agency for Research on Cancer 
categorized the AB113 dye to be a hazardous and carcinogenic 
agent for humans because of its aromatic rings and other toxic 
properties (Bolong et al. 2009). Therefore, dyes and their deriva-
tives must be removed from the wastewater before discharging 
it into the environment. Generally, various techniques such as 
adsorption, coagulation, membranes, electro-oxidation, and 
chemical oxidation have been used to remove the organic pol-
lutants (Samarghandi et al. 2020). Although various methods 
with advantages and disadvantages have been used to remove 
the contaminants, the photocatalytic process has received more 
attention recently due to features, such as its excellent miner-
alization, it being cost-effective, and its simple operation to 
degrade the dye into non-toxic and harmless materials (Samar-
ghandi et al. 2020). Photocatalysis with titanium dioxide  (TiO2) 
is proposed as the most common, advanced technology for the 
efficient elimination of organic pollutants. However, the actual 
scale application of  TiO2 has not shown a good performance in 
the treatment of contaminated water, due to the rapid electron/
hole  (e−/h+) recombination (Hanh et al. 2020). To overcome this 
problem, researchers proposed different semiconductor photo-
catalysts, such as ZnO,  SnO2,  Co3O4,  Mn3O4,  Cu2S, and ZnS 
(Muhambihai et al. 2020). According to the findings of previous 
studies, such common semiconductor materials found that the 
photo-corrosion effect appeared after prolonged illumination, 
which reduced the photocatalytic stability of the materials and 
their recyclability (Muhambihai et al. 2020; Liu et al. 2020).

Compared to the semiconductor photocatalysts mentioned 
above, nanocomposites, which are composed of two different 
transition metals, have attracted more attention from researchers 
due to their excellent photocatalytic life and nano-heterojunction 
formation. Among catalysts, the  MFe2O4 nanoparticles (M = Cu, 
Ni, Co, Zn), with magnetic and electronic properties, showed 
a photocatalytic potential for degrading pollutants (Sayadi 
et al. 2021; Ji et al. 2015; Amiri et al. 2019). Of late, research-
ers have proposed mixed ferrites as catalysts in environmental 
engineering applications because of their good energy gap, high 
level of chemical stability, and excellent ferroelectric-magnetic 
properties. In mixed ferrites, the presence of metals significantly 
increases the spinal ferrites and corrective properties for the 
degradation of target pollutants (Manohar et al. 2021; Soltani 
et al. 2013). Chahar et al. examined the catalytic activity of Co-
XnFe2O4 for the degrading methylene blue dye and found high 
pollutant-removal efficiencies for the low weight percentage 
of transition metals substituted in mixed ferrites (Chahar et al. 
2021). Meena et al. synthesized the Ce-doped  MnFe2O4 nano-
magnetic ferrites; they observed that the Ce-MnFe2O4 compos-
ite showed good results for dye degradation, due to the advan-
tages of excellent mechanical–chemical stability and magnetic 
properties (Meena et al. 2021). Dojcinovic et al. synthesized 

mixed Mg-CoFe2O4 for photocatalytic degradation of the dye 
(Dojcinovic et al. 2021). Despite these advantages, mixed fer-
rite nanoparticles with magnetic properties easily aggregate and, 
therefore, have a negative impact on the degradation efficiency. 
To overcome such disadvantages, researchers proposed loading 
particles onto a supporting material such as graphene oxide and 
chitosan (Rahman et al. 2020; Nawaz et al. 2020; Shabbir et al. 
2019). Among them, multi-walled carbon nanotubes (MWC-
NTs) have been considered as supporting materials, because of 
their high electrical conductivity, large surface area, and excel-
lent adsorptive properties (Murali et al. 2020; Natarajan et al. 
2020). Sun et al. reported that MWCNTs with good electrical 
properties and dispersion can be easily combined with semicon-
ductors to induce charge transfer for improvement of catalytic 
activity (Sun et al. 2020). Tan et al. reported that MWCNTs, 
with a special functional group, could produce a synergistic 
effect with a semiconductor, to reduce the recombination rate 
of  e− and  h+. Moreover, MWCNTs alone, as an electron trans-
porter, can extend the life and performance of the photocatalysts. 
On the other hand, this carbonic material with a porous and hol-
low structure can increase the interaction of polluting molecules 
with the loaded catalyst (Tan et al. 2020).

It has been reported that the degradation and mineralization 
performance of oxidation systems significantly improve when 
the process is used as a synergistic effect to activate oxidants. 
In recent years, the ultrasound (US) process has been combined 
with photocatalytic systems to improve mineralization at low 
reaction times (Cheng et al. 2012; Schieppati et al. 2019). When 
ultrasonic waves are applied to a liquid, the cavitation bubbles 
split the water molecules, which result in it producing •OH. At 
the same time, the ultrasonic waves also scatter the photocata-
lyst particles in the solution, which intensifies the treatment of 
the polluted solution (Schieppati et al. 2019). Babu et al. com-
bined ultrasound (US) and CuO-TiO2/rGO (as a photocatalyst) 
to degrade methylene orange dye and found a strong synergistic 
effect (3.7-fold) of US and photocatalysis (Babu et al. 2019). In 
addition, Babu et al. studied and compared the degradation effi-
ciency of  LaFeO3 and  Fe3+/persulfate in the Fenton-like treat-
ment system for several organic pollutants (Babu et al. 2017). 
To the knowledge of the researchers, studies on the degradation 
of organic pollutants by a MWCNT–CuNiFe2O4-based sono-
photocatalytic process have not yet been made or reported.

Here, the researchers evaluated the combination of US 
with the photocatalytic process to degrade the AB113 dye. 
In this study, a new and novel photocatalyst was formed from 
loading  CuNiFe2O4 nanoparticles onto MWCNTs (MWC-
NTs–CuNiFe2O4) and then synthesized. First, the surface 
and structural properties were determined by using advanced 
characterization analyses. Then, the effect of the operating 
factors on the dye degradation efficiency was investigated 
in detail. The concentrations of the  SO4

2−,  NH4
+, and 

 NO3
− ions formed at the end of the sonophotocatalytic pro-

cess were detected. The toxicity of the treated AB113 dye 
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solution was evaluated by counting the Escherichia coli (E. 
coli) bacteria. Moreover, mineralization, catalyst reusability, 
and the mechanism of the AB113 dye degradation in the 
sonophotocatalytic reactions were all investigated.

Materials and methods

Chemicals

MWCNTs (purity > 95%, inside diameter = 5–10 nm, outside 
diameter = 20–30 nm, and length = 10–30 um) were provided 
by the Iranian Nanomaterials Pioneers Company (Tehran, 
Iran). Cu(NO3)2.3H2O, Fe(NO3)2.6H2O, Ni(NO3)2.6H2O, 
NaOH, and  H2SO4 were purchased from Merck (Germany). 
Ethylenediaminetetraacetic acid (EDTA), isopropyl alcohol 
(IPA), and 1,4-benzoquinone (BQ) were provided from Sigma 
Aldrich (USA). The AB113 dye  (C32H21N5Na2O6S2, dye con-
tent = 50%) was used as a target contaminant and purchased 
from Sigma Aldrich (Germany). In addition, deionized water 
was used to prepare and dilute the working solutions.

MWCNT–CuNiFe2O4 synthesis

MWCNTs–CuNiFe2O4 was synthesized using the coprecipi-
tation method, based on the methodology documented in the 
Al-Musawi et al. study (Al-Musawi et al. 2021a, b) (Fig. 1).

Sonophotocatalytic experiments

To conduct sonophotocatalytic experiments, a cylindrical 
Pyrex vessel (capacity = 250 mL) with a quartz plate on one 
side was employed as a reactor. An ultrasound bath (sunshine, 
SS-6508 T) was used for performing the US waves, where 
this device was operated at a supply power intensity of about 
1–2 W/cm−2. In addition, a UV light irradiation was per-
formed via a mercury lamp (Philips, Netherlands). To begin 
with, a certain amount of the prepared MWCNTs–CuNiFe2O4 
was added to 100 mL of AB113 dye solution (at the pre-deter-
mined concentration) and mixed at 180 rpm for 30 min under 
US and UV irradiation. During the mixing process, 1 mL of 
dye solution sample was withdrawn at various times, and the 
amount of dye absorption was determined via the absorption 
measurement. The UV–Vis absorption measurement of the 
AB113 dye concentration in aqueous solutions was performed 
by UV–Vis spectrophotometry (Unico 2100) at λmax = 560 nm. 
The spectrophotometry readings were repeated thrice for each 
sample, and the mean removal efficiency was reported. During 
the experiment, the effect of the MWCNT–CuNiFe2O4 dosage 
(0.1–0.6 g/L), initial pH (3–11), UV light intensity (8–36 W), 
US frequency (20, 35, and 50 kHz), and initial concentration 
of the AB113 dye (10–100 mg/L) on the sonophotocatalytic 
degradation efficiency was investigated, by keeping the other 
parameters constant. The degradation efficiency of the AB113 
dye was assessed by Eq. (1), as given (Al-Jubouri et al. 2021; 
Alhassani et al. 2020).

Fig. 1  Experimental steps 
used to synthesize MWCNT–
CuNiFe2O4 catalyst

Drying 
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where C
0
 and Ce represented the initial and final AB113 dye 

concentrations, respectively.
To investigate the present process and understand the 

removal mechanisms, comparison experiments between 
adsorption, sonolysis, photolysis, photocatalysis, and sono-
catalysis systems on dye removal were done under an initial 
pH of 5, MWCNT–CuNiFe2O4 dosage of 0.6 g/L, UV light 
intensity of 36 W, US wave frequency of 35 kHz, and dye con-
centration of 50 mg/L. MWCNT–CuNiFe2O4 catalytic stability 
tests in AB113 degradation were evaluated for eight consecu-
tive cycles. After each cycle, the used MWCNTs–CuNiFe2O4 
was collected via filtration and centrifugation techniques and 
then washed with deionized water and ethanol (assay > 99%) 
to remove the residue. After being dried in a vacuum oven at 
60 °C, the MWCNTs–CuNiFe2O4 was used for the next cycle 
in previous laboratory conditions. Scavenging experiments 
were performed to monitor reactive species involved in AB113 
degradation. In this capturing test, 2 mM IPA, EDTA, and BQ 
were used as scavengers of •OH,  h+, and •O2

−, respectively.

Toxicity test

E. coli was used to evaluate the toxicity of the treated solu-
tion. A number of test tubes containing broth lactate were 
sterilized in an autoclave. At the same time, the E. coli was 
incubated in an EMB agar medium at 37 °C for 24 h. To 
begin the toxicity test, a number of tubes were used as a 
control test and a number of others as a toxicity test, in the 
optimal condition (10 mL of culture medium + 1-mL reac-
tor outlet + one microbe loop). After incubation at 37 °C, 
absorbance of the test tubes was performed at λ = 600 nm 
by UV–Vis spectrophotometry.

(1)Eff iciency (%) =
(C

0
− Ce)

C
0

× 100
Characterization analyses and analytical methods

The crystalline structure of the MWCNTs–CuNiFe2O4 
was determined by using an X-ray diffractometer (model: 
PW1730, Philips) with Cu Kα radiation, in the 10–80° 
range. Surface morphology and sample size were provided 
by scanning electron microscopy (SEM, MIRA III model, 
TESCAN, Czech) and transmission electron microscopy 
(TEM, CM120 model, Netherlands). Photocatalyst func-
tional groups were recorded on a Fourier transform infrared 
spectroscopy (FTIR) device (AVATAR model, Thermo Co., 
USA) in a 400–4000-cm−1 wave number range. The analy-
sis of BET was used to assess the specific surface area of 
the catalyst sample. The point of zero charge of the MWC-
NTs–CuNiFe2O4 was determined, based on the pH change in 
the NaCl solution containing the catalyst (Al-Musawi et al. 
2021a, b).

Determination of the chemical oxygen demand (COD), 
5-day biochemical oxygen demand  (BOD5), sulfate  (SO4

2−), 
ammonium  (NH4

+), and nitrate  (NO3
−) concentrations were 

performed according to the standard method (Federation 
et al. 2005). To determine the mineralization rate, the total 
organic carbon (TOC) analyzer (model: TOC-L, Shimadzu, 
Japan) was employed for the measurement of the TOC con-
centrations for the AB113 dye samples taken.

Results and discussion

Characterizations of MWCNTS–CuNiFe2O4

Morphological evaluation performed by the SEM image 
(Fig. 2a) shows that  CuNiFe2O4 particles are loaded on the 
MWCNT surface, with a relatively uniform distribution. 
Moreover, in the TEM image (Fig. 2b), it can be seen that 

Fig. 2  SEM image (a), TEM image (b), and size distribution histogram (c) of MWCNTs–CuNiFe2O4
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the  CuNiFe2O4 particles are scattered on the outer wall of 
the MWCNTs. Figure 2c shows a diameter distribution his-
togram based on the TEM image. According to this figure, 
the average diameter was between of 3 and 14 nm.

Figure 3a shows the XRD patterns of MWCNTs and 
MWCNTs–CuNiFe2O4. It can be noted that the XRD pat-
tern of MWCNTs has two characteristic peaks around 25° 
and 42°, which correspond to (002) and (100) planes (Tan 
et al. 2020). On the other hand, the MWCNTs–CNiFe2O4 
has characteristic peaks around 16.96°, 32.5°, 46.29°, 
57.21, and 66.89°, which relate to planes (111), (220), 
(400), (440), and (511) (Rao et al. 2016; Rajabzadeh et al. 
2018). In fact, the disappearance of the two XRD peaks 
of MWCNTs in MWCNTs–CNiFe2O4 can be attributed 
to the degradation process of these materials when the 
 CuNiFe2O4 is loading onto MWCNTs. The FTIR spectra 
of the MWCNTs and MWCNTs–CuNiFe2O4 are shown in 
Fig. 3b. Clearly, this figure reveals a peak of ferrites that 
are observed between 500 and 600  cm−1 wave number, 
which result from the stretching vibration of Fe–O at the 
tetrahedral sites (Soomro et al. 2017). In addition, the 
sharp peaks observed at wave numbers of 1120, 1380, 
1600, and 3440  cm−1 are related to C–OH bending, N–H 
bending, and O–H stretching vibrations, respectively 
(Moazzen et  al. 2019; Yaghoubi et  al. 2018). Similar 
results were noted by Zhang et al. (Zhang et al. 2016); 
Mujahid et al. (Mujahid et al. 2019); and Hezam et al. 
(Hezam et al. 2020) for ferrites loaded on MWCNTs. 
In addition, according to the BET analysis, the MWC-
NTs–CuNiFe2O4 has a high surface area (121.09  m2/g) 
which is considered as a favorable parameter that can 
improve the performance of the photocatalytic proper-
ties of this catalyst.

Effect of operating factors

Adsorption behavior and surface charge characteristics of 
the photocatalyst and the contaminant can be altered by 
changing the pH of the solution. Therefore, in the current 
study, the effect of pH (3–11) on the degradation efficiency 
of the AB113 dye is evaluated; the results are shown in 
Fig. 4a. The condition of this experiment has been fixed 
at MWCNT–CuNiFe2O4 dosage = 0.6 g/L, dye concentra-
tion = 50 mg/L, ultrasound frequency = 35 kHz, and UV 
intensity = 36 W. As noted, the degradation efficiency of 
the dye decreases from 100 to 54.11%, by increasing the 
solution pH from 3 to 11. These changes can be explained 
in accordance with changes in the surface charge of the 
pollutant and the photocatalyst. The point of zero charge 
obtained for MWCNTs–CuNiFe2O4 is 7.8. Thus, the particle 
surface is positive at pH < 7.8, and the charge is negative 
at pH > 7.8. On the other hand, AB113 has two sulfonate 
(−  SO3

−) groups with a pKa of 0.5 (Mortazavian et  al. 
2019). Due to that, the dye has a tendency to have a nega-
tive charge at pH > 0.5. Based on these properties, strong 
adsorption at an acidic pH can occur between dye molecules 
and MWCNT–CuNiFe2O4 functional groups. However, the 
repulsive electrostatic interactions between the anionic dyes 
and negative surface of the photocatalysts can be developed 
in alkaline conditions. Moreover, the presence of high 
amounts of the hydroxyl ion  (OH−) at an alkaline pH will 
prevent the adsorption of anionic dye molecules onto the 
photocatalyst. Similar results have been obtained by He et al. 
for the photocatalytic degradation of methylene orange and 
its products (He et al. 2011).

The effect of adding different amounts of a photocatalyst 
on the photodegradation efficiency of the dye is presented 

Fig. 3  XRD pattern (a) and 
FTIR spectra (a) of MWCNTs 
and MWCNTs–CuNiFe2O4
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in Fig. 4b (conditions: pH = 5, dye concentration = 50 mg/L, 
ultrasound frequency = 35 kHz, and UV intensity = 36 W).

The degradation efficiency of the AB113 dye increases 
from 73.96 to 100%, with an increase in the photocatalyst 
dose from 0.1 to 0.6 g/L. Also, the pseudo-first-order (PFO) 
model has been applied in this research to study the kinetic 
reaction of the AB113 dye degradation. In fact, this model 
is greatly linked to the degradation reactions of organic pol-
lutants using the advanced oxidation process, expressed as 
Eq. (2) (Kamranifar et al., 2021). On the basis of the PFO 
model, and evident from Fig. 4b, the data of ln C0

Ce

 is plotted 
against the reaction time ( t  , min), seen as a straight line, 

while the slope of the graph reveals the rate constant (k, 
 min−1).

From the kinetic analysis, the constant rate of kinet-
ics improved from 0.046 to 0.256   min−1 by increasing 
the MWCNT–CuNiFe2O4 dosage. This may relate to an 
increase in the specific surface area of the photocatalyst 
to adsorb pollutants and photons. In addition, the pres-
ence of more active sites increases the production rate of 
cavitation bubbles, which produce more reactive species for 

(2)ln
C0

Ce

= kt

Fig. 4  The effect of pH value 
(a), MWCNT–CuNiFe2O4 dos-
age (b), UV light intensity (c), 
US frequency (d), and initial 
AB113 dye concentration (d) on 
the photocatalytic degradation 
efficiency of the AB113 dye
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photodegradation. These results were similar to the find-
ings of Rad et al. for sonophotocatalytic degradation of 
the AB113 dye by FeCuMg and CrCuMg (Rad et al. 2020) 
[37]. Tabasideh et al. also observed a similar behavior in the 
Fe–TiO2 dosages for the sonophotocatalytic degradation of 
diazinon. They reported that the pollutant degradation effi-
ciency was significantly improved by increasing the active 
surface area and cavitation activity (Tabasideh et al. 2017).

The effect of the applied intensity of UV light on the 
AB113 dye degradation efficiency under operating condi-
tions, including a pH of 5, MWCNT–CuNiFe2O4 dosage of 
0.6 g/L, dye concentration of 50 mg/L, and an ultrasound 
frequency of 35 kHz, was presented in Fig. 4c. It was noted 
that by increasing UV intensity from 8 to 36 W, AB113 
degradation efficiency increased significantly from 80.59 to 
100% at a reaction time of 25 min. The results of the kinetic 
analysis showed a similar trend. The constant kinetic rates 
obtained for the intensities of 8, 15, 24, and 36 W were 
0.059, 0.081, 0173, and 0.275  min−1, respectively. This 
increase of efficiency may be caused by the development of 
free radicals through the abundance of excited  e−/h+ pairs. 
During this abundance, the reaction rate between the dye 
molecules and the active sites increases and the possibility 
of dye oxidation improves. This may also result from the 
enhancement production of reactive species through water 
molecule hydrolysis by UV alone. A similar result was 
reported by Mamun Reza et al. for photocatalytic analysis. 
They explained that efficiency improvement was caused by 
the production of more protons needed to transfer electrons 
from a valence band level to the conduction band level to 
produce more reactive species (Reza et al. 2017).

Figure 4d shows the effect of US frequency (20, 35, 
and 50 kHz) on dye degradation (conditions: pH = 5, dye 
concentration = 50 mg/L, MWCNT–CuNiFe2O4 dosage 
of 0.6 g/L, and UV intensity = 36 W). As expected, by 
increasing the frequency from 20 to 35 kHz, the degrada-
tion efficiency increased from 86.49 to 99.06%, at a reac-
tion time of 30 min. In addition, the results of the kinetic 
analysis showed that the constant rate values had increased 
from 0.066 to 0.173   min−1 with the same increase in 
ultrasonic frequency. This could have been caused by 
the increase in cavitation flow, to develop a mass transfer 
rate in the aqueous phase and the release rate of reactive 
species. The surface of MWCNTs–CuNiFe2O4 could be 
cleaned more, under high ultrasound waves, which might 
increase the catalytic activity of the photocatalyst (Wang 
et al. 2008). In other words, in the sonophotocatalytic pro-
cess, the production of hydroxyl radicals and the formation 
of holes on the surface or the inner catalyst depended on 
cavitation. In addition, with increasing the frequency, the 
adsorption ability of nanoparticles decreased with increas-
ing temperature (which was caused by increasing the fre-
quency), which caused a large number of contaminant 

molecules to escape from the active sites of the catalyst 
and lose the chance of decomposition. However, with a 
further increase in frequency to 50 kHz, the efficiency 
and kinetic rate did not change significantly. Thus, the 
frequency of the ultrasound waves was fixed at 35 kHz 
for the subsequent experiments. Such results agree with 
the findings of Kumar et al. and He et al. (2011), for the 
degradation of methylene orange. They explained that the 
improvement in efficiency at high frequencies was caused 
by the synergistic effect of sonolysis and photolysis on the 
production of more •OH (Eqs. (3), (4) and (5)).

The effect of different concentrations of the AB113 dye 
on its degradation efficiency has been investigated at pH of 
5, MWCNT–CuNiFe2O4 dosage of 0.6 g/L, UV intensity of 
36 W, and ultrasound frequency of 35 kHz. The results are 
presented in Fig. 4e, which reveal that low dye concentra-
tions have both higher degradation efficiencies and constant 
kinetic rates as compared to other dye concentrations. This 
decrease in efficiency at high concentrations of the AB113 
dye can be explained as follows: in the presence of constant 
values of the photocatalyst dose, UV intensity, and ultra-
sonic frequency, a constant amount of the  e−/h+ pair is pro-
duced for the degradation of the contaminant. High concen-
trations of the AB113 dye molecules will hamper the photon 
adsorption rate on the surface of the used catalyst during 
photocatalytic reactions. This phenomenon will lead to a 
reduction in the production of radicals and thus reduce the 
degradation of pollutants. A similar behavior was observed 
by the photocatalyst used in previous studies (Wang et al. 
2008; Vigneshwaran et al. 2020; Balarak et al. 2019).

Catalyst activity indifferent treatment systems

Figure 5a shows a comparison of the adsorption, photoly-
sis, sonolysis, sonocatalytic, photocatalytic, and sonopho-
tocatalytic processes in the removal of AB113 under oper-
ating conditions including a pH of 5, ultrasonic frequency 
of 35 kHz, UV intensity of 24 W, and a catalyst dose of 
0.6 g/L. As can be seen, sonolysis and photolysis, at a reac-
tion time of 30 min, have degradation efficiencies of 35.94% 
and 23.34%, respectively. These results emphasize that the 
present processes can reliably degrade the AB113 dye into 
products, by breaking down water molecules into reactive 
species besides leaving a direct effect on the pollutant mole-
cules. The dye removal efficiency was significantly improved 
by the adsorption process, with an increase in time, so the 

(3)H
2
O + ))))US → ⋅OH +⋅ H

(4)⋅OH +⋅ H → H
2
O

2

(5)H
2
O

2
+ UV →

⋅ OH +⋅ H
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maximum removal efficiency became 45.56% in 30 min. 
This increase might be caused by the point of zero charge 
property of the catalyst (PZC = 7.8) and by the dissociation 
constant of the dye (pKa = 0.5). Based on these properties, 
at a pH of 5, strong adsorption can occur between the dye 
molecules and functional groups of MWCNTs–CuNiFe2O4. 
When the catalyst is added to the photolysis and sonolysis 
reactors, the degradation efficiency increases significantly 
from 69.73 to 93.39%. This increase in sonocatalysis may 
result from the ultrasonic effect on the refreshed surface 
of the catalyst and better dispersion of the catalyst in the 
reactor. In addition, the ultrasound can break down water 
molecules to produce free radicals by creating cavitation 
bubbles. In a photocatalysis reactor, energy photons are 
absorbed on the surface of the catalyst, and the electron is 
excited in the valence band to the conduction band, to pro-
duce  h+. Holes decompose the water molecules to produce 
more •OH. These results agree with the studies on sono-
catalytic (Fatimah et al. 2020) and photocatalytic (Asgari 
et al. 2020) degradation of organic pollutants. Compared to 
the above processes, the sonophotocatalytic process (US/
UV/MWCNTs–CuNiFe2O4) provides a complete degrada-
tion of the dye at a reaction time of 20 min. This high rate of 
degradation may have resulted from the increasing produc-
tion of •OH during the synergistic effect of the processes 
mentioned above. To confirm the synergistic effect of the 
sonolysis and photocatalysis processes, the first-order kinetic 
constant rate calculations were performed (Fig. 5b); then 
the synergy rate of the process was evaluated with Eq. (6). 
Such results showed that the sonophotocatalytic degradation 
system has a 1.4 fold to the synergistic effect. These high 
amounts of removal may be referred back to the effect of the 
ultrasound on  H2O2 production and its decomposition by UV 
light to produce •OH. Ultrasound waves, in the reactor, also 
improve the collision of particles with the pollutant in the 
adsorption–desorption process. Similar results for the deg-
radation of organic pollutants by Fe–TiO2 were also reported 
by Tabasideh et al. (Tabasideh et al. 2017).

To better evaluate the performance of MWC-
NTs–CuNiFe2O4, a comparison of sonophotocatalytic effi-
ciency of the catalysts in the removal of organic pollutants 
is shown in Table 1. As can be seen, the removal efficiency 
varies between 90 and 100%, which is probably due to dif-
ferences in the structural properties of the particles in the 
catalyst used, operating conditions, and properties of the 
contaminant.  CuNiFe2O4 loaded on MWCNTs in the present 
study showed an excellent efficiency of AB113 degradation, 
which could possibly be related to the synergistic effects 
of  Fe2O4 on the rapid electron transfer, to produce  O2

•−, in 
addition to the acceleration of participation of  h+ in •OH 
production. Moreover, the results in Table 1 also show that 
the sonophotocatalytic process using MWCNTs–CuNiFe2O4 
has a high removal efficiency during the short reaction time, 
when compared to other MWCNTs and UV-based processes. 
This may be due to the beneficial effect of ultrasound on the 
photocatalytic process. According to previous studies (Wang 
et al. 2008; Rajiv et al. 2021), the effect of the ultrasound 
can be caused by the following reasons: (1) the ultrasound 
can produce more reactive species through the breakdown 
of water molecules; (2) cavitation can improve mass transfer 
between the aqueous phase and photocatalyst surface and 
can also increase the dispersion of particles for catalytic 
activity; (3) acoustic cavitation can clean the surface of the 
photocatalyst and also regenerate the active catalyst sites 
during the process (Ouyang and Xie 2013).

Identification of oxidative radicals

To investigate the reactive or radical species responsible for 
the sonophotocatalytic degradation of AB113 via MWC-
NTs–CuNiFe2O4, trapping experiments were performed 
with various scavengers such as EDTA, IPA, and BQ. The 
results in Fig. 6a show that the degradation efficiency was 

(6)Synergy =
k(sonophotocatalytic)

k(sonocatalytic + photocatalytic)

Fig. 5  Values of AB113 dye 
removal efficiencies (a) and 
kinetic rate (b) using different 
processes, where a, b, c, d, e, 
and f letters denote photolysis, 
sonolysis, adsorption, sono-
catalytic, photocatalytic, and 
sonophotocatalytic processes, 
respectively
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decreased in the presence of all these three scavengers, 
indicating that all free radical species were responsible for 
dye degradation. Specifically, by adding EDTA to the reac-
tion solution, the degradation efficiency was significantly 
reduced from 100% in the reactor, without a scavenger to 
69%, indicating that  h+ was the major reactive species in 
the AB113 degradation process. Contrary to that, IPA pres-
ence in the reactor reduced the efficiency from 100 to 78%. 
These results emphasized that •OH, like  h+, was a reactive 
species responsible for photocatalytic degradation. Adding 
BQ caused a relatively small reduction in the degradation 
efficiency, indicating a low effect of  O2

•− on the degradation 
of AB113 in the sonophotocatalytic reactor.

Based on the results above and from the previous stud-
ies (Hezam et al. 2020; Asgari et al. 2020).[34, 43], the 
mechanism of sonophotocatalytic degradation of AB113 
was proposed according to Fig. 7. Initially, the AB113 
dye molecules were adsorbed on the outer surface of the 
MWCNT–CuNiFe2O4 particles. By UV light radiation, the 
electrons (e-) in the valence band level of the  CuNiFe2O4 
surface were excited to the conduction band level, and holes 
 (h+) were formed in the valence band of the  CuNiFe2O4 
particles. The generated electron was transferred to the 
MWCNT surface to reduce the recombination of  e−/h+, to 
produce  O2

•− from the dissolved  O2 in the solution. Holes 
decomposed water molecules to produce •OH. Ultrasonic 
radiation in the reaction reactor could form microbubbles 
and decompose water to form oxidative species (•OH and 
 O2

•−). On the other hand, ultrasonic waves coupled with 
the catalyst could improve the production of the  e−/h+ pairs 

by providing energy. Finally, the produced reactive species 
such as  h+, •OH, and  O2

•− could decompose the surface-
adsorbed AB113 molecules into simple compounds like 
carbon dioxide  (CO2), water  (H2O), and other byproducts. 
All mechanisms could be demonstrated by the following 
reactions (Eqs. (7), (8), (9), (10), (11) and (12)):

Reusability and stability of the catalyst

Proper stability is one of the important parameters in 
the actual application of the catalysts in the sonophoto-
catalytic process. In this study, the reusability of MWC-
NTs–CuNiFe2O4 was investigated in eight consecutive 
reaction cycles (pH of 5, catalyst dosage of 0.8 g/L, AB113 

(7)
MWCNTs − CuNiFe

2
O

4
+ hv → MWCNTs − CuNiFe

2
O

4
(e−

CB
+ h+

VB
)

(8)
MWCNTs − CuNiFe

2
O

4
+ ultrasound)))

→ MWCNTs − CuNiFe
2
O

4
(e−

CB
+ h

+
VB
)

(9)e−
CB

+ O
2
→ O−⋅

2

(10)h+
VB

+ H
2
O → ⋅OH + H+

(11)Ultrasound))) + H
2
O → ⋅OH + H+

(12)
⋅OH∕h+

VB
∕ ⋅ O−

2
+ AB113 → CO

2
+ H

2
O + degradable by products

Table 1  Comparison of MWCNT–CuNiFe2O4/UV/US system performance with other similar oxidation processes

Oxidation systems Operational conditions Efficiency (%) Reference

ZnO–GAC/PS/US Catalyst = 0.5 g/L, dye = 0.5 g/L, US = 60 W, and pH = 3 91.2 (Liu et al. 2018)
ZnO/UV/US Catalyst = 2 g/L, dye = 50 mg/L, US = 95 W, pH = 2.5, and 

UV = 4.4 mW/cm2
100 (Ertugay and Acar 

2014)
ZnO/PS/UV/US Catalyst = 0.5 g/L, dye = 2.5 mg/L, US = 1 W/cm2, pH = 5.8, and 

time = 25 min
98.7 (Asgari et al. 2020)

MWCNTs/TiO2/CdS MWCNTs/TiO2/CdS = 1.2 g/L, dye = 20 mg/L, pH = 2.6, and 
time = 90 min

100 (Ouyang and Xie 
2013)

N–Cu co-doped TiO2@CNT/UV/US Catalyst = 0.8 g/L, pollutant = 60 mg/L, UV = 200 W, pH = 6, 
US = 200 W, and time = 60 min

100 (Isari et al. 2020)

CeO2–ZrO2@MOS2 Catalyst = 0.5 g/L, pH = 5.8, and time = 40 min 96 (Talukdar et al. 2021)
FeVO4@CeO2/UV/US Catalyst = 0.1 g/L, pollutant = 20 mg/L, pH = 7, US = 160 W, and 

time = 30 min
100 (Eshaq and ElMet-

wally 2020)
Bmim[OAc]-Cu2O/g-C3N4/UV/US Catalyst = 0.1 g/L, pollutant = 20 mg/L, pH = 7, UV = 6 W, 

US = 20 kHz, and time = 30 min
100 (Eshaq et al. 2019)

MWCNTs–NiFe2O4/UV Time = 300 min 90≈ (Zhu et al. 2015)
NiFe2O4/MWCNTs/ZnO/UV Catalyst = 1 g/L, pollutant = 20 mg/L, pH = 11.55, and 

time = 300 min
95≈ (Hezam et al. 2020)

CuBi2O4/MWCN/UV Catalyst = 1 g/L, pollutant = 10 mg/L, and time = 120 min 90≈ (Chen et al. 2016)
MWCNTs–CuNiFe2O4/UV/US Catalyst = 0.5 g/L, pollutant = 50 mg/L, pH = 5, UV = 36 W, 

US = 35 kHz, and time = 30 min
100 This study
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Fig. 6  Effect of various 
scavengers on the degradation 
efficiency of the AB113 dye 
(a), photocatalyst reusability 
experiments (b), COD and TOC 
removal efficiency (inset figure 
indicates of  BOD5/COD rate) 
(c), and toxicity evaluation of 
the treated AB113 dye solution 
(d)
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Fig. 7  Schematic illustration 
of the proposed mechanism for 
MWCNT–CuNiFe2O4/UV/US 
system
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concentration of 50 mg/L, US frequency of 35 kHz, UV 
intensity of 36 W, and reaction time of 30 min). This can be 
seen in Fig. 6b through the increasing reaction cycle from 1 
to 8. The degradation efficiency decreases relatively slightly, 
from 100 to 92.02%. This decrease in efficiency may be 
caused by the loss of some catalysts during the reuse process 
and the saturation of some active catalyst sites. However, the 
reusability for eight cycles, with an efficiency of over 92%, 
shows that the new MWCNT–CuNiFe2O4 nanocomposite 
can be used for effective degradation in the sonophotocata-
lytic system. Hezam et al. revealed a high reusability poten-
tial of MWCNTs/NiFe2O4/ZnO. They found that the pho-
tocatalyst structure that was based on MWCNTs remained 
unchanged after five consecutive reaction cycles (Balarak 
et al. 2021).

Mineralization and toxicity studies

Since the provision of a treatment solution with excellent and 
nontoxic mineralization is one of the main objectives of the 
wastewater treatment process, a number of experimental runs 
were performed to investigate the mineralization and biodegra-
dability of the effluent. Figure 6c shows the removal efficiency 
of TOC and COD in the MWCNT-CuNiFe2O4/US/UV reactor. 
A significant increase in the COD (93.49%) and TOC (90.06%) 
removal efficiencies were observed in a reaction time of 30 min. 
During this reaction time, the COD and TOC concentrations 
decreased from 359.5 and 41.72 mg/L to 23.4 and 4.146 mg/L, 
respectively. This indicates that a short reaction time is needed 
for AB113 dye mineralization. In addition, the significant 
efficiency of the sonophotocatalytic process using MWC-
NTs–CuNiFe2O4 in AB113 dye mineralization can be related 
to the high adsorption rate and the excellent performance of 
the  e−/h+ pair in increasing the production of active radicals. 
Similar results were also reported by Asgari et al. regarding 
the mineralization of AB113 by US/UV/ZnO/PS (Asgari et al. 
2020). The inset of Fig. 6c shows that the  BOD5/COD ratio rep-
resents changes in the biodegradability of the AB113 solution, 
during the sonophotocatalytic process. It could be noted that by 
increasing the reaction time from 5 to 30 min, the  BOD5/COD 
ratio significantly improved from 0.13 to 0.57. These results 
indicate that the present process can reduce the toxicity of the 
solution and can increase the biodegradability of the mixture.

To confirm the above results, toxicity changes during 
direct photolysis, photocatalysis, and sonophotocatalytic 
processes were investigated based on the growth inhibi-
tion percentage of E. coli (Eq. 13). As shown in Fig. 6d, a 
gentle decrease in bacterial growth inhibition was observed 
by increasing the time from zero to 180 min, during direct 
photolysis. This reduction was 11.55% in reaction time, 
between zero and 180 min. Small changes in growth inhi-
bition indicated that a high ratio of toxic products were 

produced during the photolysis reaction. By adding MWC-
NTs–CuNiFe2O4 to the photolysis reactor, the inhibition rate 
significantly reduced from 61.08 to 19.08%. These results 
were confirmed by the high removal rates of the AB113 dye 
(100%) and TOC (90%). Compared to the above processes, 
the sonophotocatalytic process reduced the inhibition per-
centage from 61.08 to 10.35%. Such results suggested that 
the present degradation process could be proposed as a pre-
treatment process before the biological treatment to facilitate 
the degradation of stable compounds.

where OD
600S and OD

600B are the optical density of sample 
and control at 600 nm, respectively.

Identification and change of inorganic ions

Mineralization of a pollutant with carbon, sulfur, and nitro-
gen atoms produces  CO2,  SO4

2−, and nitrogenous com-
pounds (such as  NH4

+ and  NO3
−). To specify the degree 

of mineralization of the AB113 dye, the concentrations of 
 NH4

+,  NO3
−, and  SO4

2− released during the sonophoto-
catalytic process were measured, and the results are shown 
in Fig. 8. The concentration of  NH4

+ ions formed during 
AB113 dye mineralization increased from 0.29 to 2.58 mg/L 
over 10 to 120 min. In contrast, the concentration of  NO3

− at 
the initial time is zero; then by increasing the treatment 
time to 120 min, the concentration reaches 1.64 mg/L. 
These results indicate that most of the nitrogen is likely to 
be combined with intermediates or is lost as nitrogen gases 
(Wakrim et al. 2021). The concentration of  SO4

2− in Fig. 8 
increases from zero to 1.84 mg/L in 120 min. These results 

(13)Growth inhibition percentage = (1 −
OD

600S

OD
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also emphasize that most of the –  SO3
−group remains in 

the structure of AB113 at the early stages of oxidation in 
the byproducts and then slowly transforms into  SO4

2− ions.

Conclusion

The MWCNT–CuNiFe2O4 nanocomposite was synthesized 
for use as an efficient catalyst in the effective sonophoto-
catalytic degradation of the AB113 dye. Based on the find-
ings of the present study, the mixed ferrite nanoparticles on 
MWCNTs showed a high degradation activity and stabil-
ity in the sonophotocatalytic reactor. The complete AB113 
degradation in the MWCNT–CuNiFe2O4/UV/US system 
may be caused by the participation of the produced reactive 
species such as  O2

•−,  h+, and •OH. Photocatalyst stabil-
ity showed that MWCNTs–CuNiFe2O4 can be recycled for 
eight consecutive reaction cycles, with minimal reduction of 
efficiency. The study of mineralization and biodegradability 
of the synthetic solution was performed by determining the 
removal rates of TOC, COD, and  BOD5/COD. The results 
showed a 93 to 95% reduction for COD and TOC, at a reac-
tion time of 30 min. Changes in the  BOD5/COD rate from 
0.13 to 0.57, with increasing time of degradation from 5 to 
30 min, confirmed that the present process could be used as 
a biological pretreatment system. The analysis of the toxicity 
and concentration of inorganic ions (such as  NH4

+,  NO3
−, 

and  SO4
2−) in the treated solution emphasized that the sono-

photocatalytic process using MWCNTs–CuNiFe2O was an 
effective and promising treatment method for dye degrada-
tion in aqueous solutions.
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