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Abstract
Heterogeneous catalytic oxidation, Fenton-like (FL) hybrid nanoparticles (NPs) induced by microwave (MW) irradiation, 
was applied as a green technology pathway for methomyl pesticide oxidation. Three different hybrid nanostructured parti-
cles, C300, C400 and C500 containing various phase structures, i.e., Cu,  Cu2O and CuO, were successfully synthesized by 
the thermal decomposition technique and used as a FL source in microwave-induced (MW/FL) system. The microstructure 
and morphology of the hybrid nanostructured particles were studied using an X-ray diffraction (XRD) field-emission scan-
ning electron microscope (FE-SEM), respectively. Also, MW/FL system was compared to MW/H2O2 and (MW) alone. 
The influence of various operating parameters, i.e., microwave irradiation time and power, initial NPs concentration,  H2O2 
concentration and pH for the three MW/FL systems, was investigated, and the optimal operating conditions were compared. 
The results indicated that the MW/FL process outperformed the other systems, and around 91% of methomyl was removed 
after only 8 min of MW irradiation for the C300-based MW/FL system under optimal conditions. Notably, the results veri-
fied that the heterogeneous MW/FL oxidation system catalyzed over the synthesized NPs reacted with the wastewater at its 
initial pH without adjustment, which overcomes the weakness of the homogeneous Fenton catalyst. Hence, this advantage 
could expand the application of this oxidation technique and thus improves the system efficiency. Finally, the catalyst showed 
good reusability. The success of this technique explores the possibility of copper as a non-iron FL system in a MW-assisted 
system for the rapid removal of methomyl from wastewater.
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Introduction

Ground and surface water pollution is increasing at an 
unprecedented rate that certainly threatens human and 
aquatic systems. Generally, most water pollution occurs 
in ecosystems as a result of human activities. Recently, 
pesticides constitute one of the major groups of organic 
complexes that cause serious environmental challenges due 

to their application in significant quantities in agriculture to 
promote plant protection from insects, fungi and bacteria 
that harm the harvest. In addition, their high water solubil-
ity, chemical stability and biodegradation resistance enable 
them to spread to the groundwater. Consequently, novel 
treatment technologies to mineralize those toxic substances 
are urgent.

Methomyl, which belongs to the oxime carbamate 
family of pesticide groups, is being widely used in agri-
culture due to its powerful control of different types of 
pests and insects. However, it has a high solubility value 
in water (57.9 g/L, 20 °C) making it hazardous to sur-
face and groundwater in agricultural regions (Raut-Jad-
hav et al. 2016). Thus, the European Commission (EC), 
Environmental Protection Agency, USA (EPA) and World 
Health Organization (WHO) classified the methomyl as a 
restricted, very toxic and hazardous pesticide because it 
is extremely toxic to the ecosystem (Malato et al. 2003; 
Zhang et al. 2017).
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For decades, different conventional techniques have 
been applied for the mineralization of toxic water pollut-
ants. Methomyl has been removed from wastewater by 
adsorption (Chang and Lee 2012; Ashour et al. 2014; Akl 
et al. 2016; Ashour and Tony 2017), ozonation (Mico et al. 
2010), photo-Fenton reagent (Zhao et al. 2009; Mico et al. 
2010) and sonication (Raut-Jadhav et al. 2016). However, 
the search for environmentally friendly and efficient meth-
odologies is of growing interest.

Among conventional treatment technologies, photochem-
ical reactions based on the powerful oxidizing ˙OH radicals 
species, so-called advanced oxidation processes (AOPs), 
are gaining a considerable attention to degrade toxic pollut-
ants to harmless end products in an effective and economic 
approach (Ciesla et al. 2004). Concerning the various AOPs, 
the Fenton approach is considered the most popular sys-
tem which is applied extensively in the treatment of several 
pollutants such as oily wastewater (Lucas and Peres 2009; 
Tony et al. 2015), dyes (Medien and Khalil 2010; Tony and 
Mansour 2019), humic substances, phenols (Wu et al. 2010) 
and launderette wastewater (Tony et al. 2016). The tradi-
tional homogenous Fenton system is based on the production 
of ˙OH radicals by the catalytic decomposition of  H2O2 by 
 Fe2+/3+ (Wu et al. 2010; Tony et al. 2011). However, several 
disadvantages associated with those homogenous Fenton 
processes, for instance the limiting pH value (around 3), 
require either pre- or post-treatment of the wastewater (Tony 
and Bedri 2014). Moreover, the dissolved iron species in 
the wastewater after treatment may need post-purification 
that increases the overall process cost. Those homogenous 
Fenton process disadvantages result in limited process 
efficiency.

There is a great interest in using nanoparticles (NPs) for 
promoting the catalytic activity of chemical reactions. Syn-
thesis and exploration of various functionalized NPs are 
gaining extensive attention both in academia and in industry. 
According to the previous investigations (Tony et al. 2018), 
the application of those NPs in various fields, especially in 
wastewater, increases the overall system efficiency. A range of 
synthetic strategies are available for preparing the NPs, such as 
ionic liquid (Zhang et al. 2015a, b), wet chemical (Gong et al. 
2014), reverse micelle (Lu et al. 2010; Solanki et al. 2010), 
microwave-assisted (Zhu et al. 2004; Dar et al. 2012), biosyn-
thesis (Abboud et al. 2014), electrochemical (Theivasanthi and 
Alagar 2011) and sonochemical (Zhang et al. 2015a, b). How-
ever, such techniques still have some limitations. Much effort 
has been expended in the development of cost-efficient and 
rapid synthesis techniques for NPs with a reasonable product 
yield. Challenges still exist in the widespread use of NPs at a 

mass production scale. These challenges include the limited 
yield of NPs and the cost of their preparation. Thus, to over-
come these challenges, alternative synthesization techniques to 
obtain a high yield of production with reduced cost, such as the 
thermal decomposition technique (Lin and Li 2009; Sunaina 
et al. 2017), have been developed. Other examples include 
the substitution of the homogenous Fenton system with the 
heterogeneous one to overcome the system drawbacks. This 
alternative heterogeneous Fenton-like system is based on the 
transitional metals or metal oxides as a source of the hetero-
geneous catalyst (Soon and Hameed 2011). Copper-based 
heterogeneous Fenton-like catalysts are of prime importance 
due to their significant catalytic activity (Pan et al. 2015) and 
selectivity (Valdez et al. 2012), in addition to the fact that the 
reaction can be achieved around the neutral pH range (Zhong 
et al. 2012a, b). Additionally, Cu-based nanoparticles are spe-
cifically attractive since copper is cheap and naturally abundant 
(Gawande et al. 2016).

The key to the Fenton-like process is the production of the 
˙OH radicals. Thus, the process could be assisted to produce 
higher ̇ OH radicals concentration using systems such as ultra-
violet light (Chen and Zhu 2007; Tony et al. 2018), ultrasonic 
enhancement (Raut-Jadhav et al. 2016) and microwave irradia-
tion (Gromboni et al. 2007).

In the last few years, microwave irradiation has been widely 
used in areas which include domestic, medical and industrial 
applications due its observable heating effect. Additionally, 
it helps to change system thermodynamics, weaken chemi-
cal molecule bonds and reduce system activation energy, thus 
improving the chemical reaction kinetics (Ai et al. 2008). Such 
applications include pyrolysis (Menendez et al. 2002), adsorp-
tion (Hsieh et al. 2006), extraction (Abu-Samra et al. 1975) 
and synthesis (Cao et al. 2009). Microwave irradiation has 
been applied in environmental engineering applications such 
as soil remediation (Remya and Lin 2011), sludge and waste-
water treatment (Ai et al. 2008) and chemical catalysis (Zhang 
and Hayward 2006). However, according to the literature, it 
has not been applied so far in the copper-nanocatalysis-based 
Fenton-like oxidation.

In the present investigation, synthesis of three categories 
of Cu-based nanoparticles (NPs) was examined. Microwave 
(MW) was introduced to increase the catalytic activity and 
enhance the Fenton-like (FL) system based on the Cu nano-
particles and to increase the rate of ˙OH radical production 
for the selective and rapid treatment of methomyl pesticide 
in wastewater, which is widely used in Egypt. The influence 
of different operating parameters was examined, and the MW 
technique was shown to have a positive influence on reaction 
kinetics. Additionally, the performance of various forms of 
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Cu nanoparticles when combined with MW in the MW/FL 
system was compared.

Materials and methods

Materials

Wastewater

Commercial-grade methomyl (S-methyl N-[(methylcarbamoyl)
oxy] thioacetimidate), 90% concentration, from central agri-
cultural pesticide and chemicals company, El-Menoufia, 
Egypt, was used as a model pollutant without any further 
purification. A stock solution of 1000 ppm was prepared, 
and a further dilution was done, as required to (50, 100, 200, 
400 mg/L). A volume of 50 mL of aqueous methomyl solution 
was used in all the treatment experiments.

Catalyst and reagents

CuO/Cu2O/Cu hybrid nanostructure samples were synthe-
sized by thermal decomposition of copper (II) acetate mono-
hydrate,  CuAc2·H2O, in air. In a typical procedure, 3 g from 
 CuAc2·H2O was introduced into a covered 50-mL alumina cru-
cible. Thereafter, the crucible was placed in an oven for 3 h at 
Td, where Td is the selected temperature to obtain various ratios 
between the counterparts of the hybrid nanostructures (Obaid 
et al. 2000; Lin et al. 2012). The reaction product was collected 
after slow cooling in air overnight. The samples are labeled 
as C300, C400 and C500 which corresponding to different Td 
at 300, 400 and 500 °C, respectively. All the Td temperatures 
were selected to be sufficient for the complete thermal decom-
position process as well as the time of exposure to the thermal 
heating (Lin et al. 2012).

Hydrogen peroxide (30% w/v) was used to initiate the Fen-
ton-like system. Sodium hydroxide (NaOH) and sulfuric acid 
 (H2SO4), all of analytical grade obtained from Sigma-Aldrich, 
were used for wastewater pH adjustment to the desired values.

Characterization

The phase structure of the samples obtained was examined 
using X-ray powder diffraction using an XRPhillips X’pert 
diffractometer, MPD 3040, throughout 2θ ranging from 20 to 
80°. The collected diffraction intensities were recorded with 
step-scan mode to get the X-ray diffraction (XRD) pattern 
for each sample. The morphology of the investigated powder 
samples was characterized by field-emission scanning electron 
microscope (FE-SEM), Quanta FEJ20.

Methodology

MW irradiation to enhance the FL was accomplished in a 
household 2.45-GHz microwave oven (100–1000 W) fit-
ted with time controller and rotating platform. Firstly, for 
every experiment performed, 50 mL volume of methomyl 
wastewater pesticide samples was placed in a container and 
the required amounts of the prepared nanocopper particles, 
namely C300, C400 or C500, were added and the FL rea-
gent initiated by the addition of  H2O2. The pH of solution 
was set at the desired values by adding required amounts of 
 H2SO4 or NaOH solutions before adding the given amounts 
of FL reagent. Thereafter, FL was well dispersed with the 
methomyl solution before it was placed in the MW oven to 
be irradiated for the required reaction time at a certain input 
power level. Afterward, residual methomyl concentrations 
in the treated wastewater were measured. Figure 1 shows the 
schematic flow diagram of the Fenton-like (FL) enhanced 
with the microwave treatment.

Analytical determinations

Wastewater samples were taken after the reaction time in 
each case. The samples were filtered using a microfilter 
to remove the NPs. Thereafter, the residual concentration 
of methomyl was measured by recording the absorbance 
at 231 nm using a UV–visible spectrophotometer (Unico 
UV-2100 spectrophotometer, USA, with modification). The 
pH of the pesticide solution was measured using a digital 
pH-meter (AD1030, Adwa instrument, Hungary).

Results and discussion

XRD characterization of the synthesized CuO/Cu2O/
Cu hybrid nanostructure samples

Figure 2 shows XRD patterns of the synthesized powder 
samples. The peaks obtained in these patterns exhibit the 
absence of any peak attributed to  CuAc2·H2O or  CuAc2, 
whereas the patterns obtained refer to hybrid nanostruc-
tures based on CuO/Cu2O/Cu with different peak inten-
sities, as shown in Fig. 2. As can be seen from this fig-
ure, the intensity of the diffracted peak of Cu decreased 
with increasing temperature and completely vanished in 
C500. However, the maximum-contained ratio of  Cu2O 
was found in C400. In addition, the predominant phase 
was CuO, with small traces from the  Cu2O phase. This 
finding was as expected due to the gradual oxidation pro-
cess in air of Cu and  Cu2O to CuO, as reported by Lin 
et al. (2012).

The crystallite sizes (D) of the investigated phases 
for each sample were estimated using Scherrer’s relation 
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(Scherrer 1918) to determine the most preferred plane 
for the phase. This plane was found to be 43.2°, 36.4° 
and 38.3° for Cu,  Cu2O and CuO phases, respectively. 
Figure 3 shows the variation of D for each phase with 
different Td. The values of D obtained for all phases are 
less than 100 nm, which shows the formation of nano-
structured particles. This figure shows the same trend for 
 Cu2O and CuO phases, increasing the crystallite size (D) 
with increasing Td. Such a trend could be attributed to 
expected crystal growth of these phases with increasing 
temperature. It is also clear that the rate of increase of 
D is higher in the case of CuO phase than in the case of 
 Cu2O phase, especially from 400 to 500 °C. This observa-
tion can be explained by the oxidation process of  Cu2O to 
CuO phase at 500 °C. In respect of the D of  Cu2O to CuO 
phases, the Cu phase showed a reduction in D value with 
an increase in Td temperature. Such differences could be 
attributed to the expected cessation in crystal growth of 
the Cu phase due to the reduction of this phase with tem-
perature as a result of the oxidation process to CuO phase. 

Fig. 1  Schematic representation of the experimental setup

Fig. 2  XRD diffraction patterns of the synthesized CuO/Cu2O/Cu 
hybrid nanostructure samples
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The maximum concentration of the Cu phase was obtained 
after the decomposition of  CuAc2·H2O, as reported by Lin 
et al. (2012).

Morphological characterization 
of the nanostructure samples

Figure 4 shows the FE-SEM micrographs of the synthe-
sized powder samples. Figure 4a, b reveals a non-uni-
form shape of the particles obtained for C300 with some 
uniform hexagonal shapes (the inset of Fig. 4a), which 
can be referred to Cu nanoparticles (Xiong et al. 2011). 
However, the particles obtained of C400 and C500 exhibit 
agglomeration of porous particles, as shown in Fig. 4c, 
e, respectively. The size of such particles for C500 was 
higher than that obtained in C400, which confirms the 
role of increasing temperature in the decomposition 
process (Td) with the increase in the crystal growth, as 
discussed previously in Sect. 3.1. Magnification of FE-
SEM for samples C400 and C500 (Fig. 4d, f, respectively) 
showed rosette-like and gypsum rose morphology of such 
samples. Examination of the figure shows the uniform 
shape of the particles of C400 and C500, although these 
samples include hybrid (Cu,  Cu2O and CuO) nanostruc-
tures. This apparent contradiction could be explained by 
the fact that all of the hybrid phase had the same predomi-
nant plane [111], which enabled them to grow along the 
same orientation.

Process performance

To investigate the effect of different degradation systems for 
methomyl polluted wastewater removal, solo MW treatment, 
MW/H2O2, FL, C400 nanoparticles and MW/FL were con-
ducted for methomyl degradation. The results in Fig. 5 show 
that the MW system alone had very little effect on methomyl 
removal. However, when the MW/H2O2 was combined with 
FL processes, a considerable improvement was observed. 
In addition, the C400 addition alone had no effect on the 
methomyl degradation. The combined use of FL and MW, 
i.e., MW/FL system, achieved the highest removal efficiency 
of methomyl, which exceeded 89%. This reflects the effec-
tiveness of MW/FL as an alternative removal method for 
methomyl pesticide.

Comparing the results, the order of methomyl removal 
is: MW/FL > MW. No removal for Cu-based system was 
observed and a negligible effect for Mw/H2O2 and FL sys-
tems.  H2O2 reagent addition caused a negative impact on the 
methomyl pesticide degradation. This finding has previously 
been found by Tony et al. (2008), that hydrogen peroxide 
alone is not effective due to its low reaction rate.

This series of experiments illustrated the synergistic 
effect of MW/FL technique in degrading the methomyl pes-
ticide. Clearly, in the MW/FL reaction concerning the C400 
ions combined with  H2O2 generates ˙OH radicals that played 
an important role in the methomyl degradation. As previ-
ously stated in the literature (Fernández-Alba et al. 2002; 
Malato et al. 2002; Malato et al. 2003; Tamimi et al. 2006; 
Oller et al. 2006; Tamimi et al. 2008), methomyl molecules 
decompose completely into  CO2,  H2O,  NO3

− and  SO4
− when 

the pesticide is oxidized by  TiO2 or photo-Fenton process. 
Thus, MW/FL oxidation of methomyl is an environmentally 
friendly system for pesticide removal.

Effect of various MW/FL parameters

Effect of methomyl concentration

The initial methomyl pesticide concentration effect on the 
MW/FL catalyzed with C400 degradation technique was 
examined at various methomyl concentrations, and the 
results are shown in Fig. 6. It is clear from the observed 
results that, as the initial methomyl concentration increased 
from 50 to 100 mg/L, the methomyl removal efficiency 
decreased from 89% to 9%. However, no degradation 
occurred with a further increase in the initial methomyl to 
1000 mg/L.

Fig. 3  The variation of crystallite size (D) of the phases at Td tem-
perature along the [111] plane
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The above observation can be explained by the relation-
ship between the concentration of ˙OH radicals produced in 
the system and the concentration of methomyl present in the 
aqueous solution. ˙OH, which is mainly responsible for the 
degradation of methomyl, is produced to a certain concentra-
tion in the system. Thus, at a constant ˙OH concentration, the 
increase in the methomyl concentration decreases the rela-
tive radical concentration, and hence, the overall efficiency is 
retarded. However, at initial methomyl concentrations in the 
range from 200 to 1000 mg/L, the radicals could not degrade 
the methomyl pollutant as more molecules of methomyl are 

available for degradation. This observation is in accordance 
with the previous findings of Kalal et al. (2015) using trypan 
blue dye in a heterogeneous Fenton system.

Effect of irradiation time and power

The objective of this series of experiments was to select 
the best operational conditions in the MW/FL system. The 
dosage of  H2O2 and Cu-NPs was 5000 mg/L and 3.0 g/L, 
respectively, and the pH was kept at 6.5 (without adjust-
ment). Firstly, the microwave power was set at 500 W to 

Fig. 4  FE-SEM micrograph images of the synthesized hybrid nanostructure samples: a, b C300, c, d C400 and e, f C500
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investigate the optimum MW irradiation time for all Cu-
based NPs systems, namely C300, C400 and C500.

Figure 7 shows that for 500 W microwave power the irra-
diation time improves the methomyl removal rate for the 
C300/, C400/and C500/H2O2 systems. However, the optimal 
irradiation time differs in the three systems. For the MW/
FL system based on C300 NPs, the maximum methomyl 
removal was 83% for 8.0 min of reaction time, while C400 
and C500 NPs achieved a maximum 89 and 16%, at 5 and 
12 min of MW irradiation time, respectively. Under a con-
stant MW energy utilization, oxidation requires reaction 
times dependent on the catalyst used. This means that the 
lower the MW power, the long the irradiation time to com-
plete the methomyl removal. Thus, the removal efficiency, 
as shown in Fig. 7, increased with extending the irradia-
tion time at a constant MW energy consumption. This result 

agrees with Iboukhoulef et al. (2013) who investigated 5 min 
of irradiation time in microwave-assisted Fenton-like system 
for treating phenolic compounds. The optimal irradiation 
time for each NP was subsequently selected for the further 
investigations.

Since MW energy is a controlling parameter in the MW-
induced systems, different MW power sources (200–800 W) 
were studied. Figure 8 shows that methomyl removal rate 
can be improved by an increase in the MW power, in par-
ticular for the MW power ranging from 400 to 500 W. How-
ever, FL reaction induced slowly at lower or higher MW 
energy. The reaction between Cu-based NPs and  H2O2 in 
the FL system generates maximum ˙OH radicals when it 
is exposed to a higher MW energy. This phenomenon is 
explained by the fact that MW energy induces a motion of 
the  H2O2 molecules, which therefore increases the colli-
sion numbers. Moreover, the peroxide molecules are raised 
to a higher excited state, including greater vibrational and 
rotational energy levels. Thus, the result has weakened in 
the molecular bonds and subsequently split (Homem et al. 
2013). Furthermore, hotspots may develop because of the 
superheating induced by the MW energy at a high tempera-
ture on the surface of Cu-based NPs catalyst induced by 
the Maxwell–Wagner effect of microwaves (Ai et al. 2008). 
Hence, the existence of such hotspots accelerates the reac-
tion of hydrogen peroxide and methomyl molecules, attacked 
by the Cu-based catalyst.

The MW irradiation time and power correlate with the 
methomyl removal efficiency as they are dependent on ˙OH 
radicals and  H2O2 decomposition. The results show that 
the methomyl residual decreases with an increase in MW 
power and time up to a certain limit. The optimal MW power 
energy of 500 W (for C400 NPs) and 400 W (for C300 and 
C500 NPs) was thus used in subsequent experiments.

Effect of amount of  H2O2

The hydrogen peroxide dose is considered an important 
parameter in the FL reaction since the oxidation in the MW/
FL process is based on the concentration of ˙OH produced. 
The data presented in Fig. 9 show that methomyl removal 
marginally increases with increasing  H2O2 for the three cop-
per-catalyzed systems (C300, C400 and C500). A significant 
enhancement is observed for methomyl removal at a  H2O2 
dose of 5000 mg/L. This phenomenon may be due to the fact 
that ˙OH radicals that are mainly responsible for the metho-
myl oxidation are produced through  H2O2 decomposition 
under microwave irradiation, as shown in Eq. (1) (Pan et al. 
2015). Furthermore, the reaction between CuO or  Cu2O and 
 H2O2 results in more ˙OH radical production that attacks the 
chemical bonds in methomyl molecules (Eqs. 2, 3). Conse-
quently, this leads to the formation of reaction intermediates 
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that are eliminated by additional ˙OH species, resulting in 
the final end product formation of  H2O and  CO2 (Zhong 
et al. 2012a, b).

A further increase in the  H2O2 peroxide dose did not 
result in a greater conversion of methomyl yield. This 

(1)H2O2 +MW energy → 2⋅OH

(2)Cu2+ + H2O2 → Cu+ + HO⋅

2
+ H+

(3)Cu+ + H2O2 → Cu2+ +
⋅OH + OH−

finding could be explained by the fact that, at high  H2O2 
concentrations, the peroxide acts as an ˙OH radical scaven-
ger, instead of producing them as illustrated in Eqs. (4) and 
(5) (Neamtu et al. 2002; Ramirez et al. 2007). In addition, 
re-combination reaction of ˙OH radicals producing  H2O2 
occurred contributing further to ˙OH radical scavenging 
capacity (Eq. (6)) (Tamimi et al. 2008).

(4)H2O2 + HO⋅

→ HO⋅

2
+ H2O

(5)HO⋅

2
+ HO⋅

→ H2O + O2
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A similar trend showing an increase in the reaction rate 
with increasing peroxide concentration is evident for the 
copper-based catalysts up to a certain limit when the reac-
tion rate decreased, C300 NPs resulting in higher methomyl 
removal rate compared to C400 and C500, 91%, 89 and 26%, 
respectively. It could be observed from the XRD results pre-
sented in Fig. 3 that copper oxides  (Cu2O, CuO) and metal-
lic copper were present in C300 and C400 NPs and copper 
oxides only in C500 NPs. As shown in Eqs. (2, 3),  Cu+ acti-
vates  H2O2 which is not responsible for the direct ˙OH radi-
cals formation, but is involved in the production of a higher 
oxidation state of copper, so-called  Cu2+. Those existed in a 
lower reaction rate compared to the strong oxidizing species 
˙OH radical which are non-selective. Thus, these radicals are 
competing with ˙OH radicals in methomyl oxidation.

Hence, hydrogen peroxide should be added to enhance the 
FL reaction at an optimum dose to achieve the best removal 
efficiency. Therefore, 5000 mg/L is considered the optimum 
value for all MW/FL applied in this study.

Cu‑based NPs loading

Figure 10 illustrates the effect of different NP catalyst 
dosages (C300, C400 and C500) on methomyl removal. 
It is clear from the results that, for all the Cu-based NP 
systems, the methomyl removal is greatly enhanced by 
the NPs concentration increasing from 0.01 to 3  g/L. 

(6)HO⋅

+ HO⋅

→ H2O2

However, beyond this dose, the methomyl oxidation rate 
declines with a further increase in the concentration of 
NPs catalyst, saturation being reached. Generally, at 
higher NPs catalyst value, more active sites are generated 
which may accelerate the production of hydroxyl radicals 
(˙OH). Thus, this promotes the overall methomyl removal 
efficiency (Pan et al. 2015; Tony et al. 2016). Neverthe-
less, beyond this certain limit, further increase in the NPs 
catalyst dose results in a retardation of the reaction. This 
change in the removal rate occurred due to the fact that, 
at a constant concentration of  H2O2, the amount of this 
peroxide reagent is not enough to be decomposed by NPs 
catalyst. Therefore, the relative ˙OH radicals concentration 
declined, leading to a decrease in the overall methomyl 
removal. Hence, it can be concluded that the optimum 
NPs catalyst dosage for all the systems under the present 
MW/FL study was 3.0 g and the removal efficiency was 
91% for C300 NPs system. This performance is similar to 
other studies reported by Bradu et al. (2010), Valdez et al. 
(2012) and Pan et al. (2015).

Although similar results were observed for the three Cu-
based catalysts (C300, C400 and C500), that is, increasing 
the dose of NPs catalyst improves the methomyl removal 
rate, it is clear from Fig. 7 that C300 and C400 are more 
sensitive to the catalyst dose and the overall efficiency is 
high at around 90% compared to only 26% when C500 is 
used. Generally, the catalytic activity of  Cu2O is higher 
than that of CuO that generates higher ˙OH that attacks the 
organic pollutants. CuO particles are inadequate to initiate 
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the ˙OH and superoxide radical that are both considered as 
primary initiators for the oxidation process. Therefore, the 
combination of CuO/Cu2O NPs is recommended. Thus, as 
discussed in XRD results the decomposition temperature 
of Cu-based NPs formation increases from 300 to 500 °C, 
with a steady decrease in metallic Cu and  Cu2O oxide 

and a gradual increase in CuO oxide formation. This indi-
cates the conversion of Cu to CuO with a small amount of 
 Cu2O present in C500. Thus, the result is a reduction in 
the overall methomyl removal rate (Janczarek and Kow-
alska 2017; Lin et al. 2012). Furthermore, metallic Cu 
form in C300 and C400 NPs, under the MW irradiation, 
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Fig. 11  Effect of initial pH 
on methomyl removal (ini-
tial methomyl concentra-
tion 50 ppm;  H2O2 dosage 
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is oxidized to  Cu2O. Thus, the amount of  Cu2O increases 
which increases the ˙OH radicals’ yield. However, in the 
case of C500 no metallic copper is present and the amount 
of ˙OH radicals is less than that produced through C300 
and C400 systems.

Effect of initial pH value

As previously stated in the literature (Hu et al. 2011), the 
oxidation process via conventional Fenton process is sig-
nificantly influenced by the pH of the reaction environment. 
The reactions are maximized at the optimum pH value, and 
maximum degradation is achieved when the solution pH is 
around 3.0.

To examine the effect of pH in MW/FL system based on 
Cu-based NPs, the wastewater pH was adjusted before the 
MW/FL catalytic reaction reached the desired values. As 
presented in Fig. 11, the pH was investigated in the range 
3.0–8.0 for three copper catalyst (C300, C400 and C500) 
systems. For the purpose of comparison, the microwave 
power and irradiation time were set at the optimum condi-
tions in each copper-catalyzed system, as aforementioned. It 
was observed that, for the three systems, there was a slight 
increase in the methomyl removal rate with an increase in 
pH and the maximum removal was attained at the original 
aqueous methomyl pH (6.5). However, further increase in 
pH decreased the reaction rate. The pH value of the waste-
water affects the decomposition of  H2O2. Consequently, a 
greater concentration of ˙OH radicals is generated at higher 
pH. A further increase in pH above 6.5 results in more 
hydroxyl ions being generated and adsorbed by the cata-
lyst instead of generating ˙OH radicals. This results in the 
removal rate of methomyl decreasing. This observation of 
increasing the removal rate around pH 6.0 is similar to that 

previously reported by Lee et al. (2013) in the oxidation of 
phenol by Cu(II)/H2O2 system and Kalal et al. (2015) in dye 
degradation using copper as a photo-Fenton-like catalyst.

The removal of methomyl in a copper-catalyzed MW/
FL system attained 91, 89 and 26% removal for C300, C400 
and C500 catalyzed systems, respectively, when the initial 
pH of the aqueous solution was 6.5 (without adjustment). 
This finding expands the application of the system since the 
reaction is independent of the acidic pH (around 3.0), as is 
generally the case in conventional Fenton (-like) systems 
(Malik and Saha 2003; Tony and Bedri 2014).

Catalyst reusability

An importance feature of this investigation is the reusability 
of the NPs. For catalyst re-generation, NPs were collected 
after each cycle and subsequently filtered before it was sub-
jected to three sequential washings with distilled water and 
then dried at 110 °C for 1 h. Successive cycles after MW-
induced Cu-based NPs for methomyl treatment were moni-
tored for the pesticide removal efficiency, and the results are 
shown in Fig. 12.

As illustrated in the figure, upon multiple uses, the cata-
lytic activity of the NPs catalyst decreased. For C300 NPs, 
the performance ranged from 91% (in the fresh use) to 
56% (after the sixth cycle). Thus, this could be attributed 
to the C300 NPs (Cu, CuO and  Cu2O) active sites which 
may have been occupied by some organic intermediates that 
covered those active centers preventing them from attacking 
the organic pollutants. Therefore, the overall reaction rate 
decreased (Bradu et al. 2010; Pan et al. 2015).

A significant decline in the methomyl removal efficiency 
using C400 NPs after the first catalyst cycle was observed 
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(65%), reducing to only 27% after the sixth cycle compared 
to 56% when C300 was used for treatment at the same con-
ditions. For C500, no degradation occurred beyond the first 
cycle (results are not shown).

As discussed above, NPs were separated from the water 
samples after treatment to check the remaining methomyl 
and the concentration of catalyst recycled. Although the 
objective was to recycle all NPs in the solution, inevitably 
some catalyst was lost. NPs concentration after each reaction 
was determined, and the copper loss after each cycle was 
estimated to be 1.4%.

Conclusion

The application of a microwave technique to the treatment of 
methomyl wastewater is a novel catalytic oxidation system. 
Different types of Cu-based nanoparticles were synthesized 
using a thermal decomposition technique and applied to the 
removal of methomyl in the MW/FL system. The results 
show that the presence of CuO,  Cu2O and Cu is desirable, 
which were oxidized and increased the ˙OH radical gen-
eration. However, the maximum methomyl removal was 
achieved when C300 was used as a source of NPs for a FL 
source catalyzed by MW irradiation, achieving 91% within 
only 8 min. The optimum parameters were 5000 mg/L  H2O2, 
C300 dose 3.0 g/L, MW power 400 W at the initial pH of 
6.5 without adjustment. The results indicated the role of the 
MW irradiation in enhancing the generation of OH radicals. 
Also, the results showed the good reusability of the catalyst 
after several cycles. Notably, this heterogeneous system is 
preferred as it is overcome the drawback of the homogenous 
FL reaction which is limited by the initial pH of the system, 
thus widening the process application.
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