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a b s t r a c t
The electrochemical degradation of 1-naphthol (1-N) in organic solutions (C2H3N, C2H5OH, or 
CH3OH) was studied by an electrochemical method using transition metal oxides (TMO) and metal 
oxides-based nanocomposites (MOBNC) as nanocatalyst in the presence of copper (Cu), alumi-
num (Al), glassy carbon (GC), and platinum (Pt) electrodes. The TMO (CuO, NiO and CoO) and 
MOBNC (NiO-CuO and MnO2-V2O5) nanocatalysts were synthesized by the incipient wetness 
impregnation method. The nanocatalyst was characterized by field-scattering scanning elec-
tron microscopy and X-ray diffraction analysis. The degradation products were identified by gas 
chromatograph mass spectrometer (GC-MS), 1H/13C nuclear magnetic resonance, Distortionless 
Enhancement by Polarization Transfer, and the progress in the reaction was monitored using thin-
layer chromatography (TLC). The electrochemical oxidation of 1-N in organic solutions in the 
presence of TMO and MOBNC nanocatalysts using metal electrodes (Al-Al, Cu-Cu, Pt-Pt, Al-Cu, 
and Cu-Al) produced 1,4-naphthoquinone (1,4-NQ), 1,2-naphthoquinone (1,2-NQ), and di(2-ethyl-
hexyl)phthalate (DEHP). The change of one of the electrodes to GC and Pt (Al-GC, Pt-GC, Cu-GC, 
Cu-Pt, Al-Pt), the lack of MOBNC and TMO NPs, and the use of non-electrochemical methods 
(lack of application of electrical potential) do not result in the formation of products.
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1. Introduction

Water and soil contamination by polycyclic aromatic 
hydrocarbon (PAH) compounds are among the major 
current environmental problems because these contam-
inants can easily migrate in the media and cause harm-
ful effects to human health or ecological systems. This 

problem is mainly due to the contamination of water bod-
ies with organic contaminants through the release of raw 
agricultural, industrial, hospital, domestic, and pharma-
ceutical industrial wastewater into the environment [1]. 
1-Naphthol (1-N), a large-scale industrial chemical used 
for the production of various industrial materials such as 
insecticides, dyes, plastics, pharmaceuticals, rubbers, etc., 
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is a metabolite of the extensively used insecticide carba-
ryl (1-naphthyl-N-methylcarbamate) and is hazardous [2]. 
The presence of hydroxyl group (OH) in the structure of 
the 1-N leads to their increased solubility and portability 
in natural aquifers and is considered more toxic than their 
structurally similar PAHs. Also, it affects male reproductive 
health, namely serum testosterone levels, sperm motility, 
and sperm DNA damage [3].

Great efforts have been devoted to the removal of 1-N 
from the environment. Some chemical, physical, and bio-
logical processes have been developed for water and waste-
water treatment. In this regard, various techniques such 
as ozone oxidation [4], photocatalysis [5], metal–organic 
frameworks (MOFs) [6], biological treatment [7], adsorp-
tion [8–10], chemical oxidation [11], and radiolysis [12] were 
applied for removal of 1-N from aqueous and organic solu-
tions. But there are few sufficiently efficient processes for 
the removal of 1-N due to toxic nature, unavailability, pro-
duce secondary pollution, and maintenance high [13–16]. 
This necessitated the development of alternative technolo-
gies to efficiently remove organic pollutants from aqueous 
solutions to complement the existing conventional methods. 
In the last decades, oxidation processes based on electro-
chemical technology have been considerably attracted by 
scientists in various environmental applications.

Aromatic compounds can be effectively degraded by 
electrochemical reactions. In this regard, some researchers 
such as Santos et al. [17], Pacheco et al. [18], Zhou et al. 
[19], Wang et al. [20], Gao et al. [21], Yao et al. [22], and 
Shestakova & M. Sillanpää [23], have researched on elec-
trodegradation of phenol, 3-amino-4-hydroxy-5-nitroben-
zenesulfonic acid, benzophenone-3, enrofloxacin, methyl 
red, metolachlor and neutral red in aqueous and organic 
solutions, respectively. Electrochemical degradation meth-
ods are effective techniques and have major advantages, 
including high efficiency, no production of sludge during 
the treatment, mild reaction conditions, low cost, easy oper-
ation, quick responses, and production of final products 
with low toxicity or non-toxic compounds like CO2, H2O 
and NH3 [13]. Several studies also indicated that the appli-
cation of metal catalysts can accelerate the degradation of 
organic compounds by electrochemical oxidation, thereby 
producing a better efficiency process [24,25].

The removal of organic compounds via electrodegra-
dation catalyzed by nanocatalysts has been widely devel-
oped among the chemical techniques. These nanocata-
lysts involving copper oxide (CuO), nickel oxide (NiO), 
and cobalt oxide (CoO), and their modified nanomaterials 
showed efficient electrocatalytic activities for the degra-
dation of aromatic organic compounds [26]. Metal oxides-
based nanocomposites (MOBNC) have been widely used in 
environmental electrochemistry mainly due to their excep-
tional mechanical properties, cheapness, and successful 
scale-up in the electrochemical industry [1]. Song et al. and 
Shi et al. reported that Pd/Fe bimetallic catalysts has high 
catalytic activities in the degradation of organic compounds 
[27,28]. McQuillan et al. [29] synthesized an Ag(I) ion cat-
alyst for methylene blue degradation; the degradation 
efficiency was high and the rate of removal reached 100%.

Oxides, particularly transition metal oxides (TMO), 
are emerging as most suitable catalysts for a different 

applications including electrochemical degradation process. 
CuO, CoO, NiO, MnO2 (MnO), and V2O5 (VO) nanoparti-
cles (NPs), which are TMO based nanostructures, exhibit 
extraordinary properties that they were used in variety of 
applications [30]. Among various TMO, CuO nanostructure 
has gained sa lot of attention because it is very reactive and 
its high surface volume exhibits substantial applications in 
catalysis [31]. CoO presents a high catalytic activity in the 
total oxidation of various types of VOCs, but it can suffer 
from thermal deactivation [32]. Also, NiO in the form of 
NPs has great importance due to their particular magnetic, 
electronic properties, and catalytic properties [33]. The 
MnO and VO NPs are environmentally friendly, inexpen-
sive nanocatalysts for the oxidation of various compounds 
[34]. In view of these findings, NiO-CuO and MnO-VO 
nanocomposites and NiO, CuO, and CoO NPs have been 
synthesized and then were used as an efficient nanocata-
lyst for electrodegradation of 1-N in the presence of copper 
(Cu), aluminum (Al), glassy carbon (GC), and platinum (Pt) 
electrodes from organic solutions.

2. Experimental

2.1. Chemicals

1-N (C10H8O), acetonitrile (C2H3N), ethanol (C2H5OH), 
and methanol (CH3OH) were purchased from Sigma and 
were used as received. The materials used for the synthe-
sis of MOBNC and TMO NPs and production of required 
solutions were cobalt chloride (CoCl2), copper nitrate 
(Cu(NO3)2), sodium hydroxide (NaOH), lithium perchlorate 
(LiClO4), magnesium perchlorate (Mg(ClO4)2), petroleum 
ether (C6H14), Vanadium (V) oxide (V2O5), ethyl acetate 
(C4H8O2), nickel chloride (NiCl2), manganese(IV) oxide 
(MnO2), sodium cyanide (NaCN), and deuterated chloro-
form (CDCl3) purchased from Merck Company (Darmstadt, 
Germany). All chemicals used were analytical grade and 
used without further purification. Solutions were prepared 
in water purified by a Millipore Milli-Q system; freshly 
prepared solutions were used for day-to-day experiments.

2.2. Nanocatalyst preparation

2.2.1. NiO-CuO nanocomposites

In this paper, NiO-CuO nanocomposite was synthe-
sized by the incipient wetness impregnation (IWI) method 
and characterized by various analytical methods [35]. 
Initially, 2 mmol of NiCl2 was added drop by drop into 
the water, and the mixture was placed on the digital ultra-
sonic cleaner CD-4820 (Codyson, China; 50 kHz, 170 W) 
for the salt to fully dissolve in water. Then, 2 mmol of 
Cu(NO3)2 was slowly added to the solvent, and the solu-
tion was again placed on the ultrasonic device to obtain 
a homogeneous solution. Subsequently, 1 M NaOH was 
added drop by drop to the solution, and the solution was 
placed on the ultrasonic device for 5 min for the precipi-
tate to form completely. The obtained precipitate was fil-
tered using a centrifugal device (at 2,800 rpm for 10 min) 
and was eluted 3 times with abundant distilled water. The 
precipitate was then dried on watch glass for 24 h at room  
temperature.
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2.2.2. MnO-VO nanocomposites

The MnO-VO nanocomposite was prepared by the 
IWI method [35]. Initially, 2 mmol of V2O5 with 6 mmol 
of NaCN were dissolved into the 10 mL deionized water 
and heated for 5 min. Then, the above solution was placed 
on the ultrasonic bath cleaner (Digital Ultrasonic Cleaner 
CD-4820 (170 W, 50 kHz)/China) at room temperature for 
about 1 min. Subsequently, 2 mmol of KMnO4 was added to 
the solution, and the solution was placed on the ultrasonic 
device for 5 min for the precipitate to form completely. The 
obtained precipitate was filtered using a centrifugal device 
(at 2,800 rpm for 10 min) and washed several times with 
abundant distilled water. The prepared nanocatalyst was 
then dried for 24 h at room temperature in the air.

2.2.3. TMO NPs

The TMO NPs (CuO, NiO and CoO) were synthesized 
by the IWI method [35]. First, 4 mmol of metal salt (CoCl2, 
Cu(NO3)2 or NiCl2) dissolved in 10 mL of deionized water 
and place it on an digital ultrasonic cleaner CD 4820 (170 W, 
50 kHz)/China) to obtain a homogeneous solution. Then, 
7 mL of 1 M NaOH was added into the solution drop by drop 
for 15 min until the precipitate was completely formed. The 
solutions were shaken at 150 rpm for 6 min at pH 7, centri-
fuged at 2,800 rpm for 10 min, and then the precipitate was 
filtered and washed with distilled water many times and 
dried at room temperature in the air.

2.3. Characterization

MOBNC and TMO NPs were characterized by X-ray 
powder diffraction (XRD) and field-emission scanning elec-
tron microscopy (FESEM) analysis. For structural analysis 
of the MOBNC and TMO NPs, a Philips X’Pert-MPD X-ray 
diffractometer (40 kV and 30 mA) was used in the diffrac-
tion angle range of 2θ = 10–70, using Cu-Kα radiation. The 
field-emission scanning electron microscopy (FE-SEM) 
images were taken by field emission scanning electron 
microscopy (FE-SEM; Philips XL-30) for examination of 
surface morphology of prepared nanocatalysts. Nuclear 
magnetic resonance (NMR) spectroscopy was used to iden-
tify the molecular structure of the chemical compound as 
well as quality control. The 1H-NMR and 13C-NMR spec-
tra were recorded on a 400 MHz NMR spectrophotometer 
(Bruker, Billerica, MA, USA) and chemical shift (δ) values 
were recorded in ppm. The Distortionless Enhancement 
by Polarization Transfer (DEPT) techniques (Bruker, 
Billerica, MA, USA) used for determining the presence of 
primary, secondary, and tertiary carbon atoms. The deg-
radation products were also analyzed on a gas chromato-
graph (HP 6890 series, Agilent Technologies, Avondale, PA) 
coupled to a 5973N Agilent Mass Spectrometer (Agilent 
Technologies, Avondale, PA, USA) and fitted with a capil-
lary column TRB-5 (30 m × 0.25 mm × 0.25 µm).

2.4. Electrochemical reactor

The chemical oxidation of 1-N was carried out in a sin-
gle-compartment electrochemical cell with a volumetric 
capacity of 250 mL. In an undivided glass cell, four types of 

electrodes, Pt, Al, GC, and Cu (thickness of 3 mm) prepared 
by TohoTech Company (Japan) were used as the anode and 
cathode with a distance of 20 mm between the two electrodes. 
A constant potential, 6 V DC, was applied between elec-
trodes (PowerTech, DC Power Supply, MP3087) and operated 
under galvanostatic conditions at room temperature (24°C). 
All the reactions were carried out at constant temperature 
(24°C ± 0.5°C) [36].

2.5. General procedure for 1-N degradation

Tables 1 and 2 demonstrate the design of the reactions 
carried out for 1-N degradation using TMO and MOBNC 
nanocatalysts, respectively. For each experimental run, 
4 mmol (0.58 g) of 1-N was dissolved in 10 mL of organic 
solvent (C2H3N, C2H5OH or CH3OH) in a closed container, 
and 0.1 g of electrolyte (Mg(ClO4)2 or LiClO4) and 0.1 mmol of 
nanocatalyst (CuO, NiO, CoO, MnO-VO, or NiO-CuO) was 
added to the solution (All experiments were repeated sepa-
rately for C2H3N, C2H5OH and CH3OH solvents). Then, the 
solution was introduced into the cell for 2 h (Electrochemical 
Reactor). The solution was agitated continuously using a 
magnetic stirrer to ensure adequate mixing and guarantee 
that sampling events were unaffected by concentration gradi-
ents (CGs) within the solution [36]. The progress in the reac-
tion was monitored using thin-layer chromatography (TLC) 
on aluminum-backed Merck silica gel 60 F254 plates. To 
separate the products from the reacting, an organic, largely 
nonpolar solvent mobile phase consisting of petroleum 
ether-ethyl acetate solvents (2:98 v/v) was used. The above 
reaction was repeated and examined under different condi-
tions for repeatability. Similarly, the blank sample was also 
prepared by following mentioned degradation conditions.

3. Results and discussion

3.1. Characterization

3.1.1. XRD pattern

To investigate the phase structure of nanocatalysts, the 
XRD spectra of the nanocomposite were taken and com-
pared with the reference spectra from the Joint Committee 
on Powder Diffraction Standards (JCPDS) (Figs. 1 and 2). 
Fig. 1 demonstrates the XRD pattern of NiO-CuO nanocom-
posite and the compounds presented which are NiO and 
CuO NPs. As shown in Fig. 1 (NiO-CuO), the diffraction 
peaks obtained at 32.2°, 34.4°, 37.5°, 45.7°, and 50.7° corre-
sponding to (110), (002), (111), (202), and (020) planes which 
are well matched to monoclinic CuO phase of JCPDS Card 
No. 89-5895 [37,38]. In the XRD pattern, compared with 
the standard diffraction peaks from reference the cards 
(JCPDS Card No. 89-7129, Ni; JCPDS Card No. 14-0481, 
Ni2O3; JCPDS Card No. 47-1049, NiO), the peaks located 
at 2θ values of 30°–60° can be indexed to the characteristic 
diffractions of NiO NPs. As can be seen from Fig. 1 (NiO-
CuO), the specific peaks that appeared at 35.5°, 42.8°, and 
58.1° are assigned to (111), (200), and (220) planes of cubic 
NiO crystallites (JCPDS Card No. 47-1049) [39]. The other 
sharp diffraction peaks observed at 2θ = 30.9° and 55.3° 
which have been identified as Ni2O3 NPs corresponds to 
(002) and (202) crystal planes, respectively (JCPDS Card 
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No. 14-0481). Furthermore, Fig. 1 (NiO-CuO) show another 
peaks which agreement with the reference cards (JCPDS 
Card No. 89-7129: cubic Ni NPs). No additional peaks were 
found, which means high purity of NiO-CuO composite 
nanocatalyst. These results are consistent with the study 
by Rahemi et al. [40] and Srinivasan & Punithavelan [41], 
who designed and fabricated a Ni-Cu/Al2O3 and NiO/CuO/
ZnO nanocomposites, respectively.

The XRD pattern of the MnO-VO nanocomposite 
showed the presence of three oxides (JCPDS Card No. 
41-1426, V2O5; JCPDS Card No. 44-0141, MnO2; JCPDS Card 

No. 35-0139, MnV2O6) (Fig. 1. MnO-VO). Fig. 1 (MnO-VO) 
shows the XRD diffraction pattern of prepared α-MnO2 
NPs, which agrees with the JCPDS Card No. 44-0141. 
The diffraction pattern demonstrates clear peaks cen-
tered at diffraction angles (2θ°) as 28.9°, 37.7°, 48.9°, and 
54.9° corresponds to (310), (211), (411), and (600) planes 
respectively. All the peaks in the diffraction pattern show 
the α-MnO2 NPs are tetragonal crystalline structures. The 
peaks are well-matched with the reference data of JCPDS 
Card No. 44-0141 [42,43]. According to Fig. 1 (MnO-VO), 
the data clearly shows distinct peaks at 2θ of 15.4°, 20.4°, 

Table 1
Design of the reactions carried out for 1-N degradation using TMO nanocatalysts

No. Primary substance Solvent Nanocatalyst Salt Cathode Anode Removal efficiencies

1 1-N C2H3N NiO Mg(ClO4)2 Al Al 95.2
2 1-N C2H3N NiO Mg(ClO4)2 Cu Al 97.5
3 1-N C2H3N NiO LiClO4 Al Cu 95.6
4 1-N C2H3N NiO Mg(ClO4)2 Al Pt 95.1
5 1-N C2H3N NiO LiClO4 Pt Al 95.3
6 1-N C2H3N NiO Mg(ClO4)2 Pt Pt 96
7 1-N C2H3N NiO Mg(ClO4)2 Cu Cu 99.4
8 1-N C2H3N NiO LiClO4 Pt Cu 97.8
9 1-N C2H3N NiO Mg(ClO4)2 Cu Pt 98
10 1-N C2H3N NiO Mg(ClO4)2 Al GC 96.3
11 1-N C2H3N NiO Mg(ClO4)2 Cu GC 97.6
12 1-N C2H3N NiO Mg(ClO4)2 Pt GC 95.9
13 1-N C2H3N CuO Mg(ClO4)2 Al Al 97.8
14 1-N C2H3N CuO Mg(ClO4)2 Cu Al 98.5
15 1-N C2H3N CuO LiClO4 Al Cu 98
16 1-N C2H3N CuO Mg(ClO4)2 Al Pt 97.4
17 1-N C2H3N CuO LiClO4 Pt Al 96.2
18 1-N C2H3N CuO Mg(ClO4)2 Pt Pt 96
19 1-N C2H3N CuO Mg(ClO4)2 Cu Cu 99.8
20 1-N C2H3N CuO LiClO4 Pt Cu 99
21 1-N C2H3N CuO Mg(ClO4)2 Cu Pt 99.1
22 1-N C2H3N CuO Mg(ClO4)2 Al GC 98.2
23 1-N C2H3N CuO Mg(ClO4)2 Cu GC 98.7
24 1-N C2H3N CuO Mg(ClO4)2 Pt GC 97.6
25 1-N C2H3N CoO Mg(ClO4)2 Al Al 97.66
26 1-N C2H3N CoO Mg(ClO4)2 Cu Al 98.9
27 1-N C2H3N CoO LiClO4 Al Cu 98.1
28 1-N C2H3N CoO Mg(ClO4)2 Al Pt 96.7
29 1-N C2H3N CoO LiClO4 Pt Al 96.6
30 1-N C2H3N CoO Mg(ClO4)2 Pt Pt 95.9
31 1-N C2H3N CoO Mg(ClO4)2 Cu Cu 98.3
32 1-N C2H3N CoO LiClO4 Pt Cu 98
34 1-N C2H3N CoO Mg(ClO4)2 Cu Pt 98.4
35 1-N C2H3N CoO Mg(ClO4)2 Al GC 95.8
36 1-N C2H3N CoO Mg(ClO4)2 Cu GC 97
37 1-N C2H3N CoO Mg(ClO4)2 Pt GC 95.4

Notes: All the above experiments were repeated for ethanol (C2H5OH) and methanol (CH3OH) solvents;
All reactions were performed under ambient atmosphere.
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and 21.6°. The peaks have been identified as peaks of the 
orthorhombic phase of V2O5 with various diffracting planes 
(200), (001), and (101) (JCPDS Card No. 41-1426, V2O5). The 
XRD pattern revealed the formation of the crystallographic 
structure of V2O5 NPs [44]. The other peaks observed at 
an angle (2θ) of 28.9° and 30.5° which have been iden-
tified as MnV2O6 attributed to (201) and (202) crystal 
planes, respectively (JCPDS Card No. 35-0139) [44].

Fig. 2 shows the XRD pattern of the TMO NPs. XRD 
pattern of TMO-based nanocatalysts exhibited the for-
mation of cubic CoO phase crystal structure and indexed 
the following planes (220), (111), (311), (222), (200), (400), 
(422), and (511). The observed diffraction planes were well 
matched with the reference cards (JCPDS Card No. 42-1467, 
Co3O4; JCPDS Card No. 48-1719, CoO) (Fig. 2. CoO) [45]. 
Additionally, the diffraction peaks appearing at 32.9°, 
34.6°, 38.3°, 45.9°, 51.2°, and 57.9° of TMO is the standard 
peaks of CuO NPs (JCPDS Card No. 89-5895), which corre-
sponding to (110), (002), (111), (202), (020), and (113) crystal 
planes, respectively [46,47]. Moreover, the diffraction peaks 
appearing at 2θ values of 30–60° are the standard diffrac-
tion patterns of NiO NPs (JCPDS Card No. 14-0481, Ni2O3; 
JCPDS Card No. 89-7129, Ni; JCPDS Card No. 47-1049, 
NiO), which corresponding to (002), (111), (200), (111), (202), 
and (220) crystal faces, respectively [48–50].

3.1.2. FE-SEM image

The morphology of MOBNC nanocatalysts was assessed 
by FE-SEM images as shown in Fig. 3. The FE-SEM image 
(Fig. 3) showed tubular structure for the NiO-CuO nanocom-
posite. As seen from the image, nanotubes of about 40 nm 
in diameter and 400 nm in length were observed. As shown 
in Fig. 3, the MnO-VO nanocomposite was composed of 
three-dimensional (3D) microspheres with diameters in the 
range of 50 to 100 nm.

The morphology of the TMO nanocrystallites is shown 
in Fig. 4. As can be seen in the SEM images, the size of CuO, 
NiO, and CoO NPs are in the range of 10–20 nm, 70–60 nm, 
and 100–70 nm, respectively. It is clear from the images 
that the NPs were agglomerated highly in nature and 
have become larger due to overlapping or aggregating of 
smaller particles.

3.2. Degradation of 1-N

The electrochemical oxidation reaction of 1-N in solvent 
(C2H3N, C2H5OH or CH3OH) in the presence of an electrolyte 
(Mg(ClO4)2 and LiClO4) and nanocatalyst (CuO, NiO, CoO, 
MnO-VO, or NiO-CuO) using electrodes (Al-Al, Cu-Cu, 
Pt-Pt, Al-Cu, and Cu-Al) produces 1,4-naphthoquinone 

Table 2
Design of the reactions carried out for 1-N degradation using MOBNC nanocatalysts

No. Primary substance Solvent Nanocatalyst Salt Cathode Anode Removal efficiencies

1 1-N C2H3N MnO-VO Mg(ClO4)2 Al Al 99
2 1-N C2H3N MnO-VO Mg(ClO4)2 Cu Al 99.7
3 1-N C2H3N MnO-VO LiClO4 Al Cu 99.5
4 1-N C2H3N MnO-VO Mg(ClO4)2 Al Pt 99.1
5 1-N C2H3N MnO-VO LiClO4 Pt Al 98.7
6 1-N C2H3N MnO-VO Mg(ClO4)2 Pt Pt 98.9
7 1-N C2H3N MnO-VO Mg(ClO4)2 Cu Cu 99.8
8 1-N C2H3N MnO-VO LiClO4 Pt Cu 99.1
9 1-N C2H3N MnO-VO Mg(ClO4)2 Cu Pt 99.6
10 1-N C2H3N MnO-VO Mg(ClO4)2 Al GC 97.9
11 1-N C2H3N MnO-VO Mg(ClO4)2 Cu GC 99.8
12 1-N C2H3N MnO-VO Mg(ClO4)2 Pt GC 98.4
13 1-N C2H3N NiO-CuO Mg(ClO4)2 Al Al 97.9
14 1-N C2H3N NiO-CuO Mg(ClO4)2 Cu Al 99.6
15 1-N C2H3N NiO-CuO LiClO4 Al Cu 99.1
16 1-N C2H3N NiO-CuO Mg(ClO4)2 Al Pt 98
17 1-N C2H3N NiO-CuO LiClO4 Pt Al 97.4
18 1-N C2H3N NiO-CuO Mg(ClO4)2 Pt Pt 98.8
19 1-N C2H3N NiO-CuO Mg(ClO4)2 Cu Cu 99.5
20 1-N C2H3N NiO-CuO LiClO4 Pt Cu 99.7
21 1-N C2H3N NiO-CuO Mg(ClO4)2 Cu Pt 99.8
22 1-N C2H3N NiO-CuO Mg(ClO4)2 Al GC 98.2
23 1-N C2H3N NiO-CuO Mg(ClO4)2 Cu GC 98.8
24 1-N C2H3N NiO-CuO Mg(ClO4)2 Pt GC 98.3

Notes: All the above experiments were repeated for ethanol (C2H5OH) and methanol (CH3OH) solvents.
All reactions were performed under ambient atmosphere.
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(1,4-NQ), 1,2-naphthoquinone (1,2-NQ), and di(2-ethylhexyl)
phthalate (DEHP). According to the product distribution 
and the previous research [36,46–55], the mechanism for the 
degradation process was described as shown in Fig. 5a–c. 
As can be seen in electrochemical reaction mechanisms, 1-N 
degradation mainly depended on direct oxidation or indi-
rect oxidation with hydrogen peroxide (H2O2) and hydroxyl 
radical (•OH) during the electrodegradation process [36]. 
Anodic oxidation is the best-known direct electrochemical 
method, where organics are mainly destroyed by reaction 
with adsorbed •OH formed at the surface of anode from 
water oxidation [46]. More potent indirect electro-oxidation 
methods for aqueous media are based on the electrogene-
ration of H2O2 [46]. Moreover, the degradation rate of 1-N 
with the presence of TMO and MOBNC nanocatalysts and 
in solution was much faster than the degradation rate of 1-N 
in solution, but the lack of nanocatalysts, no products were 

produced within 2 h. These results demonstrated that the 
presence of nanocatalysts increased the electrodegradation 
kinetics of 1-N. Therefore, it could be suggested that MOBNC 
and TMO NPs are excellent nanocatalysts for H2O2 activation 
and can increase the reaction speed. The results showed that 
1-N was completely removed by electrodegradation after 
approximately 2 h.

The change of one of the electrodes to glassy carbon or 
platinum metals (Al-GC, Pt-GC, Cu-GC, Cu-Pt, Al-Pt), the 
lack of MOBNC and TMO NPs, and the use of non-electro-
chemical methods (lack of application of electrical potential) 
do not result in the formation of products. Poor oxidation for 
the synthesis of H2O2 is probably one of the reasons for the 
lack of product formation. In the present work, degradation 
products were confirmed using a sensitive gas chromatograph 
mass spectrometer (GC-MS) technique, NMR spectroscopy, 
and further confirmed by DEPT-135 experiments (Fig. 6).

Fig. 1. XRD pattern of NiO-CuO and MnO-VO composite nanocatalysts.



293E. Mohseni et al. / Desalination and Water Treatment 277 (2022) 287–304

3.3. Structural and spectral properties

3.3.1. NMR spectral analysis

The NMR experiments and the signal assignments were 
made for all products. 1H/13C-NMR spectra were recorded 
in deuterated chloroform (CDCl3) by using Bruker DRX 400 
Avance spectrometer and shown in Figs. 7–9.

One of the three products obtained from 1-N degrada-
tion is 1,4-NQ according to the 1H/13C-NMR evidence. For 
1,4-NQ, the observed values of 1H/13C-NMR chemical shifts 
(δ) are listed in Table 3. In the present work, the 1H-NMR 
spectrum of 1,4-NQ molecule gives different chemical shift 
values of the aromatic proton (protons directly attached to a 
benzene ring) such as 7.009, 7.8, and 8.1 ppm [47,48]. Fig. 7a 
illustrates the 1H-NMR spectra of 1,4-NQ due to the integral 
of the surface below the peaks, the structure is symmetrical. 
The structure of the degradation products is shown in Fig. 10.

The 13C-NMR spectrum of 1,4-NQ is the following (Fig. 
7b): the δ 138.677 ppm is the peak associated with the car-
bon in the benzoquinone ring; the δ 179 ppm is associated 
with the carbon in the carbonyl group; and the δ 126.395–
133.887 ppm range represent the peaks related to the car-
bon in the aromatic ring [49]. Carbonyl group carbon has 
the largest chemical shift, due to sp2 hybrid orbitals as well 
as direct connection of electronegative oxygen to carbonyl 
carbon. The calculated 13C chemical shift is shown in Table 
3. These findings are in agreement with those obtained by 
Daniel and Bratt [49], who reported a 13C-NMR spectra data 
of 1,4-NQ.

The other product obtained from 1-N degradation is 
1,2-NQ according to the 1H-NMR evidence (Fig. 8a and b). 
The 1H-NMR spectrum of 1,2-NQ exhibits a chemical shift 
(ppm) at 7.55–8.5 range which is related to protons on the 
benzene ring (Table 4). Generally, aromatic protons (H on 

Fig. 2. XRD pattern of NiO, CuO and CoO nanocatalysts.
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benzene ring) are strongly de-shielded, due to the anisot-
ropy of the induced field produced by the circulation of 
electrons in the π bond. Their chemical shift is far down-
field, in the range of 6.5–8.5 ppm [49].

By comparison of 1H/13C-NMR data to those published in 
the literature [50–56], the other product of the degradation 
process was identified as DEHP. Fig. 9a and Table 5 shows 
1H-NMR signals of DEHP with their chemical shifts and their 
assignments to protons of the different functional groups. 
For 1H-NMR, chemical shifts at 0.9 ppm, 1.35–1.43 ppm, 
1.7 ppm, 4.19–4.28 ppm, and 7.5–7.7 ppm can be attributed to 
methyl group, methylene group, tertiary alkyl group, meth-
ane group, and aromatic protons, respectively [50–56].

The chemical shifts (ppm) of the 13C-NMR are 10.96–
14.05, 22.98–30.36, 68.15, 128.80–132.45 and 167 can be related 
to signals of methyl group, ethyl group, acetate group, 
aromatic ring, and carbonyl group, respectively (Fig. 9b), 
which are fully identical to the structure of DEHP [49–55]. 
The resonance signals of aromatic ring carbons appear in 
the 128–132 ppm range as shown in Fig. 9b. The distribution 
of the shifts is summarized in Table 5.

The molecular formula was further confirmed by the 
DEPT-135 (400 MHz, CDCl3) spectrum (Fig. 11). DEPT-135 
spectra showed signals of the methyl group of the main 
branch, the methyl group of the side branch, ethyl group of the 
side branch, ethyl group of the main branch, the carbon atom 
of the main ring directly attached to the side branch, carbon 
atom attached to acetate group, and the carbon atom of the 
aromatic ring at δ 14.057 ppm, δ 10.964 ppm, δ 22.989 ppm, 
δ 28.926–30.360 ppm, δ 38.72 ppm, δ 68.156 ppm, and 
δ 128.804–132.451 ppm, respectively [50–56]. The results are 
shown in Table 5 and Fig. 11. By comparison with published 
reports (Lotfy et al. [56], Jalil and Fakhre [57], Sani and Pateh 
[58]), product 3 was identified as DEHP. This is the first 
report for 1-N electrodegradation from aqueous solutions.

3.3.2. GC/MS analysis

The products of electrocatalytic degradation of 1-N 
(see spectra in Fig. 12) were also analyzed by using 
Hewlett Packard (HP) 6890 gas chromatograph fitted to 
an HP 5973 mass spectrometer. Exact mass measurements 

MnO-VO MnO�VO 

NiO-CuO NiO-CuO 

Fig. 3. FE-SEM image of NiO-CuO and MnO-VO composite nanocatalysts.
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of the products allowed the elemental formula of the 
molecules to be determined confidently. Fig. 12 shows 
the GC/MS chromatogram of degradation products after 
3 min of irradiation. The fragment ion peaks at m/z 149 
(base peak) and 167 are considered characteristic of alkyl 

phthalates and ions at m/z 279 and 261 suggested that the 
alkyl phthalate is DEHP [59]. These ion structures have 
been reported in a previous study and confirmed by 
library searching [59–61]. The structure of the ion at m/z 
149, 167, and 279 are shown in Fig. 13. Since the 1-N peak 

CuO CuO 

NiO NiO 

CoO CoO 

Fig. 4. FE-SEM image of CuO, NiO and CoO nanocatalysts.
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Fig. 5. Continued
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is not seen in the mass spectrum (144 m/z), the pollutant 
has been almost completely converted into products and 
intermediates. Phthalic acid product is a stable interme-
diate that is formed as a side product. Also, according to 
the proposed mechanism, another side product is isoben-
zofuran derivatives, which is obtained during the reaction 
from the compound of phthalic acid.

4. Conclusion

The TMO and MOBNC NPs as nanocatalysts were 
prepared by the incipient wetness impregnation method. 
FE-SEM indicated the morphology and surface structure of 
nanocatalysts. XRD distinctively recognized the presence 

(c)

Fig. 5. Proposed mechanism for 1-N degradation and generation of (a) 1,4-NQ, (b) 1,2-NQ, and (c) DEHP.

Fig. 6. Products of 1-N degradation.

Table 3
1H/13C-NMR data of 1,4-NQ

Carbon δC δH

Ca,b 133.887 7.8 (j = 3.2, CH, m)
Cc,d 126.395 8.1 (j = 3.22, CH, m)
Ce,f 129
Cg,h 179
Ci,j 138.677 7.009 (j = 3.2, CH, s)

Multiplicity and coupling constant (j = Hz) are in parentheses.

Table 4
1H-NMR data of 1,2-NQ

Carbon δH

Ca 7.96 (j = 8, CH, d)
Cb 7.67 (j = 8, CH, m)
Cc 7.55 (j = 8, CH, m)
Cd 7.83 (j = 8, CH, d)
Ce 8.50 (j = 8.4, CH, d)
Cf 8.021 (j = 8.4, CH, d)

Multiplicity and coupling constant (j = Hz) are in parentheses.
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Fig. 7. 1H-NMR spectrum (a) and 13C-NMR spectrum (b) of 1,4-NQ.
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Fig. 8. 1H-NMR spectrum (a) and expanded 1H-NMR (b) spectrum of 1,2-NQ.
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Fig. 9. 1H-NMR spectrum (a) and 13C-NMR spectrum (b) of DEHP.
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of crystalline structures of MnO-VO, NiO-CuO, CuO, NiO, 
and CoO NPs. In the present work, the experimental design 
was carried out using the electrochemical method to investi-
gate the 1-N degradation from an organic solution (C2H3N, 
C2H5OH, or CH3OH) using TMO and MOBNC nanocatalysts 
and with the presence of Cu, Al, GC, and Pt electrodes. The 
major degradation products, 1,4-NQ, 1,2-NQ, and DEHP 

were identified by 1H/13C-NMR, DEPT-135, and GC-MS 
techniques. Satisfactory results were obtained with effective 
removal of 1-N in the range of 95%–100% in the organic solu-
tions. In accordance with the findings of the present study, 
the change of one of the electrodes to Al-GC, Pt-GC, Cu-GC, 
Cu-Pt, and Al-Pt, the lack of MOBNC and TMO nanocata-
lysts, and the use of non-electrochemical methods (lack of 

Fig. 10. Structure of 1,4-NQ (a), 1,2-NQ (b) and DEHP (c).

Fig. 11. DEPT-135 spectrum of DEHP.
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application of electrical potential) do not result in the forma-
tion of products. Any 1-N removal under these experimental 
conditions may be due to direct oxidation (direct electron 
transfer at the anode) or reactions with •OH at the anodic 
surface. Such radicals are formed at the anode during the 
dissociation of water and are capable of fully mineralizing 
a variety of organic compounds. Electrochemical oxidation 
process for degradation of 1-N using TMO and MOBNC 

nanocatalysts and with the presence of metal electrodes 
gave substantially good results.
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