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Abstract

The textile industry is one of the main consumers of water and the wastewater from this industry is one of the main sources of
environmental contamination because they can release high levels of organic compounds into the environment. The chemical
compounds of the wastewater, especially polycyclic aromatic hydrocarbons are highly carcinogenic and toxic and must be treated
before release to the environment. Photocatalytic and sonocatalytic processes in the presence of metal oxide nanoparticles (NPs)
are among the advanced oxidation processes (AOPs) which have found increasing popularity due to their high efficiency and no
secondary contamination. In this research, CuO NPs were first synthesized using Peganum harmala seed extract. The samples
were then evaluated by SEM, XRD, and EDX tests. The degradation efficiency of organic compounds in textile wastewater was
explored by photocatalytic and sonocatalytic processes in the presence of copper oxide NPs. The results indicated that the
crystallites of the spherical CuO NPs have an average size of 84 nm. According to GC-MS results, decane, undecane, dodecane,
naphthalene, decahydro-2,3-dimethyl, methylmethylenecyclohexane, decahydro-1,5-dimethyl, tridecane, tetradecane, and
hexadecane composed about 73% of the initial wastewater sample. 100% of 2-methylmethylenecyclohexane, naphthalene,
decahydro-1,5-dimethyl, hexadecane, and decahydro-2,3-dimethyl were eliminated by photocatalytic process. The highest (84%)
and lowest (52%) sonocatalytic degradation were reported for naphthalene and/or decahydro-2,3-dimethyl, and dodecane,
respectively. These values reached about 100% in photocatalytic degradation. UV waves were generally more efficient at
removing organic compounds than US treatment.
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1. Introduction these wastewaters into the environment without proper

Water contamination, treatment of contaminated waters,
and providing healthy drinkable water are the most
important concerns of environmentalists, because their
inadequate management has affected human societies
(Shahmoradi et al., 2013). The rise in industrial and human
activities has led to the discharge of huge amounts of
wastewater into water resources (Ahmed et al. 2021).
Among the various industries, the textile industry is one of
the most polluting industries as it produces wastewaters rich
in various toxic chemicals resistant to biological
decomposition (Rezaee Mofrad et al., 2013). Discharge of

treatment could impose serious hazards to the environment
(Yusuff et al., 2020; Arjaghi et al., 2021).

Various methods such as coagulation, ultrafiltration, reverse
osmasis, ionic exchange, and adsorption on active carbon
have been used to treat these wastewaters. Due to the high
stability of the organic compounds and to achieve higher
standards, advanced oxidation processes (AOPs) have
drawn attentions (Asgari et al., 2017). Photocatalytic and
sonocatalytic processes in the presence of semiconductors
are among the AOPs which can efficiently convert the



Anthropogenic Pollution Journal, Vol 5 (2), 2021: 93-103

organic pollutants of the aqueous media into inorganic
compounds (Salavati et al., 2012).

As one of the methods of AOPs, photocatalysis decomposes
the dissolved organic compounds under UV irradiation and
the presence of metallic oxides (Asgari et al., 2017, Yusuff
etal., 2020). This technique has found increasing popularity
due to its excellent features such as nontoxicity, saving
energy, ability to eliminate the contaminants from various
media, degradation of diverse types of organic pollutants,
and minimum production of secondary pollutants (Akerdi
and Bahrami, 2019; Rezaei-Aghdam et al., 2021).
Photocatalytic degradation could decompose toxic organic
pollutants and convert them into completely inorganic
compounds (Hasanpour and Hatami, 2020). As a result of
electron excitation by high-energy photons (higher than the
bandgap) in a semiconductor, electron-hole pair will be
formed followed by oxidative degradation of the organic
compounds. Hydroxyl radicals are the main oxidizing factor
and convert these compounds into CO; and H2O and other
simple inorganic ions (Al-Zahrani et al., 2020; Salavati et
al., 2012).

Sonocatalysis is one of the most promising AOPs which
combines ultrasonic (US) treatment with catalysis (El
Hakim et al., 2021). A combination of the removal method
with catalyst activities plays a decisive role in the
degradation mechanism and efficiency (Fatimah et al.,
2020). In this method, US waves generate hot spots inside
the solution which will promote the generation of free
radicals and degradation of organic pollutants (Daneshvar
etal., 2019).

Semiconductors such as copper oxide have attracted a
considerable deal of attention due to their physical and
chemical properties. These metal oxide nanoparticles have
a monoclinic structure with a band gap energy of 1.2 eV.
CuO NPs have been widely employed in gas sensors,
batteries, solar cells, semiconductors, and catalysts (Manasa
et al., 2021). Various methods have been developed for the
synthesis of NPs among which sol-gel chemical
precipitation, hydrothermal, solvothermal, and microwave
routes can be mentioned (Luque et al., 2020). Recently,
green methods have been developed for the synthesis of
metal oxide NPs using herbal extracts (Lam et al., 2021).
Plants include phytochemical compounds such as phenols,

flavonoids, aldehydes, and ketones whose reductive ability
can convert metallic salts into metal oxide nanoparticles
(Shashanka et al., 2021). Compared to other methods of
synthesis, green synthesis (biosynthesis) is distinguished
due to its advantages such as cost-effectiveness,
accessibility, and independence from toxic reagents
(Jamdagni et al., 2018; Ebrahimzadeh et al., 2012).

In this study, CuO NPs were first synthesized using
Peganum harmala seeds extract. The synthesized NPs were
then characterized by scanning electron microscopy (SEM),
x-ray powder diffraction (XRD), and energy-dispersive x-
ray (EDX) spectroscopy analyses to confirm the formation
of CuO NPs. Sampling was conducted at the peak operation
hours from the effluent of Sabalan Textile factory in Ardabil
province. Using a gas chromatography—mass spectrometer
(GC-MS), the compounds present in the effluent were
identified. Finally, the efficiency of photocatalysis and
sonocatalysis processes in the presence of CuO
nanoparticles to remove existing organic compounds was
investigated.

Materials and methods

1.1. Peganum harmala extraction and synthesis of
CuO NPs

Peganum harmala was collected from the Moghan region
in Ardabil province. Then, 10 g dried seeds were mixed with
100 ml double distilled water and stirred for 30 min at 80 °C
(RH Digital KT/C, IKA Co., Germany, 100 rpm) until
reaching a brownish extract. The cooled extract was filtered
(Whatman No.40, England) and stored at 4 °C.

For the synthesis of CuO NPs, 1.7 g copper chloride
dihydrate (CuCl,.2H0, Riedel-de Haén Co., Germany) was
dissolved in 100 mL distilled water and stirred for 5 min.
The blue solution was mixed with 10 mL Peganum harmala
extract and stirred for 6 h at 70 °C until its color changed
from pale blue to dark green. To separate the solid
component from the liquid phase, the sample was
centrifuged (EBA 20, Hettich Co., Germany) for 30 min at
5000 rpm. The precipitants were dried at 80 °C in an oven
(UFE 500, Memmert Co, Germany) for 12 h followed by
calcination (F47, Shimi Fan Co., Iran) at 400 °C for 2 h
until reaching black copper oxide nanoparticles (Fig. 1).
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Fig. 1: Schematic overview of the synthesis of CuO NPs using Peganum harmala extract
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1.2. Characterization of synthesized CuO NPs

The surface morphology of the samples was explored by
scanning electron microscopy (MIRA3, TESCAN Co.,
Czech Republic). X-ray diffraction (XRD) analysis
(PW1730, Philips Co., Netherlands) was utilized to study
the crystalline structure of the samples and determine the
mean particle size. The elemental composition of the NPs
was examined by energy-dispersive X-ray analysis (EDX or
EDS) (MIRA 1l, TESCAN Co., Czech Republic).

1.3. Effluent sampling and identification of its
composition

To obtain samples, the effluent samples were collected at
the peak operation hours from the main outlet of the
wastewater treatment plant of the Textile factory in Ardabil
province. The samples were kept at 4 °C. The organic
compounds of the samples were explored by CG-MS tests
(7890A, Agilent Co., USA) operating with He at the flow
rate of 1 ml/min. The type of the applied column was HP-
5MS (30 m with an internal diameter of 0.25 mm) and
constant phase thickness of 0.25 um at the temperature
range of 50-250 °C, 5 °C/min. lonization energy was 70 eV.
1.4, Photocatalytic degradation

In the photocatalytic degradation of organic compounds, a
wooden chamber was used which had a UVC lamp (15 w,
Hitachi Co., Japan, wavelength of 256 nm) attached to the
sidewall of the chamber (Fig. 2). 50 mL effluent with a
optimal value of 0.1 g CuO NPs was placed in an ultrasonic
bath for 5 min to obtain a suspension. The pH of the mixture
was adjusted at the optimal pH of 6. Then, it was stirred at
500 rpm for 20 min to reach a uniform suspension. The
sample was then transferred to a quartz tube 2 cm away from
the UV source and exposed to UVC for 45 min. During the
removal process, a quartz tube was attached to an oxygen
capsule. At the end of the process, centrifugation (1000 rpm
for 30 min) was applied to separate the solid phase from the
liquid.
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Fig. 2: Schematic representation of a photocatalytic reactor

2.5. Sonocatalytic process
In the sonocatalytic process, an ultrasonic bath (2200ETH,
SONICA Co., Italy) with a capacity of 3 liters and a

frequency of 40 kHz was employed (Fig. 3). 50 mL effluent
was mixed with a optimal value of 0.1 g CuO NPs and
stirred at 500 rpm for 20 min to reach a suspension. The pH
of the mixture was adjusted at the optimal pH of 6. It was
then transferred to an ultrasonic bath and treated with US
waves (40+5 kHz for 45 min). In the next step, the
nanoparticles were separated by a centrifuge.

As the aqueous phase can not be used in GC-MS, 20 mL
effluent with 20 mL normal hexane (equal ratio) was
transferred to an Erlenmeyer flask and stirred at room
temperature for 24 h to achieve liquid-liquid extraction. The
solution was then placed in a decanter funnel for 12 h to
completely separate the aqueous phase from the organic
one. Finally, effluent compounds were detected by GC-MS
and the contaminant removal percentages were reported
after studying chromatograms.

A: Stainless steel tank

B: Support Stand

C: Clamp

D: Water

L: Wastewater + CuQ NP's
F: Ultrasonic waves

Fig. 3: Schematic representation of a sonocatalytic reactor

2.6. Removal mechanism

Upon exposure to UV or US waves, reductive electrons and
oxidative holes will be generated in CuO nanoparticles, due
to their narrow energy band as a result of the electrons
excitation and transfer from the valence band (VB) to the
conduction band (CB). The electron-hole pair reacts with
the electron acceptor and electron-donor molecules to form
Reactive Oxygen Species (ROS). These ROS will then react
with organic molecules and break them down into simple
compounds.

Sonochemistry refers to a chemical reaction in which a
solution is exposed to US waves. It is indeed based on sonic
cavitation, which involves the nucleation, growth, and
collapse of microbubbles containing gas and steam, which
eventually lead to light radiation. This phenomenon is called
sonoluminescence (SL) (Pflieger et al., 2018). The emitted
light leads to the pyrolysis of water molecules, giving rise
to active radical species such as H® and OH° (Adewuyi,
2005) (Fig. 4). The main reactions of the removal of the
organic compounds by UV and/or US wave in the presence
the CuO NPs are given in Egs. 1 to 10 and 11 to 15,
respectively.
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Fig. 4: Schematic overview of the mechanism of photocatalytic and sonocatalytic degradation
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2. Results and discussions

2.1. Properties of CuO NPs

Figure 5 shows the XRD pattern of CuO NPs which is in
line with the standard JCPDS card no. of 89-5899. The
peaks observed at the positions of 32.67°, 35.57°, 38.76°,
49.04°, 53.75°, 58.27°, 61.73°, 66.34°, 68.11°, 72.52°, and
75.37° correspond to the crystallographic planes of CuO.
The intensity and narrow width of the peaks indicate the
crystalline nature of the NPs (Khalili et al., 2020; Rajaei et
al., 2013). Based on the Debay-Scherer formula (Eg. 16),
the mean size of the crystallites was calculated from the

Counts

width and position of the main peak in the XR@@attern as
84 nm.

D = KA/Bcos6 (16)

In this formula, D is the average crystallite size, K shows
the crystal shape factor and is approximately 0.9. A denotes
the wavelength of the X-ray source (1.54 &); 4 is the peak
width at half maximum height (FWHM) and 0 is the
diffraction angle (Rajaei et al., 2020; Safarkar et al., 2020).
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Fig. 5: XRD pattern of the synthesized CuO nanoparticles
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Examination of the morphology of CuO nanoparticles by
scanning electron microscopy revealed that the
nanoparticles have a spherical structure (Manasa et al.,
2021) (Fig. 6). Moreover, the average particle size was
about 33 nm.

EDX spectroscopy was utilized to explore the purity of
nanoparticles and their elemental composition. The
intensity of the peaks is evidence of the formation of high-

SEM MAG: 25.0 kx Det: InBeam i 1

WD: 5.04 mm Bi: 7.00 2 pm
View field: 8.30 ym Date(m/dly): 11/06/18
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WD: 5.04 mm Bl: 7.00
View fleid: 2.08 pm Date(m/dly): 11/06/18
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500 nm

MIRAJ TESCAN SEM MAG: 50.0 kx
WD: 5.04 mm

purity copper oxide nanoparticles (Fig. 7). Weak signals
related to chlorine and carbon were in the spectrum are due
to the use of copper chloride and biomaterials in the
synthesis process (Velsankar et al., 2020). According to the
results, Cu and O with the respective weight percentages of
22.62 and 77.38 and atomic percentages of 46.27 and 53.73
are the main elements constituting the sample.

Det: InBeam
BI: 7.00 1pm

View field: 4.15 ym  Date(m/dly): 11/06/18
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Fig. 6: SEM images of CuO nanocrystals with the scales of 1 um, 2 um, 200 nm, and 500 nm
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Fig. 7: Energy dispersive x-ray spectrum of CuO nanoparticles

2.2.

effluent
Organic compounds in the textile effluent sample of the
treatment plant were identified by GC-MS (Table 1). The
chromatogram of the effluent sample before the removal
process is shown in Figure 8. The initial effluent sample
contained Decane, Undecane, Dodecene, Naphthalene,

Removal of organic compounds from the textile

decahydro-2,3-dimethyl, 2-methylmethylenecyclohexane,
decahydro-1,5-dimethyl, Tridecane, Tetradecane, and
Hexadecane which constituted 73% of the sample. They
form the sample and are important components of the textile
effluent (Table 2). Among the dissolved organic
compounds, Dodecene with a frequency of about 19%
exhibited the highest concentration of organic compounds.

Table 1: Organic compounds identified in the textile effluent by GC-MS

Row Compound Retenti(_)n Frequency
time (min) percentage
1 Benzene, ethyl- 4.663 0.81
2 XYLENE 4.838 2.25
3 Benzene, 1,2-dimethyl- 5.396 0.64
4 Nonane 5.499 0.66
5 Decane 8.253 5.08
6 4-Pentyloxy-2,3-dicyanophenyl 4-Pentylcyclohexanecarboxylate 10.747 0.47
7 Undecane 11.227 9.39
8 Pentane, 2-isocyano-2,4,4-trimethyl- 11.370 0.84
9 1,2,3,5-tetramethylcyclohexane 12.205 0.74
10 Naphthalene, decahydro-2,6-dimethyl- 13.203 0.56
11 Cyclopentane, (2-methylbutyl)- 13.391 0.59
12 3-Propoxyamphetamine 13.475 0.45
13 trans,trans-1,10-Dimethylspiro[4.5]decane 13.598 0.79
14 Naphthalene, decahydro-1,6-dimethyl- 13.650 0.58
15 Naphthalene, decahydro-1,6-dimethyl- 13.903 1.30
16 Dodecane 14.162 19.49
17 Naphthalene, decahydro-1,6-dimethyl- 14.344 2.99
18 Naphthalene, decahydro-2,3-dimethyl- 14.518 3.84
19 Naphthalene, decahydro-2,6-dimethyl- 14.609 1.69
20 2-methylmethylenecyclohexane 14.927 5.39
21 Naphthalene, decahydro-1,5-dimethyl- 15.076 10.72
22 Tridecane 16.961 7.21
23 Benzene, trimethyl(1-methylethyl)- 17.447 0.65
24 4-tert-Butyl-1,2-dimethylbenzene 17.700 0.57
25 Tetradecane 19.611 6.99
26 Hexadecane 24.484 5.38
27 Decane, 2-methyl- 28.883 0.84
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Fig. 8: Chromatogram of the textile effluent sample before the removal process

Table 2: Structural formula and frequency percentages of the main compounds identified in the effluent sample prior to the
removal process

Compound Frequency Structural
percentage
Dodecene 19.49 AV AVAVAVAY s
Naphthalene, decahydro-1,5-dimethyl- 10.72 @
Undecane 9.39 NN TN
Tridecane 7.21 R N e
Tetradecane 6.99
2-methylmethylenecyclohexane 5.39 \b
Hexadecane 5.38
Decane 5.08 PV e e
Naphthalene, decahydro-2,3-dimethyl 3.84 I:O

First, the effect of photocatalytic process on the
removal of organic compounds from the effluent was
investigated. The chromatogram of the effluent sample
exposed to UV waves in the presence of CuO nanoparticles
is shown in Figure 9. Also, the frequency percentage of the
identified organic compounds and their removal efficiency

99

are listed in Table 3. According to the results, compounds
such as 2-methylmethylenecyclohexane, naphthalene,
decahydro-1,5-dimethyl, hexadecane, and decahydro-2,3-
dimethyl were completely (100%) eliminated. Cyclic
hydrocarbons are often degraded due to high pressure and
instability in the face of hydroxyl radicals. Organic
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compounds such as Tetradecane, Decane, Tridecane,
Dodecene and Undecane were eliminated at the rate of 96.2,
94.0, 90.6, 88.3, and 87.7, respectively. In a study by Nouri
Dodaran et al. in 2018, acceptable results were obtained in

Abundance
460000 14157

440000
420000
400000
380000
360000
340000
320000
300000
280000
260000
240000
220000
200000 11221
180000
160000

140000

16.955

120000
100000
80000

60000| 5.233  8.247

40000 12192
9.134

b
20000 9]451 352215

the removal of organic compounds from the effluent using
the photocatalytic process (Nouri dodaran, 2018).
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Fig. 9: Chromatogram of textile effluent sample after photocatalytic oxidation in the presence of CuO NPs and UV radiation

Table 3: Frequency and removal percentage of organic compounds in the textile effluent under the photocatalytic process

Compound Frequency Removal percentage
percentage

Undecane 17.8 87.7
Dodecene 38.4 88.3
Tridecane 12.1 90.6
Decane 4.8 94.0
Tetradecane 5.3 96.2
Naphthalene, decahydro-2,3-dimethyl - 100
Hexadecane - 100
2-methylmethylenecyclohexane - 100
Naphthalene, decahydro-1,5-dimethyl- - 100

According to the results of GC-MS and
chromatogram of the textile effluent sample treated with US
waves and CuO NPs (Fig. 10), the organic compounds in
the effluent and their relative abundance are shown in Table
4. The results indicated that none of the target chemical
compounds were fully eliminated. The highest removal
efficiency was related to naphthalene, decahydro-2,3-
dimethyl (approximately 84%) while the lowest removal

100

rate was related to dodecene (52%). Figure 11 is reported
for better comparison of the efficiency of photocatalytic and
sonocatalytic processes in the removal of organic
compounds from the textile effluent. According to the
results, the UV waves in the presence of CuO nanoparticles
were more efficient in the removal of different types of
effluent organic compounds compared to the sonocatalytic
process (CuO NPs/US).
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Fig. 10: Chromatogram of textile effluent sample after sonocatalytic process

Table 4: Frequency and removal percentage of organic compounds in the textile effluent by the sonocatalytic process

Compound Frequency Removal percentage
percentage
Dodecene 25.1 52
Tridecane 8.8 61.3
Decane 10.1 63.6
Hexadecane 3.8 68
Undecane 7.4 70.9
Tetradecane 4.1 71.3
Naphthalene, decahydro-1,5-dimethyl- 4.5 79.2
2-methylmethylenecyclohexane 2.6 81.6
Naphthalene, decahydro-2,3-dimethyl 2.3 83.5
100
—_ 80
S 60
> 40
= 20
S 0
s uv
T us
8
IS
(&)
24

Organic compound

Fig. 11: Comparison of the efficiency of photocatalytic and sonocatalytic processes in the removal of organic compounds
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3. Conclusion

In this study, copper oxide nanoparticles were first
synthesized using Peganum harmala seed extract and then
confirmed by XRD, EDX and SEM analyses. In the second
stage, the efficiency of photocatalytic and sonocatalytic
processes in the removal of organic compounds from the
textile effluent of the treatment plant of Sabalan Textile
Factory (Ardabil province) was tested. The results showed
that the particles synthesized by green method are at the
nanoscale with the mean size of 84 nm. The morphology of
CuO nanoparticles was found spherical. Photocatalytic
oxidation performance at an optimal contact time of 45 min
and CuO NP dose of 0.1 g was 100% for the removal of 2-
methylmethylenecyclohexane, naphthalene, and
decahydro-2,3-dimethyl; while the highest organic
compound removal efficiency in the sonocatalytic process
under similar condition was 83.5%. According to the
results, the photocatalytic process outperformed the
sonocatalytic oxidation in the removal of all organic
compounds as it exhibited higher degradation efficiency.
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