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Abstract: Green manufacturing of catalysts enables sustainable advanced oxidation processes and
water treatment processes for removing trace contaminants such as pesticides. An environmentally
friendly biosynthesis process produced high-surface-area CuO and NiO nanocatalysts using phyto-
chemicals in the Capparis decidua leaf extract, which served as a reductant and influenced catalyst
shape. Capparis decidua is a bushy shrub, widely distributed in dry and arid regions of Africa, Pak-
istan, India, Egypt, Jordan, Sudan, Saudi Arabia. The synthesized CuO and NiO nanoparticles were
characterized by UV-vis spectroscopy (UV-vis), field emission scanning electron microscopy (FESEM),
energy-dispersive X-ray spectroscopy (EDS), Fourier transform infrared spectroscopy (FI-IR), and
X-ray diffraction (XRD) and thermo-gravimetric analysis/differential thermal analysis (TGA/DTA).
The produced nanoparticles were spherical and flower-like in shape and have a characteristic face-
centered cubic structure of CuO and NiO. Biosynthesized catalysts were photoactive and degraded
recalcitrant pesticide Lambda-cyhalothrin (L-CHT). Photocatalytic degradation of L-CHT was af-
fected by the initial L-CHT concentration, solution pH levels between 5 and 9, and photocatalyst
concentration. The L-CHT removal percentage attained by CuO photocatalyst (~99%) was higher
than for NiO photocatalyst (~89%). The degradation of L-CHT follows a pseudo-first-order kinetic
model, and the apparent rate constant (kapp) decreased from 0.033 min ! for CuO to 0.0084 min~!
for NiO photocatalyst. The novel flower-shaped nanoparticles demonstrated high stability in water
and recyclability for removing L-CHT pesticide contamination in water.

Keywords: green synthesis; advanced oxidation processes; photocatalysis; Capparis decidua; semicon-
ductor catalysts; persistent organic pollutants; water treatment

1. Introduction

To ensure food security and improved nutrition for all, it is necessary to protect crop
production at higher yields. The use of pesticides contributes toward battling hunger
worldwide by protecting crops from different insects. However, the use of certain pes-
ticides is associated with hazardous effects to environmental health [1,2]. Sustainable
agriculture should not only ensure food for all, but also protect the environment and
human health [3]. The implementation of measures that remove pesticides from agricul-
tural runoff is a must [4]. Several physical and chemical methods have been explored as
possible decentralized water treatment technologies, such as filtration or ozonation [5,6].
Unfortunately, the high costs associated with these technologies are a major barrier to
implementation in developing countries [5]. Thus, there is a need for an alternative, more
economical method for the complete mineralization of pesticides into ecofriendly byprod-
ucts in the water [7,8]. Among the range of potential competing technologies available
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to degrade organic pollutants, photocatalysis has emerged as a way to control pesticide
residue because it competitiveness and it is not necessary to add other chemicals to water
(e.g., hydrogen peroxide) [9,10].

Semiconductor metal-oxides have shown excellent photocatalytic properties, which
can be exploited as affordable advanced oxidation processes (AOPs) for pesticide abate-
ment [11,12]. Titanium dioxide catalysts have been widely studied as the gold standard
material [13-15]. Solar light active photocatalysts can be easily deployed as decentralized
water treatment technologies [16,17]. However, the recent incorporation of light-emitting
diodes (LEDs) to the water treatment toolbox has opened a new avenue for light-driven
processes by enabling the inexpensive use of UV-light sources [18,19]. Thus, different
semiconductor materials are re-emerging as competitive alternatives of interest for such
off-grid and decentralized applications [20,21]. Copper and nickel oxides nanoparticles
are a promising class of photoactive nanomaterials in the scientific spotlight, due to their
attractive properties. CuO and NiO have been identified as effective photocatalysts because
of their ability to degrade a wide range of several organic pollutants with low cost, low
toxicity, and high photostability [22,23]. NiO has a bandgap energy similar to TiO, of
~3.5 eV [24], whereas CuO has a lower bandgap of 1.2 eV [25].

Sustainable treatment approaches must consider the approach holistically, beyond the
system level. Photocatalyst synthesis has to consider green and sustainable approaches
to minimize environmental impact when considering the overall lifecycle of a treatment
technology [26-28]. In recent decades, conventional metal oxide nanoparticle synthesis
methods have relied on the use of hazardous chemicals and solvents plus energy-intensive
approaches [29-32]. Novel biological synthesis routes are an exciting pathway to catalyze
the transition to greener manufacturing strategies.

Bio-inspired methods for the synthesis of nanoparticles offer distinct advantages, be-
cause of the direct use of natural and biological resources through more simple, non-toxic
biocompatible and inexpensive synthesis routes [33,34]. Among the bio-inspired methods,
the green synthesis of metal oxide nanoparticles using plant extracts can be highlighted
as a simple, economical, and eco-friendly method [35]. Plant extracts contain bioactive
compounds such as phenols, ascorbic acid, flavonoids, polyphenolic, citric acid, alkaloids,
terpenes, and reductase [36]. These biologically active compounds act as reducing and
stabilizing agents, which help in the reduction in metal ion precursors and formation of
desired nanoparticle structures [37]. The synthesis of metal oxide nanoparticles is attracting
attention because of the possibility of transitioning to the use of green and sustainable
sources. The synthesis of CuO nanoparticles can be used for different purposes. For exam-
ple, Adiantum lunulatum was used to synthesize CuO to use as a plant defense booster [38],
Lantana camara flower extract was used to enhance CuO catalytic and recyclability proper-
ties in an aza-Michael addition reaction [39], while Caesalpinia bonducella seed extract was
used to synthesize a suitable CuO sensor for the electrochemical detection of riboflavin [40].
Other plant extracts were used to manufacture NiO nanoparticles. These include Ananas
comosus leaf extract to develop NiO nanopowder to degrade polyethylene films [41], Cal-
endula officinalis to develop NiO nanoparticles as chemotherapeutic supplement/drug to
treat esophageal carcinoma [42], or Nigella sativa extract, which was used to develop NiO
electrocatalytic nanoparticles active in the degradation of 4-nitrophenol [43].

In this research, we use Capparis decidua for the biosynthesis of CuO and NiO nanopar-
ticles in an effortless, single-phase process. Capparis decidua is a member of the family
Capparidaceae of plants and is also known locally as Karir, Caper, Han bag, Karyal, etc. [44].
It is a bushy shrub and is widely distributed in dry and arid regions of Africa, Pakistan,
India, Egypt, Jordan, Sudan and Saudi Arabia [45]. In Cholistan, Pakistan, the floral buds
are used as vegetables and pickles, and leaves are used as food for cattle. It has been
reported that almost all of its parts have been used as traditional medicines (Greco-Arab,
Ayurveda, Chinese, Tibb-e- Unani, etc.) and in the treatment of arthritis, alleviate cholera,
urinary purulent discharges, constipation, cough, intermittent fevers, puffiness, toothache,
asthma, dysentery, cardiac problems, soreness and skin diseases [44-47]. There is no previ-
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ous research reporting the usage of a Capparis decidua plant extract for the preparation of
CuO and NiO nanoparticles.

Lambda-cyhalothrin (L-CHT) is a type II pyrethroid insecticide used in agriculture,
horticulture, forestry, and households to control pests and insects. Unfortunately, the
widespread use of cyhalothrin in Pakistan has resulted in severe environmental pol-
lution [48-50]. Several reports have shown that it is abundantly present in water re-
sources [51-53] and it is susceptible to entering the trophic chain [54]. L-CHT is highly
toxic to amphipods, aquatic invertebrates, fish, and mice [51,55-60]. Humans exposed to
cyhalothrin via ingestion of food, inhalation, dermal contact, or drinking water can be
exposed to deleterious and harmful effects [56,61]. The continuous and significant dose
exposure to cyhalothrin in mammals may cause serious health effects such as genotoxicity,
neurotoxicity, cytotoxicity, carcinogenicity, endocrine disruption, mutagenicity, damage
reproduction cycle, and even childhood leukemia [50,62]. Due to its noxious and hazardous
effects, L-CHT use has been banned in Canada and the US [63,64]. However, L-CHT is
allowed and extensively used in Pakistan. Other countries worldwide use L-CHT to control
plagues. Thus, there is an urgent need for effective strategies to remove cyhalothrin from
the environment because it poses a serious threat to human health and the ecosystem.

In the present study, CuO and NiO nanoparticles using Capparis decidua leaf extract
were synthesized by an eco-friendly method, and their photocatalytic activity was studied
for signs of L-CHT degradation. The synthesized nanoparticles were characterized, and
their photocatalytic capabilities were evaluated regarding the degradation of L-CHT as a
target pollutant. The photocatalytic degradation of L-CHT was performed under the influ-
ence of various parameters, such as the effect of pH, catalyst dosage, initial concentration
of L-CHT, to achieve optimum conditions for the degradation of L-CHT.

2. Results and Discussion
2.1. Photocatalytic Nanoparticles Synthesis and Characterization

The green synthesis of CuO and NiO nanoparticles was assessed by the rapid change
in color of Capparis decidua leaf extract solution from light green to dark green and dark
brown, within 5 min of the addition of Cu(NO3);-3H,0O and Ni(NOj3),-6H,O, respectively.
The formation and stability of CuO and NiO NPs were initially confirmed using UV —vis
absorption spectroscopy. Figure 1 shows the drastic change in the absorbance spectra of
Capparis decidua leaf extract when CuO and NiO NPs were formed in solution. Note the
differential presence of peaks in maximum absorbance of CuO and NiO nanoparticles at
570 nm and 410 nm, respectively.

The surface morphology of synthesized CuO and NiO nanoparticles was analyzed
using FE-SEM. FE-SEM images of Figure 2 show that the synthesized CuO and NiO
nanoparticles predominantly have five to six petal flower-shaped structures, with the
center of each flower having a cupola-shaped surface. In a recent study, FE-SEM images of
Solanum-lycopersicum-mediated, synthesized iron nanoparticles (FeEONPs) showed similar
flower-like agglomerated structures [65], which were associated with the characteristic
nano-structure of nanoparticles synthesized with plant extracts. Thus, we demonstrate that
the formation of high-surface-area, flower-shaped structures is possible with copper and
nickel, and not only iron. Nanoparticles synthesized following this green method attained
a homogeneous size distribution with an average diameter of 900 nm for both metal oxides,
CuO and NiO. These results suggest that phyto-fabrication through the use of plant extracts
can introduce a high reproducible control of the size of synthesized metal-oxides. The
EDX analysis of CuO nanoparticles showed characteristic peaks associated with copper
at 0.93 keV, 8.04 keV and 8.91 keV, with relative intensities of 100:37:5, that correspond to
transitions of Cu L, Cu Ky and Cu Kg, respectively. Meanwhile, the NiO nanoparticles
showed characteristic peaks in Ni at 0.85 keV, 7.47 keV and 8.2 keV, with relative intensities
of 100:69:10, that correspond to transitions of Ni Ly, Ni K and Ni K, respectively. This
confirms that the phyto-fabricated nanoparticles were successfully synthesized. The peaks
associated with C signal in both EDX spectra were attributed to remaining impurities of
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organic plant extracts (e.g., flavonoids, polyphenol, proteins) on the nanoparticles. These
results agree with the phyto-synthetic processes of CuO and ZnO from Azadirachta indica
previously reported in the literature [66].
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Figure 1. UV-vis spectra of Capparis decidua leaf extract and CuO and NiO solutions.

Figure 2. FE-SEM images of CuO (a) and NiO (b) nanaoparticles.

The FTIR spectra of CuO and NiO nanoparticles synthesized using Capparis decidua
leaf extract are shown in Figure 3. The FTIR allows for the identification of possible
biomolecules responsible for the reduction and stabilization of CuO and NiO nanoparticles.
The FTIR spectra of CuO nanoparticles (cf. Figure 3) shows a characteristic band at
508 cm ™! that indicates the stretching of Cu-O vibration. The peaks observed at 1043, and
1339 cm ™! can be assigned to C-O-C and C-N vibrations of the amide band of proteins,
whereas the peaks at around 1505 and 2364 cm ! are due to the presence of -COOH group
and N-H stretching vibration in the amino acids of protein [67,68]. These results are in
agreement with the EDX spectra that showed a carbon signal associated with organic
compounds adsorbed as result of the synthesis process. The FTIR spectra analysis of NiO
nanoparticles shown in Figure 3 also presents these coincident peaks, associated with the
impurities previously discussed for CuO [69-71]. However, the NiO FTIR spectra show a
characteristic peak at 848 cm™ ! which is an indication of Ni-O-Ni vibration. The small
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absorption peaks at 3749 and 3756 cm~! may be caused by the active hydrogen bond of
water molecules adsorbed on CuO and NiO nanoparticles [69].
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Figure 3. FTIR spectrum of CuO and NiO nanoparticles.

Figure 4 shows the XRD spectrum of CuO and NiO nanoparticles synthesized using
Capparis decidua extract. The strong and sharp distinct diffraction peaks in CuO nanoparti-
cles at 20 = 35.53, 38.79, 48.72, 61.60, 66.09, and 68.11 degrees are associated with the (—111),
(111), (—202), (200), (—113), and (202) crystalline planes of CuO monoclinic crystalline
structure [72]. The XRD diffractogram of CuO agrees well with JCPDS card 01-080-1268,
further confirming that copper oxide nanoparticles are crystalline [73].
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Figure 4. XRD pattern of CuO and NiO nanoparticles.
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The intense peaks in NiO nanoparticles at 26 = 32.4, 33.8, 37.25, 43.2, 44.45, 51.75,
62.95 and 76.35 degrees were associated with the (100), (100), (311), (200), (111), (200), (200)
and (220) crystalline planes. Two high-intensity peaks were identified at 26 = 43.2, 44.45
degrees. The XRD pattern was in accordance with JCPDS card 04-0835, confirming that NiO
nanoparticles are crystalline and have a pure face-centered cubic phase structure [74,75].
The CuO and NiO nanoparticles have an average crystallite size of 11.23 nm and 16.75 nm,
respectively, which were calculated using the classical Debye-Scherrer Equation (1)

o 09/2

~ Peosf’ @)

where D is crystallite size, A is the X-ray wavelength (0.1546 nm), § is the is the full width
at half maximum of the peak in radians, and 6 is the Bragg diffraction angle.

The thermal stability of phytochemical-synthesized NPs was investigated by TGA-
DTA. Figure 5a depicts that CuO NPs lose about 10 wt% weight between 30 and 100 °C,
due to the removal of moisture content. The gradual loss of mass observed between 100
and 600 °C for both CuO and NiO NPs was associated with the volatilization of plant
extracts present in the nanoparticle powder. Then, CuO experienced nearly 27 wt% weight
loss within 600-720 °C, corresponding to the combustion of organic matter (Capparis decidua
extract) of the sample, which was observed in FTIR (see Figure 3). Figure 5b illustrates the
TGA-DTA curve of NiO NPs. About 15 wt% weight loss was observed between 30 and
100 °C, which is associated with the removal of moisture content (similarly to the trend
observed for CuO NPs). Then, a nearly 30 wt% weight loss was observed at 600-700 °C
corresponding to combustion of organic matter (Capparis decidua extract). The remaining
mass in both cases is characteristic of semiconductor oxides that cannot be thermally
degraded.
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Figure 5. TGA-DTA of CuO (a) and NiO (b) nanoparticles.

2.2. Evaluating the Photocatalytic Activity of Phyto-Synthesized Nanoparticles

Semiconductor nanoparticles present photocatalytic activity when submitted to light
irradiation of photons of energy which are equal or superior to the material bandgap. To
evaluate the photocatalytic response of phytosynthetic flower-shaped nanoparticles of
CuO and NiO, the removal of L-CHT was followed under a natural pH 7.0, but considering
different operation conditions under dark conditions or UV irradiation, illustrated in
Figure 6. Experiments conducted in the absence of a catalyst exposing L-CHT solutions
to UV irradiation did not show an appreciable abatement of the pesticide (<10%) within
180 min of irradiation. This result suggests that L-CHT has high photostability, which is
in agreement with its recalcitrant character and presence in natural conditions in rivers
and lakes [49,51]. Experiments conducted in the dark but in the presence of 2 mg L~!
semiconductor nanoparticle showed the discrete abatement of L-CHT of 17% for CuO
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and 11% for NiO after 180 min. It can be inferred that the removal of L-CHT was mostly
associated with organics adsorption on the semiconductors. Semiconductor irradiation
showed synergistic effects that resulted in an almost complete abatement of L-CHT by
CuO in only 180 min. Conversely, a lower removal capability was assessed for NiO that
only attained 77.27% degradation of L-CHT in 180 min. Both photosynthesized catalysts
showed higher levels of removal than P25 TiO,. It can be concluded that as-synthesized
CuO petal-shape nanoparticles present a higher photoactivity for organics’ abatement
than NiO.
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Figure 6. Degradation of 20 mg L~! L-CHT at pH = 7 using 2 mg L~! of photocatalyst (®,$) cuo,
(¢, ) NiO, and TiO, (M,[J). Experiments were conducted under UV-light irradiation (filled symbols)
or in the dark (empty symbols). Additionally, a blank experiment was conducted to evaluate the
effect of (A) direct photolysis.

2.3. Understanding the Impact of Operational Variables on Pesticide Removal

Operational conditions can affect the performance of photocatalytic treatments. One
of the most relevant parameters is solution pH since it can modify the speciation of target
pollutants and the surface charge of catalysts. The pesticide L-CHT does not have any
functional group with acid-base properties. Thus, L-CHT speciation is not affected by pH
changes, and it remains a neutral compound in a wide pH range. The effect of initial pH on
the photocatalytic degradation of L-CHT by using CuO and NiO NPs was investigated by
varying the initial pH from 5 to 9 at constant catalyst loading of (2 mg L~!) and constant
initial L-CHT concentration (20 mg L~1), which are representative of the natural pH of
agricultural run-off waters. Figure 7 shows the degradation efficiency of L-CHT by varying
the initial pH. It has been observed that both catalysts (CuO and NiO) showed the highest
degradation efficiency at pH 7. By using the CuO photocatalyst, the degradation efficiency
of L-CHT was enhanced from 86% to 98% by increasing the initial pH from 5 to 7, and then
decreasing it to 91.7 % at pH 9. However, by using the NiO photocatalyst, the degradation
efficiency of L-CHT was enhanced from 63% to 77% by increasing the initial pH from 5 to
7, and then was intermediate (71%) at pH 9. Given the non-charged character of L-CHT,
the lower degradation performance cannot be associated with electrostatic repulsion or
attraction effects. The most common reactive oxygen species involved in the degradation of
organic pollutants following photocatalytic processes are hydroxyl radical and superoxide
radical [26,76,77]. Note that the reduction potential of reactive oxygen species is dependent
on the pH; therefore, lower oxidation abilities are expected at a higher pH. The lower
removal attained at a higher alkaline pH can be associated with the lower oxidation
capabilities of reactive oxygen species at alkaline pH [78]. From this study, pH 7 was
identified as an optimum pH for the degradation of L-CHT.
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Figure 7. Effect of initial pH on the photocatalytic degradation of L-CHT using (a) CuO, (b) NiO photocatalyst (Photocatalyst
dosage =2 mg L~!, L-CHT =20 mg L !). Initial pH: (M) pH = 5, (¢) pH =7, and (+) pH = 9.

Understanding the role of catalyst dosage on L-CHT degradation is of the utmost
relevance to minimize the capital costs associated with the use of material. The objective
should be to identify the lower dose of catalyst, which allows for higher removal at the
fastest rate (low hydraulic retention time for continuous treatment). The effect of increas-
ing photocatalyst concentration (CuO and NiO) on the photodegradation of L-CHT was
studied by varying the photocatalyst dosage (1-5 mg L) at a constant concentration of
L-CHT (20 mg L~!) and pH 7 (Figure 8). Figure 8 shows that, at a lower catalyst loading,
the degradation of L-CHT is low because of the limited availability of catalytic sites that
generate oxidants to degrade L-CHT. By using a CuO photocatalyst, the degradation effi-
ciency of L-CHT was enhanced from 79% to 99% by increasing the amount of catalyst from
1to 3 mg L~!, and then decreased to 93% at 5 mg L~!. Similar trends were observed when
conducting degradation with a phyto-synthesized NiO photocatalyst. The degradation
percentage of L-CHT attained was enhanced from 59% to 86% by increasing the amount of
catalyst from 1 to 4 mg L.=!, and then decreased to 84% at 5 mg L.~!. The reason for the
higher degradation rate is that more active sites are available with higher catalyst amounts
given the larger surface area available for photocatalysts in solution. Hence, the enhanced
production of electrons, holes and hydroxyl radicals leads to a higher degradation of L-CHT.
However, additional increase in catalyst dosage beyond the optimum amount of catalyst
results in a lower degradation. There are several reasons for the decrease in degradation
capability under a higher catalyst dosage. First, high concentrations of the catalyst may
lead to the blockage of photon penetration into the L-CHT solution [79,80]. A decrease
in the efficiency of photon transport can diminish the photogeneration of charge carriers
and oxidants in solution, therefore diminishing the degradation performance [81]. Second,
the higher loading of nanoparticles can induce their agglomeration. The agglomeration
of nanoparticles inhibits transport from/towards a solution to the catalyst surface and
decreases the availability of active sites [82,83]. The lower interfacial surface results then
in a lower abatement of target pollutant L-CHT, as observed for the higher dosages in
Figure 8. Thus, 3 mg L~! (CuO) and 4 mg L~! (NiO) of catalysts were defined as the
optimum dosage, which attains the highest removal with the lower mass addition.

Finally, it is important to understand the applicability of the phytochemical-synthesized
catalysts on the treatment of a wide range of L-CHT concentrations. Figure 9 illustrates
the removal of L-CHT at different initial concentrations, ranging from 10 to 70 mg L', at
the initial pH 7 and constant photocatalyst (2 mg L~'). The photocatalytic degradation of
L-CHT using a CuO photocatalyst was decreased from 99% to 79% when increasing the ini-
tial L-CHT concentration from 10 to 70 mg L~! after 3 h. The photocatalytic degradation of



Catalysts 2021, 11, 806

9of 17

L-CHT using a NiO photocatalyst was decreased from 89% to nearly 68% with an increase
in the initial L-CHT concentration from 10 to 70 mg L. The decrease in the percentage
of removal attained when increasing the concentration of target pollutant is associated
with the fact that a higher number of molecules should react with the same number of
oxidants that were generated by the identical number of catalytic sites. Furthermore, the
presence of organic compounds that may absorb radiation can hinder photon transport and
decrease at the same time as the generation rate of oxidants [84-86]. Despite the decrease
in removal percentage attained at the same time as photocatalytic treatment, it can be
deduced that the proposed photocatalysts can effectively degrade L-CHT within a wide
range of environmental concentrations.
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Figure 8. Effect of photocatalyst dosage ((H) 1 mg L1 (e)2 mg L1 (%)3 mg L1, (‘) 4 mg L% and (7)5 mg LY
on the photocatalytic degradation of L-CHT using (a) CuO, (b) NiO photocatalyst (Photocatalyst dosage = 1-5 mg L1,
L-CHT =20 mg L~!, pH = 7).
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Figure 9. Effect of initial concentration of L-CHT ((M) 10 mg L1, (¢) 20 mg L~1, (%) 30 mg L1, (‘) 40 mg L1 (™)
50 mg L1, (») 60 mg L, and (A) 70 mg L~! on the photocatalytic degradation of L-CHT using (a) CuO, (b) NiO
photocatalyst (Photocatalyst dosage = 2 mg L1, L-CHT = 10-70 mg L™, pH = 7).

Our experimental results demonstrate effective abatement of L-CHT, but other by-
product species may be formed during the treatment. The UV-vis spectra suggested a
complete breakdown of aromatic rings, which may result in the yield of carboxylic acids
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of low molecular weight. Furthermore, from the L-CHT structure, it is expected that the
mineralization of this trace pollutant may yield small concentrations of fluoride, chloride,
and nitrate. These species may be yielded from the heteroatoms of N, F, and CI present
in the L-CHT molecular structure. Further mechanistic studies to understand elemental
steps in the degradation of L-CHT should be conducted to elucidate degradation pathways
and the formation of by-products which are different from CO; and water as result of the
organic pollutant mineralization.

2.4. Photocatalytic Stability of CuO and NiO Photocatalyst for Removal of L-CHT for Five Times

The prepared nanoparticles demonstrated high stability and recyclability during mul-
tiple photocatalytic cycles using fresh solutions containing L-CHT. Figure 10 shows the
percentage of degradation attained by consecutive cycles. For recyclability, the photocata-
lysts after the degradation of L-CHT were collected by centrifugation and washed with
distilled water and ethanol three times, and then regenerated catalysts were dried in a
vacuum oven at 100 °C for 3 h.

Degradation (%)

1 2 3 4 5
No. of cycle

Figure 10. Reusability test of CuO and NiO photocatalysts upto five cycles against L-CHT.

3. Material and Methods
3.1. Chemicals

Analytical grade nickel nitrate, copper nitrate, sodium hydroxide, and ethanol were
purchased from Sigma-Millipore. The pesticide L-CHT 95% pure was purchased from
Ali Akbar group of industries, Lahore, Pakistan. The physico-chemical characteristics of
L-CHT are given in Table 1. Commercial P25 TiO; from Degussa was used to benchmark
the performance of synthesized catalysts. The Capparis decidua leaves were collected from
the Jhang, Pakistan. The Capparis decidua leaves are a very competitive resource with
a cost of ~20 USD kg_1 ; however, it can be collected free of cost in Pakistan, where it
grows naturally. In the past, Capparis decidua was used as food source and in natural
medicinal applications, but, most recently, it is in disuse. Therefore, it can be considered an
inexpensive natural resource, which is barely exploited. All chemical reagents were used
without any further purification.
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Table 1. Physico-chemical characteristics of pesticide lambda-cyhalothrin (L-CHT).

Pesticide

CAS Number Molecular Weight Formula Structure

L-CHT

91465-08-6 449.9 g mol ! Ca3H19CIF3NO; @ Qf..,ofi

1
LR

3.2. Preparation of Plant Extract

Capparis decidua, commonly known as Karir, was extracted and used in the biosynthesis
of CuO and NiO nanoparticles. The bioactive compounds with high antioxidant potential
play an essential role as capping agents: flavonoids, saponins, steroids, tannins, and phenol.
Figure 11 showed the phytochemicals present in Capparis decidua leaf extract [45]. The
leaves of Capparis decidua were thoroughly washed with deionized water, then air-dried
for 10-12 days to entirely remove water content. The dried leaves were then crushed to
powder and preserved in an airtight container. The extract was obtained by dissolving
25 g of Capparis decidua fresh leaves powder with 250 mL distilled water. The mixture
was heated for one hour at 60 °C under continuous stirring. The resulting solution was
concentrated in a rotary evaporator and filtered thrice utilizing Whatman filter papers.
The extract was then preserved at 4 °C for future use in the bio-fabrication of CuO and

NiO nanoparticles.
H 0 R o
HN HN
f
o = o N
H
OCH3
HaC
H3CO 0 o
OH

OH OCH;

OH
Pelargonidin 3-glucoside Capparisinine Isocodonocarpine

H3CO R
OH
HO
OCH;
Sinaptic acid Isorhamnetin OCH;
COOH OH
= COOH
HO.
'OH
OH
OH
Protocatechuic acid Ascorbic acid Gentisic acid

Figure 11. Reported phytochemicals present in Capparis decidua leaves extract.

3.3. Green synthesis of CuO and NiO Nanoparticles

To synthesize CuO nanoparticles, 200 mL solution of Cu (NO3),-3H,0O in the concen-
tration of 0.05mM was prepared in a 250 mL conical flask, and then add 20 mL of Capparis
decidua aqueous extract (20 pg mL~1). The proportion of of Cu (NOs),-3H,0O solution and
Capparis decidua aqueous extract was 1:10 for the green synthesis of CuO nanoparticles.
To synthesize NiO nanoparticles, the same proportion of solutions was taken, but instead
of adding 0.05 mM of 200 mL solution of Cu (NOs3),-3H,0, 0.05 mM of 200 mL solution
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of Ni (NO3),-6H>0 was added. The resulting solution mixtures were allowed to react at
room temperature under continuous stirring for 12 h to ensure a complete oxidation and
reduction process. Initially, a color change was observed, which indicated the formation
of CuO (dark yellow to dark green) and NiO (dark yellow to dark brown) nanoparticles.
The obtained solutions at the end of the reaction were centrifuged at 6000 rpm for 15 min.
The pallets containing CuO and NiO nanoparticles were carefully washed three times with
double distilled water. The obtained pellets were then placed in the oven at 80 °C for 2 h.
For effective crystallization, CuO and NiO nanoparticles were calcined in a muffle furnace
for an hour at 600 °C and 500 °C, respectively. The calcination conditions were based on
previous reports [87,88]. The calcined CuO (black color powder) and NiO (light yellow
powder) nanoparticles were kept in a dry container until use. Figure 12 shows the color
differences in the materials.

Fresh Capparis Decidua

Fine Powder

Colloidal NiO NPs Colloidal CuO NPs

Y ¢

Centrifugation
6000 rpm/ 15min

Extract + Ni (NO;),"6H,0 (1:10 ratio)

250g powder
250mL water
60°C, 1hr

Filtered leaves extract Leaves extract

Filtration, wash, dry ....... '......
000 o

CuO NPs NiO NPs

~

calcination 500 - 600 °C

Figure 12. Schematic depiction of preparation of CuO and ZnO NPs using Capparis decidua leaves extract.

3.4. Photocatalytic Degradation Experiments

The photocatalytic degradation of L-CHT as a contaminant using green synthesized
CuO and NiO NPs was carried out under ultraviolet light irradiation. The L-CHT was
first dissolved in 10 mL of methanol to prepare a 500 mg L' stock solution and stored
at 4 °C without light. Working standards were prepared by diluting the stock solution in
ultrapure water. Experimental solutions of 10 mg L™! to 70 mg L~! of L-CHT contained
1.0% methanol. Given the reactive oxygen species (ROS) scavenging character of organic
alcohols, methanol may consume some photogenerated oxidants, which compete during L-
CHT degradation. Therefore, the reported kinetic constants are conservative (i.e., the lower
bound of what would occur in natural waters without elevated levels of ROS scavengers).
The photocatalytic degradation experiments were carried out in a closed, box reactor
containing 8 x 18 W UV lamps (ZamZam micro technologies ZM 144W, Ayax = 254 nm) at
room temperature. The intensity of UV irradiations was measured using a UV radiometer
(UVX digital radiometer, Analytic Jena, with probe UVX-25 probe for 254 nm light). To
maintain constant light intensity, the distance between the UV light source lamp and test
solution was kept at 10 cm above the solution reactor. Experiments were conducted using
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150 mL of solution. To attain an adsorption/desorption equilibrium between nanocatalyst
and pesticide solution, the obtained suspension was kept in dark conditions and stirred
for 1 h at constant temperature (25 °C). For enhanced degradation of L-CHT, different
parameters were optimized. The desired amount of nanocatalyst was added (1-5 mg L)
to the L-CHT solution with different concentrations (10-70 mg L~ 1) ata certain pH (5-9),
and the contact time for irritation was 3 h. Aliquots of 3 mL were collected at a regular time
interval for 3 h after irritation, and then centrifuged at 4000 rpm for 10 min to remove the
photocatalyst from L-CHT. All experiments were conducted in triplicate and showed high
reproducibility, with an estimated error of below 5%. The concentration of L-CHT was
estimated through UV-vis measurements. The percentage (%) degradation was calculated
using Equation (2):

Degradation (%) = COC;C x 100, (2)

0

where Cy and C refer to the initial and final concentrations of L-CHT, respectively.

3.5. Characterization Methods and Instruments

The synthesized CuO and NiO nanoparticles were characterized using solid-state
techniques. The reduction in metal oxide nanoparticles was determined by measuring
ultraviolet-visible (UV-vis) absorption spectra recorded using UV-4000 UV-Vis spectropho-
tometer (Hamburg, Germany). A Field-Emission-Scanning electron microscope (FE-SEM,
QUANTAFEG 250, Eindhoven, The Netherlands) was used to study the morphological
properties, in terms of their size and shape. Fourier Transform Infrared spectrometer
(Bruker ALPHA) at a scanning range of 400 to 4000 cm~! wavelength was used for the
identification of functional groups involved in the reduction in nanoparticles. Elemental
compositions of nanoparticles were analyzed using Energy-Dispersive X-ray (EDX-INCA
200 Oxford Instruments, High Wycombe, UK). Thermogravimetric Analysis and Differen-
tial Scanning Calorimetry (TGA-DTA; STA 1500 Rheometric Scientific (Surrey, UK)) at a
heating rate of 10 °C min~! in air within a temperature range of from 30 °C to 800 °C.

4. Conclusions

A simple, rapid, and environmentally friendly procedure is adopted to prepare stable
CuO and NiO nanoparticles using Capparis decidua leaf extract. Their effectiveness was
evaluated from the degradation of L-CHT pesticide in aqueous solutions. The prepared
nanoparticles were characterized by UV-vis, FE-SEM, EDX, XRD, TGA /DTA, and FTIR. The
flower and spherical shape morphology of nanoparticles was confirmed by FESEM. The
XRD pattern confirmed the face-centered cubic structure of CuO and NiO nanoparticles,
with an average crystallite size of 11.23 and 16.75 nm, respectively. The Capparis decidua
leaf extracts contain various phytochemicals, such as phenols, ascorbic acid, flavonoids,
polyphenolic, citric acid, alkaloids, etc. These biologically active compounds act as reducing
and stabilizing agents, which help in the reduction in metal ion precursors. A comparative
photocatalytic activity study was conducted for the CuO and NiO nanoparticles. The
results showed that CuO (99%) exhibited a higher photocatalytic activity than NiO (89%),
although NiO demonstrated a higher stability in the long-term. A comparison of the
photocatalytic removal of CuO and NiO photocatalyst showed that the removal of L-CHT
is faster using a CuO compared to NiO photocatalyst, and that both catalysts are promising,
inexpensive and sustainable alternatives for water treatment.
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