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Abstract: Herein, the aqueous extract of Portulaca oleracea has been used as a safe, cheap, eco-friendly,
and applicable scale-up method to bio-fabricate copper oxide nanoparticles (CuO-NPs). The character
of CuO-NPs were determined using UV-vis spectroscopy, Fourier transform infrared (FT-IR), X-ray
diffraction (XRD), Transmission electron microscopy (TEM), Energy dispersive X-ray(EDX), Dynamic
light scattering (DLS), and zeta potential. Spherical and crystalline CuO-NPs with a size range of
5–30 nm at a maximum surface plasmon resonance of 275 nm were successfully fabricated. The main
components of the green-synthesized particles were Cu and O with weight percentages of 49.92 and
28.45%, respectively. A Zeta-potential value of −24.6 mV was recorded for CuO-NPs, indicating
their high stability. The plant-based CuO-NPs showed promising antimicrobial and catalytic activity
in a dose-dependent manner. Results showed that the synthesized CuO-NPs had the efficacy to
inhibit the growth of pathogens Staphylococcus aureus, Bacillus subtilis, Escherichia coli, Pseudomonas
aeruginosa, and Candida albicans with low MIC values in the ranges of 6.25–25 µg/mL. The highest
decolorization percentages of tanning wastewater were attained under sunlight irradiation conditions
at a concentration of 2.0 mg/mL after 200 min with percentages of 88.6 ± 1.5% compared to those
which were recorded under dark conditions (70.3± 1.2%). The physicochemical parameters of tanning
wastewater including total suspended solids (TSS), total dissolved solids (TDS), chemical oxygen
demand (COD), biological oxygen demand (BOD), and conductivity under optimum conditions were
significantly decreased with percentages of 95.2, 86.7, 91.4, 87.2, and 97.2%, respectively. Interestingly,
the heavy metals including cobalt (Co), lead (Pb), nickel (Ni), cadmium (Cd), and chromium (Cr
(VI)) decreased with percentages of 73.2, 80.8, 72.4, 64.4, and 91.4%, respectively, after treatment
of tanning wastewater with CuO-NPs under optimum conditions. Overall, the plant-synthesized
CuO-NPs that have antimicrobial and catalytic activities are considered a promising nano-catalyst
and environmentally beneficial to wastewater treatment.
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1. Introduction

Widespread antibiotic-resistant bacteria cause several thousand deaths annually and
are caused by antibiotics overuse and the transmission of antibiotic-resistant genes be-
tween different types of bacteria [1]. Therefore, efforts have focused on developing active
compounds with multifunctional properties to control multi-drug resistant microbes. In
addition, environmental pollution with industrial effluents such as those produced by
the leather industry and heavy metals have serious negative impacts on humans, plants,
animals, and other ecosystem components [2]. Remediation of the polluted sites from
hazardous pollutants through simple, rapid, economical, and environmentally safe meth-
ods, such as the green synthesis of nanoparticles derived from plants extracts is urgently
required [3,4]. Nanoparticles are characterized by their small sizes (1–100 nm), which give
them a high surface area-to-volume ratio, along with their reactivity, solubility, strength,
and mobility, as well as unique interface effects and quantum properties; this distinguish
them from the bulk of materials. The innovative physical and chemical properties of
nanomaterials potentially provide uses in several environmental, engineering, biological,
and medical applications [5–7]. Copper and their oxide nanoparticles (CuO-NPs/Cu-NPs)
have attracted more attention as one of the most important metal nanoparticles because
of their beneficial properties to plants in terms of defense, growth, and nutrition. These
nanoparticles have also been used in nanomedicine due to their antifungal, antiviral, and
antibacterial properties, in addition to their impact on cancer therapy. Moreover, they can
be used as catalysts for environmental clean-up of pollutants [8,9].

Conventional synthesis of nanoparticles using chemical and physical methods such as
chemical reduction, hydrothermal, and sol-gel methods is considered harmful to the envi-
ronment due to their toxic chemical products as well as their cost. Therefore, bio-fabrication
of nanoparticles using algae, microorganisms, and plant extracts has attracted attention
for being an environmentally safe choice. However, green-synthesized nanomaterials
using plant extracts is the best biological option for their ease of handling, availability, low
cost, and compatibility with medical applications such as cancer treatment, antifungal and
antibacterial properties, and drug delivery, besides their use as insecticides [10].

Portulaca olracea (purslane) is an annual plant that belongs to the Portulacaceae family.
It is a highly nutritious herb that is rich in several important phytochemicals such as sterols,
flavonoids, polysaccharides, fatty acids (high omega-3 content), alkaloids, terpenoids, vita-
mins, proteins, minerals, calcium, magnesium, ascorbic acid, and tocopherols. Purslane has
been used in folk medicine and has been shown to possess many medicinal properties such
as antioxidant, neuroprotective, antidiabetic, antiulcerogenic, anticancer, anti-inflammatory,
antioxidant, and antimicrobial activities. Moreover, it can be used for improving lipid
profiling, glucose control, and blood pressure in adults [11]. Due to the richness of purslane
with many phytochemicals, purslane extracts have been used in the biosynthesis of various
nanoparticles such as selenium, silver, and zinc oxide [4,12]. However, the literature is
sparse on the use of purslane aqueous extract to fabricate CuO-NPs for biomedicals and
biotechnological applications. Recently, the aqueous leaf extract of portulaca oleracea was
employed as a functional biological reductant for the synthesis of tinny copper nanocrys-
tals (2.4–8.3 nm diameters) [13]. In addition, the aqueous extract of purslane leaves have
been used to biosynthesis CuO-NPs in order to produce promising anti-inflammatory and
antioxidant applications [14].

Among the unique physical, chemical, and optical properties of nanoparticles, the
large surface area is the most important advantage as it provides active adsorption sites
and thus can be adapted for effluent treatment. Moreover, some nanoparticles can be used
sustainably due to their reusability. In addition, the use of nanotechnology for wastew-
ater treatment does not require infrastructure, is applicable, and cost-effective. Thus,
the potential use of nanotechnology for wastewater treatment is beneficial in developing
countries [15]. Tanneries discharge large quantities of polluted water with dyes, tannins,
solvents, alkalis, acids, chlorides, chromium salts, sulfides, and proteins, causing serious
environmental damage and posing a major threat to human health [16]. Recently, nan-
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otechnology has been used to improve the quality of wastewater and rid it of organic and
inorganic pollutants that are difficult to remove with conventional methods. In this con-
text, photocatalysts, nano-adsorbents, nano-films, and nano-metals were used, especially
nano-copper oxide which was 94.5% effective for removing chemical oxygen demand from
contaminated water in a time-dependent manner under standard conditions [17]. Moreover,
bio-generated CuO-NPs were efficiently used for bioremediation of textile wastewater with
90% dye removal and elimination of 30, 55, and 93% nickel (Ni), chromium (Cr), and lead
(Pb), respectively [18]. It has been shown that several parameters govern the use of CuO
as one of the commonly used nanoparticles to remove Ni, Pb, and cadmium (Cd) from
polluted water, such as contact time, nano-sorbent dose, pH, and metal ion concentra-
tions [19]. Similarly, myco-synthesized MgO-NPs have shown outstanding efficacy in the
treatment of tanning effluents, recording more than 95% color removal capacity, about 97%
removal of chromium ions, and a reduction in the conductivity and chemical properties
of the treated water, including total suspended solids (TSS), total dissolved solids (TDS),
chemical oxygen demand (COD), and biological oxygen demand (BOD) [20]. Therefore,
the use of green-synthesized materials is safe, eco-friendly, and has biocompatibility with
the treatment of industrial wastewater and removal of heavy metals. These are considered
the main challenges to overcome the disadvantages of the chemical materials used. The
importance of these new materials is increased when they have antibacterial and antifungal
activity. To the best of our knowledge, this is the first report about the biotreatment of
tanning wastewater using CuO-NPs fabricated using purslane aqueous extract.

Hence, the novelty of the current study can be summarized as the use of green-
synthesized NPs fabricated using Egyptian purslane extract in biomedical biotechnological
sectors as antimicrobial agents and environmental catalysts for treatment of tanning ef-
fluents and heavy metal sorption. The green-synthesized CuO-NPs were characterized
using UV-vis spectroscopy, Fourier transform infrared (FT-IR), X-ray diffraction (XRD),
Transmission electron microscopy (TEM), Energy dispersive X-ray (EDX), Dynamic light
scattering (DLS), and zeta potential. The antimicrobial activity of biogenic CuO-NPs against
varied bacterial and fungal pathogens including Bacillus subtilis, Staphylococcus aureus, Es-
cherichia coli, Pseudomonas aeruginosa, and Candida albicans was evaluated. Moreover, the
effectiveness of CuO as a nano-sorbent in the treatment of tannery effluents was evaluated
for decolorization and to improve the physicochemical parameters, as well as to remediate
polluted water with heavy metals.

2. Results and Discussion
2.1. Green Synthesis of CuO-NPs

P. oleracea-mediated green synthesis of CuO-NPs has various advantages over chemical,
physical, and other biological approaches not only due to it is eco-friendly and nontoxic
method, but also economically, by avoiding unfavorable and expensive treatments such
as temperature and pH, as with chemical and physical approaches. In addition, the
worldwide availability of this plant grants its use as a suitable candidate for large scale-
up of the industrial sector and to avoid the pathogenicity of microorganisms-mediated
biosynthesis [21,22]. This plant has diverse active compounds such as alkaloids, flavonoids,
fatty acids, polysaccharides, proteins, sterols, vitamins, terpenoids, and minerals [11].
Herein, the green synthesis of CuO-NPs depends on the presence of these active metabolites
in plant aqueous extract which is responsible for the reduction of Cu2+ to Cu0 followed
by capping and stabilizing of the final product [4]. In the current study, the formation of a
greenish color after mixing the aqueous extract with Cu(CH3COO)2.H2O and adjusting
the pH at 8 indicates the successful formation of CuO-NPs. In contrast, the plant aqueous
extract in the absence of metal precursor under the same conditions did not exhibit any
color change. Similarly, the greenish color was formed after mixing copper sulfate with
leaf aqueous extract of Enicostemma axillare [23]. The visual observation of aqueous extract
after mixing with a metal precursor is the first sign for biosynthesis of CuO-NPs. The color
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change from colorless to greenish could be due to the vibration and resonance of charged
particles on the NPs surface as reported previously [24].

2.2. Characterization
2.2.1. Morphological Characterization (TEM, SEM, EDX)

The morphological characteristics including sizes, shapes, aggregations, and ele-
mentary mapping of green-synthesized CuO-NPs are crucial parameters affecting their
bioactivities. TEM, SEM, and EDX analyses are useful techniques for investigating these pa-
rameters. As shown, the P. oleracea-based CuO-NPs have a spherical shape, well-arranged,
without any aggregation or agglomeration. The particle size of biosynthesized CuO-NPs
was in the range of 5–30 nm with average sizes of 22 nm (Figure 1A). In a similar study,
the average particle size of the spherical shape of CuO-NPs fabricated using an aqueous
extract of Annona muricata L was in the range of 16–31 nm [25]. Moreover, the extract of
pumpkin seed showed high efficacy to fabricate circular CuO-NPs with an average particle
size of 20 nm [26]. The biological activities of nanomaterials are directly correlated with
sizes and shapes. For instance, the cytotoxic efficacy of CuO-NPs varied based on sizes
between 4 nm and 24 nm. It has been reported that the CuO-NPs with sizes of 24 nm were
highly toxic to adenocarcinoma cells A549 compared to size 4 nm, despite the smaller sizes
having the efficacy to dissolute toxic ions (Cu2+) faster than large sizes [27]. Interestingly,
the antibacterial activity of the rods and platelets shapes of CuO-NPs fabricated using
aqueous extract of Aloe vera against E. coli and Staphylococcus aureus was more effective
compared to spherical shapes [28]. Increased surface energy and surface-active sites of
different structural morphologies may explain the variation in activity [29].

Moreover, the topographical and morphological properties of plant-based CuO-NPs
were investigated with SEM analysis (Figure 1B). As shown, the smooth surface and
spherical shape of CuO-NPs were arranged without aggregation. Similarly, the spherical
shape of synthesized CuO-NPs using extracts of mint leaves or orange peel was detected
with SEM analysis [19]. Some aggregations in SEM images have been due to coating agents
from plant extracts which may increase their size obtained under SEM compared to those
obtained with TEM analysis. Interestingly, the chemical compositions of green-synthesized
CuO-NPs were detected with EDX analysis as shown in Figure 1C. The EDX spectrum
confirmed that the main components of the biosynthesized sample were Cu and O. The
presence of absorption peak at a bending energy of 0.5 Kev refers to the O ion, whereas the
peaks at bending energies of 1.0, 8.0, and 9.0 KeV correspond to Cu atoms. The quantitative
analysis of atoms in the synthesized sample have shown that the weight percentages of
Cu and O were 49.92 and 28.45%, whereas the atomic percentages were 39.47 and 31.11%,
respectively (Figure 1C). The C peak was observed in the sample with wight and atomic
percentages of 21.63 and 29.42%, respectively. This peak can be attributed to the scattering
of metabolites from plant aqueous extract that coated the surface of CuO-NPs [19]. In a
similar study, The EDX spectrum of CuO-NPs fabricated using seeds aqueous extract of
Salvia hispanica showed peaks of O at a bending energy of 0.5 KeV and Cu at 1.0, 8.0, and
9.0 KeV with weight percentages of 20.1 and 79.9%, respectively [30]. The EDX analysis of
CuO-NPs synthesized using leaf aqueous extract of Azadirachta indica showed the presence
of Cu and O atoms with weight percentages of 65.33 and 34.67%, respectively [31]. The
absence of other elements in the EDX analysis indicates the purity of the synthesized
sample, as verified with XRD analysis. Ssekatawa et al. reported that the main components
of CuO-NPs fabricated using aqueous extract of Camellia sinensis and Prunus africana were
Cu and O in addition to the other peaks which referred to the presence of potassium,
nitrogen, magnesium, phosphorus, and manganese [32].
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Figure 1. Characterization of CuO-NPs fabricated using aqueous extract of P. oleracea using transmission
electron microscopy (A), scanning electron microscopy (B), and energy dispersive X-ray (C).

2.2.2. X-ray Diffraction

The phase structure of plant-based CuO-NPs was detected with XRD analysis which
showed strong twelve diffraction peaks. Typically, Bragg’s diffraction peaks were observed
at 2θ values of 33.1◦, 35.8◦, 38.9◦, 49.2◦, 53.7◦, 58.4◦, 61.7◦, 66.5◦, 68.2◦, 72.5◦, and 75.3◦

that matched planes of (110), (-111), (111), (-202), (020), (202), (-113), (-311), (220), (311),
and (-222), respectively (Figure 2). The obtained XRD spectrum affirmed that the plant-
synthesized CuO-NPs were face-centered cubic structures with crystalline nature according
to the Joint Committee on Powder Diffraction (JCPD) standard with the file number 80-
1268 [33]. The observed peak at 2θ values in the range of 35–39◦ indicates the formation of
CuO-NPs as reported previously [34]. The absence of additional peaks in the XRD pattern
confirmed the high purity of biosynthesized CuO-NPs, compatible with EDX analysis.
The obtained data were compatible with various literature on green-synthesized CuO-
NPs [23,32,35]. Ahmed et al. reported that the sharp and well-defined Bragg’s peaks in
the XRD pattern indicate the successful formation of a crystallographic structure with
sizes ≤ 100 nm [36].

The crystallite size of biosynthesized CuO-NPs can be measured via the XRD pattern
by using Debye–Scherrer’s equation. In the current study, the average crystallite size
was 21 nm. Similarly, the average crystallite size of CuO-NPs synthesized by harnessing
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plant metabolites of Azadirachta indica was close to 7 nm [31]. On the other hand, the
mean average crystallite sizes of CuO-NPs obtained using XRD analysis were 43 nm and
38 nm for those synthesized using plant extract of Prunus Africana and Camellia sinensis,
respectively [32].
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Figure 2. X-ray diffraction pattern of CuO-NPs synthesized using aqueous extract of P. oleracea.

2.2.3. Fourier Transform Infrared (FT-IR)

The functional groups present in plant aqueous extract and their role in the reduction
of metal precursors, converting to nanoscale, followed by capping and stabilizing of final
products, are investigated using FT-IR analysis. The aqueous extract contains eight peaks at
wavenumbers 3400, 2077, 1633, 1404, 1310, 1100, 1012, and 700 cm–1 (Figure 3). These peaks
are shifted and change their intensity after the formation of CuO-NPs. The broad, strong
peak at 3400 cm–1 signified the stretching of the hydroxyl group (OH) which overlapped
with the NH stretching of primary amines [37,38]. This peak was shifted to a wavenumber
of 3420 cm–1 after CuO-NPs synthesis (Figure 3). The weak peaks at 2960 and 2850 cm–1 in
the final product could be related to the C–H of aliphatic hydrocarbons [39]. The strong
peak at 2077 cm–1 related to the aromatic compounds in plant extract, overlapped with ν(C-
O) [40]. The appearance of new peaks in the final product in the ranges of 2150–2500 cm–1

may be related to the C≡C of alkynes, C≡N stretch of nitriles, or adsorption of CO2 on
the surface of CuO-NPs [41–43]. The strong peak at 1633 cm–1 in the plant extract related
to the primary and secondary amides of proteins and the C=O stretch of polysaccharide
moieties [4]. This peak was shifted to 1570 cm–1 after the fabrication of CuO-NPs which
correspond to C=O and C=N for carboxylic and carbonyl groups, respectively, or I and
II amides [44,45]. The medium peaks at the range of 1300–1404 cm–1 in plant extract
correspond to the bending of O–H groups of alcohol [41], which shifted to 1410 cm–1

after the fabrication of CuO-NPs. Other peaks in plant aqueous extract such as 1100 cm–1

related to the ν(C–O–C) carbohydrate overlapped C–O stretching [46,47], 1012 cm–1 signify
stretching of C–N [48], and 700 cm–1 corresponds to the bending of C-H out of plane [49].
These peaks were shifted to 1134, 1099, and 1016 cm–1 in the green-synthesized CuO-NPs.
The presence of peaks in the ranges of 800–900 cm–1 was attributed to the aromatic C–H in
the plan bend [50,51]. The successful formation of Cu–O was confirmed by the presence
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of peaks in the wavenumber ranges of 500–700 cm–1 as reported previously [3,30,32]. The
FT-IR spectrum confirmed the role of different functional groups in plant aqueous extract
such as proteins, polysaccharides, I, and II amides in the reduction of Cu(CH3COO)2.H2O
to form CuO-NPs followed by capping of the surface of the final product to increase
its stability.
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2.2.4. UV-Vis Spectroscopy

The change of color due to NP formation is measured using UV-Vis spectroscopy to
detect the maximum surface plasmon resonance (SPR). This maximum peak is obtained as
a result of the repulsion of free electrons on the NPs surface, with light intensity at a specific
wavelength [8]. In the current study, the maximum peak was observed at a wavelength
of 275 nm which corresponds to the maximum SPR of CuO-NPs (Figure 4A). Compatible
with the obtained result, the maximum SPR of CuO-NPs fabricated using leaf aqueous
extract of Vitex negundo was observed at 274 nm [9]. Moreover, the SPR peak of CuO-NPs
synthesized using the alcoholic extract of Phoenix dactylifera was localized at 275 nm [52].
Several factors such as crystalline nature, crystallite size, shape, the concentration of the
metal precursor, and aggregations can affect the SPR peak of NPs [53]. The presence of a
single SPR peak in the UV chart at a wavelength below 300 nm gives a further indication of
the shape and size of CuO-NPs which may be spherical with a smaller size [54].
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2.2.5. Dynamic Light Scattering (DLS) and Electrokinetic Potential (pHPZC)

The size, size distribution, and hydrodynamic residue of CuO-NPs fabricated using
the aqueous extract of P. oleracea were detected using dynamic or diffraction light scattering.
As seen, the average particle size of green-synthesized CuO-NPs was 51.4 nm according to
the graph of the size distribution (Figure 4B). As shown, the obtained size of plant-based
CuO-NPs using DLS is bigger than the sizes observed with TEM and XRD. This finding
could be related to the measurement method, which in TEM measures the size of dry
(solid) particles whereas DLS is conducted using an aqueous solution and hence detects
the hydrodynamic diameter (hydrated state) [23,55]. Moreover, the average particle size
using DLS analysis is affected by several factors such as homogeneity percentages (the
sizes increased with the non-homogenous distribution of CuO-NPs in the solution) and
plant metabolites that coated the NPs surface (coating agent), which interfere with the
calculation [56]. In a similar study, the sizes of CuO-NPs obtained using the leaf aqueous
extract of Enicostemma axillare were 30 nm, 6.4 nm, 22.9 nm, and 470 nm according to SEM,
TEM, XRD, and DLS analyses, respectively [23]. The average sizes of CuO-NPs fabricated
using the aqueous extract of Camellia sinensis and Prunus Africana were (38, 6, and 61 nm)
and (43, 8, and 68 nm) based on XRD, SEM, and DLS analyses, respectively [32].

As mentioned, the sizes obtained with DLS were affected by the homogeneity percent-
ages of the solution; it is therefore essential to measure this homogeneity accordingly to the
meaning of the polydispersity index (PDI). The homogeneity of the NPs in the colloidal
solution increased when the PDI value was less than 0.4 and decreased at a value greater
than 0.4. The colloidal solution was considered heterogenous (non-similar distribution)
if the PDI value was greater than 1.0 [57]. In the current study, the PDI value of plant-
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based CuO-NPs was 0.23, meaning the distribution of NPs in the colloidal solution was
homogenous or similar.

The stability of green-synthesized CuO-NPs was investigated using electrokinetic
or zeta potential. In this analysis, the synthesized NPs move in the colloidal solution
after being subjected to an electric field. The stability based on electrokinetic potential is
classified as highly unstable when zeta values are in the range of ±0–10 mV, relatively
stable at zeta values of±10–20 mV, moderately stable at values in the ranges of±20–30 mV,
and highly stable when zeta values are greater than ±30 mV [58]. In the current study,
the zeta value of biosynthesized CuO-NPs was −24.6 mV (Figure 4C), indicating the high
stability of synthesized nanomaterials. The electrokinetic scanning was achieved on a wide
range scale to detect the charges on the surface of NPs. Herein, the spectrum showed that
all particles have a negative charge, which means that the particles will remain divergent
and in a repulsion state, which reduces the agglomeration. In addition, the stability of
plant-based NPs could be attributed to the capping agents (from plant extract) such as
flavonoids and alkaloids which improve the electrostatic forces between particles [4].

2.3. Antimicrobial Activity

The emergence of new microbial strains that have antibiotic resistance activity threat-
ens human and animal health and hence increases morbidity and mortality worldwide.
This challenge opens a new window for the discovery of new active compounds [59]. The
researchers have benefited from advances in the science of nanotechnology and unique
properties of nanoparticles to develop novel substances that have biomedical and biotechno-
logical applications. In the current study, the activity of green-synthesized CuO-NPs against
various pathogenic microbes including Gram-positive bacteria (Staphylococcus aureus and
Bacillus subtilis), Gram-negative bacteria (Pseudomonas aeruginosa and E. coli), and unicel-
lular fungi (Candida albicans) was evaluated using agar well diffusion method. As shown,
the green-synthesized CuO-NPs have antimicrobial activity against various pathogenic
microbes in a concentration-dependent manner. This finding is compatible with previous
studies about the antimicrobial efficacy of NPs [8,28,60]. The highest inhibition zones were
recorded for maximum concentration (200 µg mL–1) with diameters of 16.7± 0.6, 15.7 ± 0.6,
19.3 ± 0.5, 17.7 ± 1.2, and 16.3 ± 0.6 for B. subtilis, S. aureus, P. aeruginosa, E. coli, and C.
albicans, respectively, compared to a bulk material (precursor), which recorded inhibition
zones of 13.7 ± 0.6, 14.7 ± 0.6, 14.3 ± 0.6, 12.6 ± 0.5, and 14.7 ± 0.6 mm, respectively, for
the same previous sequence of organisms (Figure 5A–E). Similarly, the maximum zone of
inhibitions was recorded for the treatment of E. coli, Klebsiella pneumoniae, and S. aureus
with 250 µg mL–1 of CuO-NPs fabricated using the aqueous extract of Camellia sinensis and
Prunus Africana with diameters of (27, 27, and 30 mm) and (26, 27, and 30 mm), respec-
tively [32]. In addition, the highest antibacterial activity of rod CuO-NPs fabricated using
the aqueous fruit extract of Momordica charantia against S. aureus, S. epidermidis, Streptococcus
mutans, S. pyogenes, S. viridans, B. cereus, Corynebacterium xerosis, E. coli, K. pneumonia, P.
aeruginosa, and Proteus vulgaris was recorded at 250 µg mL–1 with a diameter of inhibition
zones in the range of 25–32 nm [61]. Even though copper metals (Cu2+) have antibacte-
rial properties and are approved by US-EPA (US-Environmental Protection Agency) as a
safe antimicrobial agent [62], the Cu/CuO-NPs have a higher activity compared to bulk
compounds [63,64].

In the current study, the antimicrobial activity was decreased by decreasing the CuO-
NPs concentrations. For instance, at 50 µg mL–1, the diameter of inhibition zones decreased
to 12.3 ± 0.6, 11.3 ± 0.6, 14.2 ± 0.8, 12.7 ± 0.6, and 12.3 ± 0.6 mm toward B. subtilis, S.
aureus, P. aeruginosa, E. coli, and C. albicans, respectively, as compared to copper acetate at
the same concentration, which recorded inhibition zones of 8.7 ± 0.6, 10.3 ± 0.5, 9.7 ± 0.6,
8.3 ± 0.6, 11.3 ± 0.6 mm (Figure 5A–E).
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The minimum concentration of CuO-NPs to inhibit the growth of pathogenic microbes
was defined as the minimum inhibitory concentration (MIC). It is important to detect the
MIC value for each active compound before recommending incorporation in biomedical
fields. Herein, the MIC value for plant-based CuO-NPs was 12.5 µg mL–1 for Gram-
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positive bacteria, B. subtilis, and S. aureus with a zone of inhibition diameter of 8.5 ± 0.5
and 8.3 ± 0.6 mm, respectively. Whereas the MIC value for E. coli and unicellular fungi
(C. albicans) was 25 12.5 µg mL–1 with a diameter of inhibition zones of 11.3 ± 0.6 and
10.3 ± 0.6 mm, respectively. Interestingly, the lowest MIC value (6.25 µg mL–1) for CuO-
NPs was recorded for P. aeruginosa with a zone diameter of 9.0 ± 1.0 mm (Figure 5A–E).
Interestingly, the MIC for control (copper acetate) was 50 µg mL–1 for B. subtilis, P. aeruginosa,
and E. coli, whereas the MIC value for S. aureus and C. albicans was 25 µg mL–1. Based
on MIC values, the CuO at the nanoscale structure was more active against all tested
organisms compared to bulk material (copper acetate), especially at low concentrations.

Analysis of variance showed that P. aeruginosa was the most sensitive strain followed
by E. coli, C. albicans, B. subtilis, and S. aureus. In a recent study, the MIC values of
biosynthesized CuO-NPs against E. coli, K. pneumoniae, and S. aureus were 125, 125, and
30 µg mL–1 [32]. Compared to our data, it can be concluded that the CuO-NPs in the
current study have high activity against prokaryotic and eukaryotic microorganisms at
low concentrations. This finding could be attributed to the small sizes and spherical shape
of green-synthesized CuO-NPs (5–30 nm) which enhance the entry of NPs into microbial
cells. Several published studies reported that the activity of NPs increased with small
sizes [27,28,65,66].

Overall, Gram-negative bacteria were more sensitive to CuO-NPs compared to Gram-
positive bacteria. This phenomenon could be related to the structure of bacterial cell walls
which in Gram +ve bacteria are composed of a thick layer of peptidoglycan compared to
a thin layer in Gram -ve bacteria. This thick peptidoglycan layer can hinder or delay the
penetration of CuO-NPs into the cells and hence delay their inhibitory action [67]. Moreover,
the inhibitory effect of CuO-NPs can be related to its breakdown into the cell and liberation
of toxic Cu2+ ions. The accumulation of these toxic ions can block the protein function via
interaction with sulfhydryl groups (-SH) for some amino acids such as methionine and
cysteine [54]. Moreover, as a result of the accumulation of these toxic ions, they can compete
with essential ions in the cells such as Fe2+, and hence prevent the efficacy of proteins from
binding with the proper cofactor, leading to protein dysfunction [68]. Another inhibitory
mechanism for bacterial damage via treatment with CuO-NPs is the overproduction of
reactive oxygen species (ROS). These ROS such as superoxide anions, hydrogen peroxides,
and hydroxyl radicals, enhance the oxidative stress to amino acids, nucleic acids, and
membrane lipids, leading to enzyme deactivation and loss of the selective permeability
function [69]. The activity of CuO-NPs toward C. albicans could be related to their efficacy
for changing the sterol profile in Candida cell walls via inhibition of ergosterol pathway
synthesis [70].

2.4. Tannery Wastewater Treatment

Discovering alternative active substances that may be used in the treatment of various
industrial wastewater has been the major challenge facing various nations, particularly
those that have water scarcity. During leather tanning, the excessive use of chromium
ions and other organic and inorganic substances are the main sources for the toxicity of
these effluents and their drainages. Ineffective treatment of these effluents is considered
highly dangerous to humans, animals, plants, and the ecosystem [71]. Green nanotech-
nology offers a novel economic method for fabricating new active substances that are
eco-friendly, with wide surface areas, and high stability, and can therefore be used to
remove various contaminants [32,72]. Moreover, the use of active substances that have
antimicrobial activity can help to improve the wastewater quality via killing the containing
pathogenic microbes. Herein, the efficacy of biosynthesized CuO-NPs to degrade and treat
tanning wastewater, as the most poisonous effluent originated from the leather industry,
was investigated under darkness and in sunlit conditions. The experiment was achieved
using different CuO-NPs concentrations (0.5, 1.0, 1.5, and 2.0 mg/mL) for various time
intervals (20 to 200 min with intervals of 20 min). To the best of our knowledge, this is
the first report for the decolorization and treatment of crude tanning wastewater using
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green-synthesized CuO-NPs. Data analysis showed that the decolorization of tanning
wastewater using CuO-NPs was concentration- and time-dependent. This finding could
be attributed to the adsorption sites being increased at high concentration, and hence and
increase in decolorization. The obtained results are compatible with published research
on dye decolorization using nanomaterials [9,32,73]. At a low dose (0.5 mg/mL) under
incubation conditions, the decolorization percentage was 12.9 ± 0.9% after 20 min and
reached 45.9 ± 0.3% after 200 min compared to the control (1.2 ± 0.2% after 20 min and
11.9 ± 0.1% after 200 min) (Figure 6). These percentages were increased at high concen-
trations. For instance, the decolorization percentages were 14.0 ± 0.4 and 16.7 ± 0.4%
after 20 min at 1.0 and 1.5 mg/mL, respectively, and reached 48.8 ± 0.2 and 60.7 ± 2.3%
after 200 min under the same concentrations. In a similar study, the decolorization of
tanning wastewater after treatment with green-synthesized MgO-NPs was attained with
percentages of 16.1, 28.5, 37.8, and 53.5% after 30 min at concentrations of 0.25, 0.50, 0.75,
and 1.0 µg/mL, respectively, compared to the control (1.9%). These percentages increased
to 38.5, 59.4, 81.4, and 97.5% at the same previous concentrations after 180 min [20]. In a
recent study, the green-synthesized γ-Fe2O3-NPs showed a decolorization percentage of
79.2% as a result of treatment with 1.0 mg/mL after 144 min [74]. In the current study, the
maximum decolorization percentages under dark conditions were achieved after 200 min
at a concentration of 2.0 mg/mL with a value of 70.3 ± 1.2% (Figure 6).
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Interestingly, the decolorization of tanning wastewater using plant-based CuO-NPs
was improved under incubation in sunlight conditions. Analysis of variance showed
that the decolorization percentages were increased from 15.0 ± 0.4% after 20 min at a
concentration of 0.5 mg/mL, to 59.4 ± 0.5% after 200 min at the same concentration
(Figure 7). The maximum decolorization percentages under light irradiation conditions
were 65.0 ± 1.1, 77.2 ± 0.4, and 88.6 ± 1.5% after 200 min at concentrations of 1.0, 1.5, and
2.0 mg/mL, respectively (Figure 7). Due to the smaller CuO-NPs sizes, the surface area
was increased and hence the adsorption sites also increased [75]. Therefore, the highest
decolorization percentages were attained at high CuO-NPs concentrations.
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significant (p ≤ 0.05).

The improvement of decolorization and waste treatment under sunlight conditions
could be attributed to the photoexcitation of electrons on the surface of CuO-NPs, resulting
in the transfer of electrons from the valence band (VB) to the conduction band (CB) ulti-
mately leading to electron-hole pairs (e–CB and h+VB) production. Some free radicals such
as superoxides (•O2–) and hydrogen peroxides (•OOH) were formed after interacting with
excited e– in CB with O2, whereas hydroxyl free radicals (•OH) were formed due to the
reaction of h+ with H2O [51,76]. These formed free radicals reacting with contaminants and
dyes in wastewater, leading to degradation into CO2, H2O, and other small ions (Figure 8).
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Figure 8. Photocatalytic mechanism of tanning wastewater using green-synthesized CuO-NPs.

Based on the obtained data, the physicochemical characteristics of tanning wastew-
ater after treatment with plant-based CuO-NPs were investigated at a concentration of
2 mg/mL after 200 min under sunlight irradiation conditions, because it was recorded as
the best conditions for decolorization efficacy. The wastewater parameters including pH,
COD, BOD, TSS, TDS, and conductivity were assessed at optimum conditions compared to
untreated wastewater. The contaminant content in tannery wastewater is broad and varies
according to the size of the tannery unit, chemicals used, final products, and amount of
water used during the leather tanning process [2]. Overall, the main features of tanning
wastewater are high concentrations of COD, BOD, TDS, salinity, TSS, conductivity, sulfides,
and heavy metals [77]. This finding could be related to the use of various chemicals during
leather processing such as chlorides, calcium, bicarbonates, potassium, phosphates, sul-
fates, sodium, nitrates, and dissolved salts [78]. As shown, the green-synthesized CuO-NPs
had the efficacy to reduce the physicochemical parameters of tanning wastewater with
percentages of 91.4, 87.2, 95.2,86.7, and 97.2% for COD, BOD, TSS, TDS, and conductivity,
respectively (Table 1). The alkaline conditions in crude tanning wastewater could be at-
tributed to the excessive use of bicarbonates and carbonates during the leather tanning
steps. Herein, the treatment with CuO-NPs decreased the pH values from 9.4 ± 0.2 to
6.6 ± 0.7 due to the decrease in the levels of contaminants. Therefore, it can be concluded
that the green-synthesized CuO-NPs act as a promising bio-adsorbent for various contami-
nants in wastewater. Similarly, maghemite nanoparticles have an efficacy to decrease the
COD value of tanning wastewater from 5078 to 564 mg/L with a percentage of 88.8% [79].
Zhang et al. reported that a low concentration of CuO-NPs (1 mg/L) is considered a
promising concentration for decreasing the COD of wastewater versus high concentrations
(30 and 50 mg/L), which can inhibit the wastewater treatment [80]. Wang et al. reported
that decreasing values of COD removal during wastewater treatment at low and high
concentrations of CuO-NPs were not significant. It has been reported that the removal
percentage of COD using 0.1 mg/L of CuO-NPs was 91.3% whereas this value decreased
to 89.5% after increasing the CuO-NPs concentration to 30 mg/L [81].
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Table 1. Physicochemical parameters of tanning wastewater after treatment with CuO-NPs under
optimum conditions (2.0 mg/mL, for 200 min, under sunlight irradiation conditions).

Physicochemical
Parameter Unit Before Treatment

(control)
After Treatment with 2.0 mg/mL

under Sunlight Condition
Removal

Percentages (%)

pH - 9.4 ± 0.2 6.6 ± 0.7 -
COD mg/L 791.7 ± 5.5 68.3 ± 4.1 91.4
BOD mg/L 2434.7 ± 4.1 312.3 ± 2.5 87.2
TSS mg/L 8907.5 ± 2.5 424.3 ± 4.2 95.2
TDS mg/L 2702.3 ± 3.1 358.3 ± 3.1 86.7

conductivity S/m 25792.8 ± 5.5 721.0 ± 2.6 97.2
Co mg/L 2.55 ± 0.1 0.684 ± 0.1 73.2
Pb mg/L 1.702 ± 0.01 0.327 ± 0.03 80.8
Ni mg/L 2.803 ± 0.01 0.774 ± 0.05 72.4
Cd mg/L 0.612 ± 0.1 0.218 ± 0.01 64.4

Cr (VI) mg/L 763 ± 2.6 65.7 ± 1.5 91.4

Data are represented by the mean of three replicates ± SD.

2.5. Reusability Test

The reusability test which indicates the stability of nanocatalysts is a crucial factor that
should be investigated before being applied to the large scale [82]. In the current study,
the reusability test of green-synthesized CuO-NPs to decolorized tanning effluent was
checked under optimum conditions (at a concentration of 2 mg/mL of nanocatalyst after
200 min under sunlight irradiation conditions). Data analysis showed that the activity of
nanocatalyst CuO-NPs decreased with percentages of 8.2% after five repeated cycles. As
shown in Figure 9 the activity percentages of synthesized CuO-NPs to decolorize tanning
wastewater was 88.2 ± 0.9% which decreased after repeating the cycles to 86.9 ± 0.5%,
85.4 ± 0.7%, 82.1 ± 0.5%, and 80.0 ± 0.3% after five cycles (Figure 9).
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2.6. Heavy Metal Removal

Heavy metal pollution is thought to be one of the major factors to impact on humans,
plants, animals, water bodies, and soils when discharged into the ecosystem without
treatment. These harmful effects are due to their poisonous, non-biodegradable, and
persistent characteristics. The sources of these heavy metals are either natural sources such
as erosion and weathering or anthropogenic sources such as mining, car exhaust emissions,
and industrialization [83–85]. Therefore, there is an urgent need to overcome this challenge
using an ecofriendly and green approach. Nanomaterials provide a promising sorbent agent
to remove heavy metals [19]. Tanning wastewater is considered the main and predominant
source for releasing heavy metals into an ecosystem. The importance of catalysts, especially
those synthesized using an eco-friendly approach, is increased when they are applied in the
environment to sorption of different heavy metals. In the current study, the heavy metal
content in the obtained treated tanning wastewater from optimum conditions was assessed
compared to untreated samples. As shown, the crude tanning wastewater contains various
heavy metals including Co, Pb, Ni, Cd, and Cr (VI) with values of 2.55 ± 0.1, 1.702 ± 0.01,
2.803± 0.01, 0.612± 0.1, and 763± 2.6 mg/L, respectively (Table 1). The greenish-blue color
of crude tanning wastewater could be attributed to the overuse of chromium during the
leather-hiding process [71]. Therefore, the maximum value of heavy metals was recorded
for Cr (VI). After treatment with CuO-NPs and under optimum conditions, the values of
heavy metals were decreased with percentages of 73.2, 80.8, 72.4, 64.4, and 91.4% for Co, Pb,
Ni, Cd, and Cr (VI), respectively (Table 1). The high heavy metal removal using 2 mg/mL
of CuO-NPs could be attributed to the availability of high adsorption sites. In the current
study, the synthesized CuO-NPs have small sizes (5–30 nm), which leads to a high surface
area and hence increases the adsorption sites [86]. Recently, CuO-NPs was revealed as a
promising nano-sorbent for the removal of mercury and chromium ions from contaminated
water with percentages of 75 and 92%, respectively [87]. In addition, green-synthesized
CuO-NPs using an aqueous solution of orange peels and mint leaves displayed high activity
in the removal of Pb, Ni, and Cd from contaminated water [19]. Nano-silver (Ag-NPs)
and CuO-NPs fabricated using aqueous extract of Catharanthus roseus leaves were used
to remove cadmium and chromium from a stock solution (50 ppm). The Ag-NPs showed
removal efficacy with percentages of 47.8% and 5.7% for Cr and Cd, respectively, compared
to removal percentages of 2.1% and 2.9% obtained using CuO-NPs [10].

Data recorded in Table 2 show some examples for green-synthesized CuO-NPs using
plant extracts and their catalytic activity based on sizes and shapes. As shown, the syn-
thesized CuO-NPs in the current study reveals various applications such as antibacterial,
antifungal, wastewater treatment, and heavy metal sorption. This promising activity could
be related to small sizes (5–30 nm) compared to others published research.

Table 2. Comparative study for the catalytic activity of some example for plant synthesized CuO-NPs.

Plant Precursor Size and Shape Applications Testing Conditions Catalytic Activity
(Degradation Rate) Ref.

Leaves aqueous
extract of Eucalyptus

Globoulus
88 nm, spherical Adsorption of

methyl orange dye

pH 6.5, CuO NPs dose
(0.045 g/L), and dye

concentration
(45 mg/L).

96% [3]

Leaves extract of
mint and orange

peels
150 nm, spherical Heavy metal (Pb, Ni,

and Cd) adsorption

pH 6, contact time
(60 min.), CuO NPs

dose (0.33 g L−1)

84% (Pb), 52.5% (Ni),
and 18% (Cd) [19]
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Table 2. Cont.

Plant Precursor Size and Shape Applications Testing Conditions Catalytic Activity
(Degradation Rate) Ref.

Leaves extract of
Camellia sinensis 6 nm, spherical

Photocatalytic
degradation of
methylene blue

pH 9, contact time
(180 min.), CuO NPs

dose (10 mg/mL), dye
concentration
(100 µg/mL)

85.5% [32]

Bark extract of
Prunus africana 8 nm, spherical

Photocatalytic
degradation of

methylene blue (MB)

pH 9, contact time
(180 min.), CuO NPs

dose (10 mg/mL), dye
concentration
(100 µg/mL)

83.2% [32]

Leaves extract of
Solanum lycopersicum

20–40 nm,
spherical

Photocatalytic
degradation of
crystal violet

Contact time
(300 min.), CuO NPs
dose (25 mg), light

source (visible), dye
concentration

(0.1 mg/100 mL).

97% [76]

Aqueous extract of
Serratula coronata 28 nm Photocatalytic

activity of MB

CuO NPs dose
(100 mg/mL), Contact
time (100 min.), light

source (visible)

69% [88]

Leave aqueous
extract of Portulaca

olracea
5–30 nm, spherical

Tanning wastewater
treatment, and heavy

metals (Co, Pb, Ni,
Cd, and Cr) sorption

Contact time (200
min.), CuO NPs dose

(2.0 mg/mL), sunlight,

Decolorization
percentage was

88.6 ± 1.5%; heavy
metal removal

percentages of 73.2
(Co), 80.8 (Pb), 72.4
(Ni), 64.4 (Cd), and

91.4 (Cr)

Current
study

3. Materials and Methods
3.1. Materials

The copper acetate, Cu(CH3COO)2.H2O which was used as a metal precursor for the
synthesis of CuO-NPs was analytical grade and obtained from Sigma Aldrich, Egypt. The
leaves of P. oleracea which were used for the green synthesis of CuO-NPs were collected
from cultivated land in El-Menofia governorate. The bacterial strains designated as Staphy-
lococcus aureus, Bacillus subtilis, E. coli, and Pseudomonas aeruginosa were used to investigate
the antibacterial activity and purchased from American Type Culture Collection (ATCC).
Tanning wastewater was collected from Robbiki Leather City, 10th of Ramadan, Cairo,
Egypt (GPS: 30◦17′898′ ′N: 31◦76′840′ ′ E). All reactions were achieved using dH2O.

3.2. Green Synthesis of CuO-NPs Using Aqueous Extract of Portulaca oleracea

The P. oleracea leaves were collected and washed thrice with tap water to remove any
foreign debris followed by drying at 40 ◦C to form ash and grind to a powder. After that,
7 g of the prepared powder was mixed with 100 mL dH2O under stirring conditions and
subjected to heating at 50 ◦C for one hour before centrifugation at 1000 rpm for 10 min
and the supernatant collected and used for biosynthesis of CuO-NPs as follows: 100 µg of
Cu(CH3COO)2.H2O was dissolved in 90 mL dH2O, mixed well and completed to 100 mL
with plant extract which was added dropwise to derive a final concentration of 5 mM. The
previous mixture was subjected to stirring for one hour and drops of 1N NaOH were added
to adjust the pH to 8. The greenish precipitate was collected by centrifugation at 1000 rpm
for 10 min and washed thrice with dH2O before being heated to dry at 200 ◦C for four
hours [52].
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3.3. Characterization

The sizes and shapes of plant-based CuO-NPs were analyzed using Transmission
electron microscopy (TEM, JEOL, Ltd-1010, Tokyo, Japan). The CuO-NPs powder was
dispersed in water using ultra-sonification and a few drops were loaded on the TEM-carbon
grid before being subjected to analysis. The particle size of synthesized CuO-NPs based
on TEM image was analyzed using ImageJ software v1.52a (NIH, Bethesda, MD, USA)
for more than 100 measurements from different images [89]. In addition, the qualitative
and quantitative chemical composition of plant-based CuO-NPs was assessed with Energy
dispersive X-ray (EDX) apparatus (JEOL, JSM-6360LA, Tokyo, Japan) through scanning
electron microscopy image analysis [54]. The crystallinity structure of plant-based CuO-
NPs was detected with X-ray diffraction using a PANanalytical-X’Pert-Pro-MRD equipped
with CuKα as an X-ray radiation source (λ = 1.54 Å) at a current of 30 mA and voltage of
40 KV. The analysis was achieved in the range of two Theta values from 10◦–80◦ [90]. The
average crystallite size of plant-based CuO-NPs was calculated using XRD analysis using
Debye–Scherrer’s equation as follows [91]:

Average crystallite size =
0.94 × 1.54
β cos θ

(1)

where 0.94 is a Scherrer constant, 1.54 is the wavelength of the X-ray, β is the full width of
the diffraction peak at a half maximum, and θ is the diffraction angle.

Fourier transform infrared (FT-IR) analysis was used to investigate the functional
groups in aqueous extract and which were then compared to functional groups in plant-
mediated biosynthesis of CuO-NPs. In this method, approximately 10 mg of synthesized
CuO-NPs were mixed with KBr, mixed well, and subjected to pressure to form a disk that
underwent scanning by FT-IR (Cary-660 model) in the ranges of 4000–400 cm–1 [3].

The formation of a greenish color was monitored by measuring its absorbance at a
wavelength in the range of 200–800 nm using UV-Visible spectroscopy (JENWAY 6305,
Staffordshire, UK). Approximately 2 mL of the synthesized solution was put in a quartz
cuvette and their absorbance measured at regular time intervals to detect the maximum
surface plasmon resonance (SPR).

Moreover, the hydrodynamic size as well as the size distribution in colloidal solution
was detected using dynamic light scattering (DLS) (Nano-ZS, Malvern Ltd., Malvern, UK).
The synthesized CuO -NPs were suspended in a highly pure solvent (MiliQ H2O) to avoid
the appearance of shadow on the signal during scattering analysis. Moreover, the surface
charge of synthesized CuO-NPs was assessed using the Zetasizer apparatus (Nano-ZS,
Malvern, UK).

3.4. Antimicrobial Activity

The antimicrobial activity of green-synthesized CuO-NPs was explored against dif-
ferent pathogenic microbes including Bacillus subtilis ATCC6633, Staphylococcus aureus
ATCC6538 (Gram-positive bacteria), Escherichia coli ATCC8739, Pseudomonas aeruginosa
ATCC9027 (Gram-negative bacteria), and Candida albicans ATCC10231 (unicellular fungi)
by the agar well diffusion method [92]. The test organisms were sub-cultured on nutrient
agar (for bacteria) and yeast extract peptone dextrose (YEPD) agar media (for C. albicans)
and incubated at 35 ± 2 ◦C for 24 h. At the end of the incubation period, a single colony
from sub-cultured organisms was picked up by sterile swap and spread uniformly over the
surface of the Muller Hinton agar plate (Ready-prepared, Oxoid) before being prepared
in wells (0.7 mm in diameter). Approximately, 100 µL of prepared CuO-NPs colloidal
solutions (200, 100, 50, 25, 12.5, 6.25, and 3.12 µg mL–1) were added to wells before being
incubated at 35 ± 2 ◦C for 24 h. The DMSO (solvent system) was used as a control. In the
end, the positive results were recorded as the diameter (mm) of clear zones formed around
each well. The minimum inhibitory concentration (MIC) for each organism was detected
as the lowest concentration of synthesized CuO-NPs that formed a clear zone [93]. The
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experiments were performed in triplicate and the data are represented as average values
and standard deviation intervals.

3.5. Tanning Wastewater Treatment

The catalytic activity of green-synthesized CuO-NPs was investigated using the degra-
dation and decolorization of crude tanning wastewater at different concentrations (0.5, 1.0,
1.5, and 2.0 mg/mL) for various contact times (20, 40, 60, 80, 100, 120, 140, 160, 180, and
200 min) under dark and sunlight incubation conditions. The catalytic experiment was
achieved at 35 ± 2 ◦C and measured the pH of the treatment solution before and after treat-
ment. The catalytic batch was created under aeration condition using low-pressure, high
efficiency blower and a medium bubble diffuser assembly. A known volume of tanning
wastewater was mixed with a specific concentration of synthesized CuO-NPs and subjected
to stirring (150 rpm) for 30 min before the experiment to attain the absorption/desorption
equilibrium. One set of experiments was incubated under dark conditions and a similar
set was incubated under sunlight irradiation conditions. Each treatment was achieved in
triplicates. The decolorization percentages (%) were measured through the withdrawal
of 1 mL of the mixture after specific times, centrifuged at 10,000 rpm for 5 min, and their
absorbance measured at a wavelength of 550 nm using a spectrophotometer (721-Spectro.,
M-ETCAL). The percentages (%) of decolorization were calculated using the following
equation [94]:

Decolorization percentages(%) =
A0 −At

A0
× 100 (2)

where A0 is the absorbance at 0 h (before experimenting) and At is the absorbance at the
end of a specific time.

The physicochemical characteristics of tanning wastewater were measured from a
sample obtained from optimum conditions. These characteristics including chemical
oxygen demand (COD), biological oxygen demand (BOD), total dissolved solids (TDS),
total suspended solids (TSS), and conductivity were measured according to standard
methods [95]. Moreover, the heavy metals [lead (Pb), cobalt (Co), nickel (Ni), cadmium (Cd),
and chromium (Cr)] were measured from the sample obtained from optimum conditions
and compared to untreated wastewater. These heavy metals were measured using atomic
adsorption spectroscopy (A PerkinElmer Analyst 800 atomic spectrometer).

3.6. Statistical Analysis

The obtained data in the current study are represented as means of three replicates ±
standard deviation (±SD). The raw data were analyzed using the statistical package SPSS-
V17. The difference between varied treatments was analyzed with the ANOVA (analysis of
variance) test followed by Tukey’s HSD test at p < 0.05.

4. Conclusions

• Copper oxide nanoparticles were prepared using Egyptian purslane extract as a
reducing agent; such a green method is safe, easy, and cost-effective compared to the
other physical and chemical methods.

• We obtained spherical, tiny (5–30 nm size range), crystalline, and highly stable (zeta-
potential value of −24.6 mV) CuO-NP

• The green CuO-NP inhibited the growth of tested pathogens (Staphylococcus aureus,
Bacillus subtilis, E. coli, Pseudomonas aeruginosa, and Candida albicans) with small con-
centrations (MIC range = 6.25–25 µg/mL.).

• The catalytic activity of CuO-NP in darkness recorded 70.3% decolorization, while
sunlight irradiation improved the catalytic activity of nanoparticles to 88.6%.

• CuO-NP proved to be a powerful nano-sorbent, reducing Co, Pb, Ni, Cd, and Cr (VI)
in wastewater with percentages of 73.2, 80.8, 72.4, 64.4, and 91.4%, respectively.
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• Nano-treatment of tannery wastewater was effective in reducing the physicochemical
properties of the wastewater, including TSS, TDS, COD, BOD, and conductivity with
percentages of 95.2, 86.7, 91.4, 87.2, and 97.2%, respectively.

• It can be concluded that biosynthetic CuO-NPs have a dual function in the control of
pathogenic microbes and the wastewater treatment of tanneries, and we recommend
that they be implemented in practice.
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