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In this study, CuO/Cu(OH)2 (denoted as CuONs) nanostructures were synthesized relying to a cheap and
rapid chemical co-precipitation method using copper sulfate and liquid ammonia as precursors. Results
obtained from X-ray diffraction, and field emission scanning electron microscopy analysis revealed the
crystalline nature of synthesized CuONs. Fourier transform infrared spectroscopy and energy dispersive
spectroscopy studies showed interactions between copper and oxygen atoms. Synthesized CuONs
showed the size in the range of 20e30 nm using high resolution transmission electron microscopy
analysis. The photocatalytic degradation performance of Reactive Green 19A (RG19A) dye using CuONs
was evaluated. The results showed that CuONs exhibited 98% degradation efficiency after 12 h and also
complete mineralization in form of reducing chemical oxygen demand (COD) (84%) and total organic
carbon (TOC) (80%). The nanocatalyst was recovered from the dye containing solution and its catalytic
activity can be reused up to four times efficiently. CuONs was also able to decolorize actual textile
effluent (80% in terms of the American Dye Manufacturers' Institute (ADMI) value) with significant re-
ductions in COD (72%) and TOC (69%). Phytotoxicity studies revealed that the degradation products of
RG19A and textile effluent were scarcely toxic in nature, thereby increasing the applicability of CuONs for
the treatment of textile wastewater. Additionally, the CuONs showed a maximum antibacterial effect
against human pathogens which also displayed synergistic antibacterial potential related to commercial
antibiotics. Moreover, CuONs displayed strong antioxidant activity in terms of ABTS (2,20-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (IC50: 51 mg/mL) and DPPH (1,1-diphenyl-2-picrylhydrazyl)
(IC50: 60 mg/mL) radical scavenging. The CuONs exhibited dose dependent response against tumor rat C6
cell line (IC50: 60 mg/mL) and may serve as anticancer agents.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Extensive research in the area of nanotechnology has grown to a
higher extent attention and plays a ground-breaking role in
atale).
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y studies and their biogenic
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modifying the molecular and atomic stages of materials. Materials
reduced at nanometric scale display significantly different and
exclusive characteristics and are extensively applied with varia-
tions in scientific fields (Saratale et al., 2017, 2018). Nanoscale metal
oxide materials are considered as vital constituents in micro/
nanoscale devices due to its certain specific size and size oriented
physico-chemical characteristics. Cupric oxide (CuO) has become a
widely accepted metal oxide because of a large surface area,
ivity of CuO/Cu(OH)2 nanostructures in the degradation of Reactive
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remarkable magnetic and super-hydrophobic properties, being a p-
type semiconductor having energy at slight band gap (1.2 eV), and
also with superior catalytic activity and selectivity (Nezamzadeh-
Ejhieh and Salimi, 2011; Filipi�c and Cvelbar, 2012). The copper ox-
ide nanoparticles/nanostructures possess array of applications
including its use in gas and bio-sensors, batteries, photodetectors,
supercapacitors, solar cells, nanofluid, organic catalysis, super-
hydrophobic surfaces, modification of electrode as non-enzymatic
electrode, as well as for the elimination of organic contaminant
(including dyes and heavy metals etc.) from waste water (Navaee
and Salimi, 2017; Choi and Jang, 2010; Wang et al., 2011; Zhang
et al., 2011; Amani-Beni and Nezamzadeh-Ejhieh, 2017; Maleki
et al., 2015; Yavari et al., 2016). Furthermore, it has also shown
excellent antimicrobial activity against various bacterial strains
(Ren et al., 2009).

To increase the application of copper oxide nanostructures, their
synthesis or preparation process should be simple, cost effective,
scalable, and nontoxic in nature. There are many different ap-
proaches such as thermal oxidation, wet chemical methods, mi-
crowave irradiation, precipitation pyrolysis, sonochemical
methods, thermal oxidation, and electrochemical methods were
studied to synthesize different sizes and shapes of copper oxide
nanostructures (CuONs) (Zhang et al., 2014; Phiwdang et al., 2013;
Wongpisutpaisan et al., 2011). Different synthetic process such as
hydrothermal and chemical precipitation are extensively used for
the synthesis of CuONs. Precipitation methods are more advanta-
geous due to less energy and temperature requirements, they are
economically feasible low-cost, thus providing a good yield. These
methods have been found to be effective to prepare CuONs for large
scale production displaying property with controlled shape,
configuration, and are being reproducible (Wang et al., 2011; Zhang
et al., 2014; Phiwdang et al., 2013; Katwal et al., 2015; Nezamzadeh-
Ejhieh and Zabihi-Mobarakeh, 2014).

In the current scenario, organic/synthetic dyes are widely
applied in various industries such as textile dyeing, paper, phar-
maceuticals, cosmetic ingredients, and in different sectors. It is
reported that about 10,000 different textile dyes are regularly used
in different industrial sectors (Saratale et al., 2011). It has been
observed that about 280,000 tons which is about 15e50% of these
dyes are expelled in form of industrial effluents worldwide every
year. Among these dyes, azo dyes constitutes the largest class and
constitutes about 70% of the total textile dyestuffs used (Sapkal
et al., 2012; Buthiyappan et al., 2016). The release of textile and
dye-house effluent causes abnormal coloration of the surfacewater,
poor water quality, and eutrophication that directly affects the
aquatic flora and fauna, thus poses a threat to environmental safety
(Saratale et al., 2009; Bedekar et al., 2014). Photocatalytic degra-
dation of these azo dyes involves cleavage of azo bond linkage that
generates aromatic amines which are highly toxic, can be muta-
genic and carcinogenic leads to have a great impact on human
health (Salehi et al., 2016, 2017; Novotny et al., 2011). To treat dye
wastewater, various common methods have been reported like:
chlorination, coagulation, membrane separations, ozonation, elec-
trochemical oxidation process, ion exchange, adsorption using
activated carbon, and biological based methods (Houas et al., 2001;
Sapkal et al., 2012; Saratale et al., 2011a, 2016).

Photocatalytic oxidation is an advanced oxidation process in
which a photocatalyst is used to absorb light energy thereby
completely mineralizing or neutralizing the organic contaminants.
A number of metal oxides and metal ions were reported for the
detoxification of various organic contaminants using photocatalytic
processes (Houas et al., 2001; Kou et al., 2017; Akpan and Hameed,
2009; Derikvandi and Nezamzadeh-Ejhieh, 2017). This technique
appears to be more effective for the treatment of this unsafe and
toxic chemical compounds in wastes into nontoxic, safer degraded
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products under optimum environmental conditions (Mansouri
et al., 2017; Gaya and Abdullah, 2008; Putri et al., 2016). In view
of the advantages, we aimed to decolorize and degrade toxic, sul-
fonated azo dye RG19A and actual textile effluent using the syn-
thesized CuONs. C.I. Reactive Green 19A is themost commonly used
dye in different allied industries. To determine whether its degra-
dation products could be less toxic in nature, we also checked the
toxicity of its metabolites after photocatalytic degradation by
CuONs. In the past two decades, a quick hastening in the ability to
fight off against commercial antimicrobial agents have been
observed, and so measurement of antibacterial activity of CuONs
has become increasingly significant Rehana et al., 2017; Saratale
et al., 2017, 2018. Moreover in view of their medicinal and tech-
nological uses, determination of antioxidant and anticancer activity
of synthesized CuONS is required and which was addressed in this
study.

The aim of this study is mainly focused on the preparation and
characterization of synthesized CuONs. Besides, the photocatalytic
degradation efficiency of CuONs for RG19A dye in aqueous solu-
tions and actual textile effluent under UV light irradiation was
investigated. Their mineralization was confirmed by chemical ox-
ygen demand (COD) and total organic carbon (TOC) measurement,
and the toxicity of the dye metabolites through degradation were
evaluated by phytotoxicity studies. Additionally, to determine the
potential antimicrobial applications of CuONs, we designed ex-
periments to study their antibacterial effect against human path-
ogenic bacterial strains such as Escherichia coli and Staphylococcus
aureus. In addition, the antioxidant potential and anticancer activ-
ity against tumor rat glial C6 cell lines of synthesized CuONs are
also evaluated.

2. Materials and methods

2.1. Synthesis of copper nanostructures (CuO/Cu(OH)2)

Copper sulfate pentahydrate (CuSO4$5H2O) and liquid ammonia
(NH3) were used of analytical grade. Synthesis of CuONs nano-
structures were performed using a co-precipitation method with a
precursor such as copper sulfate and liquid ammonia. First, the
precursor CuSO4 was suspended in 100mL of deionized water to
form a 0.1M concentration solution. Liquid ammonia solution was
slowly dropped in a Teflon flask at 80 �C under vigorous stirring
until the pH (pH 11) was achieved and then stirred for 2 h, which
then turned to form a bluish black precipitate. The solution was
further stirred continuously for a long period of time until the
complete precipitation was achieved. The black precipitate ob-
tained was centrifuged, washed thoroughly with number of times
using distilled water followed by thrice with pure ethanol, and then
dried at 80 �C for 16 h.

2.2. Characterization of synthesized CuONs

Structural measurements of the synthesized CuONs were car-
ried out with an X-ray diffraction (Dmax III-A type, Rigaku Co.,
Japan) using Cu-Ka radiation (K¼ 1.54 Ao) and a scan range from
20� to 80� at 0.04� per min with a time constant of 2 s. The particle
size was then calculated from X-ray diffraction (XRD) spectra using
the Scherrer's equation. The size and morphology of the CuONs
were examined by field emission scanning electron microscopy
(FE-SEM) using a JEOL-64000 (Japan) connected to an attached
energy-dispersive X-ray (EDX) spectroscope, and the phase iden-
tification of the sample was determined using XRD with Cu Ka
incident radiation, a tube voltage of 40 kV, and a current of 30mA.
Fourier transform infrared (FTIR) spectra of CuONs recorded for the
4000e400 cm�1 range were made by the co-addition of 32 scans
tivity of CuO/Cu(OH)2 nanostructures in the degradation of Reactive
properties (antibacterial and anticancer), Journal of Environmental
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with a resolution of 4 cm�1 using the instrument of PerkinElmer
(Norwalk, CT, USA). The morphologies and size distribution of
CuONs were determined by high-resolution transmission electron
microscopy (HR-TEM) and along with this the patterns of selective
area diffraction (SAED) were analyzed with Tecnai G2 20 S-TWIN
(FEI Company, US) instrument. The average particle size of CuONs
was measured from individual particles on the TEM images.

2.3. Photocatalytic degradation of dye RG19A by CuONs

To investigate the catalytic activity, 50mL of dye RG19A aqueous
solution (50mg/L) was mixed and 200mg/L of CuONs was added
and sonicated for 10e15min before dye addition to enhance the
dispersion of the CuONs in the reaction mixture. The photocatalytic
degradation of dye by CuONs was performed in a Vilber Lourmat
Multilamp-photoreactor at room temperature at a UV-A wave-
length at 365 nm having intensity 1000 mW/cm2 at distance of
15 cm. The flask contain reaction mixturewere put on themagnetic
stirrer to get continuous stirring speed of 100 rpm. At specific time
intervals, an aliquot (2mL) of the reaction mixture was collected
and centrifuged for the determination of absorbance with a
UVevisible spectrophotometer (Optizen, Model 2120 UV plus) at a
wavelength range of 300e800 nm. Initially, we checked the
decolorization of RG19A performance using the synthesized CuONs.

Decolorization of RG19A using the synthesized CuONs was
studied under various operational conditions: (i) UV irradiation
without CuONs (photolysis), (ii) in the dark with CuONs (adsorp-
tion), and (iii) UV irradiation with CuONs (photocatalysis). More-
over, photocatalytic degradation efficiency of CuONs were analyzed
to study the effect at different initial concentrations of RG19A
(50e200mg/L) while keeping a constant CuONs concentration
(200mg/L), and the decolorization effect of different concentra-
tions of CuONs (100e500mg/L) while keeping a constant RG19A
concentration (100mg/L). All the experiments of photocatalytic
degradation studies were carried out in three sets.

The photodegradation of dye follows the pseudo first-order ki-
netics according to the LangmuireHinshelwood model, so the
photodecolorization rate of each dye was studied by the following
equation:

ln C=C0 ¼ �kt

The rate constants (k) were calculated from the slopes of the
straight-line segment of the plots of ln (C/C0) versus t as a function
of the used experimental parameters.

2.4. Reusability studies

To study the reusability of CuONs, after the complete degrada-
tion of RG19A under optimized conditions, the used particles were
collected by centrifugation (6000 rpm for 15min) from the reaction
mixture. The separated CuONs were suspended in ethanol and
acetone and were washed several times for use in the next cycle.
The same procedure was repeated to 4 times. Experiments without
CuONs (control) was also considered during the repeated batch
studies for comparison under identical experimental procedures.

2.5. Photocatalytic degradation of actual textile effluent by CuONs

The actual textile effluent was passed through filter paper using
Whatman no. 1 for separation of solid residues. Then the filtered
effluent were taken in Erlenmeyer flasks (250mL) and the flasks
were autoclaved at 121 �C for 20min to remove the microbial flora.
The effluent was then diluted with a 1:1 proportion of sterile
distilled water and used in the photocatalytic degradation by
Please cite this article in press as: Saratale, R.G., et al., Photocatalytic act
Green 19A and textile effluent, phytotoxicity studies and their biogenic
Management (2018), https://doi.org/10.1016/j.jenvman.2018.04.072
CuONs studies. A small amount of aliquots (about 2ml) were
collected at certain time intervals for analyzing color removal
during photocatalysis. Similar conditions were applied for textile
effluent without CuONs (control set) as mentioned above.

2.6. Phytotoxicity studies of RG19A, textile effluent, and their
degraded products after photocatalytic treatment

The phytotoxicity of RG19A, actual textile effluent, and their
degraded products after photocatalytic degradationwas performed
to study their toxic effects on common agricultural crops (Sorghum
vulgare and Phaseolus mungo). RG19A, actual textile effluent, and
their photocatalytically degraded products were extracted in ethyl
acetate using solvent extraction method, evaporated and then
dried. The dried degraded products were then suspended in
distilled water so as to make a final concentration of 400 ppm. The
phytotoxicity experiments were performed at room temperature
(~28 �C). Ten seeds of S. vulgare and P. mungo plants were sown into
a plastic sand pot and watered separately with 5mL per day of
RG19A (400 ppm), actual textile effluent (diluted 1:1), and at a
similar concentration of metabolites of dye and actual textile
effluent (400 ppm) which were acquired after photocatalytic
degradation by CuONs. A control set using distilled water was also
maintained and the seeds were watered with 5mL every day.
Phytotoxicity effect was determined by measuring the germination
rate, plumule and radicles length of seedling growth of the plants
after a week by using the method as reported in (Saratale et al.,
2016).

2.7. Antibacterial activity of CuONs

In this study the antibacterial efficacy of synthesized CuONs was
tested against Staphylococcus aureus and Escherichia coli as different
human pathogenic bacteria using a disc diffusion assay using the
procedure reported earlier (Saratale et al., 2017). In brief synthe-
sized CuONs sample was loaded at a concentration of 50 mg CuONs/
disc onto a sterile Whatman No. 1 paper discs (5mm diameter).
Following this, under sterile conditions, the discs were air-dried
and finally retained on LuriaeBertani agar plates already loaded
with microbial cultures using cotton swab and incubated overnight
at 37 �C in bacteriological incubator. In addition to this, the syner-
gistic antibacterial performance of synthesized CuONs was
compared with commercial standard antibiotics: amoxicillin, oxy-
tetracycline, and vancomycin (the standard antibiotic discs were
obtained from Liofilchem, Italy) against S. aureus, and E. coli. The
zone of inhibition (diameter in mm) were calculated surrounding
the paper discs.

2.8. Antioxidant potential of CuONs

The free radical scavenging activity of the CuONs was deter-
mined with DPPH (2,2-diphenylamine-1-picryl hydrazyl) and ABTS
salt (2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) as a
free radical as per the reported method in our previous studies
(Saratale et al., 2017). The assay containing the reaction mixture of
DPPH solution (about 2mL) and CuONs (0.2mL) at different con-
centrations was vortexed and further incubated in dark at room
temperature for 30min in order to allow DPPH radical scavenging
to take place. Then by keeping the catechol as a standard solution,
the absorbance for the above reaction mixture was determined at
517 nm. For ABTS assay, ABTS salt (2,20-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid, (7.0 mM) and potassium
persulfate (2.45 mM)weremixed together to form ABTSþ by placing
the solution in the dark for 16 h at 25 �C. The resulted solution of
ivity of CuO/Cu(OH)2 nanostructures in the degradation of Reactive
properties (antibacterial and anticancer), Journal of Environmental



Fig. 1. (a) XRD diffractogram and (b) FTIR spectrum of the synthesized CuONs before
and after photocatalytic treatment.
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ABTSþ was diluted with ethanol (80%, v/v) to attain the absorbance
0.70 at 734 nm by a spectrophotometer (Moldovan et al., 2016).
Solution was then diluted with various concentrations of CuONs
(each 0.2mL) and mixed with ABTSþ solution (2mL) then further
immediately vortexed for 10 s and again after 6min. Later, by taking
ascorbic acid as a standard the absorbance was recorded spectro-
photometrically at 734 nm. Each assay always contained a control
set (without CuONs) throughout the experiment. All assays were
carried out in three sets. The results in form of IC50 values (effective
concentration that display 50% inhibition) were shown. The per-
centages of the DPPH and ABTSþ scavenging radicals by the CuONs
were determined using the method as reported earlier (Saratale
et al., 2017).

2.9. Anticancer activity of CuONs against rat glial tumor C6 cell

The anticancer effect of CuONS were analyzed by treating with
rat glial tumor C6 cell purchased from American Type Culture
collection (ATCC). The anticancer activity of the CuONs was deter-
mined in C6 cell lines. The cell viability assay was carried out
following the standard procedure of MTT assay which is described
recently (Saratale et al., 2018). During this assay positive control of
Doxorubocin (DOX) was added at concentration of 25 mg/mL. The
percentage of cell viability was calculated which determines the
anticancer potential of CuONs. In this study for each concentration
three replicates were used.

2.10. Analytical studies

For MTTassay the cell viability readings were read bymulti-well
plate reader at 595 nm (Biotek, Epoch microplate spectrophotom-
eter, Winooski, USA). Photocatalytic degradation of RG19A was
quantitatively analyzed using a UVevisible spectrophotometer
(Hitachi U-2800). To determine the degree of mineralization of
RG19A before and after photocatalytic degradation using CuONs
the reduction in total organic carbon (TOC) and chemical oxygen
demand (COD) was determined (APHA, 1998). Under similar con-
ditions with the test, a control using distilled water was used
throughout the experiment and the complete procedure for TOC
and COD is mentioned in our earlier study (Saratale et al., 2009).
Similar procedures were employed for the textile effluent studies.
For the dye wastewater study, the true color level independent of
hue was measured using the American Dye Manufacturers' Insti-
tute (ADMI 3WL) tristimulus filter method (Saratale et al., 2011a).
The ADMI removal ratio (%) of textile effluent before and after
photocatalytic treatment is calculated as follows:

ADMI removal ratio ð%Þ ¼ Initial ADMIð0 hÞ � Observed ADMIt
Initial ADMIð0 hÞ

� 100%;

where ADMI(0 h) and ADMI(t) are the initial ADMI value (at 0 h) and
the ADMI value after a particular reaction time (t), respectively.

2.11. Statistical analysis

All biological data were analyzed by one-way analysis of vari-
ance (ANOVA) followed by Tukey's HSD test. A threshold of P¼ 0.05
was considered significant to assess differences among means.

3. Results and discussion

In the present work, we proposed a chemical co-precipitation
synthesis of CuONs using copper sulfate and liquid ammonia as
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precursors. The resulting CuONs were characterized using various
analytical techniques (XRD, FTIR, FE-SEM, EDX spectroscopy, and
HR-TEM) for the determination of size, shape and surface mor-
phologies of the synthesized CuONs.
3.1. Characterization of synthesized CuONs

Fig. 1a shows X-ray diffraction (XRD) patterns of CuONs syn-
thesized via the proposed chemical co-precipitation method; the
all plot of the preparedmaterial shows amixedmonoclinic phase of
CuO/Cu(OH)2 materials. The detected diffraction peaks of the
monoclinic phase of CuO/Cu(OH)2materials were found at different
diffraction angles: 22.74�, 28.04�, 32.20�, 33.42�, 35.50�, 39.12�, and
53.34� corresponding to the lattice planes (021), (112), (110), (002),
(002-111), (111-200), and (150,132) of the monoclinic CuONs phase
(JCPDS card No. 80-1917), respectively (Nezamzadeh-Ejhieh and
Hushmandrad, 2010). The perfect peak intensities identified
clearly matched the mixed crystalline structure of CuO/Cu(OH)2,
and no additional phase was observed. The intensity of plane (002-
111) was found to be the largest of all the other peaks observed in
the diffraction pattern of synthesized CuONs.

The crystallite size is calculated using the well-known Scherrer
formula given below:

D ¼ 0:9l
b cos q

; (1)

where D is the crystallite size, l is wavelength of Cu-Ka radiation, b
is the full width at half maximum, and q is the Bragg angle. The
tivity of CuO/Cu(OH)2 nanostructures in the degradation of Reactive
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crystallite size of synthesized CuONs (D value) was calculated as
approximately 24 nm.

FTIR measurements were carried out in order to identify the
presence of various functional groups in CuONs. The FTIR spectrum
of synthesized CuONs shows weak absorption peaks at 3456 and at
1630 cm�1, which are ascribed with the stretching and bending
vibrations related to water molecules and surface hydroxyls,
respectively, that are chemically associated with CuO (Fig. 1b). A
peak at 3300 cm�1 corresponds to CeH bond stretching, whereas
the stretching of carbonyl C]O bonds results in a peak at 1100-
1200 cm�1. The obtained strong absorption peaks at 493, 592, and
600 cm�1 (in the 490-800 cm�1 spectrum) confirmed the typical
monoclinic phase of pure CuO (Fig. 1b). The metaleoxygen (MeO)
stretching in CuO can be seen at 650 cm�1, which is considered as a
characteristic band of the monoclinic phase of CuO. The results are
similar to those in previous reports (Dhineshbabu et al., 2016;
Gandhi et al., 2010).
3.2. Morphological and elemental analysis of synthesized CuONs

The most important factors that influence catalytic activity are
the structure and morphology of the photocatalyst. The surface
morphological study of chemically synthesized CuO/Cu(OH)2 films
was carried out using FE-SEM. Fig. 2a depicting the FE-SEM
micrograph of CuO/Cu(OH)2 nanostructures show interconnected
nanopetal- or nanorod-like morphology all over the surface area of
Fig. 2. (a) FE-SEM, (b) EDX, (c) HR-TEM and (d

Please cite this article in press as: Saratale, R.G., et al., Photocatalytic act
Green 19A and textile effluent, phytotoxicity studies and their biogenic
Management (2018), https://doi.org/10.1016/j.jenvman.2018.04.072
the sample having grain sizes varying from 36 to 250 nm. Such a
type of compact morphology indicates a high surface area that of-
fers the structural basis for the high surface performance. Signifi-
cantly, a highly compact nanostructure is a potential candidate for
photocatalytic degradation as well as various biological applica-
tions requiring antibacterial and antioxidant properties. Fig. 2b
shows the EDX spectrum of the synthesized CuONs where the
peaks are related to the chemical composition of both copper, ox-
ygen and the other minor peaks of the substrate, made of Si, C and
Au. No other elements was detected, excluding the presence of CuO
or Cu(OH)2. The EDX spectrum analysis shows the conformation of
Cu and O states in all of the CuONs samples. The Cu:O atomic ratio
was observed to be 2:1, confirming the presence of CuO and
Cu(OH)2, which can be concluded from XRD pattern.

HR-TEM analysis demonstrated that synthesized CuONs
exhibited an approximate equiaxed shape with no sharp edges
observed, as shown in Fig. 2c. The representative HR-TEM image of
the CuONs shows a lattice fringewith a regular spacing of 0.253 nm
(along the c-axis), which further confirms these particles are single
crystals, uniformly shape, and dislocation free. The average particle
sizes obtained from TEM images were 22.40± 1.61 nm for CuONs
(Fig. 2c) and found to be very near to the crystallite size measured
using the XRD results, which proves the results of TEM are in well
agreement as that of the XRD results. The SAED pattern (Fig. 2d)
taken of the platelet exhibits the crystalline structure of CuONs,
which also correlates with the XRD results presented above. Similar
) SAED pattern of the synthesized CuONs.

ivity of CuO/Cu(OH)2 nanostructures in the degradation of Reactive
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results were obtained in a previous study of CuO nanocrystals
synthesized on copper foil through a mild hydrothermal process
(Liu et al., 2006).
3.3. Photocatalytic degradation of RG19A using the synthesized
CuONs

C.I. Reactive Green 19A being toxic, sulfonated azo dye and pose
health risks, thus the removal of dye and its further complete
degradation leads to a growing frame of research. (Fig. 3a). Pho-
tocatalytic degradation has proved to be an efficient tool for the
destruction of broad range of organic contaminants with higher
mineralization (Navaee and Salimi, 2017; Kou et al., 2017). Both the
photocatalyst (CuONs) and a light source are important to ensure
the photocatalysis reaction in effective manner. In the case of the
synthesized CuONs, almost complete degradation of RG19A was
achieved (98%) within 12 h of incubation which shows that it is a
very efficient photocatalyst in RG19A dye degradation. Up to 6 h of
incubation the dye degradation efficiency was found higher how-
ever, further increase in incubation no significant difference in the
degradation efficiency was observed and thus this time could be
considered as optimum contact time.

In the preliminary investigation, three experiments were car-
ried out: (i) irradiation of RG19A with UV light, (ii) CuONs with UV
light irradiation, and (iii) CuONs without light irradiation, as shown
in Fig. 3b. There was very slight degradation (0.5%) was observed
when the reaction in the presence of UV light without a catalyst
occurred. There was no degradation noticed in the existence of UV
light. In addition, less than approximately 5% decrease in dye
concentration took place in case of the experiment performed with
CuONs in the absence of UV light this might be due to the
adsorption whereas with CuONs in the presence of UV light irra-
diation, complete photocatalytic degradation of RG19A was recor-
ded. From this, it is clear that UV light and the photocatalyst are
Fig. 3. (a) The chemical structure and information about Reactive Green 19A (RG19A)
dye common name: Green HE4BD, CAS No.: 61931-49-5, lmax (nm): 640 tested in this
study, (b) The effect of various conditions on the photocatalytic degradation perfor-
mance of CuONs (200mg/L) on RG19A (50mg/L).
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indispensable for the enhanced degradation of RG19A dye. It was
found that the color of the catalyst before and after use was the
same which was confirmed by FTIR and XRD analysis in which
there is no change in peaks in FTIR spectrumwas recorded however
reduction in the intensity of XRD diffractogram was observed in
repeatedly used sample. These results suggest that the photo-
catalyst is stable and also reveals that the adsorbed RG19A had been
completely degraded. Similar performance was seen in case of the
photocatalytic degradation of Trypan Blue and Methyl Orange azo
dyes by cerium-loaded CuO nanoparticles (Sasikala et al., 2016).
3.4. Time course degradation of RG19A and its UVevis spectra

UV visible spectroscopy can be considered one of the essential
tool to understand the degradation performance of textile dyes or
colorants. Fig. 4 shows the changes in the extinction spectra of
RG19A taken at different time intervals during the photocatalytic
degradation and observed in the wavelength region between 300
and 800 nm. During time course degradation absorption spectra
showed a decrease in absorption peak intensity at 600 nm, con-
firming the degradation of RG19A, as shown in Fig. 4. Noticeable
changes occurred in the absorbance spectra of RG19A recorded at
regular time intervals under UV light irradiation with the CuONs
photocatalyst. During the time course of the degradation experi-
ments, the dye RG19A decolorized and degraded due to decom-
position (photoelectrochemical oxidation). The absorbance at
200e800 nm endorsed the p / p* transition of the aromatic part
of azo dyes, the reason for the color of azo dyes and the decrease in
absorbance is mainly because of the degradation of aromatic ring
present in the dye (Subash et al., 2014). Upon increased reaction
time, all of the absorbance peaks of the dye molecules decreased
steadily and no new peaks are shown during irradiation in the
analyzed wavelength range. This denoted the main chromophoric
group and aromatic part in the original dye solution were devas-
tated in the presence of CuONs under UV light illumination. Similar
result was observed in the photocatalytic degradation of Metanil
Yellow (an azo dye) using UV-TiO2 and Trypan Blue and Methyl
Orange by cerium loaded CuO nanoparticles (Sasikala et al., 2016;
Sleiman et al., 2007).

For more details of photocatalytic activity of CuONs sample, we
have calculated band gap energy of synthesized CuONS sample
using following classical relation.
Wavelength (nm)
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Fig. 4. Uvevis spectra of the photocatalytic degradation of RG19A (50mg/L) using
CuONs (200mg/L) over different time intervals.
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Fig. 5. The photocatalytic degradation of RG19A (50e250mg/L) using synthesized
CuONs (200mg/L), and (B) different CuONs concentrations (100e500mg/L) for the
degradation of RG19A (100mg/L).
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a ¼ A
�
hn� Eg

�n=2
hn

where, a is the absorption coefficient, A is proportionality constant,
h is the Plank's constant, ʋ is the light frequency of photon, Eg is the
band gap energy, n depends on the nature of transition in a semi-
conductor (n¼ 1 for direct or indirect n¼ 4 transition) materials.

Fig. S1 shows the optical absorption spectrum of CuONs ranging
from ultraviolet to visible regions (200e800 nm). A sharp absor-
bance peak at 298 nm could be attributed to the plasmon resonance
absorption of CuO nanostructures. Fig. S1 inset shows a plot of in-
tercepts of the tangents to the (ahʋ)2 versus photon energy (hʋ) for
the determination of the band gap. This plot was found a linear at
the absorption edge, confirming that the material has a direct band
gap, extrapolation of straight line to the energy axis for zero ab-
sorption coefficient value gives the optical band gap emulsion. The
optical absorbance with wavelength confirmed that the CuONs is
semiconducting material with band gap (Eg) energy which was
found to be 2.39 eV. This calculated value of band gap energy is in
accordance with the reported literature (Rayapa Reddy, 2017).

Chemical oxygen demand (COD) and total organic carbon is a
significant factor for evaluating the concentration of untreated
organic components present in wastewater. The mineralization of
RG19A was evaluated by measuring the COD and TOC content at
different time intervals of illuminated solution applying appro-
priate UV light environment. About 84% of COD and 80% of TOC
reduction was observed after 12 h of photocatalytic degradation by
CuONs (data not shown). The TOC and COD results clearly point out
the complete breakdown of dye molecules into CO2 and H2O
resulting in significant mineralization.

3.5. Optimization of various physicochemical conditions

In the photocatalytic degradation of dyes process mainly based
on several parameters like the type and the concentration of the
organic compound, source of light, and light intensity, pH, and
temperature (Akpan and Hameed, 2009). The decolorization per-
formance of the CuONs (200mg/L) on RG19A was carried out by
using different dye concentrations (50e250mg/L). It was observed
that with the increasing concentrations of dye, the rate of degra-
dation performance decreased (Fig. 5a). Dye concentrations of 50,
100, and 150mg/L achieved about 100, 98, and 92% of degradation
at 8, 12, and 18 h, respectively. However, when the dye concentra-
tion was 200mg/L, only 70% degradation was noticed after 24 h.
The percentage of degradation declined sharply at dye concentra-
tions greater than 250mg/L, where only 40% degradation was
achieved at 24 h of incubation. Additionally, the photocatalytic
degradation performance having concentration of dye at 100mg/L
was performed using various CuONs concentrations. Complete
degradation at different CuONs concentrations (100, 200, 300, 400,
and 500mg/L) was achieved after 20, 12, 8, 6, and 5 h, respectively
(Fig. 5b). These results proved that the photocatalytic degradation
rate increases with an increase in concentration of CuONs. The
cause behind this is that increased loading of CuONs leads to in-
crease the number of total active sites on the surface of the pho-
tocatalyst which enhances absorption of photons and hence
generation of more hydroxyl radicals. However, above the optimum
value, the degradation rate decreases this might be owing to the
interception of the light by the suspension, aggregation of the
catalyst particles and scattering effects, and reduction in the
penetration of photons (Esmaili-Hafshejani and Nezamzadeh-
Ejhieh, 2016; Nezamzadeh-Ejhieh and Ghanbari-Mobarakeh,
2015; Chakrabarti and Dutta, 2004). The present investigation
revealed that CuONs induced photoelectrocatalysis of RG19A
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follows the first order kinetics derived from the first order plots
(Table S1) which is similar to earlier reports (Naghizade Asl et al.,
2016) The photodegradation rate constants (based on the slopes
of the corresponding curves) are presented in Table S1.
3.6. Reusability and stability of the CuONs during the
photocatalytic degradation of RG19A

Generally, the life span of a photocatalyst is a vital factor during
the photocatalytic degradation of organic pollutants. Concerning
this, we determined the stability of CuONs for the photocatalytic
degradation of RG19A. We checked the catalyst's lifetime for its
reusability by performing the degradation experiment with the
collected photocatalyst continually over four cycles. CuONs
revealed significant photostability without any substantial loss in
photocatalytic activity even up to the fourth cycle. The foregoing
results point out that CuONs catalyst found more effective and
reusable under UV light. There was no major loss of photocatalytic
activity up to four runs (98, 98, 95.4% and 90.0%, respectively), but
after the third cycle, an increase in the incubation period was
required for better degradation of RG19A (Fig. 6). The significant
TOC (79%) and COD (75%) removal at the end of the fourth cycle was
ivity of CuO/Cu(OH)2 nanostructures in the degradation of Reactive
properties (antibacterial and anticancer), Journal of Environmental



Fig. 6. Determination of the reusability of synthesized CuONs for the photocatalytic
degradation of (A) RG19A dye (50mg/L), and (B) TOC and COD reduction at different
repeated use cycles.
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also observed after repeated use of the photocatalyst, which further
increases the value of the study (Fig. 6). However, at the fourth
cycle, the photocatalytic degradation performance decreased (55%)
after 24 h of incubation (data not shown). This could be because of
lack of appropriate electron-hole scavengers of CuONs, resulting in
less degradation of the dye.

The color of the recovered photocatalyst was the same as that
when newly prepared, which indicates that it is stable during the
photocatalytic reaction. We have performed FTIR and XRD analysis
of the photocatalyst before and after reuse in which the there is no
change in peaks in FTIR was observed however reduction in the
peak intensity of XRD diffractogramwas noticed (Fig. 1a and b). The
foregoing results suggest that the photocatalyst is stable and also
reveals that the adsorbed RG19A had been completely degraded.
These results also validate the applicability of implementing this
technology in practical wastewater treatment.

3.7. Mechanism of dye degradation

Photocatalytic degradation (irradiated with UV light), results to
form electron/hole (e�/hþ) pairs with free electrons generated from
the valence band (VB) to the conduction band (CB), and thus
departing a hole in the valence band (Eq. (2)) (Chen and Ray, 1998).
The amount of electron-hole pairs in a photocatalyst mainly based
on the intensity of the incidental light and as well the electronic
characteristics of the materials. In the photocatalytic process, if
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separation of charge is sustained, this allows the electrons and hole
to travel towards the catalyst's surface where they involve in redox
reactions with adsorbed species. Particularly, hV may interact to
surface-bound H2O or OH� to generate the hydroxyl radical (OH�)
and oxygen forming superoxide radical anion (O�2

- ) (Eqs. (3)e(5)).
We suppose that the highly reactive O2�

� and OH� were used in the
degradation process of RG19A dye molecules using the CuONs
photocatalyst (Eqs. (2)e(7)) (Azimi and Nezamzadeh-Ejhieh, 2015;
Wu et al., 2010; Subash et al., 2014). However, with a lack of
appropriate electron-hole scavengers, the photogenerated
electron-hole pairs may have recombined and scattered the input
energy in form of heat within a few nanoseconds. Hence, the
electron acceptors are necessary for the efficient photocatalytic
process (Fig. 7):

CuONsþ hv/CuONs
�
ecb

� þ hvb
þ�; (2)

(3)

(4)

(5)

(6)

(7)

In this work, CuO/Cu(OH)2 nanostructures along with the sur-
face area and the surface hydroxyl groups (eOH�) of Cu(OH)2 take
an important role in the photocatalytic process by accepting pho-
togenerated holes to form hydroxyl radicals (-OH�) thus preventing
electron-hole recombination in CuO/Cu(OH)2 photocatalysts
(Akhavan et al., 2011; Wang et al., 2015). The OH� radicals can be
produced through interaction of the photoexcited hole of the CuO
with the surface OH bonds of Cu(OH)2, and thus may act as the
source of OH� which can be considered as one of the important
parameters in degradation. Another important reason for such a
high activity can be attributed to the interface between Cu(OH)2
and CuO, near which the higher valence sites Cu(II)) in the hy-
droxide layer may increase the trapping of the photogenerated
electrons (Wang et al., 2015). Thus, the CuO/Cu(OH)2 photocatalysts
have the best photocatalytic activity because of the formation of
excess superoxides and/or hydroxyl radicals on the surface of CuO/
Cu(OH)2 photocatalysts.

3.8. Photocatalytic degradation of actual textile wastewater by
CuONs

Usually all the industrial dyes have highly complex and varied
chemical constituents and they are selected based on the type of
material to be dyed. This results to vary in the color as well as
chemical composition of dyeing effluent. However, a considerable
decline in color removal (80% in terms of ADMI) of textile effluent
was observed after photocatalytic degradation using synthesized
CuONs within 24 h of incubation. Moreover, there was a significant
decrease in COD (72%) and TOC (69%), which indicates significant
mineralization of the textile effluent after photocatalytic treatment
(Table 1). The foregoing results indicate the practical applicability of
CuONs in textile wastewater treatment.

3.9. Phytotoxicity studies of RG19A, textile effluent, and metabolites
after photocatalytic degradation

Discharge of dyeing effluents without treatment in water
tivity of CuO/Cu(OH)2 nanostructures in the degradation of Reactive
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Fig. 7. Proposed mechanism for photocatalytic degradation of RG19A by CuO nanostructures.

Table 1
Photocatalytic degradation of textile effluent (diluted 1:1) using synthesized CuONs (200mg/L) and its TOC and COD reduction over different time intervals.

Time (h) Decolorization in terms of ADMI (%) COD reduction (%) TOC reduction (%)

0 0.0a 0.0a 0.0a

6 22± 0.85b 12.5± 0.45b 11.2± 0.24b

12 54± 1.45c 42.8± 0.89c 39.6± 0.95c

18 72± 1.58d 65.6± 1.15d 62.5± 1.24d

24 80± 2.15e 72.0± 1.45e 69.2± 1.34e

Means are followed by standard errors. Within a column, different letters indicate significant differences (ANOVA followed by Tukey's HSD test).
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streams might pose serious threat to ecosystem and health risks to
human being (Saratale et al., 2011). Concerning this, we assessed
the phytotoxicity of RG19A and actual textile effluent before and
after photocatalytic degradation. The phytotoxicity study of the
RG19A, actual textile effluent, and their products after photo-
catalytic degradation are presented in Table 2. Results of the
phytotoxicity carried out using P. mungo and S. vulgare confirmed
the degradation products of RG19A and effluent showed no inhi-
bition in the germination of plant seeds and almost showed similar
performance in case of germination rate, plumule length and
radicle length with those treated with distilled water only (Table 2).
The germination rate as well as plumule and radicle length of
P. mungo and S. vulgare were extremely affected when exposed to
RG19A and textile effluent (each 400 ppm) compared to degraded
products set. The phytotoxicity studies discovered that the prod-
ucts generated after photocatalytic degradation of RG19A and
textile effluent were less toxic in nature (Table 2). In the case of
P. mungo and S. vulgare growth, the mean of plumule lengths (cm)
were 12.0 and 10.24, respectively, when watered with distilled
Table 2
Phytotoxicity studies of RG19A, actual textile effluent, and its metabolites formed after p
and Sorghum vulgare.

Parameter Control RG19A

Phaseolus mungo Sorghum vulgare Phaseolus mungo S

D/W D/W RG19Aa EMa R

Germination (%) 100 100 70* 100 6
Plumule (cm) 12.00± 0.88 10.24± 0.78 6.45 ± 0.34* 9.05± 0.65 5
Radical (cm) 3.24± 0.25 4.85± 0.44 1.42 ± 0.31* 2.54 ± 0.32* 1

RG19A: Reactive Green 19A; D/W: distilled water; EM: extracted products of dye and ef
Values are mean of three replicates, followed by standard errors. Asterisks indicated signi
followed by Tukey's HSD test).

a 400 ppm concentration.
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water (D/W on the table) whereas when exposed to RG19A, they
were 6.45 and 5.62, respectively, andwith its extractedmetabolites,
grew to approximately 9.05 and 9.42, respectively. Similarly, shoot
length of both plant species, showed a drastic effect when they
were exposed to RG19A as compared to their extracted metabolites
after photocatalytic treatment. In the case of S. vulgare seeds
exposed to RG19A dye and its extracted metabolites, the germi-
nation rates were about 60 and 90%, respectively, whereas seeds
exposed to effluent and its extracted metabolites showed germi-
nation rates of 40% and 80%, respectively. Moreover, when both
plant species were exposed to actual industrial effluent, it directly
affected seed germination as well as radicle and plumule length,
but after photocatalytic treatment, plants treated with the metab-
olites showed increased growth over those exposed to pretreated
effluent in all studied parameters (Table 2). The results suggest that
using CuONs photocatalytic degradation of dye containing effluent
is safe, which in turn enhancing its feasible use in real applications.
hotocatalytic degradation using synthesized CuONs (200mg/L) on Phaseolus mungo

Textile effluent

orghum vulgare Phaseolus mungo Sorghum vulgare

G19Aa EMa Effluenta EMa Effluenta EMa

0* 90 50* 90 40* 80*
.62 ± 0.35* 9.42± 0.62 4.12 ± 0.32* 8.65± 0.88 3.24 ± 0.39* 8.12± 0.68
.70± 0.24 3.42± 0.39 1.18 ± 0.26* 3.65± 0.41 1.35 ± 0.11* 2.84 ± 0.31*

fluent after photocatalytic degradation.
ficant differences from the control (seeds germinated in water) at *P < 0.05 (ANOVA
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3.10. Biogenic properties of synthesized of CuONs

3.10.1. Antibacterial activity
The synthesized CuONs exhibited significant antibacterial ac-

tivity against human pathogens in terms of zone of inhibition (ZOI).
In the preliminary investigation, we checked that the antibacterial
potential of CuONs showed maximum ZOI with both selected
microorganism: E. coli (16mm) and S. aureus (13.5mm) (data not
shown). The variation in the ZOI could be due to the differences
present in the cell wall composition among Gram-positive and
Gram-negative bacteria. For CuONs impregnated with antibiotics,
vancomycin showed a particularly enhanced ZOI diameter whereas
a moderate increase in ZOI was observed in the case of amoxicillin
for both tested bacteria (Table 3). However, in the case of CuONs
with oxy-tetracycline, a more enhanced ZOI in E. coli compared to
S. aureus was observed (Table 3). This enhanced antibacterial ac-
tivity reveals the prominent application of CuONs in the field of
development of antibacterial drugs to kill pathogenic bacteria.
Photographs of plates loaded with the above selected antibiotics
and CuONs impregnated with antibiotics are shown in Fig. S2.
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3.10.2. Antioxidant activity

The antioxidant activity of the synthesized CuONs was deter-
mined using DPPH and ABTS radical scavenging activity assays and
the obtained results are exhibited in Fig. 8. Both the radical scav-
enging activity of CuONs increased with increased concentration
and was found to have a dose-dependent nature with respective
IC50 values of 60 mg/mL and 51 mg/mL (Fig. 8) related to the standard
IC50 value 45 mg/mL for catechol and IC50 value 36.4 mg/mL for
standard ascorbic acid. Percent inhibition of DPPH and ABTS radical
scavenging activity was illustrated in Fig. 8a and b. The increased
DPPH and ABTS radical scavenging potential could be because of
the ability of CuONs that tends to donate electrons or hydrogen
ions. The antibacterial and antioxidant potential of the CuONs could
be useful in the development of antibacterial drugs against certain
pathogenic bacteria.
Concentration (ug/mL)

20 40 60 80 100

Fig. 8. Antioxidant activity in terms of (a) DPPH (2,2-diphenylamine-1-picryl hydrazyl)
and (b) ABTS (2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) radical scav-
enging activity of the synthesized CuONs.
3.10.3. In vitro cytotoxicity assessment
We have assessed the anticancer potential of CuONs against

tumor rat C6 cell line with a different initial concentrations
(10e100 mg/mL). The results from this study reveals, the direct dose
dependent performance with the C6 cells at increased concentra-
tions. In this study a minimum of 60 mg/mL of CuONs is sufficient to
induce 50% of cell mortality whereas standard drug Doxorubocin
was supplemented at 25 mg/mL inhibiting about 40% of cancer cells
growth. In contrast, the presence of 100 mg/mL of CuONs showed
almost complete inhibition of the cell growth (>95%) (Fig. 9). It was
supposed that CuONs show anticancer potential through their free
radicals scavenging ability that results in cellular destruction and
eventually in cell death. Nonetheless, this is the first time report on
cytotoxic potential of CuONs against cancer cells (C6 cell line)
however, more detailed research is required to understand the
Table 3
Enhanced antibacterial activity of synthesized CuO nanostructures on human pathogens

Antibiotic (mg) Escherichia coli

ZOI (mm)

Ab Ab þ CuONs

Vancomycin (30) 15.0± 0.48a 24.2± 0.52a

Oxytetracycline (30) 25.1± 0.54b 30.2± 0.48b

Amoxicillin þ Clavulanic acid (20 þ 10) 26.0± 0.44b 29.1± 0.48b

ZOI¼ zone of inhibition; Ab¼ antibiotic; CuONs¼ Copper oxide nanostructures.
Values are means of three replicates± standard errors. Within a column, different letter
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particular mechanism involved in the anticancer study.
4. Conclusions

In the present investigation, the CuO/Cu(OH)2 nanostructures
were successfully prepared via a simple chemical route and were
characterized using various analytical tools. The photocatalytic
activity of CuONs was investigated by photocatalytic degradation of
Escherichia coli and Staphylococcus aureus.

Staphylococcus aureus

ZOI (mm)

Enhanced ZOI (%) Ab Ab þ CuONs Enhanced ZOI (%)

61.3 18.0± 0.48a 24.2± 0.52a 34.4
20.3 32.0± 0.62c 33.2± 0.64b 3.80
11.9 26.0± 0.49b 31.2± 0.54b 20.0

s indicate significant differences (ANOVA followed by Tukey's HSD test).
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Fig. 9. Anticancer activity of synthesized CuONs against C6 neural rat glial tumor cell
lines at different concentrations. The blue column in figure indicates IC50 value of
CuONs against rat glial tumor C6 cells. Doxorubocin (DOX-25) at a concentration of
25 mg/mL. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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RG19A dye and actual textile effluent under UV light illumination at
room temperature. The obtained results showed significant
degradation of RG19A and actual textile effluent with higher
removal of TOC and COD. Phytotoxicity study of the degraded
metabolites of RG19A and effluent after photocatalytic treatment
were less toxic in nature. The developed photocatalytic process
using CuONs showed promising efficiency and could possibly be
applied in the remediation of actual textile effluents due to the
advantages of its simplicity, being low-priced and stable, reus-
ability, and tremendous performance. Lastly, the maximum scav-
enging efficacy of CuONs in terms of antioxidant activity, and the
antibacterial activity of synthesized CuONs were evaluated. Anti-
cancer activity against rat tumor C6 cell line also increases the
potential application of synthesized CuONs in various biomedical
applications.
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