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Abstract

Among the various environmental pollutants, wastewater from textile dye industries is a major
concern. The textile dye industry's effluents contain complex dyes, organic and inorganic salts,
acids, and heavy metals which are difficult to decompose in water as they are resistant to
biodegradation. Conventional methods for dye removal are not as effective due to dyes
nonbiodegradability and high solubility in water. Photocatalysis is an advanced oxidation
process that is effective at degrading recalcitrant organic contaminants. It produces strong

reactive oxidants like oxygen or free radical species (hydroxyl radical, and superoxide anion
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radical) to degrade pollutants into nontoxic molecules Photocatalysis is proposed to be used in
conjunction with other treatment processes, such as biological treatments, to reduce total
organic carbon, break down macromolecular organic compounds, increase biodegradability,
and to reduce the toxicity of produced water. Through oxidation or reduction reactions, toxic
metal ions are converted to their metallic element state, metal oxides, or their valence to non-
toxic or lower toxicity. Therefore, the present review focuses on the CuO nanostructures
photocatalytic reduction of metal ions from aqueous media. The impact of synthesis (material)
and their process (catalyst, radiation) parameters on the photocatalytic activity is overviewed
which is the fundamental, and physical source for process intensification. Furthermore, the
synthesis and process intensification processes have been discussed in detail considering their

impact on elimination and toxicity of heavy metal ions.

Keywords: CuO Nanostructures, pH, catalyst dose, energy and intensity of radiation and

Wastewater treatment

1.Introduction

The hazardous and toxicity of dye materials, even in low concentration, has a harmful impact
on ecological systems [1-3]. It releases a large number of contaminants into the water, resulting
in unusable water. Dyes inhibit photosynthesis by obstructing light transmission, resulting in
low dissolved oxygen levels in water [4-6]. Fenton, activated carbon, membrane, biological
and natural materials [7], algae [8], bagasse [9, 10] and plants [11] were some of the adsorbent
materials that are being used by scientists for dye and heavy metal removal from waste water
effluents. Despite their effectiveness, these approaches have significant drawbacks. The Fenton
method, for example, necessitates a large amount of reagent, and activated carbon removes
color with some contamination [12, 13]. Use of natural materials like horn snail and mud crab

[14, 15] are some of the low-cost adsorbents for heavy metal removal. However, their



feasibility is with only limited to few metals. Adsorption has been the most considered method
for easy, simple, flexible and low-cost operation. Rana et. al. [16-19] have shown various
efficient membrane-based adsorption for the heavy metal ion removal. However, the low trace
adsorption of heavy metals and inefficient regeneration processes lead scientist to further

explore other method [20].

In this regard, degrading the dye without using reagents or producing hazardous by-products
is photon-based oxidation. This method has gotten a lot of attention because of its eco-friendly
technology, free energy, and renewable nature. It uses little chemical and mostly lead to no
sludge production [20]. Furthermore, the use of sunlight as a source of photo deterioration
increases its commercial viability [21-23]. At the moment, more than 80% of global energy
consumption is derived from non-renewable fossil fuels such as coal, natural gas, and oil.
During the energy production process, fossil fuels are burned, resulting in the emission of CO>
and other harmful gases, causing climate change and environmental pollution [24]. As a result,
there is a need for the advancement of energy consumption technology to include eco-friendly
and renewable energy sources to aid in the transition to a low-carbon economy. A practical
way to use renewable and clean energy sources is to store energy when it is abundant and use
it when it is needed [25]. As per all those benefits, photon-based oxidation processing has
advantages in terms of environmental friendliness, ease of handling, no need for additional

chemicals, simple installation, high efficiency, and no need for sludge formation.

Extensive research on energy storage devices has been conducted in order to reduce the need
for energy and achieve a sustainable environment. Metal oxide nanoparticles have also been
used in environmental remediation as heterogeneous catalysts [26]. Nobel metals are not
widely used as catalysts due to their limited availability and high cost, despite their extensive
knowledge of catalytic oxidation of carbon monoxide [27]. Transition metal oxides have

demonstrated superior catalytic oxidation properties [28].



Recently, different semiconductors and transition metal oxides such as g-CsNa, Fe203, CdS,
TiO2, Cu20, ZnO, MnO,, WOs3, and CuO [29-31], have gained attention because of their good
physical and chemical properties in terms of easy availability, and high activation. Despite
having various characteristic properties to be used as photocatalyst, these materials lack at one
or other points; like wide band gap (TiO2 3.0-3.2 eV, ZnO 3.37 eV) [32,33], absorption in UV
region, high photo-corrosion upon irradiation and instability in acidic and alkaline solutions.
So, the quest of finding a metal oxide photocatalyst that possess superior photocatalytic activity
in visible region has proposed CuO as a promising candidate with constricted band gap of 1.2-
2.0 eV [ 34]. Moreover, CuO is cheap, easily available, have high surface volume, proper redox

potential and excellent stability in solutions [34].

Apart from CuO nanostructures, various other materials as listed in Table 1 have been
prospected by various researchers for the photocatalytic degradation of heavy metals

considering the parameters like easy synthesis procedure, efficiency, and working pH range.

Table 1. Comparison of CuO modified catalyst with other materials for photocatalytic

reduction.
S.No. Catalyst Synthesis | Pollutant pH Result Reference
method range
1. CuOITiO2 Sol-gel Cr (1V) 4 Under visible 35
nanocomposite light
CuO and TiO;
was optimum
ata

concentration
of 0.5 wt%.




Palygorskite | Precipitatio Cr(IV) 3-9 100% in 36
modified with n visible light
cuo 10 mM tartaric
acid over
PAL/5.9Cu0O
photocatalyst
(400 mg/L)
Flower like Microwave Cr (IV) 3 100% 37
Cuo c(Cr(VI)) = 10
0 uM, catalyst
loading = 400
mg/L, c(tartari
cacid) =4 mM
Cu0O/zZn0O Mechanical As (1) neutral | Degradation is 38
mixing 6.5 times large
in light than in
dark
CuO/ZrO»- In-situ Cr (1V) 4 100% by 2 39
MCM-41 incorporatio CuO@zZM-41
nanocomposite n
S
CuO-Fe304 Co- As (111) 7 118.11 mg/g 40
precipitatio
n
CuO feather Co- Cr (1) 8 99.99% 41
precipitatio removal
n efficiency with

0.1 g adsorbent
dosage




8. 3D iron-oxide | ultrasonicati | As(V), neutral | 25 times faster 42
on Cr(VI) removal rate
9. TiO2-SiO2 Sol-gel Pb (I1) mild | 98.6% removal 43
conditi | efficiency with
on 3 g of catalyst
10. Fe20s- Electro- Cr (V1) 78% removal 44
GQDs/NF- deposition
TiO2
11. BiOlI- In-situ UV Cr (VI) 100% removal 45
Bi2Os film reduction
12. g-C3N4/TiO2 | Dip coating | Cr (VI) 99% removal 46
NTs
13. | Bi2WOs/mesop | One step Cr (IV) 3% 47
orous solvotherma BWO/TNTSs
TiO2 nanotube I remove Cr(VI)
3.8 times
higher than
BWO

These photocatalysts being used in wastewater reclamation by removing its organic, inorganic,
and biological contaminants goes through five independent steps during the process [48]. These
include (i) diffusion of pollutant molecules towards the surface of the catalyst particles from
bulk solution, (ii) adsorption of these contaminants on the catalyst surface, (iii) generation of

reactive radicals followed by decomposition of the pollutants, (iv) desorption of decomposed



products from catalyst surface, and (v) diffusion of these surface-desorbed decomposed

products into the bulk of the reaction system, which are schematically illustrated in Figure 1.

Catalyst Bulk solution

Pollutant particle

Figure 1. Schematic representation of photocatalytic degradation steps of organic pollutants
on catalyst surface in agueous solution. The catalyst particle size has been exaggerated to show

reactions clearly.

The pollutants could affect human health by causing diseases or harming skin surfaces, disturb
aquatic life via creating oxygen deficiency and make waterbodies unpleasant to use or destroy
the natural aesthetic beauty or health of the water bodies. Pollutants may be classified into
different types in terms of whether their consequences are known and there is already
developed an analytical method of monitoring them. These include priority pollutants,
emerging pollutants, and persistent organic pollutants. Priority pollutants are types of
pollutants where their toxicity to humans and the environment is well established and for which
there is already developed a method of analyzing and monitoring them. In terms of the health
problems they induce in humans, organic water pollutants can also be categorized as endocrine
disruptors, neurotoxins, teratogenics, and mutagenic and carcinogenic substances, Figure 2.

The structural formula of some toxic organic pollutants is shown in Figure 3.
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Figure 3. List of some toxic organic compounds and their structural formulae. Class of the

pollutant is indicated in parenthesis; PCAHs = polycyclic aromatic hydrocarbons.

In that view, this review emphasizes the photocatalytic activity response of CuO catalyst for
the factors influencing the efficiency of decontamination of the pollutants, and ways of
mitigating the bottlenecks for effective removal are overviewed in detail and finally ends with

a recap of the main points discussed.
2. Photocatalytic Mechanism of CuO Nanostructures

Photocatalysis is an alternative method which is used for the degradation of dyes in wastewater.
The technique requires a high energy light irradiation source and an oxidant to generate
hydroxyl radicals as the main process taking place is oxidation. In order to generate hydroxyl
radicals responsible for the degradation of dye, electron-hole pairs are generated by irradiating

the photocatalyst with a high energy light source. Electron-hole pairs are generated by



irradiating the photocatalyst with a high energy light source in order to generate hydroxyl
radicals responsible for dye degradation. The photocatalytic process could be sped up by
coupling it to a chemical process that converts the initial photo intermediate molecule to the
final reactive species for wastewater treatment. This is accomplished through the homogeneous
Fenton reaction, which generates reactive oxygen species in the presence of iron salts in
aqueous media by decomposing H>O. Photocatalytic reduction is currently in the process of
transitioning from laboratory discovery to industrial application. It is ideal for demonstrating
what is required to improve process performance in order for it to be adopted in industrial
practice. Heterogeneous photocatalysis, which is one of the AOPs, can be defined as radiation—
assisted acceleration of the rate of chemical reactions in the presence of semiconductor
photocatalyst. Here, reactive radical species such as hydroxyl radical (HO") and superoxide
radical ion (0, ) are formed indirectly when energetic photons of incident radiation promote
electrons from the valence band (VB) to the conduction band (CB) of the semiconductor,
leaving holes behind in the VB and then the VB holes and CB electrons oxidize and reduce
water and dissolved oxygen gas, respectively. The possible photocatalytic mechanism of CuO
nanomaterials is proposed in Figure 4. As a photon with energy higher than the band gap energy
of the semiconductor is adsorbed by the photocatalyst, electrons are excited from the valance
band (VB) to the conduction band (CB) forming a hole. Generally, the generated charges
recombine quickly and only a small fraction take part in the photodegradation of the pollutant
resulting low photocatalytic efficiency. However, in the case of CuO the electron-hole pair path
is different. Figure.5 schematic representation of the photocatalytic reduction of metal ions to

elemental oxidation states.
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3. Effect of Parameters on the Photocatalytic Performance

Photocatalytic reduction is currently in the process of transitioning from laboratory discovery
to industrial application. It is ideal for demonstrating what is required to improve process
performance in order for it to be adopted in industrial practice. Following that, we will
concentrate on the process parametrical space of the photocatalytic method, which will provide
evidence of what is required to commercialize it. The effects of various operational parameters
on the photocatalytic activity of CuO are also investigated, including catalyst loading, initial

dye concentration, and dye solution pH are briefly discussed individually as follows.

3.1 Effect of pH

The solution pH is one of several factors that immensely affects the rate of heterogeneous
photocatalytic degradation reaction of organic pollutants. It influences the reaction rate by
affecting the charge of pollutant molecules and surface charge of the photocatalysts which in
turn affects its adsorption capacity for the pollutant, the size of aggregated nanoparticles, the
concentration of HO- radicals, and the position of VB and CB edge potentials of the catalyst
[49 ]. Pollutant adsorption to the catalyst surface is affected by the surface charge property of
the catalyst particles which can be positive or negative depending on the pH of the media. The
pH of zero point charge (pHzpc) or also called isoelectric point (IEP) of a catalyst is the pH at
which the net total surface positive and negative charges is zero at the operating conditions of
experimental temperature, pressure, and solution composition [50]. At a pH greater than the
PHzpe, the surface charge of particles will be negative and adsorption of cationic pollutant
molecules on catalyst surfaces will be favored. In contrast, at pH less than the pHzc surface
charge will be positively charged and the adsorption of anionic pollutant molecules will be
intensified. The pHzpc value could depend on the nature of the photocatalyst and also on the

synthesis method employed and for CuO synthesized using the microwave-assisted approach



the value was reported to occur at 8.5 which is determined using the zeta potential measurement
method [51 ] and that other techniques such as the salt addition method [52] and potentiometric
titration method [53] could also be used for measuring the pHzpc of metal oxides. Several
studies have reported the influence of pH on the removal efficiency of CuO and CuO-based
catalyst towards organic pollutants. For example, Venkata et al. [54] studied the effect of
varying pH from 3 to 11 on the degradation of methylene blue and Coomassie brilliant blue-
250 dyes and found a maximum degradation percentage for both dyes individually at the

optimum pH value of 7.

Banu et al. [55] investigated the influence of varying solution pH from 5 to 9 on the
photocatalytic degradation proficiency of CuO/GO catalyst to brilliant green dye with other
variables fixed and found an increasing tendency of degradation with pH till the optimal value
at 7.5 and decreased afterward. They attributed this decreasing tendency at higher pH values
to the poor adsorption of dye molecules on catalyst surface owing to a decrease in Coulombic
attraction between cationic dye molecules and anionic catalyst surface in the presence of
excess HO™ ions at such high pH values. In another study, Rao et al. [56 ] reported enhanced
degradation of reactive black 5 dye at acidic pH of 3 achieving degradation of 90% compared
to pH of 7.5 and 11, achieving removal efficiency of 76 and 53%, respectively over the same
time duration and similar other experimental parameters. The reason for the higher removal at
lower pH was similarly ascribed to the facilitated adsorption of cationic CuO NPs and anionic
dye molecules which results in a fast rate of degradation. Moreover, a decrement in the
degradation of aniline in water upon increasing pH above the neutral value was observed using
CuO NPs catalyst in a report by Norzaee et al. [57] and similarly explained the phenomenon
as described above. Chauhan et al. [51] studied the degradation of Victoria blue dye at acidic,
basic and neutral pH values using CuO NPs photocatalysts and found a maximum degradation

percentage at the basic pH of 10. According to the authors, the higher activity rate of the



catalyst is due to favored adsorption of cationic dye molecules with the anionic surface of the
catalyst for media pH was higher than pHzpc of the catalyst measured to be 8.5. Table 1 gives
a range of pH where the degradation percentage of various pollutants using CuO and CuO-
based catalysts was measured and the optimum pH where the highest rate of elimination of

different organic pollutants was observed.

Table 1. Effect of solution pH on degradation percentage of various organic pollutants using
CuO and CuO based catalysts. Key: Gr = graphene, RhB = Rhodamine B, CP = Clinoptilolite,

ZIF-8 = zeolitic imidazolate frameworks -8, LP = low pressure, RB = reactive black,

pH range
Pollutant Optimu Other D Ref
Catalyst measure
(ionicity) m pH conditions (%)
d
Catalyst dose
=0.05 g/L,
aniline conc.
Aniline
CuO 3-11 7 =100 mg/L,t | 78 |[57]
(neutral)
=60 min,
using UV
light
Catalyst dose
=0.05 g/L,
Phenol
(neutral)
=0.25¢g/L,
0.1 M H20, t




=35 min.,

using UV
light
Catalyst dose
=0.1g,MO
Methyl
conc.=0.02 | 87.5
Co/Ag/CuO orange 3-11 7 [59]
mM, using 4
(anionic)
50W xenon
lamp
Catalyst dose
=0.5¢/L,
Methylene
MB conc. =
Fe,03/Gr/CuO blue 1-11 9 78.8 | [60]
20 mgl/L,
(cationic)
using 100 W
visible light
Catalyst dose
=0.1g, RhB
RhB
ZnO/CuO/rGO 3-12 11 conc. = 99 | [61]
(cationic)
5ppm, using
visible light
Textile Catalyst dose
CuO 3-11 6.9 83 | [62]
wastewater

=0.05 g/L, t




= 1h, using

UV light
Catalyst dose
=0.03 g,
Direct red 81 Direct Red 81
CuO 2-10 ~90 | [51]
(anionic) conc. =0.1
mM, using
UV-vis light
Congo red
Congo red conc. =30
Fe304@CuO 4-11 _1[63]
(anionic) mg/L, using
sunlight
Catalyst dose
=0.02g,
Phenol Phenol conc.
CuO 4-8 ~100 | [64]
(neutral) =100 mg/L, t
=1 h, using
sunlight
Catalyst dose
p_
) =2g/L, p-
CuO-CP aminophenol 2-11 ~60 | [65]
aminophenol
(neutral)

conc. 20




mg/L, using

sunlight
Rhodamine B
Rhodamine B conc. =10 90.7
CuO 1-14 [66]
(cationic) ppm, using 3
UV light
Catalyst dose
=0.8 g/L,
Methylene
MB conc. =1
CdSs-CuO blue 3-10 83 | [67]
ppm, t = 80
(cationic)
min., under
Hg-lamp
Catalyst dose
=8 mg/L,
Metronidazol metronidazol | 98.3
CuO 3-11 [68]
e e conc. =50 6
mg/L, H20; =
10mL,t=1h
) Catalyst dose
A -cyhalothrin
=2mg/L, L-
CuO (L-CHT) 5-9 98 | [69]
CHT conc. =

(insecticide)

20 ppm, t =




3h under UV

irradiation

SWt%CuO/ZIF-8

Rh6G

12

Catalyst dose
=25mg,
Rh6G conc =
12.5 ppm, t =
105 min.,
under

sunlight

~99

[70]

CuO

Congo red

Catalyst dose
=0.05 g,
Congo red
conc. =10
g/L, t = 60
min. under

UV light

85

[71]

CuO

RhB

10

Catalyst dose
=0.05 g,
Congo red
conc. =10
g/L, t = 60
min. under

UV light

94

[71]




ZnO/CuO

RhB

4,7, and

11

11

Catalyst dose
=100 mg,
RhB conc. =
10 ppm, t
=100 min.,
125W LP Hg

lamp

100

[72]

10wt%CuO/SmFeO

RhB

Catalyst dose
=0.15g, RhB
conc. =8
ppm, t = 300
min., under

visible light

65

[73]

CuO

RB-5

3,75 11

Catalyst dose
=20 mg, RB-
5conc. =
0.02mM, t=
30 min. under

visible light

90

[56]

CuO/Bi203

Methylene

blue

Catalyst dose
=0.2 g/L,
Methylene
blue conc. =

10 ppm,t=2

87.8

[74]




h under UV-

C light

3.2 Effect of temperature

The temperature of the reaction mixture has also an impact on the rate of degradation of
organic pollutants during water and wastewater treatment. The rate of photocatalysis is
expected to increase with temperature in accordance with Arrhenius theory which states that
the apparent reaction rate constant increases with exp(-1/T). In general, with the rise in reaction
temperature photocatalytic degradation of organic pollutants can be enhanced due to [75,76]
(i) increased oxidation rate at the solid-solution interface, (ii) suppression of charge carrier
recombination, and (iii) increase in the number of cavitation bubbles which promotes the
formation of free radicals. However, at temperatures close to the boiling temperature of the
solvent, pollutant elimination proficiency could be dropped as in this case the reaction is limited
by the lowered rate of adsorption and hence temperature range of 20 — 80 °C has been regarded

as optimum for achieving maximum decomposition efficiency [77].

Very few reports are available in the literature about the influence of reaction temperature
on the degradation of organic pollutants using CuO and CuO-based photocatalysts. For
instance, Nuengmatcha et al. [78] found better decomposition of methylene blue dye using
Fe-Os/graphene/CuO ternary composite at a temperature of 40 °C. They stated that the rate of
degradation reaction increased on increasing the temperature from 10 °C to 40 °C, indicating
the endothermic nature of the reaction, however, raising the temperature further to 50 °C
lowered the degradation and this could be due to the higher recombination rate of e~ /h* pairs
at this temperature. On the contrary, keeping other parameters unchanged, a consistent increase

in the degradation of rhodamine B dye using biosynthesized CuO NPs under UV light



irradiation in the temperature range from 30 — 70 °C was observed, reaching a maximum of
85% at 70 °C as reported by Rafique et al [79]. The researchers explained this rise of
degradation with temperature to be due to rise in reactive surface sites with temperature which
results in increase in the number of reactive radicals and hence rate of decomposition rate of
the dye. In a similar study by the authors, about 95% removal performance of RhB dye by
biosynthesized CuO NPs at 80 °C was reported when the temperature was varied from 30 — 80
°C while other operational parameters are maintained at fixed values and similar explanation
as above was offered to the observed phenomenon [80]. In a study conducted by Acedo-
Mendoza et al. [81], enhanced photocatalytic degradation of methylene blue and methyl
orange dyes taken individually was reported up on increasing the reaction temperature from 25
to 45 °C, reaching respective decomposition percentages of 99% after 15 and 75 minutes of
exposure under UV light employing CuO supported on ZnO catalyst. The authors suggested
that the reason for the augmented rate of degradation was because of the endothermic nature
of the adsorption process of the dyes onto the surface of catalyst particles which increases with
temperature rise. Therefore, during heterogeneous photocatalytic degradation reactions, the
temperature of the reaction mixture has to be maintained to avoid its likely interference when

comparing the removal competence of catalysts for organic pollutants.
3.3 Effect of aeration and stirring rate

Aeration and rate of stirring are two other factors that can significantly influence the rate of
photodegradation reactions. Dissolved oxygen in solution impacts the rate of photocatalysis by
accepting photoexcited CB electrons to give O, - and subsequently HO- via Egs. (1-4) and
thereby separating the photogenerated e~ /h* pairs. Thus, aerating the reaction mixture could
boost degradation by not only supplying molecular oxygen to the solution and fostering its
reduction on surfaces of catalyst particles, which is a rate-determining step but also assisting

mass transfer by turbulence [82].



0, +e” = 03 (1)

03+ H* - HOO - H,0, (2)
H,0, + e~ > HO™ + HO' 3)
H,0, + 0;° > HO™ + HO + 0, (4)

Moreover, stirring of the reaction mixture simultaneously during photocatalytic degradation
could increase the rate of reaction by enhancing the dissolution of oxygen in solution through
the turbulent motion of the solution and increasing the rate of movement of dye molecules to
the catalyst surface from the bulk by increasing the rate of diffusion and mass transfer
mechanisms [83]. However, at and above a certain stirring speed, the rate of reaction becomes
no longer dependent on it and exhibits no further improvements in degradation as observed in

the case of the degradation of 4BS azo dye using TiO2 NPs as photocatalyst [84].
3.4 Effect of energy and intensity of radiation

Photocatalytic degradation reactions of organic pollutants are also prominently influenced
by the energy and intensity of the radiation source. While the intensity of radiation refers to the
number of photons that pass per unit area per unit time, energy is related to the wavelength of
the radiation and that the shorter the wavelength or the higher the frequency the higher the
energy of the radiation. Therefore, for feasible and reasonable heterogeneous catalysis
reactions to occur, incident radiation should be first of all energetic enough to induce excitation
of VB electrons to the CB of the semiconductor catalyst and that it should also have sufficient
enough intensity to form more charge carriers and higher reactive species to run the
decomposition process. Generally, at a lower intensity of radiation input from 0-20 W/cm?, the
reaction rate increases linearly with intensity whereas it increases with square root dependence

at the moderate regions of intensity [85]. However, after a certain threshold value, the reaction



rate remains constant regardless of intensity for saturation point of catalyst surface with
photoproduced charge carriers has reached which results in mass transfer limitation in the
adsorption-desorption process, preventing the interference of light intensity in the rate of the

reaction [48].

Some researchers have studied the influence of energy and intensity of radiation sources on
the photocatalytic removal of organic contaminants using CuO-based photocatalysts. For
example, Zeid et al. [59] found out that the chemical oxygen demand (COD) removal of methyl
orange dye during a degradation time conducted for 2 h in the presence of Co/Ag/CuO catalyst
and using 50 W Xenon lamp, 80W UV-lamp, and sunlight was quite different, with their
respective removal efficiencies of 91, 71, and 62 % over the same mentioned time duration. In
another study, COD removal of 83.8, 93.2, and 98.9% of the antibiotic ciprofloxacin
hydrochloride using lamps of intensities 8, 15, and 30 W and pollutant concentration of 11.2
mg/L, CuO catalyst dosage of 0.08 g/L, and pH of 8.17 under ultraviolet light was reported by
Khoshnamvand et al [86]. Moreover, it has also been reported that the degradation of
methylene blue using radiation of intensity varying from 40 to 100W increased degradation
from 25% to 60% but increasing the intensity further to 130W did not result in a significant
increase in the percent removal of the dye [77]. A pronounced variation in the degradation of
methyl orange in the presence of Ag/CuO catalyst and under visible and ultraviolet light
radiation sources while keeping other parameters unchanged was also reported by Khan et al

[87].

3.5 Effect of the presence of oxidants and other interferants

Oxidants are substances that oxidize other reactant species by accepting electrons. They are
sometimes deliberately added into photocatalytic reaction systems to speed up the rate of

reaction. The hydroxyl radical (HO') is the most common oxidant with an oxidation potential



of +2.8V vs NHE which oxidizes many organic compounds non-selectively [88]. Depending
on the nature of the organic pollutant, it can attack the pollutant via four mechanisms, namely
hydrogen abstraction, electron transfer, radical addition, and radical combination [89]. It can
be produced by adding hydrogen peroxide (H202), which produces HO' by reacting with CB

electrons, Eq. (5) or via direct photolysis, Eq. (6)
H,0, + e~ (CB) » HO  + HO"~ (5)

Other oxidants used include sulfate radical ion (SO, ™), produced from the addition of persulfate
(S,0427) salts or peroxomonosulfate (HSOz) or oxone, permanganate (MnO,~), and chlorine
dioxide (ClO.) with their respective oxidation potentials of +2.5-3.1, +1.7, and +1.5 V vs. NHE
[90]. Different researchers have studied the influence of adding oxidants on the photocatalytic
degradation of organic pollutants. For instance, Mukwevho et al. [91] observed enhanced
degradation of phenanthrene in the presence of 2mM K3S;0g and ascribed the increase in
decomposition owing to the effective separation of e~ /h* pairs and also the formation of HO-

radical via reactions in Eq. (7-9),

S,0g2” + e (CB) = SO, + SO, 7)
SO,~ 4+ e (CB) = S0~ (8)
SO, + H,0 - SO, + H* + HO 9)

In another study, Sharma and Dutta [92] reported striking improvement in the degradation
of acid orange-74 dye using triphenylphosphine oxide capped CuO nanoparticles in the
presence of H>O, and K»S;0g oxidants and this was explained in terms of the successful
separation of e~ /h* pairs due to their excellent electron capturing ability. In addition, Abdullah

et al. [93] also reported a similar significant increment of degradation in the presence of the



optimum amount of H2O> for the degradation of reactive orange 16 using CuO nanoparticles.
On the other hand, Hong et al [94] stressed the importance of adding only an appropriate
amount of H2O> for resulting in maximum degradation of rhodamine B (RhB) using CuO/g-
CsNs photocatalyst. They stated that adding 100uL of 30% H.O, to a reaction system
containing 10 mL of 0.01 mM of RhB and 0.01 g of catalyst loading under 300W Xenon lamp
resulted in a higher rate of degradation but utilizing 200 uL or 50uL inhibited the removal rate
and ascribed this to the insufficient amount of oxidant to induce the Fenton-like reaction at
lower concentration and to the HO: scavenging effect of H.O> at higher concentration to give

the weaker oxidant HOO- and O gas.

As typical industrial wastewater is a cocktail of chemicals, studying the effect of other
interferents than target pollutants on the photocatalytic activity of a catalyst is also highly
essential. These interfering substances can be not only those which exist along with the target
pollutant before degradation commences but also intermediate products formed in-situ during
the degradation process and tend to lower degradation efficiency by fouling the catalyst [95].
Generally, while inorganic ions may inhibit the rate of degradation by competing for adsorption
with target molecules or acting as radical scavengers, other organic pollutants than the targets
lower efficiency by undergoing co-degradation. The most common inorganic ions available in
wastewater include CI-, NO5;~, PO,2~, SO,%~, CO5%~, and HCO5™. In the dying process in the
textile industry, NaCl is added to facilitate the diffusion of dye molecules and their adsorption
onto fabrics whereas CO5*~ and HCO;~ are used to enhance the fixation ability of the dye
molecules onto the fibers of the fabrics [96]. These ions acting individually may fasten, retard
or have no or little effect on the rate of photocatalytic degradation of organic pollutants in
wastewater. On other hand, they can retard the rate of degradation by competing for catalyst
surface adsorption with the contaminant molecules and poisoning or coagulating it or serving

as radical scavengers thereby decreasing the concentration of active radical species and rate of



degradation. In contrast, they can also fasten the rate of reaction via forming additional reactive

radicals in the reaction medium.

There are a limited number of reports emphasizing the influence of interferents during the
degradation process of target organic contaminants using CuO or CuO-based nanoparticles.
For instance, the retarding effect of the addition of CO5?~ and HCO;~ and CI~ individually on
the degradation of methylene blue under 35W Hg-lamp using NiO/CuO catalyst was reported
by Senobari et al. [97]. This inhibition was proposed to be due to their HO' scavenging
properties to give weaker carbonate and chloride radicals, thereby suppressing the extent of
decomposition rate. In another study, it was found that the degradation of tetracycline was
immensely reduced in the presence of SO,°~, NO5~, and CI~, with the extent of reduction in
the order of the list of the ions, using N-doped carbon embedded with CuO particles [98].
However, significant enhancement in the Kkinetics of reaction for the photocatalytic
decomposition of bisphenol A using CuO/Fe,03/ZnO composite in the presence of SO4%, CI,
and PO4> as opposed to the ions COz> and NOs, which in their presence the degradation
reaction kinetics was inhibited under visible light irradiation [99]. It was suggested that while
the enhancement could be due to the formation of secondary radicals, the suppression was
proposed to be due to radical formation inhibition by competing for surface adsorption and
radical scavenging effects. In another study, Wang et al. [100] studied the influence of adding
NO3, SO%7, CI7, and HCO3 anions on the photocatalytic degradation performance of
13.4wt%CuO/g-C3N4 heterojunction photocatalyst for the degradation of the antibiotic
oxytetracycline in the presence of peroxymonosulate as an activator. They discovered that,
except for SO2~, which had little effect on the degradation process, the rest of the anions slowed
the rate of decomposition. This hindrance was attributed to the trapping effect of the anions to

the HO- and SOZ- and holes reactive species to produce radical species with lower redox



potentials, that is HO- and SO react with NO3, Cl~, and HCO3 anions to produce the less

reactive NO3", CI™, and HCO3" radicals, respectively.

The addition of the reducing substance sodium borohydride (NaBH4) to the photocatalytic
degradation reaction system also augments rate of reaction. For instance, the degradation of
Allura red dye was fastened using porous CuO nanosheets as photocatalysts in the presence of
NaBH; as reported by Nazim et al. [101]. As stated by the authors, the enhanced
decomposition of the dye is due to the reducing ability of NaBH4 to dissolved oxygen in

solution and subsequent generation of reactive oxygen radicals, O3 and HO", Eq. (10-12).

NaBH, —» Na* + BH; » BH; + H* + e~ (10)
0,+e” - 03 (11)
05 + H,0 — HO + HO" (12)

Similar dramatic disappearance in the color of rhodamine B using CuO/PVA [102] and
Congo red and methylene blue taken both individually and their mixtures using biosynthesized

CuO NPs in the presence of NaBH4 [103] was also observed.

3.6 Effect of supports

Particle aggregation is one problem that lowers the photocatalytic degradation efficiency of
catalysts for organic contaminants when they are applied in slurry form. Therefore, to
overcome this problem, active catalysts are synthesized in the presence of support compounds
to add the benefits of uniformly spreading the active photocatalysts, enhancing the adsorption
capacity for pollutant compounds and their intermediate products, and promoting the
recyclability and separation of charge carriers [48]. Substances used in such application include
zeolites (Na2Al2Si>0g), silica (SiO2), activated carbon, bentonite (AlH2Na2013Sis), Kaolinite

(Al203.2Si102.2H,0), mordenite ((Naz, Ca, K2)s(AlgSiz) Ogs-28H20), g-CsNa, graphene,



reduced graphene oxide, chitosan, etc. The supports can play either only a supporting role and
cannot generate e~ /h™ pairs or can play both supporting roles while at the same time actively
involving the generation of charge carriers and therefore are semiconductors. Some reports in
the literature utilized supports along with the active catalyst CuO or CuO based catalyst for the
photocatalytic degradation of organic pollutants in water and wastewater. For instance, a far
more enhanced rate of degradation of CuO supported on nano clay particles compared to pure
CuO for the degradation of methyl orange was reported by Khan et al [104]. According to the
authors, the enhanced performance of the CuO/nanoclay composite is due to the uniform
deposition of CuO particles on nanoclay particles which increases its surface area and
synergistic effect in reducing recombination of charge carriers. Significant improvement in the
photocatalytic decomposition of methylene blue using chitosan-CuO hybrid catalyst compared
to pure CuO in the presence of a small amount of H,O> was also observed by Haldorai and
Shim [105]. The higher catalytic activity of the catalyst was due to the formation of the hybrid
which increased the adsorption of the dye and improved the self-regeneration and easy
separation of the catalyst from the aqueous solution. A study of the removal of 2,6-Dimethyl
phenol using CuO-Clinoptilolite composite showed an increased rate of degradation in
comparison to pure CuO and was proposed to be due to the distribution of CuO particles on
the zeolite particles thereby increased surface area of the photocatalyst [106]. Comparison of
the degradation of Congo red dye using pure CuO and 1wt% CuO supported on eggshell
(Awt%CuO/eggshell) catalysts under visible light for a period of 4 h and at similar other
parameters showed an insignificant difference, that is 82% versus 80%, respectively [107]. It
was proposed that the structural features and the correlation between the support eggshell and
the active catalyst CuO gave rise improved rate of degradation and this strategy are also
economically beneficial for the consumption of active catalysts can be lowered without causing

significant loss in degradation efficiency.



There are several traditional methods of toxic metal ions removal techniques such as
chemical precipitation, membrane filtration, electrochemical reduction, adsorption,
coagulation, flocculation, flotation, etc. However, the disadvantage with these methods is that
they are environmentally unfriendly and can produce huge sludge during treatment which
incurs an additional cost of processing and transportation [108]. Photocatalytic redox method
is the removal of the toxic metal ions by changing to their metallic elements, metal oxides or
converting their valence to non-toxic or lower toxicity via oxidation or reduction reactions and
offers such advantages as environmentally friendliness, ease to handle, no need to utilize large
chemicals, easy to install, significant efficiency and does not involve the formation of sludge

as compared to the traditional treatment approaches [109].
4. Analysis of real samples using CuO modified electrodes as photocatalysts

Detection of heavy metals, dyes, pesticides using nanocomposite modified electrodes as
photocatalyst has gained importance for environmental protection from toxins and pollutants.
A. M. et. al. [110] have fabricated CuO/MnO./Gd20s ternany nanomaterials for the detection
of industrial effluent (collected from the Jeddah Industrial Area, Saudi Arabia) and extracted
samples out of them. CuO-TiO2 modified GCE was used for sensitive and selective detection
of methyl parathion (MP) pesticide in ground water obtained from Jianghan Plain, Hubei,
China [111]. In this study the recovery of MP ranges from 98.80% to 106.70% in the real water
samples. Furthermore, scientists have comparison the detection limits of bicarbonate in the real
samples taken from different water sources using CuO-ZnO NRs/AgE as electrochemical
sensing electrode which come out be 0.89+0.02 nM [112]. Chemical sensor based on
Ag>0/CuO NSs/binder/GCE was used to detect 2-NP in real environmental sample with the

detection limit of 3.31 £0.17 pM [113].



Bajiri et al [114] studied the photocatalytic performance of CuO/ZnO/g-C3Na ternary
composite for the photocatalytic degradation of methylene blue under visible light illumination.
They found about 98% removal efficiency at 45 minutes of degradation time using 100 mL of
10 ppm methylene blue and 0.04 g of catalyst and 400W hollow lamp as a light source. The
authors proposed that the observed pronounced activity of the ternary composite as compared
to CuO/ZnO binary composite was due to efficient separation of photogenerated e~ /h* pairs
by the Z-scheme charge carrier transfer mechanism, Figure 6, rather than the conventional type

Il heterojunction structure.
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Figure 6. Band position potential and Z-scheme charge transfer mechanism in CuO/ZnO/g-CsN.
composite during the degradation of Amoxicillin. Reprinted with permission from reference [114].

5. Effect of Parameters on the Decontamination of Toxic Heavy Metal lons via

Photocatalytic Degradation



Just as organic pollutants, the degree of photocatalytic removal of toxic heavy metal ions
from aqueous solution is impacted by such factors as solution pH, energy and intensity of the
radiation source, catalyst dose, metal ion concentration, and morphological properties of the

photocatalyst employed. These factors are briefly discussed individually as follows.

5.1 Effect of energy and intensity of radiation

Different researchers have studied the influence of energy of radiation sources on the
removal of heavy metal ions using CuO-based catalysts. For example, Ravishankar et al. [35]
found that the photocatalytic reduction of Cr®* to Cr®" using CuO/TiO; in the presence of
CuO/TiO2 composite catalyst under sunlight illumination for a contact time of 80 minutes was

higher than under UV lamp.

5.2 Effect of catalyst loading

The amount of catalyst employed also affects the amount of metal ions to be removed from
the aqueous solution. The higher the amount of catalyst, the greater the number of surface-
active sites to form more conduction band electrons and higher will be the reduction rate of
nearby metal ions. Few researchers have reported the impact of CuO and CuO-based catalyst
loading on the removal percent of toxic heavy metal ions. For instance, Xu et al. [36] studied
the influence of raising the amount of palygorskite/CuO catalyst loading from 200 to 1600
mg/L for the photocatalytic removal of Cr(VI) from aqueous solution and removal rate
increased with catalyst dose, though the final 800 mg/L and 1600 mg/L loadings did not
produce very much difference in removal efficiency. The effect of varying CuO NPs dosage
from 200, 400, 800, and 1600mg/L on the photoreduction of Cr(V1) in the presence of tartaric
acid was also studied [37]. The result indicated that the removal of the metal ion increased
when catalyst loading was raised from 200 to 400 mg/L but any further increase to 800 and

1600 mg/L resulted in a reduced rate of elimination and the reason for the first case was



attributed to the associated increase in the number of active sites for adsorption and reduction
of the metal ion but for the later it was ascribed to the formation of the turbid solution by the
excessive amount of catalyst which obstructs radiation and hence suppressed generation of

charge carriers and rate of removal of metal ions.

In another study, Samad et al. [38 ] investigated the impact of varying the CuO/ZnO catalyst
loading from 0.33, 0.67, and 1.00 g/L to the photocatalytic oxidation of As(lll) to As(V) and
they found the removal rate increases with the rise in catalyst dose and observed complete
removal of the ion using 1.00 g/L of the catalyst in 8h of illumination under UV light. The
authors have ascribed the increase in the removal of the metal ion with an increase in catalyst
dose to be due to the associated increase in the number of surface-active sites with catalyst

amount.

5.3 Effect of pH

The pH of media affects the reduction of metal ions by modifying the CB and VB edge
potentials of the semiconductor. However, only Cr®* exhibits a pH-dependent shift in the VB
and CB edge potentials and therefore the photocatalytic reduction of many of the toxic metal
ions is pH-independent because the CB edge potentials of the ions are more positive than the
redox potential of the ions [115]. Nanda et al. [39] studied the influence of varying suspension
pH from 4-10 on the photocatalytic reduction of Cr®* using CuO/ZrO.-MCM-41 composites
as photocatalysts. They found around 80% reduction of the metal ion at pH of 4 using 1 g/L
catalyst dose and 20 ppm of Cr®" initial concentration under solar light irradiation for 30
minutes. The authors attributed the higher reduction rate at acidic than alkaline pH to the greater
adsorption of HCrO,, which Cr®" predominantly exists at acidic pH, to the positively
protonated charged catalyst surfaces of the particles because the suspension pH of 4 was greater

than the pHzpc measured to be 4.5. The influence of varying pH and reaction time at constant



CuO/Kaolin catalyst loading of 2 g/L and Cr(VI) initial concentration of 30 mg/L while
keeping other parameters the same was studied by Mohagheghian et al. [116] using response
surface methodology. The reduction efficiency was increased with increasing reaction time and
decreased with increasing pH of the suspension from 3 to 9 and nearly complete removal
(99.99%) was achieved at pH of 3 for 2 h of reaction time. The pHzc of the CuO/Kaolin catalyst
was determined to be nearly 7.3 and reasoned that the higher removal performance of the
catalyst at lower pH is due to the favored adsorption of anionic compounds such as CrO3~ and
HCrO; on the positively charged CuO/Kaolin composite at such pH which leads to improved
reduction of Cr(VI). The authors further forwarded that Cr (V1) is reduced to Cr(l1l) in acidic

and neutral conditions whereas Cr(l11) is precipitated to Cr(OH)z in alkaline condition, Eq.

(13- 15),
Cr,02~ + 14H* + 6e™ - 2Cr3* + 7H,0 (acidic environment) (13)
CrO%~ + 8H* + 3e™ — Cr3* + 4H,0 (neutral environment) (14)
CrO;~ + 4H,0 + 3e™ —» Cr(OH); | + 5HO~ (alkaline environment) (15)

A removal percentage of about 90% for As(lIl) was achieved in the pH of 4 to 8 via
photooxidation to As (V) followed by adsorption utilizing CuO-Fe3sO4 nanoparticles as
photocatalyst and this was superior to only 20% achieved at a pH of 9 to 12 [40].Therefore, the
operating pH of the solution significantly affects the photocatalytic redox reaction and hence
needs to be optimized to achieve maximum elimination efficiency in addition to other

parameters.



5.4 Effect of initial metal ion concentration

The initial metal ion concentration also significantly affects its percentage removal by a
photocatalytic redox reaction in the presence of photocatalysts. The percent removal of the

metal ion is given by Eq. (16),

Co—Ct
Co

Removal (%) = ( ) x 100 (16)

Where, C, and C, refer to the initial concentration of the contaminant ion before exposure
to radiation and after exposure time t, respectively. In general, as the concentration of metal
ion increases, its removal percentage decreases after a certain threshold value in which a
saturated state in the number of active sites of the photocatalyst has reached because the amount
of catalyst is constant as contaminant ion concentration is raised. The impact of varying the
initial Cr®* concentration from 2 — 50 mg/L on its photocatalytic reduction using CuO/ZrO--
MCM-41 was studied and result found indicated that initially when 2 — 5 mg/L was used nearly
100% elimination was observed meanwhile the removal percentage went decreasing afterwards
with efficiency of only 43% when 50 mg/L was employed [39]. This has been proposed to be
owing to the increased light absorption as the concentration of metal ion is increased while the
number of active sites is the same, resulting in hindered generation of photogenerated e~ /h*
pairs and photoreduction of the metal ion. Similar lowered rate of removal of Cr(l11) with rise
in its concentration from 50 — 450 mg/L using CuO photocatalysts with different particle
morphologies under UV-C irradiation was reported and similar explanation as stated above has

been offered [41].



6. Conclusion

In this review, the effect of operational parameters such as catalyst dose, pH of suspension,
energy and intensity of radiation, stirring rate, pollutant initial concentration, temperature,
presence of other co-contaminants or deliberately added oxidants to facilitate the degradation
reactions on CuO nanostructure have been discussed in detail as they predominantly affect the
photocatalytic decomposition rate. Lower or higher catalyst loading than the optimum amount
could result in an inhibited rate of degradation percentage because the number of
photogenerated reactive radicals responsible for the decomposition of organic pollutants is
suppressed owing to the reduced number of surface-active sites and scattering of radiation by
suspended particles at a lower and higher amount, respectively. Similarly, the initial dye
concentration used compared to the amount of catalyst dose should be balanced; if higher than
optimum organic pollutant concentration is used then the incident radiation will be absorbed
by the molecules of the pollutant, resulting in minimized photogenerated charge carriers’
generation and rate of reaction. Regarding pH, photocatalyst should have pHzpc. Above this
value, the surface of the catalyst particles will be negatively charged which favor the adsorption
of positively charged contaminant molecules, and below it, the positively charged calayst
particles will facilitate the adsorption of anionic molecules and hence enhances the removal
percentage. The other operational factors specified in this review have also their influence on
the efficiency of degradation, and optimizing them is essential to achieve maximum elimination

of the contaminants from an aqueous environment.
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