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Abstract15 

Heterogeneous photocatalysis is a promising technology for eradicating organic, inorganic, and 16 

microbial pollutants in water and wastewater remediation. It is a more preferable method to other 17 

conventional wastewater treatment approaches on account of its low cost, environmental 18 

benignity, ability to proceed at ambient temperature and pressure conditions, and capability to 19 

completely degrade pollutants under appropriate conditions into environmentally safe products. In 20 

heterogeneous photocatalysis, pollutant removal is mainly induced by in-situ generated reactive 21 

radicals and their subsequent attack when energetic radiation impinges on the semiconductor 22 

catalyst. As such, for the effective and economical removal of wastewater pollutants, the employed 23 

catalyst should have high photonic efficiency, less toxic, abundant, chemically and 24 

photochemically stable, visible light active, and easily synthesized. Copper (II) oxide (CuO) is one 25 
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such substance acting as a catalyst that has been hampered primarily by rapid recombination and 26 

slow mobility of photogenerated charge carriers. So, this review provides an overview of the 27 

strategies adopted to mitigate the aforementioned drawbacks and also other operational parameters 28 

to boost its catalytic activity towards the elimination of toxic organic and inorganic metal ion 29 

contaminants in an aqueous media. As such, we believe that it will serve as valuable input in the 30 

design and development of competent transition metal oxide-based photocatalysts in practical 31 

wastewater remediation. 32 

Keywords: Cupric oxide, Heterogeneous photocatalysis, Organic pollutants, Toxic heavy metal 33 

ions, Wastewater remediation 34 

1. Introduction 35 

Clean and safe water is a vital commodity for humans’ survival. It is used in multiple 36 

applications including for drinking, food preparation, business, and irrigation purpose. Though 37 

about 71% of the surface of the Earth is covered with water, only nearly 3% of it is freshly available 38 

locked up in the form of glaciers and ice and of which a very minute fraction, available in liquid 39 

form on the surface in rivers, lakes and the atmosphere (Khatri and Tyagi, 2015). Natural and 40 

primarily anthropogenic activities are the causes of water contamination. On account of its, 41 

extremely varied composition including organic, inorganic, and biological contaminants, 42 

wastewater can be a threat to the environment and humans’ health unless properly managed 43 

(Kodavanti et al., 2014; Srivastav and Ranjan, 2020). Thus, wastewater treatment is a crucial step 44 

to avoid not only its potential consequences but also the shortage of clean and safe water and 45 

ensure its sustainable utilization.  46 
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Wastewater treatment methods can generally be classified as physical, chemical, biological, 47 

or a hybrid of these. While in the physical method, physical pollutants of wastewater such as 48 

suspended solid particles and floating oil or foam are removed by settling and skimming from the 49 

top surface, respectively, the chemical method involves the deliberate addition of chemicals to act 50 

as flocculants to promote precipitation of dissolved substances or as disinfecting agents such as 51 

chlorine, ozone or chlorine dioxide to neutralize microorganisms. In the biological treatment 52 

method, microorganisms are utilized to break down organic pollutants from wastewater through 53 

normal cellular processes. Conventional wastewater treatment approaches including adsorption on 54 

activated carbons, chemical oxidation and reduction, chemical precipitation, flocculation, 55 

flotation, and so on (Weldegebrieal, 2020b; Shrestha et al., 2021) are costly and do not involve the 56 

destruction of pollutant substances (Muhd Julkapli et al., 2014). However, due to the complex 57 

nature of the wastewater matrix, adequate decontamination of wastewater is difficult to achieve 58 

and in practice, a combination of the mentioned methods is employed to get quality water more 59 

economically (Crini and Lichtfouse, 2019).  60 

Advanced oxidation processes (AOPs) are wastewater treatment methods in which the 61 

pollutants are removed by redox reactions of in situ generated hydroxyl radicals. Such systems 62 

include the addition of ozone (O3), UV/O3, UV/H2O2, UV/O3/H2O2, Fe2+/H2O2 (Fenton’s reagent), 63 

etc. The advantages of these systems include fast reaction kinetics, small footprint in the treated 64 

water, no formation of sludge and hence reduced cost of treatment, can proceed at mild temperature 65 

and pressure conditions, can completely degrade pollutants under appropriate conditions, are 66 

simpler to operate, and are easily integrable with other treatment approaches (Rajamanickam and 67 

Shanthi, 2016; Garrido-Cardenas et al., 2020). Nevertheless, the high cost of chemical utilization 68 

needed to maintain the operation of the system is one of their main shortcomings. 69 
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Heterogeneous photocatalysis is one of the AOPs which can be defined as radiation–assisted 70 

acceleration of the rate of chemical reactions in the presence of semiconductor photocatalyst. Here, 71 

reactive radical species such as hydroxyl radical (HO.) and superoxide radical ion (O2
  −.) are formed 72 

when photons of incident radiation promote electrons from the valence band (VB) to the 73 

conduction band (CB) of the semiconductor, leaving holes behind in the VB and then the VB holes 74 

and CB electrons oxidize and reduce water and dissolved oxygen gas, respectively. Once 75 

generated, these reactive radicals decompose the pollutants into less harmful products (Joseph et 76 

al., 2009; Sonu et al., 2019; Sharma et al., 2021). As compared to conventional wastewater 77 

treatment techniques, heterogeneous photocatalysis is a preferable option owing to its advantages 78 

such as ease of application, less costly as only a small amount of catalyst and sunlight may be used 79 

to run the degradation reactions, which can proceed at ambient conditions, environmentally 80 

friendly, and involves the elimination of pollutants rather than transferring them from one phase 81 

to another as in the case of adsorption (Sharma et al., 2019; Sonu et al., 2019; Hasija et al., 2021a). 82 

The heart of heterogeneous photocatalytic reactions is the photocatalyst, different types of 83 

photocatalysts such as cadmium sulfide (CdS)-based (Sharma et al., 2021), cobalt ferrite 84 

(CoFe2O4) (Sonu et al., 2019), bismuth oxyhalides (BiOX, X = F, Cl, Br, I) (Sharma et al., 2019; 85 

Yao et al., 2021), ZnS or MoS2/ZnS embedded in N/S doped carbon (Al-Kahtani et al., 2019; 86 

Ahamad et al., 2020a), multivariate metal organic frame works (MOF) (Patial et al., 2021), 87 

zeolithic imidazolate framework 8 (ZIF-8)/graphitic carbon nitride (g-C3N4), that is ZIF-8/g-C3N488 

(Qiu et al., 2021b), MOF-derived carbons (Hao et al., 2021), covalent organic frameworks-based 89 

single metal atom catalysts (Hasija et al., 2022), MXenes (family of 2D transition metal nitrides 90 

and/or carbides), biochar-based materials (Yu et al., 2022), g-C3N4-based (Hasija et al., 2021b; 91 

Kumar et al., 2021; Liu et al., 2021), etc have been developed and excellently reviewed recently 92 
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for the elimination of diverse organic and inorganic pollutants in wastewater. Transition metal 93 

oxides are interesting photocatalysts because of their easier synthesis and ability to form different 94 

metal-oxygen ratios, due to their half-filled d orbitals that enable them to form different oxidation 95 

states, with varying properties and catalytic pollutants removal performance (Cui et al., 2015; 96 

Pareek and Venkata Mohan, 2019; Zhang et al., 2021). 97 

Copper (II) oxide or cupric oxide (CuO) is a transition metal oxide having numerous applications 98 

in different fields. It is an intrinsically p-type semiconductor owing to oxygen vacancy defects in 99 

its crystal structure and has an indirect narrow bulk bandgap of 1.2 eV at RT (Dhineshbabu et al., 100 

2016). It has monoclinic crystal structure with space group C2/c and lattice constants of a = 4.6837, 101 

b = 3.4226, c = 5.1288 Å, and  = 99.54 (Tiginyanu et al., 2011). Copper (I) oxide or cuprous 102 

oxide (Cu2O) and copper (III) oxide (Cu4O3) are other polymorphs and while Cu2O is a thermally 103 

less stable phase than CuO, Cu4O3 is a metastable phase with a mixed oxidation state of Cu atom 104 

and is difficult to synthesize (Wang et al., 2016; Murali and Aryasomayajula, 2018). CuO 105 

nanostructures with various physicochemical properties have generally been synthesized using 106 

physical methods such as mechanical ball-milling and laser ablation, a chemical method such as 107 

sol-gel, microemulsion, solvothermal, etc., and biological methods using plant extracts 108 

(Weldegebrieal, 2020a). These have been used in diverse applications including in magnetic 109 

storage media, high-temperature superconductors, as an electrode in dye-sensitized solar cells, 110 

lithium-ion batteries, and solid oxide fuel cells, in chemical and gas sensors, catalysis, pharmacy 111 

in antitumor therapy, as an antimicrobial agent in food preservation, biomedicine to prevent 112 

bacterial infection of biomedical devices, textile to produce antibacterial textile fabrics, and in 113 

photocatalysis to decompose organic pollutants from water or wastewater (Tadjarodi et al., 2015; 114 

Aminuzzaman et al., 2017; Vaidehi et al., 2018; Verma and Kumar, 2019; Akintelu et al., 2020; 115 
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Weldegebrieal, 2020b; Phang et al., 2021). Such features as low cost and easy availability of 116 

starting materials, excellent chemical and photochemical stability, visible light activity owing to 117 

its narrow band gap, and facile synthesis make CuO nanostructures interesting to researchers in 118 

the photocatalytic eradication of pollutants from wastewater (Ighalo et al., 2021). However, fast 119 

charge carrier recombination and a low specific surface area along with utilized operational 120 

parameters are prominent drawbacks that hinder its efficiency and widespread application in 121 

photocatalysis. Although heterogeneous photocatalytic reactions are generally difficult to 122 

understand completely due to the complex nature of the reaction, studying the influence of the 123 

physicochemical properties of the catalyst as well as the influence of experimental parameters, that 124 

are often overlooked in many reports, is crucial to ensure efficient utilization of catalysts in the 125 

removal of pollutants in wastewater. In this regard, the main objectives of this review are: (1) to 126 

overview the photocatalytic activity response of CuO NPs synthesized using different synthesis 127 

protocols towards the destruction of various organic and inorganic pollutants; (2) to discuss the 128 

influence of operational parameters on the degradation performance; (3) to study the mechanism 129 

of organic and inorganic pollutants removal using CuO and CuO-based photocatalysts; (4) to 130 

provide the current challenges that still need to overcome in producing highly efficient CuO and 131 

CuO-based photocatalysts, from authors’ perspectives, so that they may be used for large-scale 132 

application for the treatment of wastewater based on latest reports in the literature. To the best of 133 

the authors’ knowledge, no such work has been reported before. 134 

2. Photocatalytic activity of CuO nanoparticles  135 

Wastewater may bear physical, chemical and biological impurities of which organic and 136 

inorganic pollutants discharged from various sources are very common. CuO nanostructures are 137 

one among many interesting photocatalysts utilized by researchers for the eradication of these 138 
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pollutants under their abundance, low cost, narrower bandgap, excellent chemical and 139 

photochemical stability, and facile synthesis (Sapkota et al., 2020). Comparatively, there is a large 140 

volume of literature reports of photocatalytic activity of CuO and CuO-based photocatalysts to 141 

organic pollutants degradation than for inorganic metal ions removal, which we will discuss 142 

separately in the following sections. 143 

2.1 Photocatalytic activity of CuO NPs for organic pollutants 144 

Being a semiconductor with a narrow bandgap, CuO is active in the visible wavelength region 145 

of the electromagnetic spectrum. The conspicuous advantage of this is that sunlight whose 146 

predominant radiation reaching the surface of the earth is visible which may be used to stimulate 147 

the photocatalytic decomposition process of organic pollutants; however, the drawback associated 148 

with it is the high probability of photogenerated e−/h+ pairs recombination which suppresses the 149 

photonic and hence removal efficiency. As a consequence, improving some of its surface 150 

morphological properties via improved synthetic route and optimizing experimental parameters 151 

are crucial to maximize the degree of decomposition of organic contaminants in water and 152 

wastewater reclamation using CuO NPs as photocatalysts. Before directly delving the 153 

photocatalytic activity of CuO and CuO-based catalysts to organic pollutants for the rate of 154 

photodegradation reaction, reactive species responsible for decomposition, and catalyst 155 

recoverability and reusability, which is an important factor for its industrial large-scale application.  156 

2.1.1 Mechanism of photocatalytic decomposition of organic pollutants 157 

Photocatalytic decomposition of organic pollutants using semiconductor photocatalysts may 158 

occur through direct or indirect mechanistic routes. In the direct mechanism, the hydroxyl radical 159 

(HO.) and superoxide radical ion (O2
−.), the two reactive radicals mainly responsible for the 160 
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degradation of pollutants, are generated in the reaction system by the direct injection of 161 

photoexcited electrons from the pollutant organic molecules (OM∗) into the CB of the 162 

semiconductor, where it gets itself oxidized to give radical cation (OM+.) and reduces dissolved 163 

O2 to O2
  −., Eq. (8-9) and then to HO. via a sequence of steps as shown in Eq. (5-7) and graphically 164 

illustrated in Figure 1(1). 165 

CuO + hν → CuO (e− + h+) (1) 166 

O2 + e− → O2
  −. (2) 167 

H2O + h+ → HO. + H+ (3) 168 

HO− + h+ → HO. (4) 169 

O2
  −. + H+ → HOO. (5) 170 

2HOO. → H2O2 + O2 (6) 171 

H2O2 → 2HO. (7) 172 

OM + hν → OM∗ (8) 173 

OM∗ + O2 → O2
  −. + OM+. (9) 174 

OM + OM+. + HO./O2
  −. → Decomposed products (10) 175 

However, in the indirect route, Figure 1(2), the first electron-hole (e−/h+) pairs are formed 176 

when electromagnetic radiation of energy (hν) greater than or equal to the bandgap energy (Eg) of 177 

the semiconductor catalyst (CuO) irradiates it and excites electrons from the valence band (VB) to 178 

the conduction band (CB), leaving holes behind in the VB. Then, these e−/h+ pairs may recombine 179 

giving off the excess energy in the form of heat or radiation or undergo separate redox reactions 180 

by diffusing onto the surface and reacting with nearby surface adsorbed species. That is, the 181 

photoexcited electrons reduce adsorbed O2 to O2
  −. While the holes oxidize H2O or HO− to HO., 182 

Eq. (1-4). So, any strategy that minimizes the recombination and maximizes the separation of the 183 

photoproduced charge carriers results in an augmented rate of degradation.  184 
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185 

Figure 1. Photocatalytic degradation mechanism of organic molecule (OM) pollutant using CuO 186 

photocatalyst (Sibhatu et al., 2022). 187 

It has been found that the indirect mechanism is kinetically faster and the predominant route 188 

in the photocatalytic degradation of organic pollutants (Ajmal et al., 2014). The oxidation reactions 189 

of VB holes and reduction reactions of CB electrons with catalyst surfaces adsorbed species are 190 

essential in achieving the separation of photogenerated charge carriers and promoting the rate of 191 

pollutants removal. The electron transfer mechanism and efficiency of charge carriers’ separation 192 

could be different from catalyst to catalyst depending on the size of the bandgap and whether the 193 

catalyst is single phase, doped or is a mixed phase. After they are in situ produced, the reactive 194 

radicals start off attacking the pollutant compounds via hydrogen abstraction, electron transfer, 195 

radical addition and combination modes (Pirilä et al., 2015). Even though the exact mechanistic 196 

route leading to the eventual mineralization of organic pollutants is difficult to track due to the 197 

complex nature of the reaction, rough routes by which the destruction occurs could be proposed 198 
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based on experimental evidence from, for example, GC-MS or LC-MS results of reaction mixture 199 

taken at the initial, intermediate, and final stages of the photodegradation reaction. 200 

As a consequence, researchers have proposed various possible photocatalytic decomposition 201 

mechanistic pathways for different organic pollutants in water and wastewater. For instance, 202 

Bhattacharjee and Ahmaruzzaman (Bhattacharjee and Ahmaruzzaman, 2016) reported that during 203 

the photocatalytic degradation of methylene blue identification of the fragmentation products from 204 

the mass spectra from LC-MS data showed the breakage of the dye molecules along the broken 205 

line denoted by “b” (Figure 2) in the thiazine ring to produce intermediate phenol and p-206 

aminophenol products before undergoing further oxidation to give CO2, H2O and mineral acids. 207 

Whereas, fragmentation of the same molecules during photocatalytic degradation reactions using 208 

Cu2O photocatalysts was proposed to be along the broken line denoted by “a” based on evidence 209 

obtained from LC-MS data (Mrunal et al., 2019). In another study, Rao et al. (Rao et al., 2017) 210 

proposed the degradation mechanism of tartrazine dye in the presence of CuO straw-sheaf-like 211 

nanostructures utilizing evidence obtained from GC-MS result of a sample taken at an intermediate 212 

stage of the photodegradation reaction, Figure 3.  213 
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214 

Figure 2. Fragmentation pathway of MB during photocatalytic degradation along the broken lines 215 

denoted by (a) and (b) to give the indicated intermediate products (Bhattacharjee and Ahmaruzzaman, 216 

2016; Mrunal et al., 2019). 217 

218 

Figure 3. Proposed degradation pathway of tartrazine dye using CuO nanostructures (Rao et al., 2017). 219 
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Here, the C-S bond of the parent tartrazine molecule of m/z = 534 is cleaved to produce a daughter 220 

molecule of m/z = 431. This molecule, in turn, undergoes further cleavage of bonds, along the 221 

indicated broken lines, to produce the indicated intermediate molecules. 222 

Additionally, Raha et al. (Raha et al., 2021) proposed the likely degradation pathway during the 223 

pharmaceutical drug rabeprazole photodegradation reaction using CuO/Mn3O4/ZnO 224 

nanocomposite catalyst by utilizing the HRLC-MS result performed in the intermediate stage of 225 

the reaction, to involve three steps, Figure 4. In step I, the parent rabeprazole molecule undergoes 226 

C-S bond cleavage to produce two daughter molecules of mass 118 and 243. In step II, the 227 

molecule with mass 243 is fragmented into two molecules of mass 171 and 74 upon cleavage of 228 

the C-O bond. In step III, the molecule with mass 171 is further decomposed into smaller 229 

intermediate molecules of mass 105 and 72, which are further decomposed into smaller molecules 230 

in the subsequent steps. Karthikeyan et al. (Karthikeyan et al., 2019), using information from 231 

HPLC analysis, proposed the Cu2O/CuO catalyst-assisted photodecomposition mechanism of N-232 

acetyl-para-aminophenol. Their outline involves first the formation of hydroquinone from the 233 

parent molecule via HO. attack to give benzoquinone and then fumaric acid, maleic acid, and oxalic 234 

acid molecules in the latter ring-opening step, Figure 5. In another study of the photocatalytic 235 

degradation of Allura red dye utilizing porous CuO nanosheets as photocatalysts under UV-vis 236 

light illumination in the presence of NaBH4 as a reducing agent, the decomposition mechanism 237 

was proposed to proceed first through the breakage of the most susceptible azo (-N=N-) linkage in 238 

the dye to produce the colorless amine derivatives, Figure 6, and then into CO2 and H2O at the end 239 

of the decomposition process (Nazim et al., 2021).  240 
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241 

Figure 4. Proposed photocatalytic degradation mechanism of rabeprazole molecules using 242 

CuO/Mn3O4/ZnO nanocomposite (Raha et al., 2021). 243 

244 

Figure 5. Proposed photocatalytic degradation pathway for N-acetyl-para-aminophenol using core-shell 245 

Cu2O@CuO catalyst (Karthikeyan et al., 2019).246 
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247 

Figure 6. Degradation products of Allura red dye using CuO catalyst. Adapted from reference  (Nazim et 248 

al., 2021). 249 

From the degradation mechanisms discussed above, one can see that it is difficult to predict the 250 

exact degradation pathway unless there is a live method of attending to the progress of the reaction 251 

up to a certain stage. Nonetheless, determining the composition of the reaction in different stages 252 

of the reaction is indispensable to ensure the degree of completion of the reaction as visual color 253 

change alone may not be enough to indicate the degree of mineralization since it is possible to end 254 

with colorless intermediate products that are often harmful end products as compared to the 255 

starting pollutants. 256 

2.1.2 Test for reactive species 257 

Although the whole process for the photocatalytic degradation of organic pollutants is still 258 

unclear, the contributions made by reactive species can be determined using evidence from 259 

electron paramagnetic resonance (EPR) spectroscopy and scavenging test (Qiu et al., 2021a). In 260 

the scavenging test, the degradation reactions are carried out in the presence of scavengers for 261 

reactive species such as holes (h+), electrons (e−), superoxide radical ion (O2
  −.), and hydroxyl 262 

radical (HO.) and information about their likely participation in the degradation process is acquired. 263 

The percentage of degradation will be retarded in the presence of scavenging species if the species 264 
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have played their role in the process of decomposition reaction. For quenching HO. radical, usually, 265 

isopropanol or t-butanol is added, and benzoquinone or ascorbic acid are employed to test for O2
  −.266 

(Neena et al., 2018; Weldegebrieal et al., 2021). In addition, while salts such as NaSO4 or NaNO3267 

are used for testing hydrated e−, KI, EDTA, ammonium oxalate, etc are used for testing 268 

photogenerated h+ (Weldegebrieal and Sibhatu, 2021). So, using information obtained from the 269 

scavenging tests, the main reactive species that participated in the degradation process may be 270 

proposed. Chauhan et al. (Chauhan et al., 2020) investigated the likely involvement of HO. during 271 

the degradation of Victoria blue and direct red 81 dyes taken separately in the presence of CuO 272 

NPs and the scavengers of DMSO and carbonate ion. They found that the decomposition decreased 273 

in the presence of the scavengers, confirming the participation of the radicals in the degradation 274 

process. In another study reported by Haseena et al. (Haseena et al., 2019), test or reactive HO., 275 

h+, and O2
−. Species using the respective scavengers of isopropyl alcohol, triethanolamine, and p-276 

benzoquinone, have found that removal efficiency of rhodamine B using biosynthesized CuO NPs 277 

photocatalysts decreased by 44 and 32% in the presence of the first two respective trappers 278 

meanwhile no significant reduction was seen in the presence of O2
−. scavenger, indicating that HO.279 

and h+ are primarily engaged in the degradation process of the dye. Whereas, inhibition of the 280 

photocatalytic decomposition of methylene blue using CuO-Cu2O catalyst in the presence of t-281 

butanol, ammonium oxalate, and benzoquinone added as scavengers for HO., H+, and O2
−. indicated 282 

that all three reactive radicals have possibly participated in the degradation reaction of the dye 283 

though the inhibition was greatest in the presence of HO. radical (Dasineh Khiavi et al., 2019). 284 

Further details of the types of reactive species that induced the photocatalytic degradation of 285 

organic pollutants using CuO-based photocatalysts have been recently reviewed in reference 286 

(Raizada et al., 2020). 287 
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2.1.3 Catalyst recoverability and reusability 288 

One of the merits of heterogeneous photocatalysis that makes it cost-effective is that a small 289 

amount of catalyst is required and it may be used repeatedly. Nonetheless, catalyst spending due 290 

to chemical or photochemical corrosion and colloid formation is often a challenge with some 291 

catalysts used in slurry form. Generally, CuO is a photochemically stable catalyst but the slight 292 

particle agglomeration that occurs during recycling could hinder its photocatalytic performance 293 

retention (Chauhan et al., 2020). The recoverability of a catalyst or adsorbent is an important factor 294 

for their commercial application. While the separation of magnetic materials such as magnetite 295 

(Fe3O4) and its derivatives from solution can be easily facilitated with the aid of external magnets 296 

(Ahamad et al., 2020b), for non-magnetic materials such as CuO used in slurry form, it becomes 297 

costly and time-consuming process (Ahamad et al., 2019). One strategy to minimize such problems 298 

can be to use the catalyst in a fixed-bed form on suitable substrates though this alternative has also 299 

its shortcomings (Umar and Aziz, 2013). Several recyclability tests of CuO-based materials for the 300 

photodegradation of organic pollutants have been conducted. For example,  Pakzad et al. (Pakzad 301 

et al., 2020) found a slight change in the removal efficiency of the antibiotic cephalexin utilizing 302 

magnetic Fe3O4@CuO nanoparticles as a catalyst after 5 cycles with only about 10% reduction in 303 

efficiency after the 7th cycle. In a report by Munawar et al. (Munawar et al., 2021), a test of the 304 

MgO-ZnO-CuO ternary composite photocatalyst stability by successive collection of particles by 305 

centrifugation, washing and drying exhibited efficiency fading by less than 4%, from 98.8% 306 

degradation to 95% degradation, after the 5th cycle to the photodegradation of P-nitroaniline. 307 

In general, as catalyst recoverability and reusability are essential factors in its large-scale 308 

application, synthesis methods need to consider ways of maximizing these factors while ensuring 309 

efficient photodegradation of target pollutants. 310 
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2.1.4 Kinetics of photocatalytic degradation reactions of organic pollutants 311 

For photocatalytic degradation reactions, the photocatalyst, organic pollutant, and radiation 312 

should be in contact or proximity for the reactions to proceed and the pollutant’s concentration 313 

goes decrease with time if the employed catalyst is photoactive to the contaminant molecules under 314 

the given experimental condition. The extent of elimination or degradation (D%) of the pollutant 315 

can be obtained by observing the change in its absorbance or concentration with time using Eq. 316 

(11), 317 

D (%) = (
A0−At

A0
) × 100 = (

C0−Ct

C0
) × 100  (11) 318 

Where A0, C0, At, and Ct are the absorbance and concentration values initially before radiation 319 

exposure and after exposure time (t), respectively. 320 

Regarding the kinetics of the reaction, the heterogeneous photocatalytic degradation reactions 321 

of organic pollutants mainly obey pseudo-first-order kinetics. That is the time rate of change of 322 

the concentration of the pollutant is first-order in the concentration of the pollutant and is given by 323 

Eq. (12), 324 

−
dC

dt
= κ1C  (12) 325 

Where, C is pollutant concentration and 𝜅1 is the pseudo-first-order reaction rate constant. 326 

Rearranging and integrating Eq. (12) without limits gives, 327 

−∫ (
dC

C
) = κ1∫ dt ⇒ lnC =  −κ1t  (13) 328 

Integrating Eq. (12) with limits at t = 0, C = C0 and at t = t, C = Ct gives, 329 

ln (
Ct

C0
) = −κ1t ⇒ ln (

C0

Ct
) = κ1t  (14) 330 
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Then, if the plot of ln (
C0

Ct
) versus t of the experimental data give a good fit, coefficient of 331 

correlation (R2) close enough to 1, with the generated linear regression line, then the reaction could 332 

be satisfactorily described using pseudo-first-order kinetics model. One measure of the goodness 333 

of fit between the model and experimental data is the coefficient of correlation (R2) and a value 334 

greater than or equal to 80% is suggested to be good for model validation (Revellame et al., 2020). 335 

In some cases, pseudo-second-order kinetics are also reported to have better fitted experimental 336 

data to the model linear regression line. In pseudo-second-order kinetics, the rate of the reaction is 337 

second order in pollutant concentration, Eq. (15), 338 

−
dC

dt
=  −κ2C2  (15) 339 

Rearranging and integrating without limits of Eq. (15) gives Eq. (16), 340 

−∫ (
dC

C2
) = κ2  dt ⇒ −

1

C
= κ2t  (16) 341 

But integration in the limits at t = 0, C = C0 and t = t, C = C, gives  342 

1

C
= −κ2t +

1

C0
 (17) 343 

Where, C0 and Ct are the initial and final concentrations of the pollutant. 344 

From first-order kinetics, the best fit of the experimental data to the linear regression line up on 345 

plotting 
1

C
 versus t indicates that the reaction kinetics could be described using the pseudo-second-346 

order model.  347 

The relative kinetics of photocatalytic reactions can be compared with the half-life period in a 348 

similar duration of degradation reactions. The half-life of a reaction is the time it takes to reduce 349 

the initial concentration of the pollutant by half and is independent of the initial concentration of 350 

the dye used for first-order reactions, Eq. (18), 351 
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t1 2⁄ =
ln(2)

𝜅1
 (18) 352 

Where, 𝜅1 is the first-order reaction rate constant. The shorter the half-life, the faster the reaction 353 

and vice versa. 354 

Unlike a pseudo-first-order reaction, the half-life of 2nd order reaction depends on the initial 355 

concentration and is given by Eq. (19), 356 

t1 2⁄ =  −
1

C0κ2
 (19) 357 

Where, C0 and κ2 refer to the initial concentration of the organic pollutant and the second-order 358 

reaction rate constant, respectively. 359 

The rate of photodegradation reaction is also an important factor that needs to be considered during 360 

degradation reactions and a catalyst with a high reaction rate constant will be the first choice 361 

provided other factors are kept constant.  362 

2.1.5 Factors affecting photocatalytic degradation of organic pollutants363 

Photocatalytic degradation reactions are complex processes in which the elimination efficiency 364 

of organic pollutants depends on several factors. Much as other semiconductor photocatalysts, the 365 

extent of photocatalytic decomposition of the pollutants depends on such factors as morphological 366 

properties of the synthesized CuO and CuO-based catalysts, type of organic pollutant, operational 367 

parameters such as catalyst dose and pollutant initial concentration, pH, temperature, aeration and 368 

stirring rate, energy and intensity of employed radiation, and the presence of oxidants and other 369 

interferents in the reaction mixture, which are reviewed individually as under. 370 
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2.1.5.1 Effect of morphological properties of CuO and CuO-based catalysts on the degradation 371 

efficiency of organic pollutants 372 

Particle size and shape could affect the rate of reactions because this affects the size of the 373 

bandgap and the diffusion length of photoproduced charge carriers from the bulk to the surface-374 

active sites. The size of the bandgap energy in turn determines the photonic efficiency and the 375 

range of wavelengths of the electromagnetic radiation to be harvested during the degradation 376 

reactions. To maximize pollutants eradication, the bandgap should not be too small (<1.3 eV) to 377 

minimize the high probability of charge carriers recombination nor be too large (>3.0 eV) to be 378 

activated in the visible region of the electromagnetic spectrum and as such a bandgap in the range 379 

of 1.3–3.0 eV has generally been reported to be appropriate for photocatalytic degradation 380 

reactions (Imtiaz et al., 2019). Pure CuO has a bulk bandgap of 1.2 eV and this value could reach 381 

up to 3.57 eV in the nanoscale size regime by adjusting synthesis methods (Mallick and Sahu, 382 

2012). However, one of its main drawbacks, when used as a photocatalyst, is the high degree of 383 

e−/h+ pairs recombination owing to its CB edge potential being more positive than the redox 384 

potential of hydrogen, which results in reduced catalytic activity (Nuengmatcha et al., 2019). As a 385 

consequence, its catalytic activity has been boosted via doping with other elements or coupling 386 

with other semiconductors because of the resulting enhanced features such as surface area and 387 

adsorption capacity better mobility and separation of charge carriers. 388 

Several researchers studied the influence of particle size and shape on the degradation 389 

performance of CuO and CuO-based photocatalysts for various organic contaminants. For 390 

instance, Muthuvel et al.  (Muthuvel et al., 2020) found enhanced catalytic activity of CuO NPs 391 

with an average particle size of 25 nm as compared to 32 nm-sized spherical particles synthesized 392 

by chemical and biological methods, respectively towards methylene blue degradation under 393 
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similar experimental conditions. In a study conducted by Junior et al.  (Junior et al., 2019) for the 394 

degradation of the same dye using CuO NPs with different morphologies, the decomposition 395 

performance was found to increase in the order of plate-like > flower-like, boat-like > ellipsoidal 396 

like CuO particles at comparable experimental setting. Similarly, a comparison of the degradation 397 

capability of CuO nanorods, nano leaves, and nanosheets for Congo red employing the same 398 

catalyst dose of 50 mg, 100 mL of 20 ppm dye concentration under 18W UV lamp for 210 minutes 399 

showed that the particles achieved respective degradation efficiency of 67, 48, and 12% 400 

(Sadollahkhani et al., 2014). According to the authors, the observed efficiency disparity was 401 

attributed to the greater adsorption capacity arising from the higher specific surface area of the 402 

former particles than the latter. In another report by Nazim et al. (Nazim et al., 2021), the 403 

degradation competence of porous CuO nanosheets for the food dye Allura red AC was 97% in 6 404 

minutes in the presence of NaBH4 (1 mg/mL) under UV light irradiation and starting with 10 mL 405 

of 5 ppm dye concentration and 5 mg of CuO catalyst, which was much higher than other CuO 406 

NPs morphologies compared. This higher catalytic activity response of the CuO nanosheets to the 407 

degradation of the dye was ascribed to the greater surface area and adsorption ability of the catalyst 408 

nanosheets and also due to the augmented production of HO. radicals via reduction of O2 to O2
−.409 

and then to HO. with electrons supplied by BH4
 −. in the reaction medium. In another study, a 410 

comparison of the photocatalytic activity of as-synthesized CuO and Tb-doped CuO for the 411 

catalytic degradation of MB for 2h showed that the latter improved the efficiency by 6%  compared 412 

to the former (Vimala Devi et al., 2017). This was attributed by the authors for two reasons. The 413 

first reason for the enhancement was proposed to be due to the smaller particle sizes of the Tb-414 

doped CuO in which faster diffusion of charge carriers to the surface is facilitated, resulting in the 415 

generation of more reactive radicals and hence faster removal efficiency. The second reason was 416 
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ascribed to the effective separation of photogenerated charge carriers by the presence of more 417 

surface defects on Tb-CuO which serve as electron trapping centers as well as the presence of Tb3+418 

ions on the surface, acting as VB electron traps to produce Tb2+ and O2
  −..  419 

One bottleneck  for effective catalytic activity with narrow band gap semiconductors such as 420 

CuO is the high chance of photogenerated e−/h+ pairs recombination and this can be alleviated 421 

via elemental doping, defect formation, morphology and size control or coupling it with other 422 

semiconductors (Fang et al., 2021). Sasikala et al. (Sasikala et al., 2016) investigated the 423 

photocatalytic activity response of Ce-loaded CuO NPs for the degradation of trypan blue dye and 424 

found greater activity than pure CuO NPs. This enhancement was ascribed to the facilitated 425 

separation of photogenerated e−/h+ pairs due to Ce atoms serving as CB electron traps, Figure 7. 426 

Moreover, the removal of Congo red dye with Cd, Ba-CuO was reported to be higher than Cd-427 

CuO, Ba-CuO, and undoped CuO nanoparticles (Arunadevi et al., 2018). It was found that Cd, Ba-428 

CuO degraded the dye by 98% for 3h degradation reaction time under visible light irradiation, an 429 

improvement by about 25% compared to undoped CuO under similar experimental settings. The 430 

higher removal efficiency of the Cd, Ba-CuO was ascribed to the inhibition of photogenerated 431 

e−/h+ pairs recombination by the Cd and Ba impurities forming intraband energy levels near the 432 

CB or the VB of CuO and narrowing the effective bandgap and serving as CB electron sinks, 433 

thereby promoting redox reactions to produce a large number of reactive radicals which are 434 

responsible for the destruction of dye molecules. However, elemental doping does not necessary 435 

result in an increment of activity of the metal oxides rather it could have the opposite effect. A 436 

case in point is the slight reduction observed in the degradation of methylene blue using 6% Fe-437 

doped CuO film with degradation of 94.9% as compared to 95.6% using CuO film for a 12h solar 438 

irradiation as reported by Sayed and Shaban (El Sayed and Shaban, 2015). The authors suggested 439 
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that the higher bandgap (2.30 eV) of 6%Fe-doped CuO film than the bandgap of pure CuO film 440 

(2.15 eV) might have caused less photons to have induced photoexcitation and formation of 441 

reactive HO. radicals and reduced rate of degradation. 442 

The presence of surface defects such as oxygen vacancy and oxygen excess, edges or corners 443 

formed during synthesis in CuO NPs can also act as trapping sites for photogenerated charge 444 

carriers, resulting in their improved separation and transfer and enhanced rate of reactive radicals 445 

generation and pollutant removal proficiency (Katal et al., 2020; Hasija et al., 2021a). However, a 446 

large population of defects in CuO can hamper the mobility of charge carriers and serve as 447 

recombination centers and result in a hindered rate of decomposition (Sharma et al., 2016; Katal 448 

et al., 2020). 449 

450 

Figure 7. Photocatalytic degradation mechanism of trypan blue dye using Ce/CuO NPs (Sasikala et al., 451 
2016).  452 
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453 

Figure 8. Possible bandgap alignment, (a) straddling band gap, (b) staggered gap, and (c) broken gap of 454 

semiconductors 1 and 2 with their respective energies, Eg1 and Eg2. 455 

Another method of inhibiting the recombination rate of e−/h+ pairs in CuO are to couple it 456 

with other semiconductors with proper band gap alignment to form heterojunctions. Depending on 457 

the CB and VB potential alignments with other semiconductors, there can be three possible types 458 

of band gap intercalations. These include staggering gaps, straddling gaps, and broken gaps as 459 

illustrated in Figure 8. While in straddling bandgap alignment both CB electrons and VB holes are 460 

transferred from the wider semiconductor 1 to the narrower bandgap semiconductor 2, Figure 8 461 

(a), in staggered gap CB electrons from semiconductor 1 with more negative potential are 462 

transferred to CB of semiconductor 2 and VB holes move in the opposite direction, Figure 8 (b). 463 

On the other hand, in broken gap configuration, Figure 8 (c), both CB electrons and VB holes of 464 

semiconductor 2 are more negative than semiconductor 1 and no charge carrier transfer from one 465 

semiconductor to the other can occur across the interface between them because of energy barrier 466 

and of the three possible bandgap alignments mentioned, type II (staggered bandgap alignment) 467 

results in better separation of charge carriers and higher degradation percentage (Koe et al., 2020).  468 
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Several studies reported on the photocatalytic proficiency of CuO-based type II heterojunctions 469 

for organic contaminants. For example, Mageshwari et al. (Mageshwari et al., 2015) reported 470 

enhanced photocatalytic performance of CuO/ZnO composite for methyl orange and methylene 471 

blue dyes as compared to pure CuO and ascribed this improved performance of the composite to 472 

the enhanced charge transport and efficiency of charge carriers separation owing to intercalated 473 

band gap positions by the n-type ZnO and p-type CuO (n-p) heterojunction formation between the 474 

two oxides, Figure 9 (a), which prolongs the lifetime of photogenerated e−/h+ pairs and the 475 

formation of more reactive radicals and higher removal efficiency. In another study reported by 476 

Hossain et al.  (Hossain et al., 2020) it was observed that the catalytic activity of CuO/CdS 477 

nanocomposite for the photocatalytic degradation of rhodamine B was superior (93%) as compared 478 

to the performance achieved by the individual phases of CuO and CdS which degraded the dye by 479 

41 and 60%, respectively under the same experimental condition of initial dye concentration 30 480 

ppm and catalyst dose of 0.25 g/L for 1 h of irradiation under visible light. The authors have 481 

reasoned the greater performance of CuO/CdS heterostructures photocatalyst than the individual 482 

phases to be owing to efficient photogenerated charge carrier separation, accelerated charge carrier 483 

transfer across the surface/solution interface, and its higher BET specific surface area. The 484 

photocatalytic degradation mechanism is shown in Figure 9 (b). 485 
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Figure 9. Illustration of 𝑒−/ℎ+ formation and separation in CuO/ZnO composite (a), reprinted with 486 

permission from reference (Mageshwari et al., 2015). Copyright 2014. Elsevier, (b) RhB using CuO/CdS 487 

p-n heterojunction catalyst. Reprinted with permission from reference (Hossain et al., 2020). Copyright 488 

2020. Elsevier.  489 

However, a Z-scheme charge transfer mechanism was proposed for the observed enhanced 490 

photocatalytic activity of CuO-WO3 heterojunction catalyst for the degradation of methylene blue 491 

dye as compared to the degradation efficiency achieved by bare WO3 NPs (Dursun et al., 2020). 492 

Here, the type II heterojunction mechanism is not able to explain the phenomena because CB 493 

electrons in WO3 cannot reduce O2 to O2
−. As the reduction potential for O2/O2

−. is more negative 494 

than the CB edge potential of WO3 and VB holes in CuO cannot oxidize H2O to HO. because VB 495 

edge potential is more negative than the oxidation potential of HO./H2O, as clearly indicated by 496 

the red-crossed “X” symbol in Figure 10. One advantage of the Z-scheme heterojunction over type 497 

II heterojunctions is that unlike in type II, it results in effective charge carriers separation while 498 

maintaining the redox ability of the composite because, during the transfer process, the reducing 499 

ability of CB electrons in the semiconductor with more negative potential and the oxidizing ability 500 

of the VB holes in the semiconductor with the more positive potential is not affected (Wang et al., 501 

2020a). Therefore, Z-scheme heterojunctions avoid the drawback of reducing the redox potential 502 

(a) (b)
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during the charge transfer process observed in type II heterojunctions while maintaining the charge 503 

carrier separation efficiency. Similarly, a Z-scheme charge transfer mechanism was proposed for 504 

the enhanced visible-light-driven photocatalytic degradation of malachite green (MG) using 505 

CuO/g-C3N4 catalyst as compared to the pure semiconductors (Tzvetkov et al., 2019). 506 

507 

Figure 10. Electron transfer mechanism during the degradation of methylene blue using WO3-CuO n-p 508 

heterojunction catalyst. Adapted from reference (Dursun et al., 2020). 509 

In this mechanism, VB electrons from semiconductors g-C3N4 and CuO are excited to their 510 

respective CB and the CB electrons in CuO move to the VB of g-C3N4 at the interface, and CB 511 

electrons in g-C3N4 reduce dissolved oxygen to O2
  −. Radical meanwhile VB holes in CuO oxidize 512 

H2O or HO− to HO. radical, resulting in effective separation of e−/h+ pairs and generation of 513 

numerous reactive radicals and a higher destruction rate of the MG molecules, Figure 11 (a). In 514 

addition to binary composites, researchers have also synthesized ternary composites to boost the 515 

photocatalytic degradation of different organic contaminants. For instance, Kumaresan et al.516 

(Kumaresan et al., 2020) noticed that the photocatalytic activity of reduced graphene oxide (rGO)-517 

based CuO/ZnO that is CuO/ZnO/rGO ternary composite exhibited catalytic activity 12 times 518 
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more than that achieved by CuO/ZnO binary composite towards Rhodamine B (RhB) dye under 519 

visible light irradiation and explained that the pronounced degradation of the ternary composite 520 

compared to the binary composite is due to the excellent adsorption and charge carriers conducting 521 

properties of the rGO in the composite. It has also been reported that the greater decomposition 522 

rate of the antibiotic tetracycline hydrochloride using rGO/CuO/Cu2O catalyst compared to the 523 

pure phases was due to the presence of rGO which boosts the stability of CuO/Cu2O catalyst and 524 

also acts as CB electron acceptor thereby facilitating the separation of e−/h+ pairs and production 525 

of more reactive radicals and higher degradation rate (Bai et al., 2021), Figure 11(b). 526 
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Figure 11. Band gap position and electron transfer mechanism in the degradation of (a) CuO/g-C3N4527 

composite (Tzvetkov et al., 2019) (b) Tetracycline hydrochloride using rGO/CuO/Cu2O catalyst. Reprinted 528 

with permission from reference (Bai et al., 2021). Copyright 2021. Elsevier. 529 

Bajiri et al. (Bajiri et al., 2019) studied the photocatalytic performance of CuO/ZnO/g-C3N4530 

ternary composite for the photocatalytic degradation of methylene blue under visible light 531 

illumination. In this Z-scheme mechanism, the photogenerated CB electrons in ZnO transfer and 532 

combine with holes in g-C3N4 and CuO, leaving holes in the VB. Then, the VB holes can oxidize 533 

HO− to HO. because they have enough potential (3.0 V) compared to the potential needed to 534 

(b)

(a)
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produced HO. (1.99 V vs. NHE at neutral pH). Moreover, the CB electrons of CuO and g-C3N4 are 535 

also capable of reducing O2 to O2
−. Because their respective redox potential -0.77 V and -1.12 V 536 

are enough to produce O2
−. Radicals (-0.046 V). Thus, they reasoned that the enhanced 537 

photocatalytic activity of the ternary composite for the organic pollutant is best explained by the 538 

Z-scheme mechanism. 539 

In another study by Liu et al. (Liu et al., 2012), the higher degradation of RhB using CuO 540 

nanoflower (NF)-decorated rGO than pure CuO under UV irradiation in the presence of H2O2541 

oxidant was because of the facilitated adsorption of RhB by - stacking interactions between 542 

RhB and the -conjugation system of CuONF/rGO, leading to the fast degradation of the dye. 543 

Similar higher catalytic activity for 4-nitrophenol and 2-nitrophenol pollutants using CuO/rGO 544 

catalyst than pure CuO NPs was also reported and the reason had been attributed to the good 545 

photoexcited electron capturing ability of the graphitic backbone and also the good transfer of 546 

charge carriers, resulting in efficient separation of charge carriers and higher reactive radicals and 547 

rate of reaction (Botsa and Basavaiah, 2018), Figure 12. Additionally, Dutta et al.  (Dutta et al., 548 

2016) found 99% degradation of methylene blue using CuO quantum dots decorated rGO in the 549 

presence of H2O2 in 50 minutes of irradiation under visible light. According to the authors, the 550 

enhanced degradation of the dye is due to excess formation of HO. and O2
 −. Reactive radicals’ 551 

production by the visible-light-induced excitation of electrons from rGO and transferring to the 552 

CB of CuO, resulting in more radicals’ production and improved degradation reaction rate. Similar 553 

enhanced removal of methylene blue and Congo red dyes using rGO-CuO catalyst under visible 554 

light illumination was also recently reported by our group (Sagadevan et al., 2021). 555 
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556 

Figure 12. Illustration of electron transfer mechanism in CuO/rGO composite during the degradation of 557 

RhB dye. Adapted from reference (Botsa and Basavaiah, 2018).  558 

Similar to elemental doping, coupling CuO with other semiconductors may not necessarily result 559 

in enhanced photodegradation rather consideration of other factors such as resulting bandgap and 560 

surface area of catalyst need to be taken into consideration to explain the experimentally observed 561 

degradation efficiency. For example, in a study reported by Koohestani (Koohestani, 2019), the 562 

degree of elimination of methyl orange using pure CuO NPs was found to be higher than 563 

Cu2O/CuO composites. According to the author, this could be due to the smaller bandgap and 564 

larger specific surface area of CuO NPs than the Cu2O/CuO photocatalyst. 565 

2.1.5.2 Effects of type of catalyst and organic pollutant on degradation efficiency 566 

The photocatalytic degradation percentage of organic contaminants in aqueous media is 567 

potentially influenced by the nature of the catalyst as well as the organic contaminants keeping 568 

other variables unchanged. The photocatalytic activity response of a given catalyst to different 569 

pollutants can vary depending on the nature of the pollutants. This variation may generally be 570 
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attributed to disparity in molecular mass, molecular structure and stability, and molecular charges 571 

at the pH of the reaction suspension. Several researchers have reported the performance of CuO 572 

and CuO-based catalysts for the photocatalytic destruction of various organic contaminants. For 573 

example, Singh et al. (Singh et al., 2017) studied the catalytic activity of CuO nanorods 574 

synthesized by sol-gel method to the degradation of methyl orange, methylene blue, Eriochrome 575 

Black T, and Congo red dyes individually and under similar experimental conditions and they 576 

found removal percentages in increasing order: Congo red < methylene blue < Eriochrome Black 577 

T < methyl orange. This observed discrepancy of degradation performance of the same catalyst to 578 

Congo red (Mw = 696.7 g/mol) with the slowest rate of degradation as opposed to methyl orange 579 

(Mw = 327 g/mol) with the highest rate was attributed to their variation in molecular mass of the 580 

dyes which results in different diffusion rate to catalyst surface active sites and hence the rate of 581 

decomposition reaction. In another study, the extent of degradation of Nile blue was found to be 582 

97% while that of reactive yellow 160 was 80% under sunlight irradiation for 2 h utilizing the 583 

same biosynthesized CuO NPs catalyst (Singh et al., 2019). A similar explanation that is based on 584 

the variation in the diffusion rate to catalyst surface active sites owing to the difference in 585 

molecular mass and structure of the dye molecules was offered to the observed disparity in 586 

catalytic performance. Moreover, methylene blue was degraded by 39% as compared to 28% for 587 

methyl orange under visible light irradiation for a period of 2h using the same ZnO/CuO (50:50) 588 

photocatalyst (Saravanan et al., 2013). In a study conducted by using the same 10 ppm pollutant 589 

concentration for 320 minutes of irradiation under sunlight at their respective natural pH and 590 

catalyst dose of 10 mg/L of biosynthesized CuO NPs for six different pollutants of methyl red, 591 

Congo red, methylene blue, trypan blue, methyl orange, and Coomassie brilliant blue, the 592 

respective degradation percentages obtained were 77.4, 77.7, 79.6, 72.04, 59.9, and 43.6 % 593 
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(Yugandhar et al., 2019). In a different investigation, a comparison of the degradation of methylene 594 

blue, methyl red and Congo red dyes taken individually using electrochemically synthesized CuO 595 

NPs and a similar amount of catalyst and dye concentration under sunlight illumination for a period 596 

of 2h resulted in degradation of 93, 90, and 85%, respectively (Katwal et al., 2015). The rate 597 

constant of the reactions was different with the highest value of 0.02059 min-1 belonging to the 598 

degradation of methylene blue and the lowest 0.01749 min-1 for Congo red and the authors have 599 

explained the observed lowered rate of degradation of Congo red are due to its less susceptible 600 

chemical structure to oxidation and also steric hindrance originating from the biphenyl group and 601 

naphthenic groups in its structure. 602 

Nevertheless, the explanation by molecular mass difference alone may not necessarily account 603 

for the experimentally observed difference in the removal efficiency of dyes employing the same 604 

catalyst. For example, it has been reported by Hossain et al. (Hossain et al., 2020) that the removal 605 

percentages of rhodamine B, methylene blue, methyl blue, and methyl orange dyes utilizing 606 

CuO/CdS composite catalyst were 93%, 75%, 83%, and 80%, respectively with molecular masses 607 

which is 479, 319.85, 800, and 327 g/mol, respectively. Thus, other factors such as molecular 608 

structural complexity and stability including the ionicity of the molecules at the experimental pH 609 

should also be taken into consideration to account for the observed variation in degradation 610 

competence. 611 

The elimination rate of a given organic pollutant using CuO and CuO-based catalysts also 612 

depends on the type of catalyst. This could be primarily a result of the associated variation in band 613 

gap energy, particle morphology, specific surface area, the efficiency of photogenerated charge 614 

carrier separation as discussed previously. A case in point is the degradation of phenanthrene using 615 

Gd2O2CO3/CuO/ZnO nanocomposite exhibited a higher removal rate of 99.6 % during 2h of 616 
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illumination time under visible light as compared to 50.4% when pure CuO was used for the same 617 

time duration (Mukwevho et al., 2019). This enhanced performance of the ternary nanocomposite 618 

was attributed to its high light absorption, high surface area, and reduced recombination rate of 619 

charge carriers. Moreover, the degradation rate of methylene blue and methylene violet dyes taken 620 

separately using Zn-doped CuO nanoflowers was higher than utilizing pure CuO nanorods at 621 

comparable other experimental parameters (Sonia et al., 2015b). It has been suggested that the 622 

enhanced activity of the Zn-doped CuO relative to the pure CuO was because of the efficient 623 

separation of photogenerated e−/h+ pairs as a result of the Zn atoms acting as CB electron traps 624 

and a hence results in the larger number of reactive radicals’ production and degree of removal of 625 

the dyes.  626 

2.1.5.3 Effects of catalyst dose and pollutant initial concentration 627 

The initial catalyst dose and pollutant concentration employed are among the operational 628 

parameters that affect the removal efficiency of organic pollutants. Generally, heterogeneous 629 

photocatalytic reactions are effective at the optimal amount of catalyst dose and dye concentration. 630 

Regarding pollutant concentration, photocatalytic reactions are efficient at lower concentrations 631 

because higher concentrations prevent radiation penetration and obscure catalyst active sites 632 

thereby minimizing the number of reactive radical species that would have been produced and 633 

hence suppress the rate of the degradation process. Similarly, using a catalyst amount above 634 

optimal could form a suspension that occludes radiation from passing through and fosters particle 635 

agglomeration which in turn tends to reduce the number of active surface sites and the rate of the 636 

decomposition process. Utilizing the below optimal amount of catalyst will also decrease the 637 

extent of degradation for a lower number of surface-active sites for the formation of reactive 638 

species will be produced. Thus, the influence of dye initial concentration and catalyst dose on the 639 
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removal efficiency of pollutant compounds are among the important operational parameters that 640 

are studied and optimized in many photocatalytic degradation reactions. To mention some, 641 

Venkata et al. (Venkata et al., 2019) studied the impact of varying the initial concentrations of 642 

Coomassie Brilliant Blue R-250 and methylene blue dyes separately from 5 to 25 ppm in intervals 643 

of 5 ppm employing a fixed catalyst loading of 10 mg and pH of 7 under sunlight irradiation. They 644 

observed that the degradation decreased with a rise in dye concentration in both dyes and attributed 645 

this phenomenon to increased coverage of surface-active sites with dye molecules, resulting in a 646 

reduced rate of reactive species production and hence decomposition. Moreover, the authors also 647 

observed that increasing catalyst dose from 5–25 mg keeping other variables fixed resulted in 648 

respective maximum degradation percentages of 74 and 86% but any further addition of the 649 

catalyst above 25 mg lowered the degradation. This has been ascribed to particle aggregation and 650 

solution turbidity which result in a reduction in surface active sites and blockage of radiation, 651 

respectively and hence lower destruction of the dyes. Akram et al. (Akram et al., 2020) studied the 652 

effect of Co(OH)2/CuO catalyst dose by varying from 5–20 mg in intervals of 5 mg and rhodamine 653 

B dye initial concentration from 25–100 mg/L in intervals of 25 mg/L on the percentage of 654 

degradation and found maximum value of 99.9% at 10 mg catalyst dose and 25 mg/L dye initial 655 

concentration. Keeping other experimental parameters unchanged, increasing catalyst loading 656 

above 10 mg or dye initial concentration above 25 mg/L hindered degradation probably because 657 

both cases result in scattering or obstruction of radiation which in turn results in ineffective 658 

production of reactive radicals and lowered rate of degradation. In another study reported by Date 659 

et al. (Date et al., 2020), the photocatalytic performance of CuO/TiO2 hybrid nanorod arrays was 660 

consistently decreased with an increase in rhodamine B initial concentration from 50 to 250 and 661 

then to 750 ppm in the presence of H2O2 oxidant and without varying other experimental 662 
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parameters. According to the authors, the enhanced activity of the hybrid photocatalyst relative to 663 

bare CuO was due to the formation of type II heterostructures between CuO and TiO2, which 664 

results in more efficient separation of charge carriers and the formation of more HO. and HOO.665 

radicals generated from H2O2 via its reaction with photogenerated e−/h+ pairs in a process called 666 

photo-Fenton-catalysis and therefore a greater degradation rate. Similarly, the influence of Direct 667 

red 89 initial concentration on the photocatalytic activity of Fe3O4/CuO core-shell heterostructures 668 

under visible light irradiation was studied by Benabbas et al. (Benabbas et al., 2021). They found 669 

that nearly complete removal of the dye was achieved utilizing its initial concentration in the range 670 

from 20 – 60 ppm and catalyst dose of 0.75 g and 100W visible light irradiation at the experimental 671 

pH of 6 for 240 min. However, degradation decreased upon increasing the initial concentration 672 

from 40 – 60 ppm while other parameters are kept fixed. As mentioned previously, the authors 673 

have reasoned this to be due to suppressed rate of radical formation as a result of coverage of 674 

catalyst surface active sites by dye molecules at higher concentration as well as radiation screening 675 

effect of dye molecules, both of which result in reduced generation rate of radicals and rate of 676 

degradation reaction. A consistent reduction in the rate of destruction of methylene blue up on 677 

increasing its initial concentration from 5 to 20 ppm using CuO/ZnO nanocomposite catalyst was 678 

also reported by Sakib et al.  (Sakib et al., 2019). In a study reported by Abdullah et al.  (Abdullah 679 

et al., 2016) for the photocatalytic degradation of methylene blue using CuO-BiVO4 catalyst, while 680 

the percent of decomposition of the dye monotonically lowered with the rise in its concentration 681 

from 10 to 30 ppm in intervals of 5 ppm without changing other experimental variables, the 682 

degradation increased and reached maximum value upon increasing catalyst dose from 0.2 to 0.8g 683 

in intervals of 0.2 g but further increment above 0.8 to 1 g did not change significantly. Table 1 684 

provides additional examples of degradation efficiency achieved by CuO and CuO-based 685 
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photocatalysts for the degradation of different organic pollutants at the indicated experimental 686 

parameters as reported from various references. 687 

Table 1. Effects of catalyst dose and pollutant initial concentration on the photocatalytic removal efficiency 688 

of various organic pollutants in an aqueous solution. [Pollutant] = initial concentration of pollutant. 689 

Pollutant 
[Pollutant] 

(ppm) 
Catalyst 

Catalyst 

dose (g) 
Conditions 

D 

(%) 
Ref. 

4-Nitrophenol 10 CuO/rGO 0.03 

pH = 8.1, t = 2 

h, under visible 

light 

100 

(Botsa and 

Basavaiah, 

2018) 

4-Nitrophenol 10 CuO 0.03 

pH = 8.1, t = 2 

h, under visible 

light 

72 

(Botsa and 

Basavaiah, 

2018) 

Acid Fuchsin 20 CuO/MnO2

Single 

film 

V = 3 mL, 0.05 

mL H2O2, 0.45 

mL H2O, t = 

8h, 

94.1 
(Yang et 

al., 2014) 

Methylene 

blue 
10 

1wt%  

CuO-BiVO4

0.8 

V = 1L, pH = 

10, t = 4h, 

under 18W 

visible light 

100 
(Abdullah 

et al., 2016) 

Rhodamine B 0.0105 Co(OH)2/CuO 0.02 

V = 50 mL, pH 

= 7, t = 8 min., 

using UV light 

99.9 
(Akram et 

al., 2020) 

Methylene 

blue 
10 CuO/Co3O4 --- 

V = 50 mL, t = 

3h, using 500 

W Xe lamp 

56 
(Chen et al., 

2015) 

Methylene 

blue 
10 CuO --- 

V = 50 mL, t = 

3h, using 500 

W Xe lamp 

40 
(Chen et al., 

2015) 

Methylene 

blue 
40 CuO/MgO 1.0 

V = 100 mL, 

pH = 2.2, t = 80 
96 

(Priya et al., 

2019) 
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min., using UV 

light 

Phenanthrene 20 Gd2O2CO3/ZnO/CuO 0.4 g/L 

V = 100 mL, 

pH = 4, t = 2 h, 

using visible 

light 

99.6 
(Mukwevho 

et al., 2019) 

Methylene 

blue 
15 0.07M Zn-CuO 0.005 

t = 3 h, using 

visible light 
~ 100 

(Sonia et 

al., 2015a) Methylene 

violet 
15 0.07M Zn-CuO 0.005 

t = 3 h, using 

visible light 
~ 100 

Methylene 

blue 
100 Ag@CuO/PAA 0.1 

V = 100 mL, t 

= 30 min, under 

sunlight 

99.0 
(Iqbal et al., 

2020) 

Rhodamine B 10 CuO/Fe2O3 0.04 
V = 80 mL, t = 

1hr,  
100 

(Alp et al., 

2019) 

Direct red 89 20 Fe3O4/CuO 0.75 

V = 250 mL, 7 

mL H2O2

added, t = 240 

min., using 

100W visible 

lamp 

~ 100 
(Benabbas 

et al., 2021) 

Aniline 100 CuO 
0.05 

g/L 

t = 1 h, pH = 7, 

using 30W UV-

C lamp 

78 
(Norzaee et 

al., 2017) 

Congo red 10 1wt%CuO/eggshell 1 g/L 
t =  4h under 

visible light 
80 

(Fahmi 

Khairol et 

al., 2019) 

Bisphenol A 20 BiOCl/CuO 50 mg 

t =1 h using 

600W xenon 

lamp 

93.43 

(Li et al., 

2019) 

Acid orange 20 BiOCl/CuO 50 mg 

t =1 h using 

600W xenon 

lamp 

98.42 

690 
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2.2 Photocatalytic activity of CuO NPs for removal of toxic metal ions 691 

In addition to organic pollutants, inorganic pollutants are also common in discharged effluents 692 

from various industries. These include heavy metals, sulfates, cyanides, mineral acids, etc and can 693 

pollute water if available in higher than permissible limits (Wasewar et al., 2020). Removal of 694 

toxic heavy metal ions is crucial to ensure their safety to humans and the environment. Heavy 695 

metal ions such as Ni (II), Hg (II), Pb (II), As (III), Cd (II), Cr(VI) are among the contaminants 696 

listed under priority pollutants by the United States Environmental Protection Agency (USEPA), 697 

and as such a maximum allowable limit of these ions in wastewater, soil for agriculture, and 698 

drinking water has been stipulated by different organizations. For instance, the World Health 699 

Organization (WHO) has set recommended safe concentration limit of some heavy metals such as 700 

Hg (II), Cd2+, Pb (II), Cr (VI), and Ni2+ in wastewater equal to 0.001, 0.003, 0.01, 0.05, and 0.02 701 

ppm, respectively (Kinuthia et al., 2020a). Since consumption of these metal ions from different 702 

sources in humans can induce multifarious health problems principally by replacing the nutritional 703 

metals of organic cells in our body and inhibiting their function and also dysfunction our vital 704 

organs such as kidney, liver, nervous system, the brain function and could even cause death they 705 

should be controlled and managed and removed from their sources mainly those effluents from 706 

industrial wastewater to meet stringent discharge standards (Le et al., 2019a). Moreover, metal 707 

ions are not biodegradable and discharges of low concentration of these ions can lead to their 708 

enrichment over long-term accumulation via the food chain and drinking water and therefore heavy 709 

metal ion recovery via photocatalytic reduction may be the best option to address the specified 710 

problems (Wenten et al., 2020; Ren et al., 2021). Photocatalytic reduction is also one alternative 711 

approach for recovering precious metals such as platinum, silver, and gold from wastewater 712 

effluents. Table 2 gives the most common toxic heavy metal ions with the toxicity they induce to 713 
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humans and the environment as well as the toxicity limit set by different organizations in 714 

agricultural soils, drinking water, and industrial effluents. 715 

These metal ions are to be reduced to an elemental or lower valency state by the CB electrons of 716 

the semiconductor, the reduction potential of the metal should be more positive than the CB edge 717 

potential of the semiconductor being used. The standard reduction potential of the most toxic metal 718 

ions and metalloid arsenic ion in water at 25 oC vs NHE is given in Eq. (20-25). 719 

Pb2+(aq) + 2e− → Pb(s)                                         E0 =  −0.13 V (20) 720 

Hg2+(aq) + 2e− → Hg(l)                                         E0 =  +0.85V (21) 721 

Cd2+(aq) + 2e− → Cd(s)                                          E0 =  −0.40 V (22) 722 

Ni2+(aq) + 2e− → Ni(s)                                           E0 =  −0.26 V (23) 723 

H3AsO4(aq) + 2e− → H3AsO3(aq)                       E0 =  +0.56 V (24)724 

Cr2O7
2−(aq) + 14H+(aq) + 6e− → 2Cr3+(aq) + 7H2O;    E0 =  +1.33 V (25) 725 

Similarly, for the metal ions to be oxidized to a higher valence state, the oxidation potential of 726 

photogenerated holes should be more positive than the oxidation potential of the metal ions. For 727 

example, Pb2+ has been removed by reacting with available HO− forming Pb(OH)2 precipitates or 728 

getting oxidized to PbO2 via reaction with h+ or HO. and reacting with dissolved O2− thereby 729 

changing its oxidation state to Pb(IV), Eq. (26) (Le et al., 2019b). 730 

Pb2+ → Pb4+ + 2e−                                                       E0 =  −0.67 V (26) 731 

Chromium (Cr) can exist principally in hexavalent Cr(VI) or trivalent Cr(III) oxidation states in 732 

soils and aqueous environment and while Cr(VI), which exists in CrO4
2− and Cr2O7

2− is toxic, 733 

cancerogenic and mutagenic contaminant, Cr(III) is vital micronutrient for the human body (Wang 734 
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et al., 2020b; Wang et al., 2022). Therefore, reducing the oxidation state from VI to III is a safe 735 

method used to avoid the toxicity associated with chromium compounds in aqueous media. Similar 736 

to chromium, arsenic primarily occurs in arsenite (As (III)) and arsenate (As(V)) oxidation states 737 

of which As (III) is the prevalent form it exists in groundwater and is much more toxic than As 738 

(V) and as such one viable option to avoid its toxicity will be to oxidize it to its less toxic oxidation 739 

state (Sharma and Sohn, 2009).  740 

Several reports in the literature emphasized the photocatalytic reduction of toxic heavy metal ions 741 

using CuO and CuO-based photocatalysts. For example, almost complete reduction of chromium 742 

from Cr(VI) to Cr(III) valence state has been achieved via photoreduction using the mesoporous 743 

CuO/ZrO2-MCM-41 nanocomposite catalyst in 30 minutes (Nanda et al., 2017). In another study, 744 

100% photoreduction of 100 ppm of Cr(VI) to Cr(III) was achieved using TiO2/rGO/CuO ternary 745 

composite as photocatalyst in 80 minutes under visible light irradiation (Wang et al., 2020b). The 746 

photocatalytic reduction of Cr(VI) using CuO nanoparticles together with different organic acids 747 

under simulated solar illumination was also reported (Li et al., 2017). 748 

Table 2. List of toxic heavy metal ions, their maximum contaminant level as set by different organizations 749 

and their toxicity. a = USEPA; b = WHO; c = European Union (EU). 750 

S/N 
Heavy 

metal ion 

Maximum concentration limit (mg/L) 

Toxicity Ref. Drinking 

water 

Agriculture 

soils 
Wastewater 

1 Hg2+
0.002a, 

0.001c
0.050b

0.00003a, 

0.001b, 

0.005c

Kidney disease, disease of circulatory 

and nervous system 

(Tran et 

al., 2017; 

Ahmad 

et al., 

2020) 
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2 Pb2+
0.015a, 

0.010 b, c
 0.100b

0.006a, 

0.010b

Digestive problems, high blood 

pressure, kidney, circulatory, and 

nervous system diseases, memory 

problem in adults 

(Contrer

as 

Rodrígue

z, 2015; 

Ahmad 

et al., 

2020) 

3 Cd2+
0.005a, c, 

0.003b
 0.003b

0.010a, 

0.003b

Human carcinogen, kidney, renal, 

cardiovascular, central and peripheral 

system, reproductive and respiratory 

system damage 

(Tran et 

al., 2017; 

Ahmad 

et al., 

2020) 

4 As3+ 0.010b, --- 0.050a
Causes cancer in skin, lung, and 

bladder 

(Mahmu

d et al., 

2016) 

5 Cr6+ 0.050a  0.100b
0.050a, 

0.050b

Kidney, liver, nervous system 

damage, lung cancer, bone cancer, 

diarrhea, and dermatitis 

(Saravan

an et al., 

2017) 

6 Ni2+ ---  0.05b 0.20a, 0.02b
Dermatitis, allergy, respiratory 

system cancer 

(Kinuthi

a et al., 

2020b) 

Sun et al.  (Sun et al., 2017) reported the photocatalytic oxidation of arsenite (AsO3
  3−) to arsenate 751 

(AsO4
  4−) using CuO-Fe3O4 nanoparticles under visible light illumination. Ahamed et al.  (Ahamed 752 

et al., 2020) observed about 95% removal of Ni2+ ions from aqueous solution using TiO2/CuO thin 753 

film under visible light irradiation for 45 minutes. This removal performance, which was higher 754 

by 17% compared to the achievement when CuO thin film is used in the same time duration was 755 

ascribed to the better separation efficiency of photogenerated electrons and holes in the 756 

heterojunction composite which enables photoexcited electrons to react with adsorbed Ni2+ and 757 

reduce it to elemental Ni.  758 
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Nogueira et al. (Nogueira et al., 2017) reported pronounced photocatalytic reduction of Cr (VI) 759 

to Cr(III) using Nb2O5/CuO (10wt%) heterostructure with a removal efficiency of 78% versus 23% 760 

when a mechanical mixture of the pure oxides was employed under visible light irradiation for 210 761 

minutes. The formation of type-II heterostructure between the two oxides results in effective 762 

charge carriers’ separation due to the transfer of CB electrons from CuO to the CB of Nb2O5. 763 

Figure 13 (a) and higher absorption in the visible region has been proposed to be the reason for the 764 

superior removal percentage observed. In another report by Yu et al. (Yu et al., 2015), virtually 765 

complete reduction of Cr(VI) in aqueous solution upon irradiation under visible light for 80 766 

minutes was found employing CuO/ZnO composite and this was higher than that achieved by the 767 

pure oxides individually under similar conditions. However, removal efficiency of only 55% was 768 

achieved during the photocatalytic reduction of the same ion specified using Cu-TiO2/CuO 769 

photocatalyst under solar light irradiation for 4h (Nagaraju, 2020). While in a study conducted by 770 

Kadi et al. (Kadi et al., 2020), 100% removal of Hg2+ via photocatalytic reduction using 1.6 g/L 771 

of metal ion concentration and 2%CuO/g-C3N4 catalyst load in 30 minutes under visible light 772 

irradiation was reported.  773 
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Figure 13. Removal via photocatalytic reduction of Cr (VI) using Nb2O5/CuO heterostructure (a) 774 

(Nogueira et al., 2017) and Hg2+ using CuO/g-C3N4 mesoporous heterostructure photocatalyst (b) (Kadi et 775 

al., 2020).  776 

This performance achieved by the mesoporous composite catalyst was higher than that of the pure 777 

phases individually and attributed the observed enhanced performance to effective e−/h+pairs 778 

(a) 

(b) 

(a) 
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separation by the formation of heterojunction between CuO and g-C3N4, Figure 13 (b), dispersing 779 

of small particles of CuO onto g-C3N4 having large surface area and small bandgap, rapid transfer 780 

of the Hg2+ ion to the catalyst surface and also minimized light scattering owing to the mesoporous 781 

structure of the catalyst. Similar higher performance photocatalytic removal of Pb2+ from aqueous 782 

solution using graphene–CuO nanocomposites as compared to pure CuO or mechanically mixed 783 

graphene and CuO nanoparticles were observed by Prashanti et al.  (Prashanti et al., 2019a).  784 

In addition, 100% removal of Hg2+ was achieved using 3% mesoporous CuO/ZnO 785 

nanocomposite in 60 minutes under visible light irradiation which was much higher than that 786 

achieved by commercial P-25 catalyst and pure ZnO nanoparticles, as reported by Mohamed et al.787 

(Mohamed and Ismail, 2021). The reason for the enhanced photocatalytic reduction of Hg2+ was 788 

attributed by the researchers to be due to increased surface area and pore volume which promotes 789 

mass diffusion and provides more active sites, and enhanced transfer of photogenerated charge 790 

carriers as a result of the p-n heterojunction formation between p-type CuO and n-type ZnO NPs. 791 

The S-type charge transfer mechanism is shown in Figure 14. The reduction reaction, in this case, 792 

of Hg++ to Hg, occurs on the CB of the semiconductor with the more negative CB edge, while the 793 

oxidation reaction occurs on the VB of the semiconductor with the more positive CB potential (Xu 794 

et al., 2020). 795 

796 



46 

797 

Figure 14. S-scheme heterojunction composite for the removal of Hg2+using p-CuO/n-ZnO heterojunction 798 

(Mohamed and Ismail, 2021).  799 

Table 3 provides additional reports of photocatalytic removal performances achieved by CuO and 800 

CuO-based catalysts for different heavy metal ions in different experimental conditions.  801 

Table 3. Removal of toxic metal ions using CuO and CuO-based photocatalysts in different experimental 802 

conditions. 803 

S/No Catalyst 
Metal ion 

removed 
Condition 

Removal 

(%) 
Ref. 

1 
CuO 

Cr (VI) 

Conc. of Cr(VI) = 100M, 

Conc. of tartaric acid = 4M; 

catalyst load = 400 mg/L, 

initial pH = 3 under 

simulated solar light 

irradiation for 30 min. 

100 
(Xu et al., 

2016) 

2 
TiO2/rGO/CuO

Cr (VI) 

Conc. and volume of Cr (VI) 

= 100 ppm and 50 mL, Conc. 

and volume of citric acid = 

0.1 ppm and1 mL; catalyst 

100 
(Wang et al., 

2020b) 
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load = 50 mg under visible 

light irradiation for 80 min. 

3 CuO/ZnO  As (III) 

Conc. of As(III) = 30 ppm; 

catalyst load = 0.67 g/L 

under UV irradiation for 10h 

100 
(Samad et 

al., 2016) 

4 Cu-TiO2/CuO Cr(VI) 

Conc. and volume of Cr (VI) 

= 1mM and 100 mL; catalyst 

load = 10 mg under sunlight 

for 4h 

55 
(Udayabhanu 

et al., 2020) 

5 

2CuO/ZrO2-

MCM-41* Cr(VI) 

Conc. of Cr(VI) = 20 ppm; 

catalyst load = 1 g/L under 

solar light for 30 min. 

99 
(Nanda et al., 

2017) 

6 
CuO 

Cr (III) 

Conc. and volume of Cr(III) = 

200 mL of 50 ppm, 1L of 

H2O2; catalyst load = 0.1 g, 

pH = 8 under 64W 

photoreactor for 2h 

99.99 
(Kondabey 

et al., 2019) 

7 PAL†/CuO Cr(VI) 

Conc. and volume of Cr(VI) 

= 50 mL of 100M, 10 mM 

tartaric acid; catalyst load = 

0.02 g under visible light for 

30min. 

100 
(Xu et al., 

2019) 

8 CuO/N-TiO2 Hg(II) 

Conc. of Hg(II) = 50 ppm; 

catalyst (CuO/N-TiO2, 

plasma treated) load = 1 g/L 

at 20 oC under visible light 

for 20 min. 

100 
(Luo et al., 

2014) 

* 2CuO/ZrO2-MCM-41 = 2Wt% of CuO in CuO/ZrO2 supported on mesoporous material Mobil composition of Matter 
No. 41 (MCM-41) 
† PAL = Palygorskite 
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9 Cu7S4-CuO Ni(II) 

Conc. of Ni(II) = 0.01 M; 

catalyst load = 4 thin films of 

catalysts with thickness of 

around 350 nm and surface 

area 10 cm2 each under 

visible light illumination for 

1h. 

95 

(Ghosh and 

Mondal, 

2017) 

10 Graphene-CuO Pb(II) 

Conc. and volume of Pb(II) = 

5x10-5 M and 30 mL; catalyst 

load = 30 mg under solar 

light irradiation for 1h. 

98 
(Prashanti et 

al., 2019b) 

804 

805 

3. Conclusions and perspectives 806 

Copper (II) oxide is an intrinsically p-type narrow bandgap semiconductor that can generally 807 

be synthesized using physical, chemical, and biological methods for multifarious applications in 808 

different fields including in magnetic storage media, high-temperature superconductors, dye-809 

sensitized solar cells, fuel cells, chemical and gas sensors, as an antimicrobial agent, and the 810 

heterogeneous photocatalytic removal of contaminants in wastewater treatment. Because of its 811 

easy availability, low cost, narrow bandgap, excellent photochemical stability, and facile synthesis, 812 

CuO has attracted attention for application in photocatalytic elimination of organic and inorganic 813 

pollutants.  814 

Most photodegradation reactions of organic pollutants follow pseudo-first-order reaction model 815 

and in situ generated hydroxyl (HO.) and superoxide ion (O2
−.) radicals were primarily responsible 816 

for inducing the degradation of the pollutants. The photocatalyst was at the heart of these reactions 817 
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and one that results in fast reaction kinetics and can easily be retrieved for reuse was needed for 818 

large-scale industrial application. In narrow bandgap semiconductors such as CuO, fast charge 819 

carrier recombination was a major problem that retards reactive species generation and degradation 820 

proficiency of organic pollutants. As a consequence, strategies such as elemental doping and 821 

coupling with other semiconductors or supports had been adopted to minimize the problem and 822 

augment the catalytic activity response of CuO nanostructures. This enhancement may be due to 823 

the associated improved physicochemical properties such as increased stability, raised specific 824 

surface area, and better dispersibility of the catalyst particles in aqueous media, and efficient 825 

separation of charge carriers, resulting in more reactive species generation and higher degradation. 826 

Effective charge carriers separation was achieved in optimally doped CuO nanostructures due to 827 

the dopant elements serving as traps for CB electrons, whereas, in coupled heterostructures such 828 

as type-II, separation is was due to diffusion of the carriers in different directions across the 829 

interface between the semiconductors after photoexcitation. One problem with type-II 830 

heterostructures was the reduction in the redox potential of the coupled semiconductors when 831 

conduction band electrons with higher CB edge potential diffuse into the other semiconductor with 832 

lower CB edge potential and VB holes in the reverse direction. However, in Z-scheme and S-833 

scheme charge transfer mechanisms, such a problem does not exist and the redox potential of the 834 

coupled semiconductors was maintained while effectively separating the charge carriers. 835 

In addition to charge carrier recombination, other factors that influence the rate of 836 

photodegradation of organic pollutants include morphological properties of the synthesized CuO 837 

and CuO-based nanostructure, type of organic pollutant, and operational parameters such as 838 

catalyst dose and pollutant initial concentration, pH, temperature, aeration and stirring rate, energy 839 
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and intensity of radiation utilized, and the presence of oxidants and other interferents in the reaction 840 

mixture.  841 

Photocatalysis is also a promising technique for removing toxic metal ions from aqueous media. 842 

Since heavy metal ions are recalcitrant to bio and photodegradation, their oxidation state changed 843 

instead during the process. The objective is to change their oxidation state to a less toxic elemental 844 

or ionic state, for example, Cr(VI) to Cr(III), Hg(II) to Hg, etc. Like in the case of organic 845 

pollutants, photocatalytic removal of toxic metal ions is advantageous due to eco-friendly, low 846 

cost which involves the elimination of the ions, and is also a viable option for retrieving precious 847 

metals such as silver, gold, and platinum from wastewater.  848 

Even though heterogeneous photocatalysis is comparatively cost-effective, easier to operate, 849 

and an environmentally friendly technique of eliminating organic and inorganic pollutants, it has 850 

its limitations that should be overcome to ensure effective removal proficiency on a large scale 851 

and be used in practical real wastewater treatments. The prominent ones include a lack of complete 852 

understanding of the reaction mechanism owing to the complex nature of the reaction, with several 853 

factors which simultaneously could affect the degree of pollutant elimination, and the challenge of 854 

obtaining a single catalyst synthesized easily in a green manner. Moreover, as the objective is to 855 

treat water-bearing toxic contaminants and get desired quality water, it is important to consider 856 

integrating photocatalysis with other treatment approaches such as adsorption to supplement its 857 

removal efficiency, especially, in cases where photocatalysis is not as such effective or becomes 858 

technically inconvenient.  859 
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