

Chapter
Zinc oxide as a Potential Photocatalyst System for Pollution Abatement
In continuation of our consideration of typical materials for solar energy harnessing, let us consider ZnO as one of the most exploited materials especially for pollution abatement application.   Solar energy, from the sun, is the most abundant clean energy source available. It is a fact that solar energy strikes our earth in an hour is relatively higher than energy consumed by humans for the entire year. Thus, extensive research studies and development of materials that can efficiently harvest solar irradiation and use it for green energy conversion and also for environmental pollution management are necessary. In this manner, Photocatalysis which utilizes renewable solar energy to activate the chemical reactions via oxidation and reduction is a sustainable technology to provide solution for environmental issues. Photocatalysis involved a photochemical reaction at a metal oxide semiconductor's surface, which must be at least two reactions occurring simultaneously, the first reaction involving oxidation, from photo-induced positive holes, and the second reaction involving reduction, from photo-induced negative electrons . 
Several types of promising photocatalysts especially binary oxides, such as titanium dioxide (TiO2), zinc oxide (ZnO), iron(III) oxide (Fe2O3), zirconia (ZrO2), vanadium(V) oxide (V2O5), niobium pentoxide ((Nb2O5) and tungsten trioxide (WO3) have been actively examined for these applications. Among these binary oxides, the most used oxide other than titanium dioxide, is Zinc oxide.  Zinc oxide (ZnO), as a semiconducting oxide though have similar band gap energy to that of TiO2 has a higher absorption efficiency across a large part of the solar spectrum., has potential as a photocatalyst due to some of the properties it possesses, including a large excitation energy (3.37 eV), deep violet/borderline ultraviolet (UV) absorption at room temperature, and good photocatalytic activity.  ZnO has well-defined crystal structures which are commonly in rock salt, wurtzite or cubic (zinc blende) structure.  A rock salt structure of ZnO can be obtained at  high pressures and therefore it is quite rare.  The ZnO wurtzite structure has the highest thermodynamic stability among the three structures. It is the most common structure of ZnO . ZnO has a hexagonal wurtzite crystal structure at ambient pressure and temperature.  [image: ]

Fig. 1. The (a) Rocksalt (cubic), (b) Zinc blende (cubic) and (c) Wurtzite (hexagonal) structural models of ZnO.
Since ZnO has almost the same band gap energy as TiO2 (3.2 eV), its photocatalytic capability is anticipated to be similar to that of TiO2. Moreover, ZnO is relatively cheaper compared to TiO2 whereby the usage of TiO2 is uneconomic for large scale water treatment operations. The greatest advantage of ZnO is the ability to absorb a wide range of solar spectrum and more light quanta than some semiconducting metal oxides. The major drawbacks of ZnO are the wide band gap energy and photo-corrosion. The light absorption of ZnO is limited in the visible light region which is due to its wide band energy. This results in fast recombination of photogenerated charges and thus caused low photocatalytic efficiency.  
Table 1 Basic properties of ZnO

	Property
	Value

	Energy of Band gap (Eg)
Effective electron Mass 
Effective hole mass
Electron Hall mobility at 300 K for n-type
Electron Hall mobility at 300 K for p type
Refractive index
Optical Transmission
	3.2-3.7 eV (direct band gap)
0.24 - 0.30
0.45 – 0.60
200 2V-1s-1
5 -50 cm2V-1s-1
2.008 -2.029
80-95 %


Semiconductor photocatalysis mechanism
In an ideal photocatalytic process, organic pollutants are mineralized into carbon dioxide (CO2), water (H2O) and mineral acids in the presence of ZnO particle and reactive oxidizing species, such as oxygen or air. The photocatalytic reactions were initiated when ZnO particle absorbs photons with energies greater than that of its band gap energy from the illumination. In this way, photo-induced electron is promoted from the valence band (VB) to the conduction band (CB), forming positively hole and electron  on the surface of ZnO particle. 
It should be noted the photo-generated holes in the valence band will recombine with the photo-excited electrons in the conduction band and dissipates in the form of heat. Therefore, the presence of oxygen as electron scavengers prolongs the recombination of electron–hole pair while forming the superoxide radicals (·O2−). The reaction of holes with OH−  may leads to the formation of hydroxyl radicals. The hydroxyl radical is an extremely strong, non-selective oxidant (E0 = +3.06 V) which leads to the partial or complete mineralization of organics. Moreover, the high oxidative potential of the hole in the photocatalyst also permits the direct oxidation of organic matter to reactive intermediates. The superoxide radicals were further protonated to produce  hydroperoxyl radical  and subsequently H2O2. The hydroperoxyl radical also functions as electron scavengers to trap conduction band electrons which further delay the recombination process.                                                                                                                                                        Strategies to improve ZnO photodegradation efficiency
The recombination of photogenerated hole (have+) and electron (eCB−) is the major disadvantage in semiconductor photo-catalysis. This recombination step lowers the quantum yield and causes energy wasting. Therefore, the e−–h+ recombination process should be inhibited to ensure efficient photocatalysis. Metal doping could counter the recombination problem by enhancing the charge separation between electrons and holes. In addition, the dopants may trap electrons, reducing the chances of electron–hole recombination that deactivates the photocatalytic system.  Generally, the concentration and ion nature of the dopant, synthesis method and operating conditions significantly affect the photoactivity of the metal-doped semiconductor. 
Anionic dopants
Anionic doped ZnO exhibited enhanced photocatalytic degradation activity compared to that of pure ZnO. In the case of N-doped ZnO system, the existence of isolated M 2p states above the valence band maximum of ZnO increased its visible light absorption capacity.  The photogenerated electron hole  pairs exist between the impurity N -2p states and Zn 3d conduction band.  Additionally, the narrowing band gap in N-ZnO system requires less energy to photo-induce the charge carriers with visible light irradiation. In such a way the photo-excited electrons could be reacted with the surface adsorbed oxygen to produce superoxide radical anions which subsequently converted to hydroxyl radicals. The hole will react with the adsorbed hydroxyl anions  to form hydroxyl radicals. The enhanced activity observed with carbon doped ZnO is attributed in either enhanced absorption of the substrate or increased UV absorption or increased oxygen vacancies give rise to allowed energy levels below the conduction band of ZnO. The increased activity with respect to C-ZnO can be accounted for in terms of (i) Increased adsorption of the substrate or dye (ii) This system showed stronger UV absorption as compared to pure ZnO (iii) The existence of surface oxygen vacancies induced the energy levels below the conduction band of ZnO. Similar effect can also be expected on Sulphur doping of ZnO.  The existence of oxygen vacancies  and defects become centres to trap photogenerated electrons thus reducing the recombination.                            
Cationic dopants
 Preparation of new photocatalyst by incorporation of other elements is an important challenge in the development of ZnO photocatalyst. Although ZnO is a good photocatalyst, the doped ZnO surpasses its photocatalytic activity. Modification of ZnO by cationic dopants is  another important technology used by many researchers. The doped ZnO possesses prominent photodegradation performance than the undoped ZnO. Moreover, the structural, optical, chemical, electrical and magnetic properties of ZnO can be tuned by the addition of selected cationic dopant. The ZnO have been doped with elements such as Al, Sb, Mn, Ni, Co  and thus exhibited enhanced photocatalytic performance. The cationic doping is performed essentially by the addition of transition metals, group I and group V elements. The incorporated elements are usually isomorphic to zinc ions, such as Cu2+, Ni2+, Co2+ and Mn2+. The effective of a new photocatalyst can be characterized by photodegradation of a selected organic pollutant. In recent years, many photocatalytic studies reveal that the cationic dopant strongly improved the photocatalytic activity of ZnO. The results indicated that the cationic doped ZnO have better photocatalytic activity than the undoped ZnO. The doped ZnO exhibits faster response to the photodegradation of many organic pollutants.  Comparison of the photodegradation in various organic pollutants is studied on both undoped and cationic doped ZnO. 
Photocatalytic mechanism by an anionic dopant on ZnO surface.
The photocatalytic properties of the Se-doped ZnO were compared with the undoped ZnO. The Se-doped ZnO showed the higher photodegradation activity towards Trypan. Methylene Blue is commonly used as model organic pollutant for the photocatalytic study. A number of transition metals including Cd , Fe , Hf  and Pd , have been used as dopants. It was seen that 1.0 M% Fe-doped ZnO shows the highest photocatalytic activity among all modified ZnO catalysts towards the degradation process of Methylene Blue. Among all cationic modified ZnO, transition elements modified ZnOs have wide popularity in the photodegradation of Methyl Orange. Enhanced photocatalytic removal of Methyl Orange upon doping the ZnO with Al was previously observed. Although many modified ZnO showed enhanced photocatalytic activity, in some cases, the doping does not significantly influence the photocatalytic activity. For example, photodegradation of phenol by 10 M% Li-loaded ZnO and photocatalytic removal of Methyl Orange by 0.9 at. % Ag-loaded ZnO and 15 at. % Na-loaded ZnO.
The photocatalytic activities of some alkali metal-doped ZnO have been evaluated using phenol and organic dye pollutants. Enhanced performance was observed with Na-doped ZnO over undoped ZnO in the photodegradation of Methyl Orange and Methylene Blue, respectively. Low doping level of K-doped ZnO exhibits satisfactory photocatalytic performance when employed for photodegradation of Rhodamine B, whereas high doping level of K-doped ZnO showed reduced in the photocatalytic activity over the undoped ZnO. The results suggested that the photodegradation efficiency of K-doped ZnO is more prominent by loading an appropriate amount of K.
The photocatalytic reaction begins with the generation of electrons and holes under irradiation. These photogenerated charges are moved to the catalyst surfaces separately. Electrons react with oxygen molecules to form superoxide anions. Both electrons and holes react in the solution lead to the formation of highly oxidizing species such as hydroxyl and hydroperoxyl radicals. These radicals are responsible in the photo-oxidation of organic pollutants. 
When cationic dopant is added to ZnO, the photodegradation efficiency of ZnO is improved further. Several locations are possible for the cationic dopant deposition: the surface of the ZnO, the Zn sites within the lattice of ZnO crystal, and the interstitial sites of the ZnO in crystal lattice. Dopant also affects the interfacial electron transfer rate and recombination rate of the charge carriers. The incorporated elements such as K, Ni, Cu, Pd and Cd, could increase the specific surface area of ZnO and reduced the resistivity of ZnO. The presence of the dopants could also reduce the activation energy in the photocatalytic activity. The effective route leads to the high catalytic efficiency in the new photocatalyst. Cation-doped ZnO has a lower band gap energy, compared to the undoped ZnO. When cationic dopants were introduced as impurities in the ZnO crystal lattice, extra energy levels are added to the new photocatalyst. The excitation of electrons is effective even with lower energy photons. Moreover, the incorporated elements act as electron traps, which suppress the recombination of photogenerated holes and electrons.  The dopants can extend the light absorption range and enhanced the photo-response of the cation-loaded ZnO in visible light range. The overall photocatalytic activity is improved under the entire spectrum of sunlight. However, high-doping level ZnO could reduce the photodegradation efficiency. This could be attributed to the physical defects and the increased oxidation states of cations. The excess cations may act as trapping sites for the holes and electrons, and thus promote the recombination of photogenerated charges. This progressively retards the generation of OH and ·O2- free radicals which lead to the reduction in photocatalytic activity.                                                                                                                                                       Rare earth dopants
Rare earth (RE) metal, another elegant dopant for the photodegradation of organic pollutants. The unique photocatalytic and redox properties of RE is important to promote the surface properties and the electron transfer activity of the photocatalyst. The RE-doped ZnO have been reported to exhibit better photocatalytic activity compared to the undoped ZnO.  The Nd-loaded ZnO samples are considered to be a  photocatalyst for the photodegradation study of various organic dyes such as Rhodamine B, Methylene Blue and Methyl Orange. The data obtained demonstrated that 1 mol% Nd doped ZnO exhibited highest photodegradation efficiency compared to the other RE-doped ZnOs.
It was also found that the RE-doped ZnO is widely applied in the degradation of Methylene Blue, such as 3 mol% Dy-ZnO, 4.8 M% Er-ZnO , 3 mol% Eu-ZnO, 3 mol% Ho and 1 mol% Nd. Based on these experimental results, 3 mol% Dy-ZnO irradiated under UV light for 5 h results in the highest photodegradation performance. The photocatalytic degradation of Methyl Orange was studied by employing the ZnO doped with 1 mol% Eu and 3 mol% Nd as photocatalysts. The results demonstrated that 1 mol% Eu-loaded ZnO has slightly higher efficiency over 3 mol% Nd-loaded ZnO.
The doped semiconducting catalysts are predicted to exhibit better optical properties, high luminescence properties and high photocatalytic activity in the removal of organic contaminants. This could due to the increased particles surface area, reduced  band gap energy, improved adsorption ability of the particle surfaces and dopant-ZnO interfaces. . The doped-ZnO has lower band gap energy values.   These photogenerated electrons react with oxygen molecules to form superoxide anions. The RE metal on the ZnO surfaces reduced the work function of the adsorbed oxygen interfaces which could improve the oxygen absorption ability. More strong oxidizing species such as hydroxyl, peroxy- and superoxide-radicals are produced and therefore increase the rate of photodegradation of the organic contaminants.  RE dopants also act as trapping sites for electrons, and thus promote the separation of photogenerated electrons and holes, which leading to high photocatalytic efficiency.
 Co-dopants
The rapid recombination of the electron–hole pairs can also be countered by the presence of co-dopants. It can be seen that the co-doped ZnO has been applied in removing dyes, such as Methylene Blue , Naphthol Blue Black , Methyl Orange. It is obvious that the photodegradation efficiency of co-dopants-ZnO is higher than pure ZnO and single dopant ZnO system. This is due to the co-dopants will simultaneously be trapped the photogenerated electrons from the conduction band of the ZnO and subsequently reduced the recombination rate of electron–hole. 
Coupled semiconductors
Coupled semiconductors have been proven to enhance the charge separation of electron–hole pair which increase the lifetime of the charge carriers and consequently reduce the recombination of electron–hole.  Methylene Blue, a cationic dye is widely chosen as the model organic pollutant for the photocatalytic degradation by using ZnO coupling system, such as CD/ZnO , CeO2/ZnO, GO/ZnO (, NaNbO3/ZnO , RGO/ZnO , SnO2/ZnO and TiO2/ZnO. Similarly, enhanced photocatalytic activity was  observed in the removal of Methyl Orange (MO) by BiOI/ZnO , CuO/ZnO , Cu2O/ZnO , Fe3O4/ZnO , SnO2/ZnO and ZnO2/ZnO. The decolorization percentage of Rhodamine B (RhB) increased at least twice when Bi2O3/ZnO , CdS/ZnO , CuO/ZnO and SiO2/ZnO were applied as the photocatalyst. 
Let us consider the case of coupled semiconductors with wide- and narrow-band-gaps. Upon light irradiation, the photogenerated electrons can flow from one semiconductor with a higher conduction band minimum to the other with a lower conduction band minimum. Moreover, the formation of heterojunction leads to a more efficient interelectron transfer between the two semiconductors. Thus, the photoinduced electron–hole pairs were separated and the probability of electrons–holes pair's recombination was reduced . Thus, the photocatalytic activity was enhanced.
 The comparison of photocatalytic activity for different types of coupling systems is difficult. This is due to the fact that the photoactivity of catalysts is strongly depend on its band gap, morphology, particle size, porosity, surface area and surface hydroxyl density. Moreover, the irradiation intensity and photoreactor design also play a crucial role in determining the performance of a photocatalyst.
Factors affecting photodegradation efficiency                                                
 Extent of Catalyst  loading
Most of the studies have investigated the effect of extent of  catalyst loading on the photocatalytic efficiency. These results showed that the photodegradation rate initially increases with increasing the amount of catalyst loaded until it reached an optimum mass.  This observation is due to increase in surface area and also the number of active sites. This could lead to increase in the  number of hydroxyl and superoxide radicals which facilitates the degradation of the organic pollutants. However, the percentage of photodegradation decreases at higher loadings when the photocatalyst dosage was beyond the optimum amount due to light scattering and screening effects. Moreover, high catalyst dosage facilitates agglomeration (particle–particle interaction) leading to a reduction in catalyst surface area available for light absorption and pollutant adsorption, which in turn, reduced the photocatalytic efficiency. Also, at higher amount the solution becomes turbid and thus reduce the photon absorption.                                                                                                    
Effect of size of  ZnO particles 
 The nanostructured ZnO can exist in various morphologies such as nanorods, nanowires, nanosheets, nano-dumbbells, nanobelts, nanotetrapods, nanoflowers and nanospiral disks.  Nanostructured ZnO have a size in nanoscale with higher surface area. A high surface-to-volume ratio offers better physico-chemical properties. Nano ZnO possesses better surface effect and quantum effect . One dimensional ZnO nanorods were used in the photodegradation of Methylene blue.  
 Effect of Substrate concentration
It was shown that the concentration of organic substrates  in aqueous solution has a detrimental effect on the photocatalytic degradation rate. The degradation efficiency reduced when the substrate concentration increased due to increased amount of adsorption of substrate, lesser generation of oxidizing species on the available active sites or reduced photon absorption of irradiation.                                                                                                  
Solution pH
Solution pH plays a vital role in photocatalytic water system. pH not only affects the surface charge of the catalyst particles, but also influences the positions of conduction and valence bands in a semiconductor. Moreover, industrial waste=water may be discharged at various pH, which make the photocatalytic process more complicated. Generally, an organic compound is neutral when pH of solution is lower than its pKa value. When the pH of solution is greater than the pKa value, the compound deionized and exists as negatively charge species. In addition, the solution pH has an impact on the electrostatic interaction between a catalyst surface, solvent molecules, substrate and charged radicals formed during photodegradation process. 
Therefore, the semiconductor surface is positively charged below its pzc (Point of zero charge) value and is negatively charged when exceeded its pzc. According to , the photogenerated holes (h+) are the predominant oxidizing species at low pH, whereas at neutral or alkaline medium, hydroxyl radicals play the major role in oxidizing the organic contaminants. However, it should also be noticed that hydroxyl radicals are rapidly scavenged at high pH due to abundance of hydroxyl ions which inhibits its reaction with the pollutant substrate . Thus, suitable pH should be carefully selected to ensure an efficient photocatalytic degradation process.                          
Light intensity
Photocatalytic reaction rate depends on the light absorption by a photocatalyst in photocatalytic process. It is believed that more radiations fall on the catalyst surface at higher light intensity and hence more hydroxyl radicals are produced, which in turn increases the reaction rate. Moreover, it controls the formation of electron–hole pairs in the photocatalysis process.  concluded that the reaction rate was proportional to the radiant flux, φ for φ < 25 mW cm−2, but varied to square-root dependency (φ0.5) when φ above 25 mW cm−2. In an n-type semiconductor such as ZnO and TiO2, the number of photo-induced holes in valence band is less than the photo-generated electrons in conduction band. This indicated that the photo-generated holes are the limiting active species . At higher light intensities, the photodegradation rate is independent to the radiant flux (φ0). Under this condition, the reaction rate only depends on the mass transfer within the reaction. This is due to the catalyst surface was fully covered by the saturated solids, which limits the mass transfer for both adsorption and desorption. Thus, the reaction rate remains constant despite an increase in the light intensity.                                                                         Temperature
Photocatalytic degradation process can be operated at ambient temperature and atmospheric pressure due to photonic activation. This is beneficial for water purification treatment whereby the heating step can be excluded to conserve energy. The optimum temperature for photocatalytic process is in the range of 20–80 °C with a few kJ/mol of activation energy . In general, an increase in the reaction temperature may enhance the degradation rate of the organic contaminants, however it may also reduce the adsorptive capacities of the reactant species and dissolved oxygen, which resulted in lower photodegradation efficiency.                                                                                                          Inorganic species
  The major energy wasting step in the photocatalytic reaction is the electron–hole recombination that prompts low quantum yield. Therefore, the recombination of electron–hole pairs must be prevented to ensure the photocatalytic process to work more effective. The addition of inorganic oxidants improves the photodegradation rate by: 1) Increasing the number of trapped electrons to avoid recombination of electron–hole pair; 2) Generating more radicals and other oxidizing species to oxidize the generated reactive intermediates; 3) Increasing the concentration of hydroxyl radicals and oxidation rate of intermediate compounds and 4) Avoiding problems caused by low oxygen concentration.
Several inorganic oxidants were studied for their influences towards the photocatalytic efficiency of ZnO photocatalyst, such as H2O2, [S2O8]2-, BrO3−, and SO3−. Hydrogen peroxide, H2O2, a powerful oxidizing species and electron acceptor which leads to the increased in the rate of photodegradation of various organics. Upon photo-excitation, electrons and holes were generated on the surface of ZnO photocatalyst. The generated holes and electrons will involve in the production of strong oxidizing radicals, which are the main species that are responsible for the destruction of organic pollutants. H2O2 accepts a photoinduced electron from the conduction band and form the hydroxyl radical via the redox reaction on the catalyst surface. H2O2 can also split photolytically to hydroxyl radicals directly.
The hydroxyl radicals that formed on the ZnO surface are capable of oxidizing various organic compounds into less hazardous molecules such as H2O, CO2 and inorganic salts. It was reported that the photodegradation efficiency reached an optimum condition when a trace amount of H2O2 is used in the presence of ZnO. However, it is worth to point that the excessive amount of H2O2 will suppress the photodegradation rate by acting as hydroxyl radical or hole scavenger to form perhydroxyl radicals (HO2), which is a weaker oxidant than hydroxyl radicals.   Therefore, a proper amount of hydrogen peroxide is essential in order to improve the photodegradation efficiency.  The addition of bromate ions,  is beneficial to enhance the photodegradation percentage of organic contaminants. 
The presence of persulfate ions, in the photocatalytic system showed higher degradation rate by promoting the charge separation and also generating the sulphate radical anion , which is a very strong oxidizing agent that mineralize a wide range of organic pollutants. The generated SO4·− will then reacts with the water molecule to form hydroxyl radicals  
Oxone, SO3− a strong oxidant that intend to react with the electrons from the conduction band of ZnO to form sulphate radicals (SO4·−) and hydroxyl radicals under light induction. The sulphate radicals easily react with hydroxyl species from water and thus capable of improving the degradation efficiency .
Some inorganic ions/electrolytes will tend to retard the photodegradation of ZnO. It was demonstrated that inorganic ions such as Na2SO4, NaCl, NaNO3 and Na2CO3 tend to retard the photodegradation. These ions could be deposited on the ZnO surface and the inorganic ions inhibited the degradation. This could be attributed by the blocking of active sites on the surface of ZnO.                                                 
 Advancement of ZnO in removing contaminants
Phenolic compounds, persistent organic pollutants (POPs) and dyes are among the most toxic organic compounds have long been a focus of concern due to their gravest threat to human health, marine life and environment. The importance of the removal of organic pollutants in industries wastewater arises due to the toxicity of these pollutants, and their ability to bioaccumulate in the aquatic life and slowly moving to the food chain. Multiple methods have been developed and used to remove the organic pollutants. However, most of these methods require complicated/time-consuming procedure, highly precise sample preparation, expensive or sophisticated instruments, have poor removal efficiency and long turnaround times which make those methods unsuitable for field applications. The ability of advanced photodegradation technology to remove POPs as well as dyes and phenolic compounds in wastewater has been widely applied. This technology is progressively being used in many industries and even being commercialized in many countries. ZnO has been an attractive candidate as a photocatalyst to selectively remove pollutants due to its photosensitivity and low in price. Photodegradation of organic pollutants using ZnO photocatalyst demonstrates a simple, versatile and cost-effective treatment technology.                                                                                                                                                Phenolic compounds
Phenol and its derivatives are one of the important environmental pollutants which are mainly discharged from textile industries, petrochemical plants, and petroleum refineries. In recent years, widespread pollution of phenolic compounds in aquatic ecosystem is one of the critical environmental issues. Phenolic pollutants are  toxic which can cause lethal for aquatic life even in a low concentration. Wastewaters which contain a significant amount of phenolic compounds should be treated before being discharged to the environment. Some conventional methods such as chemical coagulation, solvent extraction, adsorption, and biological treatment have limitations in treating the phenolic wastewater. Advanced oxidation process (AOP) offers better advantage in removing of phenolic compounds over conventional methods. Photocatalysis is one of the AOPs which possesses great potential in treating various organic pollutants, including phenolic pollutants. The use of photocatalytic elimination of phenolic compounds has been carried by . ZnO, a semiconductor with photocatalytic property was used to detoxify the toxic 4-fluorophenol (4FP).  
Persistent organic pollutants (POPs)
Persistent organic pollutants (POPs) are harmful chemicals that will affect the environment and human health. The major concern of POP is because they remain for long periods of time in the environment. Therefore, it will bioaccumulate and transport from lower food chain to the higher food chain. Example of these pollutants is fungicides, herbicides, insecticides, and pesticides.  These POPs can also be degraded by ZnO under UV light irradiation.   The harmful pesticide e.g., dimethoate was completely degraded just within 60 min by ZnO under 125 W UV light . The presence of pharmaceutical compounds which is a potential endocrine disrupting compound (EDC) has becoming major concern. Although the impact of these pharmaceutical compounds on human health is unclear, it causes adverse effects on aquatic life. These pharmaceutical compounds such as amoxicillin, amplicillin, cloxacillin, and tetracycline have been degraded by applying ZnO as photocatalyst under UV or solar light irradiation. Lastly, ZnO has proven to be a potential photocatalyst to treat various type of organic pollutants under UV and solar irradiation.                                                                                  
Dyes
Dyes are one of the most important pollutants from the textile industry. Synthetic dyes such as Methyl Orange, Methylene Blue and Methyl Green are mainly used in the paper and textile industries. Several methods have been applied to reduce the impact of these synthetic dyes on aquatic life and environment. Unfortunately, many conventional methods such as membrane separation, adsorption and biological treatments required high operating cost and have insufficient removal efficiency. Recently, photodegradation based on the photocatalytic reaction has been proposed as an efficient method for the removal of pollutants including dyes. ZnO is among the most popular photocatalyst has been widely used to remove dyes due to its ability to absorb a wide solar spectrum. The successful photodegradation using ZnO in treating Methylene Blue was demonstrated. Degradation efficiency of 80% was achieved after 180 min of irradiation with a light intensity of 1060 W m−2 . ZnO was applied to degrade Orange II under UV illumination. 100% of photodegradation efficiency was achieved after 60 min of irradiation. The degradation of Methyl Green was examined with a completely color removal after 16 h at pH 10 by visible light with an intensity of 4.8 W m−2. ZnO has also found to achieve satisfactorily degradation efficiency in Acid Red 18, , Methyl Orange and Acridine Orange .                                                                                                                                                              ZnO photo-corrosion
The photo-instability and photo-corrosion of ZnO in aqueous solution under UV irradiation hinder its usage as an efficient photocatalyst in treatment.  
It can be seen that the reaction between the positively holes and the surface oxygen of ZnO is the key factor for the dissolution of ZnO. Moreover, the vacant sites on the ZnO surface also leads to photo corrosion of ZnO. On the contrary, the photodegradation efficiency reduced significantly under photo corrosion . A number of studies have been conducted to overcome photo corrosion of ZnO via surface modification with a layer of polyaniline , graphitic carbon , fullerene , and reduced graphene oxide. The formation of a passive layer on the ZnO surface, which is less photo-active suppresses the photo-corrosion rate.  The occurrence of ZnO photo corrosion is orientation dependent, with only ZnO (0001)-O suffered strong photo corrosion, while ZnO (0001)-O and ZnO (10-10) exhibited only localized dissolution at defect sites.                                                                    
Modified ZnO thus appears to be the most promising photocatalyst for high photocatalytic activity under UV/visible/solar irradiation. A number of modification techniques and chemical additives have been developed to minimize the recombination losses of charge carriers and extended the spectral response of ZnO to visible range by applying metal-doping, non-metal doping, RE-doping, co-doping and semiconductor coupling with ZnO.  The industrial application of modified ZnO photocatalyst is anticipated for the future.
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