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Abstract 

Wattle (Acacia mearnsii) extract, a leather tanning agent which mainly composed of poly – 

phenolic compounds was tried to degrade by photocatalytic degradation which is a hindrance to 

the conventional bio - treatment of tannery effluent. To serve the process a novel semiconductive 

mixed catalyst CdWO4-ZnO was prepared by simple hydrothermal method. The degradation 

reaction was carried with visible light source in neutral medium for three hours duration. The 

results depicted the better catalytic activity of CdWO4-ZnO (band gap 2.8 eV) in degrading the 

organics when compared to undoped ZnO (band gap 3.8eV) under visible light. The results also 

showed that the catalyst is appropriate at 36.8 weight percentage of CdWO4 in ZnO. The catalyst 

morphological, optical characters and degradation of wattle were carefully analyzed. 

  

 

Keywords:  CdWO4 – ZnO, Visible light photocatalyst, Wattle extract, COD.

Page 2 of 40RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



1. Introduction 

Tanneries, which extensively uses various chemicals, discharge millions of liters of waste water 

with hazardous pollutants 1,2[1,2]. The materials used in tanning processes are tanning agents, 

synthetic tanning agents, oil emulsions (fatliquors) and dyes. Conventionally, the effluent from 

the tannery is treated by means of biological methods, where micro organisms play a vital role in 

degrading these chemicals 3,4. The biological treatment methods are not very efficient in treating 

effluent containing polyphenolic compounds, since polyphenolic compounds react with the 

microbes through hydrogen bonding and prevent the metabolic activity of the microbes 5.  

Hence, there is a need to find alternative solutions for treating the polluted water from tannery 

units. In recent years, heterogeneous photocatalysis, one of the advanced oxidation processes is 

used to degrade any kind of organic pollutants in air and liquid 6,7,8,9. In this work, an attempt 

has been made for the first time to use semiconductor photo catalyst to degrade wattle bark 

extract, a constituent of tannery effluent.  

Wattle extract is a powder from the bark of the wattle tree (Acacia mearnsii). They are natural 

polymers of polyphenolic compounds and are used as tanning material owing to the presence of 

larger quantity of condensed tannin. The proanthocyanidine group in wattle extract, which has 

catechin and gallocatechin starter units and fisetinidol extender units 10 form hydrogen bond with 

leather making protein (collagen) in the skins and hides 11, thus it stabilizing collagen and 

resulting in quality leather. Around four lakh tons of vegetable tannin is being used worldwide 

for this purpose and almost 60,000 to 80,000 tons of vegetable tannins are let out as spent 

vegetable tanning effluents annually 12. The polyphenol compounds in the wattle extract are of 

environmental concern. The larger amounts of organic compounds causes elevated dissolved 

organic carbon into the environment, and are hardly biodegradable compounds 13  and also cause 
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health related issues in human 14. These effluents are not completely degraded in aerobic 

biological treatment systems. It also contains non-tannin materials like sugary matter, gallic acid, 

soluble mineral salts and other organic acids 15. Reports are available on treatment of these 

effluents with chemical oxidation processes such as Fenton’s process and Ozonation 16 but to our 

knowledge there are no reports on the treatment of the leather industry waste water with 

semiconductor photocatalytic process. 

Photocatalysis is a type of advanced oxidation process, where the organics are non-selectively 

oxidized 17. Photocatalysis finds its application in many fields such as water purification 18, 

disinfections 19, tissue engineering 20, organic synthesis 21 etc. Generally, metal oxide 

semiconductors are used as photocatalyst because of their favorable band gap and electronic 

structures 22. The semiconductors have a special advantage over the conductors because the band 

gap between the valence band and the conduction band can be finely tuned according to our 

interest 23. Usually, metal oxides like titanium dioxide and zinc oxide are used for heterogeneous 

photocatalytic degradation reactions, since both of them have band gap values of 3.2 eV. The 

charge carriers created on the onset of light irradiation react with the organic substances and 

degrade them by adopting redox reactions 24. One of the barriers in the degradation reaction is 

the recombination of charge carriers 25,26,27. For an effective photocatalytic reaction there must 

be prevention of these charge carrier recombination for considerable time interval 28,29,30. One of 

the main draw backs with ZnO photocatalyst is faster recombination of charge carrier. To 

prevent this charge carrier recombination, doping of semiconductor is adopted, where some 

amounts of foreign material is added as impurities 31,32. This will create a hetero junction at the 

band gap and prolong the time lag between the charge carrier recombination; the doping may 

also finely tune the band gap of the catalyst 33. Other method to fulfill this need is the preparation 
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of mixed semiconductor catalyst with oxides like Bi2O3 
34, BiVO4 

35, BiPO4 
36, Cu2O 37, V2O5.

38 

In such mixed oxide catalyst, the stoichiometry of the oxides and the surface structure of the 

catalyst play a major role in the activity of the catalyst 39.  

 Several mixed oxide catalyst with ZnO is found in the literature to degrade the organic dyes 

some of them are TiO2-ZnO 40, WO3-ZnO 41, ZnO-SnO2 42,43 the present work, semiconductive 

mixed oxide catalyst is prepared with zinc oxide and cadmium tungsten oxide nanoparticles. This 

newly prepared catalyst CdWO4-ZnO has band gap well below that of bare ZnO viz., 3.2 eV, and 

hence is active under visible region in neutral medium. This catalyst was employed in the 

degradation of wattle extract by semiconductive photo catalysis under visible light (400-800 nm) 

which is 44-47% of the solar spectrum. 

 

2. EXPERIMENTTAL SECTION 

2.1. Materials 

Sodium tungsten oxide dihydrate, cadmium nitrate, zinc nitrate hexahydrate used for the 

preparation of catalyst were of analytical grade. Wattle extract powder used was procured 

commercially. All other chemicals employed in analysis were of analytical grade and used 

without any further purification. All the solutions were made using double distilled water. 

2.2. Preparation of CdWO4-ZnO  

The mixed oxide catalyst was prepared by adopting a hydrothermal procedure. Known quantity 

of (1.649 g) Na2WO4.2H2O was dissolved in 100 ml of deionized water and stirred vigorously.  

To this solution, 1.182 g of Cd(NO3)2 was added and the stirring was continued. The pH of this 

solution was adjusted to 10 with NaOH. This resulted in complete precipitation of CdWO4. The 
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CdWO4 slurry was added to 100 mL of 0.4 M (Zn(NO3)2·6H2O) solution and stirred for 30 min. 

Then, 100 mL of oxalic acid in distilled water (0.6 M) was added to the above solution drop wise 

and stirred for 4 h to ensure complete precipitation of zinc oxalate. A mixed precipitate of zinc 

oxalate and CdWO4 was transferred to the teflon lined stainless steel autoclave for hydrothermal 

treatment at 115°C for 12 h. The pressure was maintained at 18 psi. The mixed precipitate was 

then dried in air at 90°C for 12 h and calcined at 450°C for 12 h in a muffle furnace to obtain 

36.8wt% of CdWO4 in ZnO. 

2.3. Instrumentation and Characterization of the catalyst 

Surface characteristics including growth, orientation, porosity, structure, and particle size were 

analyzed by field emission SEM Studies, performed using Hitachi model S3000-H SEM. EDS 

analysis was performed on gold coated samples with FE-SEM (Model ULTRA-55).  

HR-TEM images were taken from 200 kV Ultra High Resolution Transmission Electron 

Microscope (JEOL-2010) having high resolution optical microscope (Leica microscope).  XRD 

was used to identify the crystalline nature and crystal planes associated with the formation of 

CdWO4-ZnO catalyst. XRD studies were carried out using XPERT-PRO multipurpose X-ray 

diffractometer procured from The Netherlands using Cu Kα radiation with a wavelength of 

1.540Å and the 2θ value was varied from 10⁰ to 80⁰. The optical properties of the prepared 

CdWO4-ZnO catalyst and ZnO were analyzed using UV-Visible spectroscopy in reflectance 

mode. These studies were carried out by varying the wavelength from 200 to 1100nm. The UV-

Visible analysis in diffuse reflectance mode was performed using Perkin Elmer Lambda 650 

UV-Vis spectrophotometer attached with 60mn integrated sphere detector module. The surface 

morphology and root mean square (RMS) surface roughness of the semiconductor oxides  were 

examined with Nanoscope E (Digital instruments Inc, Model: NSE, USA) atomic force 
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microscope (AFM) in contact mode using Si3N4 cantilever. Photoluminescence studies were 

carried out on a Perkin Elmer LS 55 fluorescence spectrometer. The excitation wavelength used 

to record PL was 305 nm. The specific surface areas of the samples were determined through 

nitrogen adsorption at 77 K on the basis of the BET equation using a Micrometrics ASAP 2020 

V3.00 H. EPR analysis to find the radicals was done with Bruker EMX plus with microwave 

frequency of 9.861376 GHz at room temperature. XPS analysis to find the chemical nature of the 

surface species was done in XM 1000 Omicron nanotechnology machine with Al-Kα radiation. 

 

2.4. Photo reaction in visible light reactor 

The degradation of wattle with the mixed photocatalyst, CdWO4-ZnO was carried out in the 

visible light photoreactor supplied by Heber Scientifics, India. Tungsten lamp (150 W), which 

covers wavelength range from 400 to 760 nm was used as a light source in the photoreactor and 

was kept immersed in a quartz tube at the centre of reaction vessel. In all the reactions 50 ml of 

1% wattle extract solution and 150 mg of 36.8 wt% of CdWO4 in ZnO semiconductor was used 

as cataqlyst. The reaction vessel was supplied with atmospheric air by means of air motor pump, 

which provided necessary oxygen for the reaction.  Initially, dark reaction was carried out for 30 

minutes with continuous purging of air into the reactor, this action ensure thorough mixing of the 

catalyst with  reaction solution, also the dark reaction aids adsorption of the wattle over the 

catalyst surface. After dark reaction, light source was switched on. The outer jacket of the reactor 

was supplied with cold water for cooling purpose throughout the reaction time. The 

photocatalytic degradation of the wattle was carried out for three hours. An aliquot of 1 mL was 

collected from the reactor at an interval of every 30 minutes with the help of syringe and 

analyzed further. The degradation of organics in the wattle by semiconductor photocatalytic 
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process was examined by measuring the chemical oxygen demand (COD) as per standard 

procedure APHA (1998) section 5220.  

 

3. RESULTS AND DISCUSSION 

3.1 SEM analysis 

The FESEM images of the mixed catalyst CdWO4-ZnO prepared by hydrothermal method is 

shown in Fig.1. The images 1(a, b and c) show the catalyst in different magnifications, viz. 20 K, 

40 K and 80 K, respectively. It could be clearly observed from the figures that the catalyst is a 

nanocomposite and there are mixed combinations of nanospheres and nanoflakes. The size of the 

nanoparticles formed fall in the rage of 60 nm and the heterostructure of the mixed catalyst is 

clearly depicted in Fig 1c. It is reported that the heterostructure formation at the interfaces 

between CdWO4 and ZnO causes redistribution of electric charges across the semiconductor 

interface and there will be a formation of Schottky barrier, this in turn serves as an electron trap 

and prevent the charge carrier recombination and increase the efficiency of the catalyst, further 

this will provide large active sites for the adsorption of foreign substances 44. Also is observed 

that the mixed catalyst has a highly porous structure, which enhances the surface area of the 

catalyst.  

3.2.  TEM and HRTEM analysis 

The heterojunction and fine structural details of the prepared catalyst CdWO4-ZnO was analysed 

by means of TEM experiment equipped with HRTEM and SAED facilities. Fig. 2 (a) show the 

transmission electron micrograph of the mixed oxide at 50 nm scale, where the clear picture of 

nanostructures are visible. The intercrossing of the mixed catalyst was explored by contrast 

variations in the image. Fig (2)b shows the HRTEM image of the catalyst at a particular point 
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where the formation of heterojunction is obvious. The spacing between the adjacent fringes of 

ZnO is shown to be 0.256 nm which is close to the d spacing of  (002) plane in ZnO also the 

spacing between the fringes of CdWO4 is found to be 0.3 nm which is also consistent with the 

inter planar distance of (111) plane in pure monoclinic phase of well‒crystallized CdWO4 with a 

wolframite structure 45, moreover the fringes of both CdWO4 and ZnO is continuous confirming 

the chemical bond between the two metal oxide structures. Fig 2(c) shows the SAED pattern of 

the mixed oxide catalyst which confirm the cryatalline nature of CdWO4-ZnO. 

3.3.  Elemental mapping and EDAX of CdWO4-ZnO 

To confirm the composition and distribution of Zn, Cd, W, and O in the surface of the mixed 

oxide catalyst CdWO4-ZnO, elemental mapping was carried out. Fig. 3(a) shows the FESEM 

elemental color composition of CdWO4-ZnO. Fig. 3(b), (c), (d) and (e) display the elemental 

mapping of constituent individual elements, viz., oxygen, zinc, cadmium and tungsten 

respectively. It is evident that O (Fig. 3b) and Zn (Fig. 3c) are higher in density when compared 

with Cd and W and there is also a homogenous distribution of Cd, W, Zn and O (Fig. 3a) in the 

mixed oxide catalyst CdWO4-ZnO. It also indicates the purity of the catalyst CdWO4-ZnO. Fig. 

3(f) shows the EDX spectrum recorded from the selected area reveals the presence of Zn, Cd, W 

and O  in relative composition appropriate for the formation of CdWO4-ZnO. 

 

3.4. XRD studies 

The crystalline structure and phase purity of undoped ZnO and mixed catalyst CdWO4-ZnO was 

analyzed by X-ray diffraction studies. Fig. 4(a) displays the diffraction peaks of ZnO at 31.77°, 

34.49°, 36.24°, 56.60°, 62.85°, 66.38°, 67.94°, 69.08°, 72.50°, and 76.93° corresponding to 100, 
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002, 101, 110, 103, 220, 112, 201, 004, and 202 diffraction planes of ZnO wurtzite structure, 

respectively. (JCPDS file no. 36-1451) 46  Fig. 4(e) reveals the peaks for a pure monoclinic phase 

of well crystallized CdWO4 with a wolframite structure (JCPDS NO. 14-0676). The distinctive 

peaks at 23.3°, 29.0°, 29.6°, 30.5°, 35.4°, 35.7° and 47.6° match well with 110, −111, 111, 020, 

002, 200 and 220 crystal planes of CdWO4 (Fig. 4d), which is consistent with the results of Ye et 

al 47
 
   An increase in the concentration of CdWO4  in the catalyst increases the peak intensity of 

110, −111, 111, 020, 002, 200 and 220 diffraction planes corresponding to CdWO4  in ZnO 

material, this was shown by the diffraction patterns in Fig. 4(b), which is 8.1 wt% of CdWO4 in 

the mixed catalyst CdWO4-ZnO and Fig 4(c) 23.7 wt% of CdWO4 . 

3.5. XPS Analysis 

X-ray photoelectron spectroscopy was performed for the prepared mixed oxide catalyst CdWO4-

ZnO to analyze the different oxidation states and chemical composition of different compounds 

formed. Fig 5(a) shows the survey scan for the catalyst where the presence of cadmium, zinc, 

tungsten, and oxygen is evident. The survey also shows the peak for carbon which may adsorb 

during the exposure to atmospheric air (adventitious carbon). The fig.5(b) shows the high 

resolution peak for adventitious carbon where the C 1s peak at 284.6 eV is obvious. Fig.6. shows 

the high resolution peak analysis of individual elements in the catalyst. Fig. 6(a) shows the spin 

orbital splitting of Cd 3d peak, the Cd 3d5/2 peak arises at 404.4 eV and the Cd 3d3/2 peak at 

405.2 eV, the peak difference between the two spin orbital splitting peak is 6 eV 48 from which 

the Cd2+ chemical nature is confirmed. Fig 6(b) display the peak splitting details for tungsten 4f 

orbital, the W 4f7/2 orbital splitting peak arises at 34.9 eV and the W 4f5/2 splitting comes at 37.0 

eV. The difference between the two 4f orbital splitting is 2.18 eV which confirms the presence of 

W(VI) 49. Fig.6(c) shows the peak splitting for Zn 2p orbital where the Zn 2P3/2 arises at 1021.04 

Page 10 of 40RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



eV and Zn 2P1/2 peak arises at 1044.25 eV, the difference between the splitting confirms the 

presence of zinc in divalent state. Fig.6(d) shows the high resolution peak for Oxygen 1s orbiral. 

 

3.6. AFM Measurements 

The surface profile and growth of CdWO4-ZnO were analyzed through AFM measurements. The 

measurements were performed on the CdWO4-ZnO coated glass slides. Fig. 7(a) and (b), display 

representative topography and 3D views of the prepared mixed catalyst CdWO4-ZnO, 

respectively. AFM images of a 3 x 3 µm2 region of CdWO4-ZnO reveal its uniform surface 

morphology. The existence of nanosized particle and porous structure are also evident. The 3D 

image of the catalyst shows the growth pattern of the crystalline structure, where the height 

varies from 30 to 60 nm. Moreover, the AFM micrographs clearly demonstrate the formation of 

highly ordered and porous structure. Further, the root mean square (RMS) roughness of the 

CdWO4-ZnO has been measured to be 8.23 nm. Lv et al  have reported that films with high 

specific surface area and improved crystallinty have increased of photocatalytic activity. 

3.7. Photoluminescence study 

The photoluminescence study was carried out for both undoped ZnO and mixed catalyst 

(CdWO4-ZnO). The separation and recombination of the charge carriers is related to the 

photocatalytic activity of the catalyst 50. Fig.8 displays the PL spectra of the ZnO and CdWO4-

ZnO, where the emission band at 418 nm corresponds to the electron and hole recombination in 

ZnO 51. The decrease in the PL emission intensity in case of CdWO4-ZnO than that of ZnO 

implies the electron transfer from the conduction band of ZnO to interface of the 

semiconductors. The generated electron in the conduction band of ZnO by the shine of light is 
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transferred to the conduction band of CdWO4 . This action of electron transfer is faster than the 

recombination of electron with the holes in the valence band, this is facilitated because of lower 

energy state of CdWO4. Thus owing to the pronounced quenching of electron and hole pairs in 

mixed catalyst, the catalytic activity is increased 52. 

3.8  N2 Adsorption study 

The pore structure of the CdWO4-ZnO photocatalyst has been investigated by nitrogen 

adsorption-desorption isotherms and the pore size distribution has been calculated by Barrett–

Joyner–Halenda (BJH) method. The N2 adsorption/desorption isotherms of the synthesized 

CdWO4-ZnO (Fig. 9) exhibit a type III isotherm with a H3 hysteresis loop according to the 

classification of IUPAC 53. A sharp increase in adsorption volume of N2 has been observed and 

is located in the P/P0 range of 0.8-0.99. This sharp increase can be attributed to the capillary 

condensation, indicating good homogeneity of the sample and macro pore size since the P/P0 

position of the inflection point is related to the pore size 54. Average pore radius of CdWO4-ZnO 

is found to be 325 Å. The pore size distribution of the catalyst confirms a macroporous structure. 

It could be observed from the BET surface area measurements that the specific surface area of 

CdWO4-ZnO is 24.2 m2g-1, which is 2.1 times higher than that of ZnO (11.5 m2g-1).   

3.9. UV-Visible Diffuse reflectance spectroscopy  

The optical properties of the undoped ZnO and mixed catalyst CdWO4- ZnO have been analyzed 

by UV-Vis diffuse reflectance spectroscopy. Fig. 10 (a) and (b) show the UV-Vis spectra of ZnO 

and the prepared mixed catalyst, respectively.  It could be observed from the spectra that the 

undoped ZnO metal oxide displays a maximum reflectance throughout the visible region 

(400nm-800nm). In contrast the mixed semiconductor metal oxide (CdWO4-ZnO) displays a 
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distinct change where the reflectance values are comparatively lower than that of undoped ZnO. 

keen analysis shows that CdWO4-ZnO catalyst has higher absorption in visible region that the 

undoped ZnO. This revels that the CdWO4-ZnO catalyst can be used as a better catalyst in 

visible region. The band gap values are determined from these spectra by converting the absolute 

reflection values to Kubelka-Munk function 55 F(R∞). The plot between the modified Kubelka-

Munk function [h ν F (R∞)]1/2  versus the energy of absorbed light E in electronic volts gives the 

band gap energy of the semiconductors. The values are determined to be 3.2 eV for ZnO and 2.8 

eV for CdWO4-ZnO mixed catalyst.  

3.10. IR spectroscopic studies 

The functional groups present in the wattle before and after photocatalytic degradation has been 

analyzed using IR spectroscopy technique. Fig. 11 (a) and (b) show the IR spectra of wattle 

extract before and after degradation with the CdWO4-ZnO catalyst, respectively. The prominent 

peak in Fig. 11 (a) at 5400 cm-1 shows the presence of O-H stretching of intra molecular 

hydrogen bond in the polymeric compound. The peak at 1200cm-1 is for the presence of C=C-C 

catenation in aromatic ring system. The presence of a peak at around 2900 cm-1 is due to 

stretching of C-H bond. The peak around 1280 cm-1 is characteristic of flavonoid based tannins. 

The peak around 900 cm-1 is for the C-H in plane bending. When analyzing the IR spectra for the 

wattle extract degraded with the advanced oxidation process the peak around 1600 cm-1 

diminishes, which supports the degradation of aromatic system. 

3.11. Photocatalytic Degradation in the Visible light reactor  

The photocatalytic degradation of wattle was carried out in visible light reactor under neutral pH 

condition. A tungsten lamp of 150 W has been used as light source. The degradation reaction has 
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been carried out with 50 mL of 1% wattle solution with 50, 100 and 150 mg of CdWO4-ZnO and 

undoped ZnO catalyst, respectively. Initially, a dark reaction has been carried out for 30 min, 

followed by light reaction for 3 h. Fig. 12 shows the plot between the percentage reduction in 

COD and time while using the mixed oxide catalyst ZnO-CdWO4 which is an estimate of 

degradation of wattle extract and Fig. 13 shows the degradation of wattle extract using undoped 

ZnO. It is quite evident from the figures that the CdWO4-ZnO catalyst has degraded the wattle to 

an extent of 48.2% because there is a formation of heterojunction in the mixed oxide catalyst 

which leads to the formation of electric field at the interface, this prevents the recombination of 

charge carriers, moveover the band gap of the CdWO4-ZnO catalyst at the interface is 2.8 eV 

which falls well within the visible region and makes the photodegradation an efficient one with 

the mixed oxide catalyst whereas in undoped ZnO catalyst the recombination of charge carriers 

is prevalent and also this comes under activity of UV radiation which is very little part of whole 

spectrum hence it  has degradation efficiency of only 20%. The reaction with the 50 and 100 mg 

of catalyst shows degradation efficiency of 21.43% and 40%, respectively. The degradation 

reaction also experimented with the mechanical mixing of the two semiconductors which 

resulted in 20.8% of COD reduction which suggest the formation of chemical bonds between the 

two oxides and alignment of band structure. The mixed oxide catalyst after the degradation 

reaction was washed completely with water and applied for fresh reaction for three consecutive 

reactions the percentage of degradation for 150 mg of catalyst remains around 43%. 

3.12. Kinetic analysis of the degradation reaction 

The kinetic details of the photocatalytic degradation of 1% wattle with bare ZnO and mixed 

oxide catalyst CdWO4–ZnO were analysed using well known Languir-Hishelwood kinetic model 

56, where the equation is modified to the reaction occurring on the solid-liquid interface. 
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                                      ro = dc / dt = krKCeq / 1+KCeq  

where r is initial rate of degradation reaction, Kr the rate constant of the reaction, K adsorption 

equilibrium constant and Ceq equilibrium concentration of the wattle in the reaction vessel. 

Fig.14 (a) display the plot of C/C0 (C is initial concentration of wattle after attaining the 

equilibrium with the catalyst and Co concentration at the particular time) versus time for three 

different amount of the mixed oxide catalayst. It is evident from the plots the reaction pathway 

with 150 mg and 100 mg of catalyst follow zero order reaction kinetics, moreover the 150 mg of  

CdWO4–ZnO catalyst with 36.8 wt % of CdWO4 shows the highest catalytic activity in 

degrading the wattle. It is also known from the literature that the photocatalytic degradation of 

organic pollutants follow the zero order reaction kinetics 57 which indicates that the reaction does 

not depend on the concentration of the pollutant but the reaction completely depend on the 

electron-hole recombination rate on the heterogeneous catalys. The fig.14(b) shows the kinetic 

details of bare ZnO catalyst in degrading the wattle here too the higher amount of catalyst 

follows the zero order reaction obeying the equation C/C0 = 1 – (K / C0) t. The rate constant for 

degradation reaction with 150mg of CdWO4–ZnO is 2.67×10-3 mg L-1 s-1 and for bare ZnO is 

1.19×10-3 mg L-1 s-1   It is also learnt from the plots that both the mixed oxide catalyst and bare 

ZnO at lower amount i.e at 50 mg /50 ml deviates from the linearity and seems to falls under first 

order reaction. 

 

3.13. ESR study for ZnO and CdWO4-ZnO 

It is know from the above experimental evidences that the mixing of 36.8% of CdWO4 with ZnO 

enhances the photocatalytic activity of the ZnO in degradation of Wattle due to enhanced charge 

separation. In the aim of showing the enhanced charge separation and  catalytic activity of ZnO 
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after mixing with CdWO4, ESR spectroscopic analysis was performed for the bare and mixed 

catalyst at room temperature before and after irradiation to ultraviolet radiation. Fig. 15 shows 

the ESR spectra of (a) bare ZnO before irradiation (b) bare ZnO after irradiation (c) mixed oxide 

catalyst CdWO4-ZnO before irradiation and (d) mixed oxide catalyst CdWO4-ZnO after 

irradiation, the inlet graph shows their corresponding g values. Fig. 15(a) display the g value for 

defects in ZnO and for shallow donors 58 in the ZnO lattices round 1.96 g and it is observed in 

the fig. 15(b) that there is no change in the defects or vacancies but there is an observation of 

chemisorbed oxygen. After mixing CdWO4 with ZnO there is a formation of heterojunction and 

this will decrease the number of surface vacancies and defects 59, this is shown in fig 15(c) where 

the signal due to Zinc defect is not attributed also in fig 15(d) the strong resonance for 

paramagnetic character around 2.019 g is observed which may due to the O2.- radicals 60. The 

mechanism of formation a radicals and degradation of pollutants is given below. 

CdWO4-ZnO + hυ   →  e
-
   +   h

+ 

O2  +  e
-
  → O 

.- 

OH
-
   +h

+
  →  OH

. 

these photogenerated hydroxyl and peroxy radicals will react with the wattle and degrade them 

since the wattle is mostly composed of poly phenolic compounds the degradation product may be 

carbondioxide and mineral acids.   

    

3.14 Proposed mechanism 

 Fig. 16 represents schematic representation of the activity of the mixed oxide catalyst CdWO4-

ZnO towards wattle degradation and charge carrier seperation as explained by Uddin et.al 61. It is 
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well known from the literature there is a realignment of Fermi levels when two different phases 

are mixed together to meet the thermal equilibrium 62. Here the mixed oxide catalyst is formed 

with ZnO and CdWO4, further it is known the Fermi level of ZnO 63 is higher than that of 

CdWO4 hence realignment between the two leads to spontaneous electron transport from ZnO  to 

CdWO4 which leads to formation of depletion layer and consequently upper bending of band 

edge occurs. This action altogether eventually drives the formation of a internal electric field. 

When a visible lamp covering the wavelength range from 400 nm to 760 nm was allowed to 

shine on the mixed oxide catalyst there is a possibility of creation of electron hole pair in both 

the metal oxides. The recombination of electron hole pair is prevented by the  electric field 

created at the interface due to formation of heterojunction, furthermore the electrons have the 

tendency to move towards the electron depleted side therefore there is a vectorial transport of 

electron in the ZnO seciconductor at the same time there is a hole transport in opposite direction, 

also it is seen from the diffuse reflectance studies there is a change in band gap value of ZnO at 

the interface from 3.2 eV to 2.8 eV after mixing with CdWO4  which makes the catalyst 

particularly active in visible light. The produced electron and hole diffuse through and reaches 

the surface of the catalyst and react with the oxygen and water molecules adsorbed over the 

catalyst  to form highly active superoxide radical and activated hydroxy radical respectively, 

these in turn reacts with the organics in wattle and degrade them into carbon dioxide and mineral 

acids.  A picture of 1% wattle before and after degradation with seciconductive mixed oxide 

catalyst is also shown in the scheme.  

 

 

4. Conclusions 
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A semiconductor mixed oxide catalyst CdWO4-ZnO was prepared by a simple hydrothermal 

method. The catalyst had a nanocomposite texture with spheres and flake structure which was 

also proved with microscopic studies such as SEM and TEM. The chemical composition of the 

catalyst was analysed with the aid of EDAX, chemical mapping and XPS experiments. The 

nitrogen adsorption studies prove the mixed oxide catalyst is very porous in nature and seems to 

have high surface area while comparing to the undoped ZnO. Phase crystallinty of the catalyst 

has been characterized by XRD studies where the crystallinty and phase purity are evident. The 

photoluminescence studies flaunted prevention of charge carrier recombination and transfer of 

charge carriers at the interface of semiconductors. The band gap of the prepared catalyst was 

determined to be 2.8 eV by using UV-Visible diffuse reflectance spectra. This extension of band 

gap to visible region by mixing two semiconductive oxides CdWO4 and ZnO by means of 

chemical bond  helps the catalyst to work well in the visible region of the spectrum. The catalyst 

actively degraded the organics of the wattle, a leather tanning agent to an extent of 48% using 

visible light source, which is a great advantage to the tannery wastewater treating units. Further 

passing the effluents to the conventional biological treating unit will result in the compete 

degradation of the pollutants. 
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Legends and Figures 

1.  Fig.1. images of the mixed oxide catalyst CdWO4-ZnO (a) 20KV, (b) 40KV, (c) 80KV 

magnifications. 

2. Fig. 2. (a) TEM image of CdWO4-ZnO (b) HRTEM of CdWO4-ZnO showing the 

heterojunction of the prepared catalyst (c) SAED pattern of CdWO4-ZnO 

3. Fig.  3.  Elemental color mapping of  (a) CdWO4-ZnO(b) O, (c) Zn, (d) Cd, (e) W, (f) 

EDAX image of CdWO4-ZnO. 

4. Fig. 4. X-ray diffractogram (a) undoped ZnO, (b) 8.1 wt% of CdWO4-ZnO, (c) 23.7 wt% 

of CdWO4-ZnO, (d) 36.8wt% of CdWO4-ZnO and (e)  CdWO4 

5. Fig. 5. (a) XPS showing the survey scan for the mixed oxide catalyst CdWO4-ZnO (b) 

shows the high resolution peak for adventitious carbon. 

6. Fig.6. XPS Showing the high resolution peak for (a) cadmium (b) tungsten (c) Zinc (d) 

Oxygen, with the orbital splitting peaks. 

7. Fig. 7. AFM images CdWO4-ZnO (a) surface topography of 3 µm x 3 µm region (b) 3D 

view 

8. Fig. 8. Photoluminescence Spectra (a) undoped  ZnO and (b) CdWO4 – ZnO  

9. Fig. 9. N2 adsorption–desorption isotherm of  CdWO4–ZnO 

10. Fig. 10. Diffuse reflectance spectra of (a) Bare ZnO and (b) CdWO4-ZnO catalyst 

 

11. Fig. 11. IR spectroscopy images of wattle extract (a) before and (b) after degradation  

 

12. Fig. 12. Plot showing the degradation of wattle in terms of reduction in % of COD versus 

time with 50, 100 and 150 mg of mixed oxide catalyst ZnO-CdWO4,  

13. Fig. 13. Plot showing the degradation of wattle in terms of reduction in % of COD versus 

time with 50, 100 and 150 mg of undoped  ZnO 

14. Fig.14. showing the plots of C/C0 versus time (a) for different amount of mixed oxide 

catalyst CdWO4–ZnO and (b) for different amount of ZnO catalyst.  
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15. Fig 16.  Display of ESR signal for (a) ZnO (b) ZnO after UV shine (c) CdWO4 - ZnO (d) 

CdWO4 – ZnO after UV shine. 

 

16. Fig.15. Schematic representation showing the charge separation and mechanism of 

photocatalytic degradation of wattle 

 

 

 

 

 

 

 

 

Page 25 of 40 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

 

Fig. 1.  FESEM images of the mixed oxide catalyst CdWO4-ZnO (a) 20KV, (b) 40KV, (c) 80KV 

magnifications. 

 

 

Fig. 2. (a) TEM image of CdWO4-ZnO (b) HRTEM of CdWO4-ZnO showing the heterojunction 

of the prepared catalyst (c) SAED pattern of CdWO4-ZnO 
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Fig.  3.  Elemental color mapping of  (a) CdWO4-ZnO(b) O, (c) Zn, (d) Cd, (e) W, (f) EDAX 

image of CdWO4-ZnO. 
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Fig. 4. X-ray diffractogram (a) undoped ZnO, (b) 8.1 wt% of CdWO4-ZnO, (c) 23.7 wt% of 

CdWO4-ZnO, (d) 36.8wt% of CdWO4-ZnO and (e)  CdWO4 
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Fig. 5. (a) XPS showing the survey scan for the mixed oxide catalyst CdWO4-ZnO (b) shows the 

high resolution peak for adventitious carbon. 
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Fig.6. XPS Showing the high resolution peak for (a) cadmium (b) tungsten (c) Zinc (d) Oxygen, 

with the orbital splitting peaks. 
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Fig. 7. AFM images CdWO4-ZnO (a) surface topography of 3 µm x 3 µm region (b) 3D view 
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Fig. 8. Photoluminescence Spectra (a) undoped  ZnO and (b) CdWO4 – ZnO  
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Fig. 9. N2 adsorption–desorption isotherm of  CdWO4–ZnO 
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Fig. 10. Diffuse reflectance spectra of (a) Bare ZnO and (b) CdWO4-ZnO catalyst 
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Fig. 11. IR spectroscopy images of wattle extract (a) before and (b) after degradation  
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Fig. 12. Plot showing the degradation of wattle in terms of reduction in % of COD versus time 

with 50, 100 and 150 mg of mixed oxide catalyst ZnO-CdWO4, green colour plot shows the 

COD plot for mechanical mixing of ZnO and CdWO4 semiconductors. 
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Fig. 13. Plot showing the degradation of wattle in terms of reduction in % of COD versus time 

with 50, 100 and 150 mg of undoped  ZnO 
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Fig.14. showing the plots of C/C0 versus time (a) for different amount of mixed oxide catalyst 

CdWO4–ZnO and (b) for different amount of ZnO catalyst.  

 

 

 
Fig 15.  Display of ESR signal for (a) ZnO (b) ZnO after UV shine (c) CdWO4 - ZnO (d) 

CdWO4 – ZnO after UV shine. 
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Fig.16. Schematic representation showing the charge separation and mechanism of 

photocatalytic degradation of wattle 
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