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a b s t r a c t
This research work investigated the photoreduction of selenite [Se(IV)] and selenate [Se(VI)] species 
from the aqueous phase without the use of organic hole (h+) scavengers. The use of organic hole 
scavengers to aid in photocatalytic removal of selenium species leads to the discharge of partially 
treated organics to water bodies which may, in turn, pose a high organic loading, leading to the 
utilization of the oxygen meant for aquatic lives. To achieve the said objective, ZnO/TiO2 nano-
composite was synthesized via the sol–gel method. ZnO was immobilized on TiO2 to increase the 
lifespan of excitons enough for the reduction process to complete, in the end, no organic hole scav-
enger is needed. The morphology, functional group, and crystal structure of the photo-catalyst were 
confirmed via characterization with SEM/EDS, FTIR, and XRD respectively. Photocatalytic removal 
of 20 ppm Se(IV)/Se(VI) were investigated at pH 4 under UV irradiation using 1 g/L ZnO/TiO2 
photo-catalyst dosage. Results obtained after 22 h irradiation show a 100% reduction of Se(VI) to 
the non-toxic and non-mobile form of elemental selenium. On the other hand, results obtained 
for the removal of 20 ppm Se(IV) show 100% oxidation of Se(IV) to Se(VI) followed by subse-
quent conversion of Se(VI) to elemental selenium with 79% efficiency. The results presented in this 
study show that complete selenite and selenate removal from the aqueous phase can be achieved 
through ZnO/TiO2 photocatalysis without the use of h+ scavengers. The photoreduction reaction 
kinetics were found best fitted to zeroth and first order for selenate and selenite respectively.
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1. Introduction

Rapid industrialization and anthropogenic activities 
like mining, fossil fuel exploration, and agricultural activi-
ties have led to the release of various contaminants into the 
environment; selenium (Se) and its species are no excep-
tion [1]. Effluents from the industries contain Se in the 

range of 0.1–20 ppm [2]. Though selenium is an important 
nutrient to human and animal bodies, high concentration is 
toxic to their health [3]. Selenium exists in different forms 
ranging from organic and inorganic. The most common 
species of Se are 0 (elemental selenium), –2 (selenide), +4 
(selenite), and +6 (selenate). Selenite (SeO3

2–) and selenate 
(SeO4

2–) are the dominant species found in contaminated 
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waste streams due to their high solubility and mobility 
[1,3,4]. The health effect posed by the high concentration of 
the Se species necessitated the treatment of such contami-
nated wastewater. Several researchers have used TiO2 pho-
tocatalysis to treat Se contaminated wastewater. In brief, 
the TiO2 (photocatalyst), upon irradiation with UV light 
of energy, equals or greater than its band gap (BG) excites 
electrons in the Valance band (VB). These excited elec-
trons move to the conduction band (CB), leaving behind 
positive holes (h+) as in Eq. (1). The positive holes can 
oxidize directly or react with the hydroxyl group to form 
hydroxyl radicals (OH•).

TiO e hh
2

ν → +− +  (1)

The electrons participate in reduction by attacking an 
electron acceptor, for example, SeO3

2– and SeO4
2–. However, 

the high tendency of recombination of excitons (electrons 
and holes) either at the bulk phase or on the surface is one 
of the shortcomings of photocatalysis. To prevent this, the 
photocatalytic reduction of pollutants is usually achieved 
by introducing holes’ scavengers. These holes’ scavengers, 
mainly organics, are easily oxidized by the h+ and OH•, 
leaving the electrons for reduction as illustrated in Eqs. (2)  
and (3).

Oxidation:OH h Organics Intermediates CO  H O2
• + + → → +/ 2  

 (2)

Reduction: SeO SeO e Seaq aq s3
2

4
2 0

( )
−

( )
− −

( )+ →/  (3)

Researchers have employed various organic holes’ 
scavengers in the successful TiO2 Photoreduction of SeO3

2– 
and SeO4

2– [1,4–20]. However, these organic hole scaven-
gers are usually left partially treated at the end, with a 
concentration ranging from 123 ppm C to 300 ppm C. US 
EPA requires a maximum TOC discharge limit of 30 ppm 
C on a 30 d average. Furthermore, some of these organic 
hole scavengers are biodegradable [21,22] and thus, their 
release into water bodies may significantly deplete the dis-
solved oxygen level, thereby affecting aquatic lives. From 
the reviewed literature to date, no study was carried out 
to synthesize a photo- catalyst for the photoreduction of Se 
ions without the use of organic holes’ scavengers, hence 
our study. In this paper, ZnO/TiO2 was synthesized, char-
acterized using SEM/EDS, XRD, and FT-IR techniques, 
and used for the photoreduction of SeO3

2– and SeO4
2– from 

aqueous phase without the use of organic holes’ scaven-
gers. Research on the optimization of the synthesis param-
eters is ongoing. The optimized catalyst will be used to 
study the factors affecting the photocatalytic reduction of 
the selenium species because of their vital importance in 
the treatment process. However, this paper aims to share 
our preliminary findings on the evidence for synthe-
sizing a modified photo-catalyst capable of eliminating 
the use of organic holes’ scavengers in the photocataly-
sis-based removal of selenium species from the aqueous  
phase.

2. Materials and methods

2.1. Materials

All chemicals used in this study are of high purity and 
reagent grade level. Zinc acetate dihydrate (Zn(CH3COO)2· 
2H2O, 99.8%), P25 Degussa TiO2 (99.9%), sodium sele-
nite (Na2SeO3, ALDRICH), potassium selenate (KSeO4, 
ALDRICH), sodium carbonate (Na2CO3, BDH), sodium bicar-
bonate (NaHCO3, BDH), sodium hydroxide (NaOH, LOBA 
chemie), and hydrochloric acid (HCl, LOBA chemie) were 
utilized in this study.

2.2. ZnO/TiO2 synthesis

ZnO/TiO2 photo-catalyst was synthesized by the sol-
gel method, the procedure was adopted from Pugazhendhi 
[23] and modified. TiO2 powder was oven-dried at 103°C 
for 3 h. Measured amounts of TiO2 powder and zinc ace-
tate dehydrate in a 1:1 ratio of ZnO:TiO2 were dissolved in 
distilled water and ethanol respectively, and each stirred 
for 30 min at 30°C and 500 rpm. The two solutions were 
mixed, and the resulting pH was raised to 12.5 via droplet 
addition of 20 M NaOH under 500 rpm stirring speed at 
30°C. The solution was stirred continuously for 18 h and 
then kept undisturbed for 7 h (sedimentation). The sedi-
ment was filtered, partially dried, and then washed three 
times with ethanol. The catalyst was then oven-dried for 
15 h at 120°C. Subsequently, the photo-catalyst was placed 
in a desiccator for 5 min to cool down and then ground to 
powder using pestle and mortar. The schematic of the syn-
thesis is as depicted in Fig. 1.

2.3. Characterization

The synthesized photo-catalyst (ZnO/TiO2) was charac-
terized using the SEM/EDS, FT-IR, and XRD. The structural 
morphology and the elemental composition of the cata-
lyst were investigated using SEM/EDS (JEOL JSM-6610L, 
USA). The FT-IR Spectra was recorded at room tempera-
ture in the range of 400–4,000 cm–1 using Thermo Scientific 
Nicolet iS10 spectrometer model. The crystalline structure 
of the photo-catalyst was investigated using the XRD tech-
nique via Desktop XRD 2nd Gen D2 PHASER BRUKER for 
2θ range of (20 to 90), 3.00 scan speed and 0.03°sampling 
step size, and the crystalline size was determined using 
Scherrer’s Formula.

2.4. Photocatalysis experiment

1 L reactor was used for the photocatalysis experi-
ments (PCE). Synthetic selenite and selenate wastewater 
were all prepared from the stock chemical reagents and 
high purity water from ELGA water purification system. 
A solution containing Se ions (selenite or selenate) and 
1 g/L ZnO/TiO2 photocatalyst were allowed to equilibrate 
in darkness for 30 min, after which the solution was irra-
diated with a UV Lamp (F15T8-BLB 15 W, 315–400 nm and 
a maximum peak of 352 nm wavelength). The experiment 
was allowed to run for 22 h, and samples were taken in 
close intervals for the first 2 h and later at high intervals. 
The experiment was conducted at pH 4 and an initial Se ion  
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concentration of 20 ppm. Fig. 2 shows the schematic of 
the experimental setup.

2.5. Analytical methods

Samples taken during the photocatalysis experiments 
were filtered using 0.2 µm membrane filters. The filtered 
samples were analyzed for the Se ions using an ion chro-
matograph set-up (Sykam Germany). The analytes were 
analyzed using ION A01 2.6 × 150 anion separation column 
and a conductivity detector. The mobile phase composition 
was 2.0 mM NaHCO3 and 1.3 mM NaCO3 with a 0.8 ml/min 
flow rate. Mettler Toledo (Ohio, USA) pH meter was used 
throughout this study for pH measurements, while pH 
adjustment was achieved using HCl and NaOH.

3. Results and discussion

3.1. Characterization

3.1.1. XRD analysis: crystalline structure, crystalline size, 
and compound identification

Fig. 3 shows the XRD pattern of the synthesized ZnO/
TiO2 hybrid, the peaks from the pattern correspond to the 
peaks of both ZnO and TiO2. The presence of sharp peaks 
indicates the synthesized photo-catalyst to be of good 
crystallinity. The stick patterns in Fig. 3.1a show the peaks 
located at 2θ values of 25.3°, 37.8°, 48.0°, 53.9°, 55.1°, 62.7°, 
and 75.1°. These peaks matched the anatase form of tetrag-
onal TiO2 (ICSD Collection Code = 063711), with traces of 
rutile (ICSD Collection Code = 033844). And the stick pat-
terns in Fig. 3.1b shows the peaks that matched hexagonal 
ZnO (ICSD Collection Code 067454) located at 2θ values of 

37.8°, 34.4°, 36.3°, 47.5°, 56.59°, 62.9°, 67.9°, and 69.1° which 
were also indexed to the corresponding planes of (100), 
(002), (101), (102), (110), (103), (112), and (201) respectively. 
The results obtained herein are in good agreement with 
results obtainable elsewhere [23–25]. The average crystal-
line size of the ZnO/TiO2 was found to be 20.02 nm using 
Scherrer’s formula (Eq. 4)

D K
=

λ
β θcos

 (4)

where D = the size of the nanoparticle (nm), K = shape fac-
tor (0.9), λ = wavelength of the x-rays (0.1540), β = full 
width of θ, θ = maximum diffraction angle (radian).

3.1.2. FT-IR analysis: functional group

FT-IR analysis was carried out to determine the vari-
ous functional groups on the surface of the synthesized 
ZnO/TiO2 photo-catalyst. It is an essential characteriza-
tion because most of the photocatalysis reaction occurs 
on the photo-catalyst surface. Fig. 4 shows the FT-IR spec-
trum for the synthesized photo-catalyst. The peaks at 420, 
550.17, and 634.49 cm–1 are the three significant bands 
that confirmed the formation of the ZnO/TiO2 hybrid. The 
400–550 cm–1 wavenumber range is attributed to the Zn–O 
stretching mode of ZnO [25–29], while the 600–700 cm–1 
wavenumber range is attributed to the vibration Ti–O–O 
bond [25,28,30]. The two sharp peaks at 1,018.27; 1,411.70, 
and 1,565.98 cm–1 may be attributed to the stretching of 
(COO–) due to the traces of zinc acetate dehydrate used as a 
precursor [31]. The broad absorption peak at 3,413.73 cm–1 
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Fig. 1. Schematic of ZnO/TiO2 nanoparticle synthesis.
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Fig. 2. Photocatalysis experimental set-up.

Fig. 3. XRD spectrum and peak analysis of ZnO/TiO2 photocatalyst.
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confirms the presence of –OH groups in the photo-catalyst 
nanostructure [25].

3.1.3. SEM/EDS analysis: morphology and 
elemental composition

Fig. 5 shows the SEM images from low (Fig. 5a) to high 
(Fig. 5f) magnification of the synthesized ZnO/TiO2 hybrid. 
It can be seen that the morphology of the photo-catalyst 
consists of granular particles agglomerated at their bound-
aries. By closely looking at the higher magnified SEM pic-
tures, it can also be seen that the particles have relatively 
uniform sizes. EDS spectrum was analyzed to determine 
the elemental composition of the ZnO/TiO2 nanoparticle. 
The EDS spectrum depicted in Fig. 6 confirms the presence 
of zinc, titanium, and oxygen in the photocatalyst sample.

The characterization results discussed above corrob-
orated each other in confirming the presence of ZnO and 
TiO2 in the synthesized photocatalyst.

3.2. Photoreduction of selenite and selenate species

The ZnO/TiO2 nanocomposite synthesized was tested 
in a 1-L reactor. The photocatalyst was suspended in 
the solution containing the Se ions (selenite or selenate). 
The gradual color change from milky white to orange-pink 
(Fig. 7) during the photocatalysis experiment confirms the 
transformation from the Se ions to elemental selenium. 
A control experiment with TiO2 photocatalyst only was run 
for 22 h. However, no color change was noticed due to the 
recombination of excitons, implying no photoreduction 
to elemental selenium. Fig. 8a and b show the photore-
duction results of the selenite and selenate, with 79% and 
100% reduction efficiency to elemental selenium. The color 
change noticed during the PCE and results obtained from 

the analysis confirm the effectiveness and the promising 
potential of the hybrid ZnO/TiO2 in the photoreduction of 
the Se ions. Coupling ZnO on TiO2 has helped to increase 
the life span of the electron-hole pair enough for the reduc-
tion to occur. Studies by Johar et al. [32] corroborated this. 
The authors found that coupled ZnO/TiO2 increased the 
lifetime of the excitons and subsequently the photocatalytic 
activity. Furthermore, Iqbal et al. [33] found that coupling 
ZnO increased the surface defects of the hybrid catalyst, 
thereby restraining the electron-hole pair from recombina-
tion. Another study by Jia Dong Chen et al. [34] also found 
that immobilizing ZnO on TiO2 produced a hybrid catalyst, 
which significantly increased the separation efficiency and 
lifespan of the excitons.

Fig. 8a shows the photocatalysis trend for the removal 
of selenite from the aqueous phase. Oxidation of selenite to 
selenate was first observed, followed by subsequent reduc-
tion to elemental selenium. Adsorption of selenite onto the 
catalyst surface favors its reaction with the h+ positioned 
on the catalyst’s surface and the adsorbed OH• leading to 
the oxidation of selenite to selenate. However, the selenate 
may desorb from the surface due to its low adsorption 
leading to its reaction with the excited electrons for subse-
quent reduction to elemental selenium. Fig. 8b shows the 
trend for the photoreduction of 20 ppm selenate. It should 
be noted that there was a direct reduction to elemental 
selenium and very low adsorption onto the photocatalyst 
surface. Low selenate adsorption onto the photo-catalyst 
compared to selenite may be attributed to the electrostatic 
bonding in selenate against the more stable ionic/covalent 
bonds associated with the selenite species [35]. The direct 
photoreduction of selenate to elemental selenium may be 
due to its low adsorption onto the ZnO/TiO2 surface as 
explained earlier. This leads to direct contact with the excited 
electrons, which directly reduce it to elemental selenium.

Fig. 4. FT-IR spectrum for ZnO/TiO2 photocatalyst.
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3.3. Reaction kinetics of the ZnO/TiO2 photoreduction 
of selenite and selenate

The kinetics of the photocatalytic reaction is an import-
ant parameter that determines how fast the reaction pro-
ceeds. It also gives information on whether the reaction 
is dependent or independent of the concentration of the 
reactants. Thus, the photoreduction experimental data for 
both selenite and selenate were fitted to zero-, first- and 
second-order kinetic models as depicted in Fig. 9. Plots 
in Fig. 9b(i–iii) reveal the first-order kinetic model as the 
best fit for selenite photoreduction with a rate constant 
of 0.0155 min–1 and an R2 value of 0.9796. The first-order 
found best fitted for the selenite removal implies that 
the reaction rate depends on the selenite concentration. 

Moreover, Fig. 8a shows that selenite is first absorbed on 
the photo-catalyst surface before its oxidation to selenate, 
followed by the reduction of the selenate to elemental 
selenium. Selenite adsorption depends on the limited 
adsorption sites on the photo-catalyst surface, hence the 
dependence of selenite photocatalytic removal on its 
concentration. In contrast, the zero-order model was the 
best fit for the removal of selenate with a rate constant of 
0.0545 ppm min–1 as depicted by the highest R2 value of 
0.9927. The zero-order found best fitted for the selenate 
photoreduction implies that a change in concentration 
does not affect the reaction rate. Furthermore, Fig. 8b 
shows that photocatalytic removal of selenate proceeds 
with minimal adsorption on the limited adsorption sites, 

Fig. 5. SEM Micrograph of ZnO/TiO2 photocatalyst.
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Fig. 6. EDS spectrum of ZnO/TiO2 photocatalyst.

Fig. 7. Gradual color change during photocatalysis experiment.
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and hence the lack of dependence of the removal on 
the concentration. It is worth noting that the zeroth and 
first orders found in this study are the two most com-
mon decay models observed in photocatalysis [36].

4. Conclusion

This paper carried out a study on the synthesis, char-
acterization, and application of ZnO/TiO2 for the pho-
toreduction of Se ions without the use of holes scavenger; 
from the results and discussion, the following conclusions 
were drawn:

• ZnO/TiO2 was successfully synthesized via the sol–gel 
technique.

• The characterization results confirmed a hybrid cata-
lyst of hexagonal ZnO and a predominantly tetrahedral 
anatase TiO2 crystal structure. The average crystalline 
size of the composite was calculated to be 20.02 nm. 
Results from EDS also confirm the presence of the com-
posite elements (zinc, titanium, and oxygen), and a uni-
form morphology of agglomerated granular particles 
was found from the SEM micrograph.

• From the synthesized photo-catalyst and the photoca-
talysis experiments conducted, the results have shown 
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79% and 100% photoreduction of selenite and selenate 
to elemental selenium without the use of an organic 
hole scavenger. ZnO immobilization on TiO2  was found 
to be responsible for extending the life span of the 
excitons, which made photocatalysis possible without 
the use of organic hole scavengers.

• For selenite, oxidation to selenate was first noticed 
before subsequent reduction to elemental selenium.

• The kinetic study carried out revealed the photoreduc-
tion reactions of selenate and selenite best suited for 
the zeroth and first-order models with rate constants of 
0.0155 min–1 and 0.0545 ppm/min–1 respectively.

• It can finally be concluded that hybrid ZnO/TiO2 pho-
tocatalysis is a potential/promising sustainable waste-
water treatment technology for selenium species and 
other oxyanions without the use of organic holes’ 
scavengers.
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