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Abstract
In this study, ZnO-Zn2TiO4 (ZTM) material was prepared through a novel synthesis method based on a ultrasound-assisted 
polyol-mediated process followed by calcination at a different temperature. Physical features of the samples were studied by 
using various analysis techniques including XRD, FT-IR, SEM/EDX,  pHPZC, and UV–Vis DRS. Subsequently, the materials 
were employed as catalysts for the photocatalytic degradation of clofibric acid as a model pharmaceutical contaminant. The 
photocatalytic performance was evaluated under different conditions of calcination temperature, catalyst dosage, starting 
concentration, and initial pH of clofibric acid solution. The finding results revealed that hexagonal-tetragonal phases of ZnO-
Zn2TiO4 calcined at 600 °C (ZTM-600) with an average crystallite size of 97.8 Å exhibited the best degradation efficiency 
(99%). The primary bands characteristic of ZnO and  Zn2TiO4 were displayed by FT-IR analysis and the UV–visible DRS 
confirms the larger absorption capacity in UV–visible regions. The photogenerated electrons are the powerful reactive spe-
cies involved in clofibric acid photodegradation process. This study shows a promising photocatalyst and provides new sight 
to rational design the facets of photocatalysis process for enhanced photocatalytic performances and effective wastewater 
treatment.
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Introduction

Recently, a consumption trend of pharmaceutical products 
has attracted considerable attention during the COVID-19 
global pandemic, which leads industries to reorganize their 
strategies and adapt it to the current market requirements. 

These products include anti-inflammatories, antibiotics, and 
blood lipid regulators (Huma and Van Hullebusch 2020; 
Rosal et al. 2010; Taoufik et al. 2020).

Clofibric acid is a blood lipid regulator that is used all 
over the world (Huma and Van Hullebusch 2020; Rosal 
et al. 2010; Taoufik et al. 2020). It is classified as a bioactive 
metabolite of the clofibrate. This compound is considered as 
a one of the most frequently encountered major drug metab-
olite detected in the aquatic environment at ng/L-mg/L level 
(Wang et al. 2019; Ulvi et al. 2022). However, this molecule 
is recognized to be extremely resistant to biodegradation as 
well as other removal process like adsorption and hydrolysis, 
which remain its concentration at high level in the envi-
ronment for a long time (Hemidouche et al. 2018; Dordio 
et al. 2009). Consequently, it is indispensable to provide a 
durable, eco-friendly, and sustainable technique to remove 
clofibric acid from wastewater. Many physical and chemical 
treatment processes have been investigated like coagulation/
flocculation (Kooijman et al. 2020), adsorption (Zubair et al. 
2012), and ozone-based advanced oxidation processes (Cai 
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et al. 2021; Li et al. 2019). However, these methods seem 
unsatisfactory.

Different from other methods, heterogeneous photoca-
talysis is a green technology that demonstrates its potential 
in the removal of different kind of pollutant from wastewa-
ter (Janani et al. 2021a). Moreover, the process is mild in 
response to inexhaustible irradiation as a source of energy, 
with a short processing cycle and high treatment efficiency. 
Based on these outstanding advantages, photocatalysis tech-
nology has become a promising means of pharmaceutical 
pollution control. This technique is designed to irradiate of 
appropriate semiconductors in a manner that generate active 
species with higher redox capacity. As of date, the develop-
ment of semiconductors photocatalysts with low cost, high 
efficiency, and environmental friendliness is a big challenge 
for researchers. Hence, a wide variety of semiconductors has 
been synthesized for the photodegradation of pharmaceutical 
compounds.

TiO2 is frequently used as efficient catalyst for clofi-
bric acid degradation under ultraviolet light irradiation 
(Manassero et al. 2017; Harja et al. 2020; Rioja et al. 2014). 
However, it has a wide band gap, which allows to absorb 
only UV photons (Lu et al. 2020). As reported by Behineh 
et al. (2022),  TiO2 and  Zn2TiO4 have a similarity in opti-
cal property. Despite this, the photocatalytic activities of 
 Zn2TiO4 are higher than of  TiO2.

Zinc ortho titanate  (Zn2TiO4) is present in ZnO-TiO2 
binary systems and is one of the most stable structures of 
these binary oxide system. It is a typical inverse spinel pho-
tocatalyst, particularly attractive thanks to its inexpensive, 
non-toxicity, outstanding stability, and optical properties in 
UV and near-visible light (Girish et al. 2018; Khatua et al. 
2018; Lim et al. 2017; Purushan et al. 2018). Due to the 
high photocatalytic performances of ZnO and  Zn2TiO4, 
many researches have been devoted to the coupling of both 
photocatalysts, in search of associated synergistic effect 
(Manchala et al. 2018; Behineh et al. 2022).

Wan et  al. studied the photocatalytic degradation of 
acetone by using ZnO-Zn2TiO4 under UV irradiation. The 
results show a maximum degradation efficiency of 95% 
(Wan et al. 2010). In situ synthesis of ZnO/Zn2TiO4 nano-
composite from zinc hydroxide nitrate and evaluation of its 
photocatalytic performances by reactive black 5 dye was 
investigated by Pinto et al. (2018). Complete photodegrada-
tion of the pollutant achieved after 60 min under visible light 
irradiation. They showed that the photocatalytic activity of 
pure ZnO was considerably enhanced via the development 
of a ZnO/Zn2TiO4 heterostructure. Lim et al. proposed a fine 
synthesis method of multicore-shell ZnO@Zn2TiO4 spheres 
with a thin layer of carbon. The photocatalytic performance 
of this hybrid catalyst was evaluated by organic dye under 
solar light. About 93% degradation in 60 min was reached 
(Lim et al. 2017). However, the photocatalytic activity of 

the ZnO-Zn2TiO4 binary system is not evaluated under solar 
light. Therefore, the synthesis of this binary system with-
out any modification, in the aim to improve their absorption 
capacity of the solar light region is a wise choice.

ZnO-Zn2TiO4 catalyst can be synthesized through vari-
ous approaches including sol–gel, solid state, and hydrother-
mal. Nevertheless, there has been no report on the synthesis 
of ZnO-Zn2TiO4 with a significant absorption capacity in 
UV–visible light regions (simulated sun light). Consequently, 
it is important to develop a synthesis approach for the for-
mation of ZnO-Zn2TiO4 heterostructure with a significant 
absorption capacity in UV–visible light regions, in order to 
conduct photodegradation with a low cost and ecology terms.

In the current research, an efficient photocatalyst for the 
degradation of clofibric acid as a model of pharmaceuti-
cal contaminants was reported. The prepared samples were 
characterized through various techniques including XRD, 
FT-IR, SEM, and DRS UV–visible analysis. In addition, the 
photocatalytic performance was compared with P25-TiO2 
under the same conditions and the detailed effects of impor-
tant factors were studied.

Experimental

Chemical reagents

The starting reagents: zinc chloride (Zn(Cl)2·6H2O, 99.8%), tita-
nium isopropoxide (Ti(OiPr)4, 99.9%), urea (CO(NH2)2, 99.0%), 
ethylene glycol  (C6H5OH, 99.5%), clofibric acid  (C2H5OH, 
99.5%), nitric acid  (HNO3, 37%), and sodium hydroxide (NaOH, 
99.5%) were obtained from Sigma-Aldrich (Germany).  TiO2 
Degussa P25 was employed as a reference photocatalyst. All the 
chemicals were employed without any modifications. Bidistilled 
water was used to prepare the solutions.

Synthesis of catalysts

The ZnO-Zn2TiO4 mixed oxides (ZTM) catalyst with 
total molar ratios of Zn/Ti of 4 was synthesized through 
ultrasound-assisted polyol-mediated process. Typically, 
appropriate amounts of  ZnCl2 and Ti(OiPr)4 with the total 
concentration of metal cations set at 0.5 mol/L were dis-
solved in ethylene glycol as organic solvent and the mixture 
was stirred for 1 h at 90 °C. Then, urea solution (1 mol/L) 
was introduced to the above mixture. The mixture was lat-
ter sonicated at 90 °C for 10 min, and was kept under stir-
ring at 120 °C for 20 h. The formed solid was subsequently 
filtered, washed with absolute ethanol, dried at 100 °C for 
24 h, and then grounded to fine powder. Samples were cal-
cined at different calcination temperature (400, 500, 600, 
and 800 °C). They were denoted ZTM-x, where x is the 
calcination temperature.
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(1 N). Following that, 0.05 g of catalyst was introduced to the 
solution. After 6 h of stirring, the pH of the mixture was deter-
mined. The pHpzc can be obtained at the point where the line 
of the final  pHf-pHi = f  (pHi) crosses the line of the starting pH.

Photocatalytic experiments

Photocatalytic experiments were conducted in a 1-L beaker 
irradiated on the top by 400 W halogen (λ > 400 nm: from 400 
to 2000 nm) contained in a quartz water-jacketed to maintain 
the temperature of the reaction constant. In each run, 800 mL 
of 50 mg/L clofibric acid solution was incorporated into the 
beaker and, if necessary, the initial pH  (pH0) of the solution 
is adjusted by adding dilute nitric acid  (HNO3) or sodium 
hydroxide (NaOH) solutions. After that, 40 mg of catalyst 
(equivalent to 50 mg/L of catalyst dosage) was added to aque-
ous solution and the liquor was stirred for 30 min in the dark 
to achieve the adsorption/desorption equilibrium. Afterwards, 
the irradiation was initiated.

During photocatalytic tests, 3-mL aliquots were collected at 
predefined time intervals, filtered to remove the residual cata-
lyst, and then analyzed at the wavelength of maximum absorp-
tion of 278 nm by using a METASH UV–Vis spectrophotom-
eter. The photolysis test was performed following the same 
procedure without adding catalyst. In order to investigate the 
effect of operating parameters, catalyst dosage was varied from 
12.5 to 100 mg/L, initial clofibric acid concentration from 25 
to 100 mg/L, and the solution pH from 3.86 (natural) to 10.

A cycle of experiments was carried out under identical con-
ditions in order to determine the stability and the reusability 
of the best catalyst. The suspensions were recovered by cen-
trifugation, washed by bidistilled water to remove the residual 
clofibric acid, and dried at 100 °C for 24 h before using it in 
another photocatalytic test.

The photocatalytic performance of the catalysts was 
assessed by comparing the apparent reaction rate constant cal-
culated from a pseudo-first-order kinetics expression as follow:

where C0 and Ct corresponds to the concentration of clofi-
bric acid solution at t = 0 and at an irradiation time t, and kap 
represent the apparent reaction rate constant  (min−1).

Results and discussion

Characterization

X‑ray diffraction (XRD) study

Figure 1 illustrates XRD patterns of the different samples 
with corresponding indexed phases. It can be observed 

(4)Ln(C
0
∕Ct) = kapt

Characterization

The crystal phases of the obtained catalysts were analyzed 
through powder X-ray diffraction (XRD) on EMPYREAN, 
Configuration Reflexion–Transmission Spinner–MALVERN 
PANALYTICAL using Cu Kα radiation (λ = 1.54A°) with 
45 kV acceleration voltage and 40 mA applied current. The 
XRD scans were performed in the 2θ region 5–80° with step 
size 0.06° (120 s/step), and the identification of the phases 
was performed by using HighScore software and Scherrer’s 
formula was employed to determine crystallite size (Klub-
nuan et al. 2015).

where D is a crystallite size (nm), k is a constant (0.9), λ 
is the wavelength used (0.15406 nm), β is the peak width 
at half maximum in radian along (101) plane, and θ is a 
diffraction angle. Scanning electron microscopy (SEM) 
coupled to the energy dispersive X-ray spectroscopy (SEM/
EDX) analysis was identified using a JSM-IT100-made 
EDS at an accelerating voltage of 30 kV. UV–Vis diffuse 
reflection spectroscopy (DRS) was performed to determi-
nate the band gap energy of the photocatalyst by using a 
UV–visible-NIR spectroscopy: Perkin Elmer Lamda. The 
band gap value (Eg) of the catalyst was calculated from the 
UV-absorption spectra and the linear extrapolation of the 
Tauc plot of the Kubelka–Munk equation ((F(R)hv)n vs. Eg), 
where, F(R) = (1-R)2/2R and R are the Kubelka–Munk and 
the relative diffuse reflectance, respectively.

where n = 1/2 or 2 are used for direct and indirect transi-
tions, respectively.

The excitation of the electrons from the valance band 
to the conduction band of the ZTM-600 catalyst follows a 
direct transition. The valence band maximum EVB and the 
conduction band minimum ECB edges were determined 
according to the following equations:

where the ECB, EVB, and Eg represent the conduction 
band potential, the valence band potential and the band gap, 
respectively. The Ee illustrates the free electron energy vs. 
hydrogen, which equal to 4.5 and the χ is the absolute elec-
tronegativity of the catalyst.

The point of zero charge  (pHpzc) was established to evalu-
ate the surface charge characteristics of photocatalyst material, 
utilizing the method described by Noh and Schwarz (1989), the 
procedure is as explained below: A solution of NaCl (0.01 M) 
was prepared and subsequently partitioned into 6 solutions with 
pH varying from 2 to 12 adjusted using HCl and NaOH solutions 

(1)D =
K�

�cos(θ)

(2)ECB = χ − Ee − 0.5Eg

(3)EVB = ECB + Eg
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from the patterns that the XRD patterns of the samples cal-
cined at 400 and 500 °C exhibit the main diffraction peaks 
reflected to ZnO (JCPDS file No. 36–1451). No reflection 
peaks characteristic for titanates appeared at these calcina-
tion temperatures, which confirm that the Ti-containing 
phases are amorphous or the metal is finely dispersed on 
ZnO phase. The only observed change in the diffracto-
grams of the two catalysts is the development of the ZnO 
crystallinity in the material calcined at 500 °C. This phase 
is crystalized in hexagonal system, and the characteristic 
reflections appeared at approximately 2θ of 31.8°, 34.5°, 
36.3°, 47.6°, 56.6°, 62.9°, 66.4°, 68°, and 69.1°, marked 
by reticular planes (100), (002), (101), (102), (110), (103), 
(200), (112), and (201), respectively. The sample calcined 
at 400 shows diffraction peaks corresponding to Zn(OH)2 
(JCPDS file No. 20–1436), these impurities could be 
attributed to the incomplete decomposition of Zn(OH)2.

At calcination temperature of 600 °C, the characteristic 
reflections of  Zn2TiO4 phase can be clearly observed. It is 
confirmed by the diffraction peaks located at 2θ = 29.85°, 
35.15°, 42.65°, 53.4°, 56.5°, and 62°, related to the reflection 

planes (200) (220), (311), (400), (511), and (440). All these 
diffraction peaks are indexed with the tetragonal structure 
(P4mmm space group) (JCPDS file No. 86–0158). This 
phase can be resulted from the interaction between zinc 
oxide and titania which leads to a partial substituent of  Ti4+ 
with  Zn2+ (similar ionic radii = 0.61 Å and 0.60 Å). Crys-
tallographically,  Zn2+ can occupy octahedral sites of  TiO2, 
while  Ti4+ cannot occupy tetrahedral sites of ZnO. Due to 
the fact that excess ZnO is maintained in the solid solution, 
 Zn2+ can easy introduced in  TiO2 and the  Zn2TiO4 can be 
obtained (Altalhi 2018). Moreover, it can be observed that 
the intensity of the peaks of ZnO decreased with the increase 
of calcination temperature to 600 °C, suggesting a partial 
transformation of ZnO to  Zn2TiO4.

The catalyst calcined at 800 °C exhibits the characteristic 
XRD peaks of ZnO and tetragonal  Zn2TiO4 as major phase. 
The diffraction peaks of  Zn2TiO4 became more intensive and 
better pronounced. This result may be attributed to the high 
crystallinity of  Zn2TiO4 at high temperatures (Perween and 
Ranjan 2017). On the other hand, the relative peak intensity 
near ~ 35° increased and simultaneously slightly shifted to 

Fig. 1   XRD patterns of the 
calcined ZTM samples
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lower angle as shown in Fig. 1.b). This result may be related 
to the crystallinity development of  Zn2TiO4. Moreover, the 
obtained samples exhibit different crystallite size for each 
one 100, 485, 97.8, and 312.7 Å, which explain that this later 
is considerably dependent on the calcination process. It leads 
to the change of phase and structure from one temperature to 
another, which causes the change of crystallite size.

FT‑IR spectra

The FT-IR spectra of as-synthesized catalysts are dis-
played in Fig. 2. The spectra of the samples calcined at 
400 and 500 °C showed a broad band at 3600–3100  cm−1, 
associated to stretching vibrations of hydroxyl groups of 
Zn(OH)2 and/or some  H2O molecules absorbed from the 
air. The band shown at 1650  cm−1 can be reflected to bend-
ing vibrations of hydroxyl groups. These bands disappear 
in the spectra of the materials calcined at 600 and 800 °C. 
The metal–oxygen linkages vibrations were expressed in 
1000–400  cm−1 region. As clearly observed from the spec-
trum, a weak band shown at around 442  cm−1 was origi-
nated from vibration of ZnO. This band was intensified by 
increasing calcination temperature, owing to the forma-
tion of crystalline wurtzite ZnO. The broad band observed 
at ~ 595 attributed to stretching vibrations in the octahedral 
 TiO6 group existing in the  Zn2TiO4 phase (Ivanova et al. 
2011).

SEM/EDX analysis

The surface morphology of the samples observed by SEM 
are shown in Fig. 3. It can be clearly observed a greatest 
difference in morphology of the obtained products with a 
relatively irregular contours of the agglomeration and struc-
ture. The formation of aggregation increased by increasing 
calcination temperature up to 600 °C, which can be resulted 
from the formation of ZnO/Zn2TiO4 heterostructure that was 
confirmed by XRD analysis. The surface of the calcined 
sample at 600 °C has more pores, which explain that the 
deshydroxylation of the precursors leads to the develop-
ment of porous structure. The abundance particles size is 
less than 100 µm. It was increased by increasing calcina-
tion temperature from 400 to 600 °C and then decreased for 
calcination temperature of 800 °C. The grains were densely 
arranged and the particles were significantly distributed by 
calcination temperature rising, due to the sintering process 
of ZnO-Zn2TiO4 (Shih et al. 2009).

UV–Vis diffuse reflectance spectra

In order to understand the optical absorption properties 
of the photocatalyst, the UV–Vis DRS technique was per-
formed and the obtained result is depicted in Fig. 4. It is 
clearly remarkable that the ZTM-600 photocatalyst shows 

Fig. 2  FT-IR spectra of calcined 
ZTM samples
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absorption in both UV and visible regions with high absorb-
ance at wavelengths less than 400, which correspond to a 
band gap energy of 2.89 eV calculated from the Tauc plot. 
The improved absorption capacity toward visible light of the 
catalyst may be related to the coupling of ZnO and  Zn2TiO4. 
The smaller band gap of ZTM-600 indicates the easy trans-
fer ability of electrons to conduction band, which produce 
more photogenerated charges. Consequently, the obtained 
catalyst could have efficient photocatalytic activity under 
UV and visible light irradiation.

pHPZC determination

The point of zero charge  (pHPZC) is the parameter that cor-
responds to the pH for which the surface of the solid has a 
net zero charge. Its determination is necessary to estimate the 
acid–base behavior of the surface of the catalyst. This point is 
an important characteristic for surfaces, which represents the 
influence of the initial solution pH on the surface charge of 
catalysts. As depicted in Fig. 5, the  pHPZC of ZTM-600 was 

found to be 7. So, for pH > 7, the catalyst surface is negatively 
charged, while for pH < 7, the surface is positively charged. 
Therefore, the existence of positively charged ions on the cata-
lyst surface in acidic medium, resulting the electrostatic attrac-
tion behavior, leading to an improvement of pollutant removal.

Photocatalytic degradation study

Effect of calcination temperature on the photocatalytic 
degradation

The kinetics of the adsorption/photodegradation of clofibric 
acid over different catalysts and compared with P-25  TiO2 
are shown in Fig. 6. It can be shown from the obtained data 
that the amounts of clofibric acid adsorbed in the dark are 
negligible. It is observed that After 90 min of irradiation 
time in the absence of the catalyst, only about 22% of clofi-
bric acid was degraded and 30% after an exposure time of 
180. This result suggests that the auto-oxidation of pollutant 
is not significant under light irradiation, which confirmed 

Fig. 3  SEM images of a) ZTM-400, b) ZTM-500, c) ZTM-600, and d) ZTM-800



81409Environmental Science and Pollution Research (2023) 30:81403–81416 

1 3

the importance of photocatalyst and light irradiation for a 
significant clofibric acid degradation. The obtained result is 
consistent with the result previously reported by Tolosana-
Moranchel et al. (2019), which found a similar behavior. 
According to our result, the interference of the photol-
ytic degradation with the photocatalytic degradation was 
neglected.

By addition of the catalysts, significant influence on the 
photocatalytic activity was observed. By increasing calcina-
tion temperature from 400 to 600 °C, an increase in the pho-
todegradation rate was observed. The photocatalytic activity 
of the ZTM significantly improved with calcination tempera-
ture rising from 400 to 500 °C, assigned to the formation of 
ZnO oxide and its crystallization. At 600 °C of calcination 
temperature, the results display a highest photocatalytic per-
formance which is mainly resulted to the synergistic effects 

between ZnO and  Zn2TiO4 as the main constituents at this 
temperature confirmed by DRX. The photocatalytic activity 
drastically decreases by continuous calcination up to 800 °C. 
This can be due to the distortion of the heterostructure by 
the presence of some traces of ZnO phase and the forma-
tion of  Zn2TiO4 as major phase, which considerably reduce 
the photogenerated charges separation behavior. As reported 
by Chai et al. (2019), the formation of  Zn2TiO4 as major 
phase reduce the photocatalytic activities of the sample, this 
can be considered as the main reason of the decrease in the 
photocatalytic degradation efficiency. Consequently, it is 
reasonable that there is an optimal calcination temperature 
of the materials.

In the same order, the photocatalytic degradation of 
clofibric acid by all calcined samples was higher than that 
of P-25 titanium dioxide. It can be seen that after 90 min 
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of light exposure, ZTM samples calcined at 400, 500, 600, 
and 800 °C can decompose 93.2, 95.0, 99.1, and 95.3% 
of clofibric acid, respectively. However, the P25 nano-
particles reached only 78.8%. This suggests the superior 
UV–visible photocatalytic property of ZTM catalysts for 
the degradation of the target compound. This finding can 
be connected to different parameters, such as crystallinity 
degree, morphology, and electron–hole pair separation. 
In this sense, the small particles size and the irregular 
surface of the prepared photocatalyst that found by SEM 
analysis and the coupling of both semiconductors could 
deliver an adequate morphology to gives a better efficient 
photocatalytic efficiency under UV–visible light illumina-
tion. Owing to easy electron mobility across the interfacial 
heterostructure in the catalyst, which plays an important 
role by reducing the pathway from the site of photo-cre-
ated electron–hole pair to the surface of catalyst. So, it is 
reasonable that the sample prepared through ultrasound-
assisted polyol-mediated process, with a slightly lower 
particle size, can improve the photocatalytic degradation 
of the clofibric acid.

Similarly, various researches have studied the photo-
catalytic degradation of clofibric acid using numerous 
catalysts. Table 1 displayed that synthesized ZTM-600 

by ultrasound-assisted polyol-mediated process holds 
excellent photocatalytic performances compared to other 
materials and methods reported in literature. Our study 
depicted that optimal process conditions 50  mg/L of 
ZTM-600 exhibited the maximum clofibric acid photo-
degradation efficiency of ~ 99.1% in 90 min. This is the 
first work reporting the clofibric acid degradation at high 
concentration.

Effect of initial clofibric acid concentration 
on the photocatalytic performances

Figure 7 depicts the kinetics of the photodegradation of 
clofibric acid at varied initial concentrations. The figure 
indicates a higher degradation efficiency at low concentra-
tion. However, increasing the clofibric acid concentration 
from 25 to 100 mg/L declined the extent of degradation 
from 99.8 to 97.1%. These results can be conducted to 
the clofibric acid molecules and the available actives sites 
ration, which was more important at higher initial con-
centration. Since the hydroxyl radical’s lifetime is very 
short, they can only react near the site where they are 
formed (Barka et al. 2011). Thus, the number of degraded 
molecules to the number of created active species (.OH) 

Fig. 6  Photocatalytic degrada-
tion of clofibric acid in the pres-
ence of synthesized catalysts 
compared with commercial 
Degussa P-25 (clofibric acid 
concentration: 50 mg/L; photo-
catalyst dosage: 50 mg/L; pH of 
the natural solution (~ 3.86))
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Table 1  Comparison of the photocatalytic activity of ZnO-Zn2TiO4 for clofibric acid with literature

Photocatalyst Main conditions Ratio (m/C0) Efficiency Ref

g-C3N4/P25 C0 = 2.0 mg/L; m = 0.5 g/L, pH = 5.3 r = 250 R = 85% after 30 min Chen et al. 2017
TiO2 C0 = 1.5 mg/L; m = 1 g/L, pH = 5.9 r = 666.6 R = 85% after 130 min Favier et al. 2019
Zn-La mixed oxide C0 = 20 mg/L; m = 500 mg/L, pH = natural r = 25 R = 97% after 90 min Sescu et al. 2020
ZnO-Zn2TiO4 C0 = 50 mg/L; m = 50 mg/L, pH = 3.86 r = 1 R = 99.09% after 90 min This work
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increased with increasing initial concentration (Janani 
et  al. 2021b). The competitive degradation behavior 
between clofibric acid molecules and its degradation inter-
mediates also reduces the photocatalytic process, which 
could be important at high concentration of solution. 
Therefore, at a higher initial target pollutant concentration, 
a longer time is needed for its total degradation.

The initial rate of degradation was also affected by the ini-
tial concentration of clofibric acid. The initial rate decreased 
with increasing of initial clofibric acid concentration. This 
can be assigned to the fact that the photocatalyst dose and 
light irradiation flux remain constant, which with increasing 
of number of clofibric acid molecules, the photons penetra-
tion becomes more difficult to contact the catalyst surface. 
Indeed, a fewer number of active sites remain available for 
the generation of active species (hydroxyl radicals) needed 
for the photodegradation process. So, the clofibric acid deg-
radation rate declined as the initial concentration increases 
due to the reduced production of hydroxyl radicals.

Effect of initial pH of clofibric acid solution

The pH value of the solution is an important parameter in 
the photocatalytic degradation process. It may affect signifi-
cantly the photodegradation rate of clofibric acid in the pres-
ence of ZTM-600. As known, the  pHPZC of the catalyst and 
the pka values are two key factors. The  pHPZC of ZTM-600 is 
7. At pH < 7, the ZTM-600 surface is positively charged and 
at pH > 7, it is negatively charged. The clofibric acid has pKa 
value of 3.18. Thus, the neutral clofibric acid form exists 
at pH below 3.18 and at pH above 3.18, the anionic form 
becomes predominant. As reported by Mestre et al. (2010), 
about 50 mol% of clofibric acid are in dissociated form at pH 
3.6, and it was to be over 99 mol% dissociated at pH > 5.0. 

It can be noted from the Fig. 8 that the photodegradation 
efficiency clofibric acid at the initial pH value of 3.86 was 
99.09 and the corresponding kapp was 0.0569  min−1. When 
initial pH was increased to 7 and 10, the photodegradation 
performances declined to 90.8%, 0.0131  min−1 and 74.6%, 
0.0083  min−1, respectively. This indicated that the photo-
catalytic performances in natural acidic medium is higher 
than that at other solution pH values. These results might be 
assigned to the large amount of  H+ in acidic medium, which 
could be reduced by the photogenerated electrons, produc-
ing  H. radicals. The increase in the number of  H. radicals 
in the aqueous solution and on the surface of the catalyst 
increased considerably the photodegradation rate of clofibric 
acid (Kamranifar et al. 2021). They are also reacting with 
the adsorbed oxygen molecules, leading to the production 
of superoxide and hydroperoxide radicals, which contribute 
significantly in the photocatalytic degradation reaction. On 
the other hand, the degradation performance was decreased 
by increasing pH to 10. The excess of  OH− ions in the aque-
ous solution might be oxidized to  OH. radicals. However, 
the photodegradation rate decreased to 74.6%. This fact may 
be associated with the lower contribution of  OH. radicals in 
the photodegradation of clofibric acid as investigated by the 
quenching test of hydroxyl radicals. A similar result was 
found by Lin et al. (2021) for clofibric acid photocatalytic 
degradation by using g-C3N4/CeO2. Consequently, the natu-
ral pH of clofibric acid was chosen an optimum value in 
furthers experiments.

Effect of photocatalyst dosage

The optimization of catalyst dosage is an important test 
to elucidate the relationship between the catalyst dosage 
and the photodegradation reaction as well as the photon 

Fig. 7  Kinetics of clofibric acid 
photodegradation rate at differ-
ent initial concentrations. Pho-
tocatalyst dosage: 50 mg/L; pH 
of the natural solution (~ 3.86)
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absorption capacity. Results obtained from the variation of 
catalyst dosage are given in Fig. 9. The figure demonstrates 
that the photodegradation efficiency increased from 83.9 
to 99.1% with rising catalyst dosage from 12.5 to 50 mg/L. 
Beyond this dose, as expected, the photodecomposition 
decreased with increasing of catalyst dose. This result is 
due to the aggregation or overlapping of semiconductor 
particles (Qourzal et al. 2012). Moreover, an inhibition 
of radiation penetration into the solution, due to the light 
scattering phenomenon resulting a low degradation effi-
ciency. Similarly, Elhalil et al. (2019) demonstrated that 
the degradation of caffeine was declined by increasing Ag-
ZnO-La2O2CO3 photocatalysts amount. Consequently, the 
optimum catalyst dose of 50 mg/L was chosen in furthers 
experiments.

Photodegradation mechanism

The proposed photocatalytic degradation mechanism of 
clofibric acid utilizing ZTM-600 was illustrated in Fig. 10. 
Fundamentally, the photocatalytic process is mainly depend 
to a photo-induced active species such as electrons (ē), holes 
(h+), hydroxyl radical (.OH), and superoxide radical  (O2

−.). 
During the irradiation process, the electrons in the valence 
band move to conduction band and electrons-holes pairs are 
produced. The holes contribute to the production of hydroxyl 
radicals by oxidation of water molecules near the surface of 
catalyst. On the other side, the photo-induced electrons react 
with adsorbed oxygen molecules, leading to the formation 
 of.O2 superoxide radicals. The formed radicals can oxidize 
the clofibric acid present in the aqueous solution. The results 

Fig. 8  Effect of initial pH of 
clofibric acid solution on its rate 
of degradation
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of radical quenching tests show that the photocatalytic deg-
radation efficiency decreased slightly by adding ethanol and 
ascorbic acid, which achieved 46.2 and 58.4%, respectively. 
These results indicating  that.OH and  O2

.− radicals are not 
the responsible species for clofibric acid. The degradation 
efficiency declined to 40% with the addition of EDTA, sug-
gesting the slight contribution of the photogenerated holes 
for clofibric acid photodegradation. After the introduction of 
 AgNO3, the photodegradation efficiency apparently declined 
to 6.9%, which indicates that the electrons photo-induced are 
most likely the main ROS responsible in the photocatalytic 
degradation process of clofibric acid by ZTM-600.

The catalyst shows an enhanced absorption capacity in 
both ultraviolet and visible light regions, owing to their 
smaller band gap formation (2.89 eV). Therefore, the ZTM-
600 requires less energy to generate electron–hole pairs, 
which leads to using a more photons resulting in an improve-
ment photocatalytic activity. According to the calculated 
valence and conduction bands values, the ECB of ZTM-600 
is about 3.7 eV, which is more negative potential than the 
standard potential of the reduction of  O2/O2

.− (− 0.18 eV). 
The  O2

.− radicals formed by the reaction between the dis-
solved  O2 and the excited electrons on CB participated in 
the degradation reaction of clofibric acid. While, the holes 
generated on the VB of the catalyst cannot contribute to 
the production  of.OH radicals, due to the lower positive 
VB potential (− 0.54 eV) compared to that of  OH−/.OH 
and  H2O/.OH, which have redox potential of (+ 1.99 eV vs. 
NHE) and (+ 2.44 eV vs. NHE), respectively. These results 
suggested that the  few.OH radicals formed in the photocata-
lytic degradation process could be resulted from the photo-
chemical reaction:

The photo-created holes contribute in the degradation reac-
tion by direct oxidation of the organic molecule in the aqueous 
solution. Consequently, the photogenerated electrons are the 
powerful ROS in the photodegradation degradation. Thus, the 
 h+,.OH,  O2

.−, take part in the photocatalytic process.
The photocatalytic efficiency could be reduced by 

increasing clofibric acid concentration or catalyst dose, 
which avoid the penetration of photons to catalyst surface. 
Therefore, the formation of photogenerated charges was 
reduced. The pH value of the clofibric acid also affected 
their catalytic degradation mechanism. It is more important 
in acidic medium than alkaline conditions. Indeed, the pres-
ence of  H+ in aqueous solution improves the catalytic pho-
todegradation of clofibric acid. These protons were reduced 
by the generated electrons to  H. radicals, which contribute 
to the formation of hydroxyl (.OH) and hyperoxide  (HOO.) 
radicals. Consequently, the formation of the powerful active 
species in the photocatalytic process, considerably enhance 
the clofibric acid degradation. Ultimately, the principal reac-
tions involved in the photocatalytic degradation of clofibric 
acid using ZTM-600 photocatalyst are outlined through the 
Eqs. (6) to (14) provided below:

(5)H
2
O

2
+ O

2.−
− → .OH + OH− + O

2.2−

(6)ZnO − Zn
2
TiO

4
+ hν → e− + h+

(7)O
2
+ H+

→ O.−
2

(8)O.−
2
+ H+

→ HOO.

Fig. 10  Schematic illustration of the proposed photocatalytic degradation mechanism of clofibric acid by ZnO-Zn2TiO4 under UV-light
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Efficiency of the regenerated photocatalyst

The reusability and stability of the photocatalyst are there-
fore necessary for its practical applications. The recycling 
of ZnO-Zn2TiO4 was tested for many cycles under the same 
experimental conditions. From the results shown in Fig. 11, 
the photocatalytic decomposition of clofibric acid is main-
tained after 3 successive experimental runs, indicating that 
the ZnO-Zn2TiO4 photocatalyst exhibits a high photostabil-
ity and reusability for organic compounds degradation. The 
finding suggest that the synthesized catalyst has a practi-
cal application potential in the removal of pharmaceuticals 
molecules.

Conclusion

A well ZnO-Zn2TiO4 heterostructure was synthesized 
through novel synthesis method based on ultrasound-assisted 
polyol-mediated process. Hexagonal-tetragonal phases were 

(9)HOO. + HOO.
→ H

2
O

2
+ O

2

(10)H
2
O

2
+ O.−

2
→ OH− + OH. + O

2

(11)H
2
O

2
+ hν → OH.

(12)
Oxidationprocesses ∶ CA + h+(VB) → degradedpollutant

(13)OH. + OH.
→ H

2
O

2

(14)
CA + HO.

→ CA(HO.) → intermediates + HO.
→ CO

2
+ H

2
O

obtained after calcination of sample at 600 °C with abun-
dance particles size less than 100 µm and with an efficient 
absorption capacity in both ultraviolet and visible regions. 
The high photocatalytic degradation performance of clofi-
bric acid by ZTM-600 was assigned to the photo-induced 
electrons, which demonstrate their great reduction poten-
tial. Consequently, based on the findings, it is noticed that 
the photocatalysis process using ZnO-Zn2TiO4 catalyst was 
seem to be promising for the degradation of clofibric acid at 
pH natural of aqueous solution. The corresponding catalyst 
shows a highest photocatalytic performance activity under 
UV–visible illumination than those of other, reaching a high 
degradation efficiency of clofibric acid (50 mg/L) with a 
low catalyst dose of 50 mg/L. In conclusion, the excellent 
photocatalytic efficiency was attributed to synergetic effect 
between ZnO and  Zn2TiO4, provided an appropriate charges 
separation on catalyst surface. The reusability tests indicate 
that the catalyst exhibits a high photostability the studied 
photocatalyst. This research could offer a facile route for the 
synthesis of effective and low-cost photocatalyst based on 
ZnO-Zn2TiO4 mixed oxides thus enable their application in 
environmental pollution control problems.
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