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A B S T R A C T   

The potentials of mesoporous TiO2–ZnO (3TiZn) were explored on photocatalytic degradation of 
doxycycline (DOX) antibiotic, likewise the influence of adsorption on the photocatalytic process. 
The 3TiZn was characterized for physical and chemical properties. Stability, reusability, kinetic 
and the ability of 3TiZn to degrade high concentration of pollutant under different operating 
conditions were investigated. Photocatalytic degradation of DOX was conducted at varied oper-
ating conditions, and the best was obtained at 1 g/L catalyst dosage, solution inherent pH (4.4) 
and 50 ppm of DOX. Complete degradation of 50 ppm and 100 ppm of DOX were attained within 
30 and 100 min of the reaction time, respectively. The stability and reusability study of the 
photocatalyst proved that at the tenth (10th) cycle, the 3TiZn is as effective in the degradation of 
DOX as in the first cycle. This may be attributed to the fusion of the mixed oxides during calci-
nation. The 3TiZn is mesoporous with a pore diameter of 17 nm, and this boosts it potential to 
degrade high concentration of DOX. It was observed that the adsorption capacity of 3TiZn 
enhance the photocatalytic process. It can be emphasized that 3TiZn portrayed a remarkable 
catalyst stability and good potentials for industrial application.   

1. Introduction 

Antibiotics are beneficial to humans and animals, and can be detrimental to human, veterinary and eco-system [1,2]. In the 
mid-1990s, emerging technology informed scientists of the rising risk to humans and the eco-system associated with the discharge of 
antibiotics at any level of concentration [3,4]. The discharge of large effluent from pharmaceutical industries, excretion from live 
stocks, domestic sewage and hospitals contains antibiotics, resulting to multi-resistance bacterial strains in the eco-system which are 
difficult to be treated by the available drugs [3,5]. 

After the intake of antibiotics, it undergoes metabolism. Some of the metabolites and the unmetabolized antibiotics are excreted 
through urine and faeces on a large scale and thus go into water bodies [6]. A longtime exposure of organisms to antibiotics lead to 
health issues like light sensitivity, central nervous system damages, spermatogenesis, arthropathy, mutagenic effects, nephropathy [7]. 
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This calls for the need to completely mineralize the pollutant in wastewater. 
Doxycycline (DOX) belongs to the family of tetracycline antibiotics consumed against gram-positive and gram-negative bacteria in 

both human and veterinary [8,9]. DOX consists of three functional groups such as phenolic diketone, tricarbonyl amide, and dime-
thylamine [9]. DOX is not bio-degradable because of its chemical stability [9,10], hence advance oxidation processes are dependable 
methods for the degradation of these persistent and non-biodegradable pollutants. 

Heterogeneous photocatalysis; a typical advanced oxidation process (AOP) proves to be reliable for the degradation of organic 
pollutants [11], exhibits remarkable potentials for industrial application [12,13] and it is environmentally benign [14]. With redox 
reaction between the reactive radicals (RR) and organic pollutants, the pollutants are mineralized to water and carbon dioxide [15,16] 
or to less harmful/biodegradable pollutants. However, some setbacks are still associated with the method such as inability to degrade 
high concentrated pollutants, reusability and stability of photocatalysts [17], and photocatalyst recovery. Recent findings have shown 
how effective adsorption property of a photocatalyst can influence the degradation of a pollutants [18–21]. The quick adsorption of 
contaminants can boost the local concentration of contaminants on semiconductor surfaces, which can increase photocatalytic effi-
ciency [20]. Thus, adsorption process can promote the degradation of a pollutant. 

Successful degradation of DOX with UV/H2O2/Fe(III) system was achieved by the formation of complex that enabled the reduction 
of Fe(III) to Fe(II) at pH 3 [9], but the active ingredient (H2O2/Fe(III)) was consumed and the system can only operate in acidic 
medium. Also, Fenton process has been used to degrade DOX in the presence of hydrogen peroxide (H2O2) and Fe2+ [22]. This process 
was homogenous, hence no recovery of the active ingredient for reuse. Yan et al. [12] investigated the degradation of DOX under 
visible light radiation with nitrogen doped graphene quantum dots-BiOI/MnNb2O6 (5%NGQDs-Bi/Mn Nb2O6). In their investigation, 
only 67 % of 10 ppm DOX was degraded in 120 min and the catalyst was reused for four cycles. Bing et al. [23] studied the reusability 
of Bi2O3/Bi2WO6/MgAl-CLDH on DOX degradation which showed a slide decline in the performance of the catalyst at the fifth cycle. 
The stability and reusability of core-shell Ag2CrO4/N-GQDs@g-C3N4 composites was investigated on the photo-degradation of DOX 
and the composite was stable after eight cycles tested [24]. However, to the best of our knowledge, there is no literature on photo-
catalytic degradation/mineralization of DOX with mesoporous TiO2–ZnO which has the potential to be reused, and stable up to ten 
cycles. 

Semiconductor metal oxides photocatalyst gains much attention due to its ability to degrade recalcitrant organic pollutants [25]. 
The most stable semiconductor oxides remain TiO2 and ZnO. They are suitable as pristine materials for the eradication of recalcitrant 
pollutants exposed to UV irradiation and are the most published work on heterogeneous photocatalysis [26,27]. ZnO absorbs wide 
range of UV spectrum and it has excitation binding energy at 60 meV which is quite high [28]. Under the influence of UV irradiation, it 
exhibits better oxidation properties, in most cases, than TiO2 due to its wider range of UV spectrum absorbance [29]. Thus, complete 
mineralization of pollutants in wastewater is possible with the application of ZnO as photocatalyst [30]. Also, ZnO is a low toxic 
material that is cost effective, thermally and mechanically stable at room temperature [31]. TiO2 is chemically, biologically and 
thermally stable, with high mechanical strength; it is cost effective and non-toxic to the ecosystem [32,33]. The TiO2 and ZnO can exist 
as mixed oxides resulting in synergy that yield better performance than the pristine semiconductor metal oxides [2,8,34,35]. In these 
studies, most photocatalyst degraded less concentrated. 

The challenges that limit the application of photocatalytic reactions for the treatment of real wastewater generated from industries 
inspired this work. This manuscript presents the effect of mesoporous 3TiZn photocatalyst on degradation of highly concentrated DOX 
under UV light which was enhanced by adsorption capacity of the photocatalyst. While studying the degradation of DOX by the 
developed mixed oxides, the study also presents the stability and reusability of the photocatalyst, which will pave a way for industrial 
application. 

2. Material and methods 

2.1. Material 

Doxycycline capsule (Dynapharm), Titanium butoxide (Sigma-Aldrich), Zinc nitrate hexahydrate (R&M chemicals), Sulphuric acid 
(Merck), Acetic acid (R&M chemicals) and Absolute ethanol (R&M chemicals) are all analytical grade chemicals with 99.5 %, 98 %,97 
%, 98 %, 97 % and 99.8 % purity, respectively. 0.1 M HCl and 0.1 M NaOH were used to adjust the pH of the solution. 

2.2. Preparation of photocatalyst 

2.2.1. Synthesis of mesoporous 3TiZn 
Sol-precipitation method was used for the synthesis of TiO2 using titanium butoxide as the precursor. Following the method of 

Morales et al. [36], a solution that contains absolute ethanol, acetic acid, titanium butoxide and H2SO4 at the volume ratio of 
1:0.81:0.49:0.08 was stirred at a temperature of 50oC until white precipitate was formed. 

Zinc nitrate hexahydrate (97 %) was used as a precursor for synthesis of ZnO. A known amount of Zinc nitrate hexahydrate was 
dissolved in distilled water, followed by addition of 0.1 M NaOH to the suspension as a precipitating agent until pH12 was attained. 

TiO2 and ZnO precipitates in suspension were mixed at the mole ratio of 3:1 and stirred for 4 h. The suspension was filtered, washed 
to attain pH 7, dried at 60oC for 12 h in an oven and calcined at 650 ◦C. (The product of the calcined mixed oxides was named 3TiZn). 

2.2.2. Characterization of 3TiZn 
Composition and crystallite phases of 3TiZn were investigated using X-ray diffraction (XRD) with a Philips PW 1710 in 2θ ranging 
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from 10◦ to 90◦. Surface area and pore distribution of 3TiZn was determined using micromeritics ASAP 2020 model in accordance with 
Brunauer-Emmett-Teller (BET) method. The pore diameter and pore volume were investigated using adsorption-desorption of nitrogen 
using Barrett-Joyner-Halenda (BJH) model. Thermo Scientific Nicolet IS10 Fourier transform infrared (FTIR) spectrometer was used to 
ascertain the presence of the active functional group by the generation of FTIR from 4000 to 400 cm− 1. 

2.2.3. Photocatalytic activities on DOX 
The degradation of DOX was examined over 3TiZn in a 350 mL cylindrical reactor equipped with an air bubble pump and a coolant. 

The reactor containing 200 mL solution was placed on a magnetic stirrer in a black box, which restricted any form of external light. The 
solution was stirred for 24 h at 27oC for the adsorption study in the dark without air bubble and with the photocatalyst. Thereafter, 
another separate reaction was carried out with a 28 W UV lamp (254 nm, jit light China), immersed in the solution, and the lamp was 
switched on without catalyst for the photolysis studies. Subsequently, 0.5 g/L 3TiZn photocatalyst was placed in the a separate solution 
in the presence of light from the lamp for the photocatalytic experiments. At different time intervals, samples of the treated solution 
were withdrawn and the concentration of the pollutant was determined using UV–Vis spectrophotometer (Shimadzu UV1601) at 
maximum absorption wavelength of DOX (254 nm). Eq. (1) was used to calculate percentage degradation. 

Cf =
Ci − Ct

Ci
× 100 (1)  

Where Cf = percentage degradation, Ci = initial concentration and Ct = concentration at a given time, all in ppm. 
Effect of initial concentration (10–100 ppm), photocatalyst dosage (0.125–1.25 g/L) and solution pH (3–11) were studied and the 

data obtained from effect of initial concentration were used to determine the kinetic parameters. 

2.2.4. Point zero charge pH (pHpzc) determination 
Different pHs of solutions ranging from 2 to 11 were prepared with NaOH and HCl solution. The Initial pH of the eight solutions was 

recorded as Fi. 3TiZn was added to each solution with different pH value. The mass ratio of catalyst to distilled water was 0.001:1. The 
mixtures were agitated in a shaker for 48 h after which the final pH value (Ff) for each mixture was recorded. A plot of Fi against Ff was 
used to determine point zero charge of each catalyst [37]. 

2.2.5. Determination of dominant reactive radicals 
Determination of dominant reactive radicals was done by the use of radicals scavengers in the reaction. Hydroxyl radicals (OH●) 

were scavenged using tert. BuOH, superoxides (O2
●− ) were scavenged using p-benzoquinone (P-BQ) and sodium iodide (NaI) was used 

for photo-holes (h+). Following the procedure used for the photocatalytic process, the investigation was done with the addition of 2 
mM of each scavenger. The best operating parameters obtained for DOX during the photocatalytic study were used for the study. The 
generation of OH● in the solution was confirmed using Photoluminescence Spectroscopy-Terephthalic Acid (PL-TA) analysis. The 
same procedure for the performance analysis on 3TiZn was employed except that a solution of 5 x 10− 4 M TA dissolved in 2 x 10− 3 M 
NaOH was used instead of the DOX solution. The method of Nasura et al. [38] was used. Reaction between TA and OH● generates 
hydroxyterephthalic acid (HTA) which is highly fluorescent. Thus, HTA was detected by PL analysis. After the placement of the glass 
cuvette that contained the analyte in the in a PerkinElmer Lambda S55 spectrofluorometer for analysis, emission spectra were 
generated. 

2.2.6. Reusability test 
Reusability test of the photocatalyst was conducted by recycling the catalyst after each reaction. Collection of the catalyst was done 

by filtration after each reaction. It was dried in an oven at 60oC and reused for the next cycle, up to ten cycles tested. 

Fig. 1. FTIR spectra of mesoporous 3TiZn at different calcination temperature.  
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3. Results and discussion 

3.1. Characterization of mesoporous 3TiZn photocatalyst 

3.1.1. FTIR 
The FTIR technique was used to determine the functional groups present on the surface of 3TiZn calcined at 400oC, 650oC, and 

700oC and the results are presented in Fig. 1. All samples reveal peaks between 4000 and 400 cm− 1 with different alteration due to 
increase in calcinations temperature. The peak between 3000 and 3500 cm− 1 and 1632-1640 cm− 1are assigned to the stretching and 
bending vibration of O–H group [8,39] on the surface of 3TiZn.Metal oxides exhibit absorption peaks mostly below 1000 cm− 1 [39,40] 
due to inter-atomic vibration or inter-metal oxygen bond in the catalyst lattice structure. Bands observed below 600 cm− 1 are ascribed 
to stretching vibration of the oxygen-metal linkage. Similar observation was made by Refs. [8,41]. There was a decrease in peaks at 
1136-1037 cm− 1, 1632-1640 cm− 1 and 3000-3500 cm− 1 as the calcination temperature increased (Fig. 1) and this was reflected in the 
photocatalyst performance. At 700oC, peaks which were observed in samples calcined at lower temperatures (400 and 650oC) between 
1136 and 513 cm− 1 were eliminated, leaving only three peaks in the whole spectrum. This could be responsible for the reduction in 
performance of 3TiZn calcined at 700oC. 

3.1.2. XRD 
The Phase mineralogical composition and crystallinity of the photocatalyst were determined using XRD as shown in Fig. 2. The 

spectrum shows very sharp peaks which depicts the crystallinity of the material. The crystal phase of TiO2 and ZnO detected were 
hexagonal anatase (JCPDS 00-021-1272) and hexagonal Zincite (JCPDS 00-001-1136) respectively. Also, Zn2Ti3O8 (JCPDS 00-013- 
0471) and Zn2TiO4 (JCPDS 00-013-0536) were the Zinc titanium oxides formed during the heat treatment. The presence of Zincite 
was observed at 36.97, 63.2 and 67.8o, which correspond to crystal planes at 101, 103 and 112 respectively. This is similar to the result 
obtained by Refs. [42,43]. Anatase, which is the major composition of 3TiZn was detected at 101, 103, 200, 105, 204, 116, 215 and 
224 crystal planes which corresponds with 25, 36.7, 48, 53.8, 62.6, 68.7, 75 and 82.6o 2 theta respectively. The strong diffraction peak 
of anatase at 25o was equally reported [44]. Zn2Ti3O8 diffraction peaks were detected at 35.4, 36.8, 62.6, 70.3 and 74.3o, corre-
sponding to crystal planes at 311, 222, 440, 620 and 622 respectively. Finally, the diffraction peaks Zn2TiO4 corresponds with the 
crystal planes at 311, 222, 620 and 622. Similar crystal planes for titanate were reported [45,46]. 

Increase in calcination temperature of 3TiZn always lead to the formation of Zinc titanium oxide [47]. Habib et al. [48] and Wang 
et al. [46] equally noticed the formation of Zn2Ti3O8 and Zn2TiO4 at elevated calcination temperature during the heat treatment of 
TiO2–ZnO which improved the performance of their mixed oxide. Also, calcination of TiO2–ZnO at 750 ◦C for 5 h led to the formation 
of Zn2Ti3O8 and Zn2TiO4 [45]. Thus, the presence of Zinc titanium oxides at higher calcination temperature contributed to the better 
performance of the composite. Similar report was made by Habib et al. [48]. Average crystallite size was determined by Scherrer’s 
equation (Eq. (2)). 

D=
0.9λ

β cos θ
(2) 

D is the crystallite size; β, θ and λ are the line broadening, wavelength of Cu-Kα radiation and diffraction angle respectively. Thus, 
the average crystallite size of the mixed oxide was determined to be 37 nm. 

3.1.3. Adsorption and desorption of nitrogen gas for textural analysis 
Porous materials are mostly characterized according to the pore diameters/radii derived from the gas sorption data which are 

classified based on the IUPAC nomenclature. The adsorption and desorption of nitrogen gas under the relative pressure (P/Po) from 

Fig. 2. XRD pattern of 3TiZn calcined at 650 ◦C.  
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0 to 0.984 provided information on the textural characteristics of the photocatalyst. Analysis on the pore size distribution and surface 
area of the material revealed that the photocatalyst is mesoporous with average pore diameter of 17 nm, specific surface area of 39 m2/ 
g and average pore volume of 0.166 cm2/g. The hysteresis loop shown in Fig. 3(a) matches that of H3 loop with type IV isotherm 
(according to IUPAC classification) which represents a mesoporous material [49,50]. The average pore diameter falls within the pore 
diameter range for mesoporous materials (2–50 nm). Also, the uneven distribution of pores as shown in Fig. 3 (b) confirms the hys-
teresis loop because the material contains more of mesopores. 

3.2. Effect of adsorption, photolysis and photocatalysis 

The effect of adsorption, photolysis and photocatalysis on DOX was studied using the best operating parameters as shown in Fig. 4. 
The results were obtained at optimal operating conditions such as; 50 ppm of DOX, 1 g/L photocatalyst dosage and solution inherent 
pH. The adsorption study which was carried out for 24 h equilibrated after 30 min. Thus, adsorption study up to 60 min was reported as 
shown in Fig. 4. At 5, 10, 30 and 1440 min of adsorption study, 28, 26, 31 and 31 % of DOX were removed respectively. When the 
photocatalyst was placed in the reactor that contained DOX solution without agitation, the pollutant adhered immediately to the 
surface of photocatalyst, which was noticed as a result of change in colour of the photocatalyst. Thus, after 10 min of agitation, the 
quantity adsorbed was less than that of 5 min which could be as a result of desorption of some of the pollutant. Under photolytic study, 
degradation of DOX was observed which was attributed to the absorption of quantum of light which degraded the photolyte (DOX) in 
the absence of photocatalyst. Within 30 min of exposure of DOX to light, the reaction was very slow after which the rate of degradation 
increased with increase in reaction time. At 30 min, 38 % degradation was achieved whereas at 200 min, 86 % degradation was 
achieved. Most pharmaceuticals exhibit high absorption capacity of photons, especially UV light due to the presence of aromatic rings, 
heteroatoms and functional groups [51]. The absorption leads to the generation of compounds in excited electronic state that are 
vulnerable to degradation [51]. Thus, photolysis initiated by the absorption of photons by DOX and high adsorption capacity of 3TiZn 
improved the photocatalytic degradation of DOX by the generation of reactive species by the absorbed photons. During photocatalytic 
reaction, complete degradation was achieved at 30 min reaction time. Thus, the presence of the photocatalyst enhanced the degra-
dation process. Xu et al. [52] carried out the photocatalytic degradation of methylene blue using metal free graphitic carbon nitride as 
catalyst. They reported the effect of adsorption and the decomposition behaviour of the pollutants under visible light, which improved 
the performance of the catalyst during photocatalytic degradation and this behaviour is exhibited in this study. Adsorption has great 
influence in heterogeneous photocatalysis. 

3.3. Photocatalytic performance of 3TiZn on doxycycline degradation 

3.3.1. Effect of photocatalyst loading 
Fig. 5(a) depicts the effect of photocatalyst loading on the degradation of DOX. Photocatalyst dosage has significant effect on 

pollutant degradation. Increase in dosage increased the degradation of DOX up to 1 g/L as shown in Fig. 5(a). Further increase in 
dosage beyond 1 g/L did not influence the degradation process. This is due to the cloudy nature of the system at such concentration 
which can lead to interception of light [53]. Also, increase in photocatalysts loading can lead to agglomeration of the photocatalyst. 
Klauson et al. [7] experienced the same behaviour with 1.5 g/L photocatalyst dosage during the degradation of DOX, likewise 
Nuengmatcha et al. [54]. Thus, the best dosage was chosen to be 1 g/L in this study. 

3.3.2. Effect of initial concentration of DOX 
Effect of initial concentration on the degradation of DOX by 3TiZn (Fig. 5(b)) was investigated. Increase in initial concentration 

decreased the degradation capacity of the photocatalyst as a result of lack of direct contact between the pollutants and the active sites 
due to limited number of 3TiZn active sites or deactivation of the active sites. Furthermore, the photons have limited access to the 

Fig. 3. (a) Nitrogen Adsorption-desorption isotherm (b) pore size distribution.  
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Fig. 4. Effect of adsorption, photolysis and photocatalysis on DOX at 50 ppm, solution inherent pH and 1 g/L.  

Fig. 5. (a) Effect of 3TiZn loading on DOX (Cdoxo = 50 ppm and solution inherent pH); (b) Effect initial concentration at 1 g/L and solution inherent 
pH; (c) Effect of pH on photocatalytic degradation of DOX (Cdoxo = 50 ppm, 1 g/L); (d) pHPZC determination; Plot of initial pH (Fi) vs final pH (Ff). 
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active sites thereby affecting the generation of the active radicals [29]. As shown in Figs. 5(b), 78 % of 20 ppm was removed during 
adsorption study after 10 min of contact time; likewise, almost 100 % of 10 ppm was removed by adsorption. Thus, initial concen-
tration at 10 ppm was not inclusive and that 20 ppm was not considered as the best either, because the removal of the pollutant was 
more of adsorption than photocatalysis and this study is focused on photocatalysis. For that of 50, 80 and 100 ppm, 32, 28 and 23 % of 
DOX were adsorbed respectively. Thus, chemical reaction is the dominant mechanism for the DOX degradation than adsorption 
mechanism. 3TiZn can degrade higher concentration of DOX up to 100 ppm studied. At 10 min, complete degradation was observed for 
20 ppm DOX, and then it took 30, 80 and 100 min for 50, 80 and 100 ppm to attained complete degradation. 

It can be observed in Fig. 5(b) that the high adsorption capacity of 3TiZn improved the photocatalytic degradation of DOX due to its 
high mesoporous nature. Mesoporous materials have inherent interconnected pore networks that helps to efficiently transport mol-
ecules to active sites [40]. Also, there is a balance between adsorption and photocatalysis. If the adsorption capacity were to be too 
high, it will lead to obstruction of the active sites by the pollutant molecules and prevent penetration of photons resulting to little or no 
generation of active radicals. However, if there was little or no adsorption capacity, there is degradation at slow rate because the active 
radicals have to migrate from the catalyst surface to the bulk liquid, which may take longer time to act on the pollutants. A mesoporous 
TiO2, synthesized with a template (F127; triblock copolymer surfactant) has shown remarkable difference in performance for the 
photocatalytic degradation of organic pollutants in comparison with commercial TiO2 [55]. Similar findings were equally revealed in 
literature whereby sulphuric acid induced mesoporous TiO2 was used for the photocatalytic degradation of methylene blue which 
showed better performance than commercial TiO2 [56]. However, in this study, a template free mesoporous 3TiZn was synthesized and 
employed. Also, the crystallinity of the photocatalyst enhanced the photocatalytic reaction. 

3.3.3. Effect of initial pH of solution 
The influence of initial solution pHs and a plot of point zero charge of 3TiZn are shown in Fig. 5(c) and (d) respectively. DOX is a 

compound that can exist as cationic (DCH3
+), zwitterionic (DCH2) or anionic (DCH− and DC2− ) [9]. In acidic medium it can protonated; 

at neutral medium (pH 7), DOX deprotonates. Double deprotonation occurs under alkaline medium [9,57]. Thus, the solution’s 
inherent pH and the surface pH of the catalyst are highly influential in the photocatalytic degradation of DOX. 

Effect of pH at 3, 4.43 (solution inherent pH), 7, 9 and 11 were studied. From results shown in Fig. 5(c), the best degradation 
percentage of 50 ppm DOX via UV irradiation was at pH 4.43 (100 %), pH 7 (100 %) and pH 9 (99 %), followed by pH 3 (98 %) and pH 
11 (41 %), all within 30 min of irradiation time. At pH 3, there might have been columbic repulsion between the protonated DOX and 
the photocatalyst with point of zero charge of 3 as shown in Fig. 5(d). Increase in pH was more favourable due to deprotonation of DOX 
which promoted adsorption of DOX. At pH 11, DOX became double deprotonated [9,58], likewise the photocatalyst, due to the re-
action between OH from NaOH and 3TiZn. Thus, the reduction in photodegradation is as a result of repulsion between the double 
deprotonated DOX and negatively charged 3TiZn which led to absence of adsorption, hence no reaction. 

Fig. 6. (a) Determination of dominant radical; (b) PL-TA analysis for the detection of OH•
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However, at 20 min, the OH− generated appeared to have been used up by h+ to produce OH•, thereby giving rise to reaction (Eq. 
(3)) and this is in conformity with previous literature [53,59]. As the reaction progressed, the dominant radical (O2

•− ) was generated 
along with h+ which led to the degradation of DOX. With the scavenger analyses carried out to detect the active radicals as shown in 
Fig. 6(a), it was confirmed that the most active radicals are O2

•− and h+. Thus, this could be the reason why at the first 15 min of reaction 
(Fig. 5(c)), the generated OH• could not degrade DOX at pH 11. Effect of pH study at pH 11 appears to be the only reaction whereby 
there was no adsorption, only reaction was observed after 20 min of the irradiation. Complete degradation was attained within 80 min 
at pH 11. The solution inherent pH was chosen to be the best because the photocatalyst was highly reusable at the solution inherent pH. 
Klauson et al. [7] obtained their best pH at the inherent pH of the DOX solution using commercial P25 TiO2, which is similar to the best 
pH obtained in this study. 

The absorption peak at 425 nm formed as a result of the reaction between OH● and TA (Fig. 6(b)) attest to the presence of HTA. This 
proves that there was separation of electrons and holes, hence the formation of OH●. As time increased, the concentration of OH● 

increased which reflects on the intensity of the peak. This confirms the presence of OH● in the solution. However, it was not the species 
that influenced the degradation process.  

h+ + OH– OH• (3)  

3.4. Reusability study 

Fig. 7 shows the findings on the reusability study. 3TiZn was studied to verify its potentials for industrial application. The pho-
tocatalyst was able to degrade 50 ppm DOX for 10 cycles investigated and still has the ability to go beyond. This is an evidence of 
absence of deactivated active sites. In photocatalysis, the major reason for instability of catalyst is the deactivation of the active site by 
leaching of the active component of the catalyst or the blockage of active sites by intermediates or the parent pollutants. In the latter 
case, it can easily occur with a photocatalyst with very high adsorption capacity. One of the main properties of 3TiZn that is responsible 
for its reusability and stability is the fusion of the mixed oxides during calcination, leading to the formation of zinc titanium oxides. He 
et al. [60] made similar observation, whereby ZnO/Zinc titanate, calcined at 700oC, was stable and reusable for the photo-degradation 
of methylene blue. In this study, at 30 min, 100%degradation of DOX was attained but the colour of the photocatalyst still shows the 
presence of intermediates on it. Thus, in order to achieve effective reusability and stability, the reaction time was extended to 45 min to 
clear the surface of 3TiZn in order to adsorb subsequent DOX and intermediates. With this adjustment in reaction time, 3TiZn was 
stable and reusable up to ten (10) cycles tested. At 10th cycle, 99.98 % degradation of DOX was achieved within 45 min. 

It must be noted that stability and reusability of a photocatalyst is one of the critical perspectives to consider in the development/ 
design of the photocatalyst and this is very important for its industrial application. Also, ability of 3TiZn to degrade high concentration 
pollutant was demonstrated in this study and it is paramount for its application in real wastewater. 

3.5. Comparative study on photocatalytic degradation of DOX 

A comparative study was carried out on the performance of 3TiZn with other photocatalysts reported in literature for photo-
catalytic degradation of DOX (Table 1). The tremendous performance shown by 3TiZn is as result of the mesoporous nature of the 
catalyst, the fusion of the metal oxides during calcination and effective separation of photo-generated electrons and holes. 

3.6. Kinetic study 

The kinetic parameters for DOX photocatalytic degradation at various initial concentrations of the pollutant were evaluated which 
are presented in Table 2. Plot of In(Cdoxo/Cdox) against time (Eq. (4)) was used to determine apparent rate constant (kapp). The 

Fig. 7. Reusability and stability test on 3TiZn at 1 g/L 3TiZn dosage, 50 ppm DOX within 45 min.  
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experimental data were fitted to pseudo-first-order kinetic reaction due to high value of the correlation coefficient (R2) obtained. The 
kapp obtained for various initial concentrations (CDoxo) of 20, 50, 80 and 100 ppm are 1.1646, 0.104, 0.483 and 0.0235/min 
respectively. It was difficult to evaluate the constant for concentrations of 10 ppm because the photocatalytic reaction took place 
within a very short time interval. Thus, the apparent rate constant was determined for reactions at initial concentrations of 20, 50, 80 
and 100 ppm. 

ln
(

Cdoxo

Cdox

)

= kappt (4) 

Since adsorption can be involved in photocatalytic reaction, it was necessary to establish the dominant process (adsorption or 
reaction) that is responsible for the removal of DOX, which can be verified efficiently with Langmuir-Hinshelwood (L-H) model (Eq. 
(5)). 

r= krθ = −
dC
dt

= − kr
KaC

1 + KaC
(5)  

where r is the reaction rate (mol/L/min), θ is the occupied fraction sites, kr is the surface reaction rate constant (mol/L/min), Ka (L/mg) 
is the equilibrium constant for adsorption of pollutants on 3TiZn and C is the pollutants concentration at time t, the duration of the 
degradation process (mol/L). Linearizing L-H model, by taking a reciprocal of both sides of Eq. (5), yields Eq. (6). 

1
r
=

1 + KaC
krKaC

=
1
kr
+

1
krKaC

(6) 

The plot of 1/r vs 1/C (Fig. 8) was used to generate kr and Ka for DOX. The obtained kr value (6.1350) was greater than Ka (0.0264). 
This indicates that DOX removal was more of reaction than adsorption which is desirable in photocatalytic activities. 

4. Conclusion 

Mesoporous 3TiZn was effectively developed for the photocatalytic degradation of DOX under UV irradiation. It demonstrated the 
ability to degrade 100 ppm DOX at 100 min completely with photocatalyst dosage of 1 g/L which is due to the mesoporous nature of 
the material. It is reusable and stable up to 10 cycles investigated over 50 ppm DOX. The catalyst colour remained unchanged after the 
10th cycle of use which reveals its stability to undergo more than 10 cycles. Calcination of 3TiZn at temperature >650oC could lead to 
collapse of catalyst pore walls which is not favourable to the performance of the photocatalyst. Fused composites can enhance the 
stability and reusability of a photocatalyst. It can prevent deactivation or poisoning of photocatalyst active sites. The developed 
photocatalyst possesses qualities that can degrade and mineralize persistent and non-biodegradable pollutants which could make the 
treated water recyclable/reusable in industries or environmentally benign when discharged after treatment. The adsorption property 
of the photocatalyst influenced its ability to degrade high concentrated DOX. Hence, 3TiZn can be recommended for treatment of real 
pharmaceutical wastewater. Functionalization of the photocatalyst is recommended so as to make it multi-functional to enable its 
application on complex real wastewater. 

Table 1 
A comparative study on DOX photocatalytic degradation.  

Catalyst Method Co/Dosage S.pH Light Degradation 
(%)/Time 

Reusability Ref. 

3TiZn Photocatalysis 50 ppm/1 g/L Natural 
(4.4) 

UVC 100/20 min 10 This 
study 

5%g-C3N4@ CeO2 Photocatalysis 10 ppm/1 g/L, 100 
μL H2O2 

NA Visible (150 
W) 

84/60 min 4 [61] 

BiOBr/FeWO4 Photocatalysis NA/1 g/L NA Visible (300 
W) 

90/1 h 4 [62] 

Pd–TiO2 Photocatalysis 25 ppm/1 g/L NA UVA (15W) 100/15 min – [63] 
H2O2/Fe (III) Fenton-based 10 μM/100 μM (Fe 

(III), 
10 μM/(H2O2) 

3 UVC 100/<20 min – [9] 

NGQDs-BiOI/MnNb2O6 Photocatalysis 10 ppm/0.5 g/L NA Visible (250 
W) 

65.7/120 min – [12] 

ZnO Photocatalysis 10 ppm/0.25 g/L 10 UVC 100/5 h – [57] 
CoFe2O4/H2O2 Heterogeneous 

fenton 
20 ppm/1.5 g/L, 10 
mM (H2O2) 

6.5 – 92/10 min 5 [64] 

TiO2-MCM-41 Photocatalysis 30 μM/1.5 g/L 6 UVC >270 min – [65] 
ZnIn2S4/NiFe2O4/biochar Photocatalysis 30 ppm/0.5 g/L 5 Simulated 

sunlight 
94/120 min 6 [66] 

modified g-C3N4/MgZnA Adsorption- 
photocatalysis 

10 ppm/0.5 g/L – Visible light 91.46/120 min – [67] 

Fe/Pr6O11–MoO3@g- 
C3N4 NCs 

Photocatalysis 50 ppm/0.05 g/L 7 Visible light 98/220 min 6 [68]  
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