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1. Introduction 

Pollution and the search for solutions to these threats are not new 

concerns. With industrialization and population growth, the man-

agement of environmental problems has long been a challenge for 

humankind, in terms of both rising energy consumption and the 

ever-growing amounts of waste. In addition to the increasing 

amount of different types of waste, the improper disposal of this 

waste into the environment poses a serious threat to the environ-

ment. Among these, water pollution is a major problem that needs 

to be controlled because water is one of the most basic needs of all 

life forms and our world has limited potable water resources [1–5]. 

It is reported in the literature that more than half of the environ-

mental impact of the automotive industry, whose production vol-

ume is increasing day by day, is caused by painting and coating 

processes. During the painting process, paint wastewater is gener-

ated from paint overspray on the car surface, rinsing chemicals and 

equipment washing. It is therefore important to investigate, de-

velop and implement alternative treatment methods to improve 

water quality and enable its reuse [6,7]. Dyes cause a serious threat 

to water resources by severely affecting water quality parameters. 

Organic dyes are generally stable against changing effects and pa-

rameters such as light, chemicals, and heat. Most of them are also 

non-biodegradable [5]. It is known that the use of photocatalysis 

process, which is one of the advanced oxidation processes with ad-

vantages such as environmental friendliness and minimal energy 

consumption, is more promising for the removal of organic pollu-

tants than traditional alternatives such as adsorption [5,8,9]. Basi-

cally, photocatalysis can be explained as the process of using a cat-

alyst is used to accelerate degradation reactions through the action 

of UV or visible light. Of course, photocatalyst are the key to pho-

tocatalysis process. Photocatalysts are materials with existing and 

potential uses in the automotive, construction, consumer products, 

energy, environmental, mechanical, chemical, and medical sectors 

[9,10]. Many researchers report that the photocatalytic effect of 
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semiconductor nanomaterials used as catalysts can achieve effec-

tive results in the field of waste decomposition [5,11,12]. Today, 

nanostructured zirconia (ZrO2), one of the most industrially im-

portant transition metal oxides, is used as a catalyst due to its ex-

cellent chemical and physical properties such as thermal stability, 

electrical properties, optical properties, chemical inertness and 

non-toxicity, as well as its high ion exchange capacity and redox 

activity [13–15]. This material has a wide band gap, which allows 

for structural modifications that can directly enhance catalytic ac-

tivity through the presence of oxygen vacancies on the catalytic 

surface [8]. Owing to these properties, ZrO2 is also widely used in 

many fields such as the automotive industry, electrical applications, 

construction, agriculture and energy. Various reports have been 

published in the literature on the use of ZrO2 for the photodegra-

dation of dyes and organic pollutants. All crystal forms of ZrO2, 

monoclinic, tetragonal and cubic, can have photocatalytic proper-

ties [16]. Depending on the synthesis method, calcination temper-

ature and synthesis parameters, products containing a combination 

of these phases can be obtained. It is thought that the presence of 

the tetragonal phase in the ZrO2 structure, which is useful in vari-

ous catalytic systems, indicates crystallographic rearrangement in 

the material due to oxygen vacancies and that the photocatalytic 

properties may be related to the trap levels present in the structure 

due to oxygen vacancies [17]. Vinayagam and co-workers synthe-

sized zirconium oxide nanoparticles in tetragonal form with an en-

ergy band gap of 5.07 eV using a green reducing agent and 

achieved a methylene blue degradation efficiency of 89.11% [18]. 

Kumari et al. reported that ZrO2 prepared by green methods and 

having more than 60% tetragonal phase achieved 81% photocata-

lytic efficiency at the end of 240 minutes for tetracycline, a phar-

maceutical waste in water [19]. The 94.58% degradation efficiency 

of ZrO2 synthesized by Saraswathi et al. for methyl orange, which 

has a predominantly tetragonal structure, was estimated to be due 

to the pure tetragonal structure [19,20]. In the light of this infor-

mation, a study carried out by our team by conventional precipita-

tion of zirconyl salts from aqueous solutions [21] investigated the 

synthesis conditions of ZrO2 containing tetragonal phase and opti-

mized the synthesis conditions for the smallest size material, which 

according to the literature is predicted to have the best morphology 

for photocatalytic applications. In this study, which is a continua-

tion of the related study, the photocatalytic activity of the material 

synthesized using methylene blue as model pollutant was investi-

gated.  

2. Materials and Method 

2.1 Materials 

Zirconyl chloride octahydrate (ZrOCl2.8H2O, >98%) was ob-

tained from ABCR; sodium hydroxide (NaOH) was obtained from 

Carlo Erba Reagenti; sulfuric acid (H2SO4, 95-97%) and hydro-

chloric acid (HCl, 37%) were obtained from Sigma-Aldrich and 

used without further purification. 

 

 

 

2.2 Synthesis of ZrO2 nanostructures 

The ZrO2 nanomaterial used in this study was synthesized by 

ultrasound-assisted method as in our previous study [21]. 0.1 M 

ZrOCl2.8H2O was dissolved in 50 mL of distilled water. After mix-

ing for 30 minutes to obtain a homogeneous solution, 5 M NaOH 

solution was added to the resulting solution to adjust the pH value 

to 10. Then, it was mixed in an ultrasonic bath at 70°C for 6 hours. 

The samples were then washed and collected by centrifugation at 

9500 rpm for 15 minutes. Finally, the obtained samples were dried 

at 80°C overnight and calcined at 600°C for 2 hours. 

 

2.3 Characterization of synthesized samples 

Characterization of the synthesized products was carried out by 

Brunauer–Emmett–Teller (BET) surface area analysis, Zeta poten-

tial and UV-Vis absorption spectroscopy analysis. BET and Zeta 

potential analysis were carried out at Hitit University Scientific 

Technical Application and Research Center. For zeta potential 

measurements, the pH of the sample solutions prepared at 0.5 g/L 

concentration was adjusted to 2, 3, 4, 5, 6, 7, 8, 9 and 10 using 0.1 

M HCl and 0.1 M NaOH. These solutions were kept in an ultra-

sonic bath for 1 hour and then mixed mechanically at 700 rpm for 

19 hours at room temperature. The prepared samples were ana-

lyzed without waiting. BET surface area analysis was performed 

with Quantachrome/IQ-Chemi device using at least 100 mg sam-

ple. All samples were degassed in a degas unit under vacuum for 

24 hours at 200°C. Specific surface areas were determined by a 5-

point BET measurement with liquid nitrogen. Relative pressures 

(P/Po) of 0.099, 0.150, 0.200, 0.250, and 0.300 were used for this 

analysis. For UV absorption spectroscopy analysis, the solutions 

of the sample was prepared with pH 7.4 buffer solution at a con-

centration of 0.5 g/L and mixed mechanically at 500 rpm for 5 min. 

Then, solution was prepared by a probe-type ultrasonic homoge-

nizer for 10 min.  

 

2.4 Photocatalytic activity 

To determine the photocatalytic activity, the dye solution pre-

pared under specified conditions by selecting methylene blue (MB) 

dye with a UV lamp with a wavelength of 366 nm was mixed in 

the dark for 10 min to reach the adsorption-desorption balance. In 

order to determine the effect of nanoparticle loading rate on pho-

tocatalytic degradation, ZrO2 loadings were made in the range of 

50-200 mg at 50 ml of 0.02 mM MB dye concentration for 90 

minutes at room temperature. After optimizing the loading rate, the 

initial dye concentration in the range of 0.01-0.03 mM and the pH 

effect in the range of pH values 2-9 were examined. Kinetic study 

was carried out in the range of 0-120 min with a 254 nm wave-

length UV lamp under conditions that provide the highest photo-

catalytic activity. In addition, under optimized conditions, the ex-

periment was carried out under direct sunlight in the city of Çorum 

(geographic location 39 degrees 54 min. 20 sec. North Latitude and 

34 degrees 04 min. 28 sec. East Longitude), on a sunny day on 03 

July 2021, between 12.25 and 13.55 ( outdoor temperature, 25–

30 °C) was carried out. In addition, experiments were carried out 
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in different types of environments under the same conditions, un-

der UV light of 366 nm wavelength, and in an ultrasonicator in 

order to determine the effect of sound waves. The amount of dye 

remaining without degradation in samples taken from a certain vol-

ume of dye solution containing ZrO2 at different time intervals was 

determined by UV-Vis spectrometry. For all experiments, the dye 

degradation percentage was calculated with Equation 1 [22, 23]: 

 

𝐷𝑦𝑒 𝐷𝑒𝑔𝑟𝑒𝑑𝑎𝑡𝑖𝑜𝑛 = ((𝐶0 − 𝐶𝑡)/𝐶0) × 100    (1) 

 

where, C0 is initial concentration of MB (ppm); Ct is con-

centration of MB at t time (ppm). 

 

3. Analysis results 

3.1. BET surface area and Zeta Potential measurement results 

Increasing the surface area may be one of the factors responsible 

for increasing the photocatalytic activity of nanomaterials [24]. 

Therefore, BET surface area is an important analysis for photo-

catalytic studies. The BET surface area of the 9.24 nm sized ZrO2 

nanoparticle with 79% monoclinic and 21% tetragonal phase, syn-

thesized under optimized conditions according to its size and mor-

phology [21], was determined as 51.793 m2/g. Navio and his col-

leagues reported that they obtained a surface area of 30 m2/g for 

ZrO2 powders of 5-50 µm sizes with tetragonal and monoclinic 

phases, which they synthesized using the sol-gel technique [25]. 

Hernández and his colleagues reported the surface area of ZrO2 

nanoparticles, which they synthesized with 7 nm size by hydro-

thermal method in an autoclave, as 44 m2/g [26]. Singh and his 

colleagues also reported that they found the surface area of ZrO2 

nanoparticles of 50-60 nm in size, which they synthesized by hy-

drothermal method in an autoclave, to be 27 m2/g [27]. Gionco and 

his colleagues also reported that the ZrO2 nanoparticle they syn-

thesized using a similar method had a surface area of 44 m2/g [28]. 

García-Mendoza and his colleagues determined the surface area of 

ZrO2 nanoparticles, which they synthesized with a size of 11.5 nm 

by the sol-gel method, as 73 m2/g [29]. According to the literature 

research, ZrO2 nanoparticles with a surface area above 50 m2/g 

have been found in very few studies. It can be said that in this study, 

ZrO2 nanoparticles with high surface area were synthesized by op-

timizing the synthesis method conditions. 

The surface charge of metal oxide particles in aqueous solution 

is another important factor affecting the adsorption of molecules to 

the catalyst surface and possibly the degradation mechanism [30]. 

pH value strongly affects the surface charge properties of metal 

oxide particles in aqueous dispersion, the surface charges of both 

metal oxide particles and dye molecules depend on pH [30,31]. 

Therefore, determining the zero charge (isoelectric) point (PZC) is 

important to predict the charge on the nanoparticle surface during 

photocatalytic degradation of pollutants [32]. PZC indicates the pH 

value at which the surface charge is close to zero. In this case, the 

electrostatic interaction between the particle surface and the dye 

may be weak. Another important factor is the colloidal stability of 

the suspensions. When the zeta potential value is close to zero, par-

ticles tend to aggregate as there is no electrostatic force to keep the 

particles apart. Therefore, it is important to determine this point 

[33]. Moreover, above the PZC, the surface of the particles has a 

negative net charge, while below the isoelectric point it has a pos-

itive net charge [30]. The stability of the synthesized ZrO2 nano-

particles was analyzed by measuring the zeta potential in an aque-

ous system in the range of pH 2-9 using a deionized water suspen-

sion at room temperature. When metal oxide nanoparticles are dis-

persed in water or an organic solvent, –OH surface groups can be 

protonated or deprotonated, leading to the formation of −OH2
+ or 

–O- surface charged groups, respectively [32]. Since the interaction 

between the photocatalyst surface and the dye is very important for 

process efficiency, zeta potential measurements as a function of 

pH were performed for photocatalyst suspensions of ZrO2 nano-

particles and the results are shown in Figure 1.                 

 

Fig. 1. Zeta potential measurements of ZrO2 suspension in deionized 

water 

 

It has been reported that the zeta potential range in unstable sols 

is generally between -30 and + 30 mV [34]. Zeta potential values 

observed for ZrO2 nanoparticles at different pH range between 

+32.2±1.56 and -34.6±1.63 mV. These values are high and indi-

cate particle stability in water and low agglomeration. The pH 

(PEP) value of 4.85 for ZrO2 nanoparticles was found to be close 

to the results in the literature [25,35]. It is thought that the oxide 

surface can be strongly modified by hydrogen or hydroxyl ions in 

solution, as observed by the reversal of the zeta potential between 

pH 4.5 and 5.5. However, the interaction between two particles de-

pends on the balance of electrical repulsion and van der Waals at-

traction. In aqueous solution, the surface charge of ZrO2 varies as 

a function of pH. It is known that at low pH, the positive zeta po-

tential of particles modifies the free surface energy of ZrO2, re-

duces the thermodynamic barrier between tetragonal and mono-

clinic, and indicates the adsorption of H+ ions [35]. 

 

3.2. UV-Vis Measurements 
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In photocatalysis, the optical band gap of the transition metal 

oxide plays a crucial role in determining its light-harvesting ability. 

Moreover, the reduction in nanoparticle size not only improves the 

band gap but also the surface area of nanomaterials, resulting in 

more efficient photodegradation performance [36]. For this reason, 

the UV-Vis spectrum of the ZrO2 nanoparticle synthesized under 

optimized conditions was taken and given in Figure 2 (a). Absorp-

tion signals in the range of 200 to 300 nm arise from O2→Zr4+ 

charge transfer transitions with Zr in low coordination states [29]. 

In the UV−Vis spectroscopy graph, ZrO2 nanoparticle showed a 

peak at 209 nm. 

 

Reducing the size of nanomaterials shortens the charge recom-

bination process by reducing the diffusion distance due to rapid 

charge transfer, resulting in improved photocatalytic efficiency 

[36]. Moreover, a larger band gap corresponds to stronger redox 

ability, leading to a decrease in the e/h + recombination rate and an 

improvement in photocatalytic activity. Since it is considered an 

electrochemical cell, the increase in band gap results in an in-

creased oxidation-reduction potential [37]. The optical energy 

band gap of the ZrO2 nanoparticle synthesized under optimized 

conditions was estimated by the Tauc plot (Figure 2(b)), in which 

the hν plot against (αhν)2 can be used, according to the Kubelka-

Munk equation (Equation 2). 

 

(𝛼ℎ𝑣)2 = 𝐵(ℎ𝑣 − 𝐸𝑔)                               (2) 

 

Here, α is the absorption coefficient, h is the Planck constant, ν 

is the frequency of the photon, Eg is the optical energy band gap, 

and B is a constant [36,38]. To determine the optical bandgap value 

of the ZrO2 nanoparticle, straight lines were drawn to fit the exper-

imental curves and extended to intersect the (ℎν) axis [39]. Thus, 

the estimated optical energy band gap of the ZrO2 nanoparticle 

synthesized under optimized conditions was determined as 3.062 

eV. The band structures of ZrO2 are highly dependent on the chem-

ical microstructures, especially the crystal phases, crystal sizes and 

nature of defects. ZrO2 contains three types of polymorphs: mon-

oclinic, tetragonal and cubic. Theoretically, the valence band of 

ZrO2 consists mainly of O 2p states with some mixing of Zr 4d 

states, and the conduction band consists mainly of Zr 4d states 

mixed with some O 2p states. The Zr 4d state in the conduction 

band is divided into two sub-bands upon the increasing symmetry 

of the crystal structure from monoclinic to tetragonal and cubic 

form [40]. It has been reported that the optical energy band gap of 

zirconia as a direct band gap insulator varies between 3.0 and 5.7 

eV, and the low band gap may be related to oxygen deficiency in 

wide band gap semiconductors [41]. Navio et al. [22] reported an 

energy band gap of 3.65 eV for monoclinic ZrO2 powders prepared 

by adding an aqueous solution of zirconium oxychloride and ferric 

nitrate to pH=9-10 and drying the gel at 600ºC.These authors argue 

that the decrease in band gap energy as a result of the conditions 

used in the sol–gel technique can be attributed to a highly disor-

dered structure. As a result of structural defects, some energy lev-

els are introduced into the semiconductor band gap, allowing lower 

energy transitions, thus leading to a decrease in the band gap en-

ergy [42]. In our study, as seen in Table1, the estimated energy 

band gap of ZrO2 nanoparticles synthesized under optimized con-

ditions was found to be quite low compared to the literature. 

 

 
 

Fig. 2. a) UV–Vis spectrum of ZrO2 nanoparticles, b) Tauc curve with 
Kubelka–Munk (K–M) function and estimated band gap of photoca-

talysis. 
 
3.3. Photocatalytic activity measurements 
 

MB, an organic cationic dye, was chosen for photocatalytic deg-

radation studies due to its highly toxic nature in the environment. 

After dissolving in water, its molecules dissociate, releasing Cl- 

anions. When MB is dissolved in water, acid-base balance is not 

established because there is no available group to promote the hy-

drolysis reaction. Even the amino group, despite its basic behavior 

in water, does not promote hydrolysis as it is directly attached to 

an aromatic ring, greatly reducing its basicity (Kb ~ 10-9). This 

means that no change in solution pH is expected for MB solutions, 

meaning that the pH value for the solution should be close to the 

neutral pH value for deionized water [33]. For this reason, photo-

catalytic studies were started by using the natural pH value of 6.30 

of the dye prepared in ultrapure water. 

 

The photocatalytic degradation process is supported by catalyst 

dosage, which is an important parameter [43]. For this purpose, the 

amount of catalyst was changed between 0-200 mg by using 0.02 

mM MB dye in ultrapure water at its pH of 6.30. In Figure 3 (a), 

the effect of the amount of catalyst on the degradation of MB dye 

is given, and it is seen that when 0, 50, 100, 150 and 200 mg ZrO2 

nanoparticles are used (corresponding to 1, 2, 3 and 4 gL-1, respec-

tively), degradation occurs at the rate of 3%, 49%, 63%, 91% and 

94%, respectively. When the amount of photocatalyst is increased 

from 50 mg to 150 mg, it is seen that the photodegradation efficiency 

increases, which may be due to the increase in adsorbed photons and 

the presence of a large number of reactive sites on the catalyst surface 

[47]. 
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Table 1. Comparison of the energy band gap of ZrO2 nanoparticle pre-

pared under optimum synthesis conditions with the literature 

*: not determined, **: not done. 

 

Further increases in catalyst above 150 mg appeared to have no 

significant effect on degradation efficiency. It has been reported 

in the literature for studies with different nanostructures that the 

reason for this may be the clustering of the particles of the ma-

terial used as the catalyst, and that the clustering of these nano-

particles reduces the number of active sites on the catalyst. 

Moreover, these aggregated nanoparticles have been reported to 

act as scavengers for hydroxyl radicals [47]. However, degrada-

tion may be reduced at high doses due to the blocking effect of 

light penetration caused by the accumulation of excess catalyst 

solid particles. Therefore, it is necessary to determine the opti-

mum amount of catalyst to enhance photodegradation through 

the production of e-/h+ pairs and subsequent large number of 

·OH radicals [43]. According to these results, it was accepted 

that the maximum degradation efficiency was achieved for the 

150 mg dosage of the catalyst. 

 

Under optimized catalyst dosage conditions, degradation of 

different concentrations of MB dye (0.01, 0.02 and 0.03 mM) 

was carried out using ZrO2 nanoparticles. When the dye concen-

tration was increased threefold, a decrease in photocatalytic deg-

radation efficiency was observed and the results are shown in 

Figure 3 (b). With ZrO2 nanoparticles, MB was degraded by 

83%, 91% and 73%, respectively, at MB dye concentration of 

0.01, 0.02 and 0.03 mM (corresponding to 3.3, 6.7, 10 mgL-1, 

respectively). The maximum dye degradation achieved at 0.02 

mM can be attributed to the fact that a greater number of active 

sites are available on the catalyst surface for degradation at the 

lowest contaminant concentration. Moreover, the surface area of 

the catalyst is such that it can adsorb a limited number of MB 

molecules. Beyond this limit, adsorption, and therefore degra-

dation, decreases. In addition, at higher dye concentration, dye 

molecules can absorb light entering the mixture, thereby reduc-

ing the availability for catalyst activity [43]. When the concen-

tration of the dye was 0.02 mM, a degradation efficiency of 91% 

was achieved, compared to a concentration of 0.03 mM, where 

the dye degradation efficiency decreased to 73%. Therefore, the 

above results suggest that ZrO2 nanoparticles can be used as an 

effective photocatalyst for the degradation of organic dye even 

at high concentrations. 

The photocatalytic efficiency of catalysts has a very signifi-

cant impact due to the acid-base properties of the catalyst/foul-

ing surfaces. Under acidic pH, vacancies are considered as the 

main oxidation species, while ˙OH is considered as the main 

species at neutral or basic pH. However, the repulsion between 

the negatively charged surface of the photocatalyst and −OH in 

the basic environment affects the photodegradation efficiency. 

Agglomeration of the catalyst under acidic environment reduces 

the dye degradation activity by limiting the surface area [43]. 

Figure 3(c) shows the effect of pH value on the photocatalytic 

activity of ZrO2 photocatalyst. It can be observed from Figure 3 

(c) that pH value can significantly affect the photocatalytic ac-

tivity of ZrO2 photocatalyst. The degradation efficiency in-

creases significantly from 1.4% to 91% with increasing pH 

value from 2 to 6.30, reaching a maximum of 91% at pH 6.30. 

The PZC and surface charge properties of ZrO2 nanoparticles 

are related to changes in the pH of the solution. Because when 

the pH value is above the PZC, more cationic MB is absorbed 

onto the negatively charged photocatalyst surface. The PZC of 

ZrO2 nanoparticles was determined as 4.85. However, when the 

pH value is increased to 10, the degradation efficiency decreases 

to 59%. This can be attributed to the instability of the photocata-

lyst in the strong alkaline state, as reported in the literature for 

Crystal struc-

ture 

Calcination 

temperature 

Par-

ticle 

size 

Eg 

(eV) 
Ref. 

Monoclinic 600 7 nm 4,83 [39] 

Tetragonal 

 
550 8 nm 4,4 [44] 

Tetragonal 

 
600 * 4,96 [38] 

Tetragonal 450 
˂15 

nm 
4 

[42] 

Monoclinic 1100 
˂15 

nm 
3,5 

Monocli-

nic+Tetrago-

nal 

500 
5-50 

µm 
3,65 

[25] 

Monoclinic 600 * 3,76 

Monoclinic * * 3,5 
[45] 

Tetragonal * * 3,9 

Monoclinic ** 
50-60 

nm 
5,1 [27] 

Monocli-

nic+Tetrago-

nal 

500 7 nm 5,15 [26] 

Monocli-

nic+Tetrago-

nal 

** * 5,15 [28] 

Monocli-

nic+Tetrago-

nal 

** 34 nm 4,9 [41] 

Tetragonal ** 
17,6 

nm 
4,31 [46] 

Tetragonal 600°C 
29.25 

nm 
5.07 [18] 

Monoclinic 

and 

Tetragonal 

550°C 7 nm 2.85 [19] 

Tetragonal - 
56.8 

nm 
- [20] 

Monoclinic+

Tetragonal 
400°C 50 nm 4.5-5 [8] 

Monocli-

nic+Tetrago-

nal 

600 9,24 4,142 
Current 

study 
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Fig. 3. Effect of (a) catalyst amount, (b) dye concentration and (c) pH 

on the photocatalytic activity of ZrO2 nanoparticle. 

 

different types of catalysts such as ZnO [48]. 
 

According to these results, the conditions with the highest 

photocatalytic activity of ZrO2 nanoparticle were determined as 

150 mg catalyst amount, 0.02 mM MB dye concentration and 

pH 6.30. The effect of 254 and 366 nm UV lamp wavelengths 

on the photocatalytic activity of ZrO2 nanoparticle under opti-

mized conditions was examined and given in Figure 4. The deg-

radation kinetics of MB in the presence of ZrO2 was analyzed 

using the Pseudo first-order kinetic model (Equation 3). 

 

Ln(Ct/Cο)=kt                                      (3)                                                                                                    
 

where Cο and Ct are the initial concentration of MB and its con-

centration at time (t), and k is the reaction rate constant (min-1) 

[49]. It can be seen that MB fragmentation at the 366 nm wave-

length (91%) is higher than at the 254 nm wavelength (61%) and 

the rate constant is also 10 times larger. 
 

In the degradation of MB, ZrO2 nanoparticles were then tested 

in different configurations (photo and sonophotocatalysis) to 

compare the degradation performances of these different ap-

proaches. For visible irradiation, direct sunlight was used and 

the experiment was carried out in Çorum city (geographic loca-

tion 39 degrees 54 min. 20 sec. North Latitude and 34 degrees 

04 min. 28 sec. East Longitude) on a sunny day, between 12.25 

and 13.55 on July 03, 2021. It can be seen from Figure 5 that 

during the photodegradation experiment with natural sunlight ir-

radiation and UV light at a wavelength of 364 nm, a much higher 

degradation (87-91%) was achieved after 90 min than that ob-

tained through sonocatalysis (76%). This indicates that under 

natural sunlight, the catalyst becomes photo-active due to the 

availability of sufficient energy for photodegradation [43]. 
 

 

Fig. 4. Effect of UV lamp wavelength on the photocatalytic activity of 
ZrO2 nanoparticle 

 
 

 
Fig. 5. Effect of test environment on the photocatalytic activity of 

ZrO2 nanoparticle 
 

A schematic diagram of load generation and transportation is 

shown in Figure 6. Under UV light, ZrO2 nanoparticles are ex-

cited and photogenerated electrons move from the valence band 

(VB) to the conduction band (CB). The conduction band of ZrO2 

is more negative than that of O2/·O2
-; therefore, while electrons 

can reduce O2 to produce superoxide anions ·O2
-, the valence 

band of ZrO2 is not positive enough to oxidize OH−/H2O to form 

the active species ·OH. This indicates that MB dye is degraded 

mainly by active species ·O2 and by accumulation of voids. 

Therefore, the enhanced photocatalytic degradation efficiency 
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can be attributed to the large number of hydroxyl ions in the al-

kaline environment, as mentioned above [32]. 
 

Table 2. Comparison of the photocatalytic performance of ZrO2 nano-
particle synthesized under optimized conditions against MB with the 

literature 

Samp. Used Dye 

Light 
Source 

Cataly-
sis 

Amount 

Dye 
Degra-
dation 
(%) 

Ref. 

Fe@ZrO2 
Ni@ZrO2 

MB (100 
ppm, pH 

11) 

LED 
(100 
W) 

0.1 g ~ 95 [8] 

MC-ZrO2NPs 
MB (10 

ppm) 

Under 
natural 
sunlight 

0,25 
g/L 

~ 90 [18] 

CZ05* 
MB 

(7 ppm, pH 
6,5) 

LED 
lighting 

(400 
nm) 

3 g/L ~ 50 [28] 

EZ05* 
MB 

(7 ppm, pH 
6,5) 

LED 
lighting 

(400 
nm) 

3 g/L ~ 30 [28] 

ZrO2 (M)** 
MB (10 

ppm) 

400W 
Xe 

lamps 

1 g/L ~ 20 [27] 

ZrO2 nano-
fibers 

MB (4 

ppm) 

UV 
lamp 
(254 
nm) 

0.01 
g/L 

38.47 [50] 

ZrO2 NPs 
MB (10 

ppm) 

Xe 
lamp  
(400 
nm) 

0.01 g ~ 94 [51] 

ZrO2 (M/T)** 
MB 

(10 ppm, 
pH 6,3) 

366 nm 
UV 
light 

3 g/L 73 *** 

ZrO2 (M/T)** 
MB 

(6,7 ppm, 
pH 6,3) 

366 nm 
UV 
light 

3 g/L 91 *** 

* Cerium (C) ve Erbium (E) Trace element doped ZrO2 (Z) 
**M: monoclinic phase, T: tetragonal phase, ***: current study 

 

According to all the results obtained within the scope of the 

project, it can be seen from Table 2 that ZrO2 nanoparticles syn-

thesized under optimized experimental conditions exhibited 

high performance in the photodegradation of organic dye pollu-

tant. Very few studies have been found in the literature investi-

gating the photocatalytic activity of a single ZrO2 nanoparticle. 

Generally, ZrO2-based nanocomposites in combination with 

other metal oxides have been investigated, but as can be seen in 

Table 2, the photocatalytic activity of a single ZrO2 nanoparticle 

has been examined for comparison purposes in very few studies. 

It is seen that the ZrO2 nanoparticle synthesized by optimizing 

the synthesis conditions has high photocatalytic performance 

compared to various ZrO2 nanostructures in the literature, based 

on the photocatalytic experimental procedure performed under 

similar conditions. 

 

 

 

Fig. 6. Schematic illustration of the proposed photocatalytic mecha-

nism of ZrO2 nanoparticle under UV light irradiation. 

 
4. Conclusions 
 

The zeta potential, Brunauer–Emmett–Teller (BET) surface 

area and UV-Vis absorption spectrum of the ZrO2 nanoparticle 

synthesized under optimized experimental conditions were ana-

lyzed. According to the zeta potential analysis results, high zeta 

potential values were observed for ZrO2 nanoparticles in the 

range of +32.2±1.56 and -34.6±1.63 mV at different pHs, indi-

cating particle stability in water and low agglomeration. From 

these data, the pH (PEP) value for ZrO2 nanoparticles was de-

termined as 4.85. According to BET surface area results, ZrO2 

nanoparticles were measured to have a specific surface area of 

51,793 m2/g. 

 

With the data obtained from the UV-Vis absorption spectrum 

analysis results, Eg of ZrO2 nanoparticles was estimated to be 

approximately 4.142 eV. Photocatalytic activity was evaluated 

by degradation of methylene blue under UV light (366 nm). The 

effect of varying the parameters such as 0, 50, 100, 150 and 200 

mg catalyst amount, 0.01, 0.02 and 0.03 mM dye initial concen-

tration and pH values of 2, 6, 30 and 9 of the dye solution, 366 

and 254 nm wavelength of the UV light source used, type of test 

environment such as under UV light in dark environment, under 

UV light in sonicator, under UV light in mirrored cabinet and 

under direct sunlight on the removal efficiency of methylene 

blue was investigated. The highest removal efficiency was 

achieved in the dark chamber using 150 mg catalyst dosage, 0.02 

mM MB solution, UV light source with 366 nm wavelength un-

der pH 6.30 conditions, which is the pH of the dye in ultrapure 

water. When the UV light source with 254 nm wavelength was 

used, it was determined that the degradation rate was low and 

occurred more slowly. It was also observed that the reflection of 

UV rays had no significant effect on dye degradation using a 

mirrored booth. 
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The photocatalytic mechanism of ZrO2 nanoparticle under UV 

light irradiation was proposed and a high degradation efficiency 

of 91% was achieved by providing a strong alkaline environ-

ment as a result of the formation of OH radicals with increasing 

concentration of hydroxyl ions of ZrO2 nanoparticles. Accord-

ing to all the results obtained, it is predicted that the synthesised 

ZrO2 nanoparticles can be successfully used for practical appli-

cation in the photodegradation of organic paint pollutants. Alt-

hough photocatalysis processes are a method that can overcome 

the treatment challenges for industries such as automotive and 

chemical, where wastewater problems are prominent, new de-

velopments are still needed in the preparation of sustainable and 

economically viable photocatalysts. 
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