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This study delves into the development and optimization of photocatalysts, namely ZnO NPs/Zeolite 
and TiO2 NPs/Zeolite, for the degradation of two beta-blocker drugs, including Atenolol (AT) and 
Metoprolol (ME). Structural and morphological analyses of the catalysts were conducted, and optimal 
conditions for drug degradation were determined using a Box-Behnken design. The results underscored 
the significant influence of pH, catalyst amount, drug concentration, and H2O2 concentration on the 
degradation process using ZnO NPs/Zeolite and TiO2 NPs/Zeolite as the catalysts. The optimal values 
of drug concentration, pH, catalyst amount, and H2O2 concentration, were determined to be 32 and 
33 mg L−1, 4.2 and 4.6, 428 and 386 mg, and 2.6 and 2.5 mM utilizing ZnO NPs/Zeolite and TiO2 NPs/
Zeolite as the catalyst, respectively. Following optimization, the kinetics of the photodegradation 
process were investigated, revealing promising rates and half-life times for both drugs. The pseudo-
first-order rate constants for Atenolol and Metoprolol degradation were 0.064 ± 0.007 min−1 and 
0.065 ± 0.004 min−1 with ZnO NPs/Zeolite and 0.071 ± 0.007 min−1 and 0.071 ± 0.006 min−1 with 
TiO2 NPs/Zeolite, respectively. Furthermore, ZnO NPs/Zeolite and TiO2 NPs/Zeolite demonstrated 
reusability up to 5 and 6 times, respectively, without significant activity loss. The comparative analysis 
highlighted the superior performance of TiO2 NPs/Zeolite over ZnO NPs/Zeolite, attributed to lower 
consumption, shorter degradation time, improved reusability, and compatibility with milder acidic 
conditions. Overall, the research showcases the potential of ZnO NPs/Zeolite and TiO2 NPs/Zeolite as 
an effective and sustainable solution for removing Metoprolol and Atenolol contaminants.
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Beta-blockers are pharmaceutical agents that interfere with the action of adrenaline and noradrenaline in the 
body, thereby playing a crucial role in managing hypertension, angina, arrhythmias, heart failure, and other 
cardiovascular disorders1. Among the widely prescribed beta-blockers, atenolol and metoprolol stand out for 
their efficacy and safety profiles2. The majority of atenolol and metoprolol, along with their metabolites, are 
primarily eliminated from the body via renal excretion in the urine3. However, a small portion of these drugs 
may also undergo elimination through fecal excretion and respiratory excretion4,5. It is worth noting that 
individual factors, such as age, gender, and health conditions, can influence the specific discharge pathways of 
these medications.

Despite their benefits in treating cardiovascular conditions, the use of atenolol and metoprolol can have 
potential environmental implications, particularly through their presence in water bodies6. These drugs can 
enter the environment through various pathways, including human excretion, improper disposal of unused 
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medications, and discharge from wastewater treatment plants7,8. Studies have identified the presence of beta-
blockers in surface water, groundwater, and even drinking water sources9. The incomplete removal of these 
compounds during wastewater treatment processes contributes to their persistence in the environment. While 
the levels of beta-blockers detected in environmental samples are generally low and not considered an immediate 
threat to human health, they can have adverse effects on aquatic organisms10. Research indicates that atenolol 
and metoprolol may disrupt the behavior, reproduction, and development of certain species when present in 
water sources11. Prolonged exposure to these beta-blockers can negatively impact fish, algae, and other aquatic 
organisms, although such effects typically occur at higher concentrations than those commonly found in the 
environment12,13. Therefore, removing these beta-blockers from the environment due to their impact on water 
systems is necessary.

Photodegradation, combined with the use of catalysts, presents a promising strategy for accelerating the 
removal of atenolol and metoprolol from water sources, thereby addressing the challenges associated with their 
presence in the environment14,15. The integration of catalysts into photodegradation processes can significantly 
enhance the degradation efficiency of target compounds, including beta-blockers16. Catalysts facilitate the 
activation of reactive species, promote electron transfer processes, and increase the degradation kinetics of 
pharmaceutical residues under light irradiation17. Catalytic materials, such as titanium dioxide (TiO2), zinc 
oxide (ZnO), and other semiconductor nanoparticles, can act as photocatalysts to initiate oxidation reactions 
when exposed to light18. These catalysts generate electron-hole pairs upon illumination, leading to the 
production of reactive oxygen species (ROS) that contribute to the degradation of beta-blockers in water19,20. 
The incorporation of catalysts into photodegradation processes offers several advantages for the removal of 
beta-blockers: (i) Catalysts enhance the photodegradation kinetics, leading to faster and more efficient removal 
of atenolol and metoprolol from water sources compared to conventional photodegradation methods21. (ii) 
Catalysts can selectively promote the degradation of specific pollutants, such as beta-blockers, while minimizing 
the degradation of non-target compounds, thereby improving the selectivity of the degradation process22.

Zeolite is a porous material that has been widely used as a substrate for photocatalysts, including ZnO and 
TiO2

23. The incorporation of these catalysts onto a zeolite substrate can significantly enhance their photocatalytic 
activity by providing a higher surface area for the catalyst to interact with the target pollutants in the water24. 
The zeolite substrate acts as a support for the catalyst, providing a stable and uniform surface for the deposition 
of these nanoparticles25. This enables the nanoparticles to be evenly distributed over the substrate, maximizing 
their photocatalytic activity26. Additionally, the zeolite substrate can also provide a protective layer for the 
nanoparticles, preventing their agglomeration and improving their stability under irradiation27,28. Furthermore, 
the use of a zeolite substrate can also improve the selectivity of the photocatalytic process by enabling the 
separation of the catalyst and the target pollutant.

This research focuses on preparing ZnO NPs/Zeolite and TiO2 NPs/Zeolite photocatalysts for the degradation 
of AT and ME. The morphology and structure of both catalysts were characterized. A Box-Behnken design 
identifies the crucial impact of pH, catalyst amount, drug, and H2O2 concentration and their binary interactions 
on the degradation efficiency of these drugs using the catalysts. Besides, the kinetics of the degradation procedure 
and hilf-life time were evaluated using the first-order kinetic model. Besides, the reusability of the catalysts 
under the optimum conditions was investigated.

Experimental
Material
Atenolol and metoprolol were obtained from Samisaz Co (Mashhad, Iran). Other materials for preparing 
photocatalysts, including Zinc acetate dihydrate (≥ 98%), Zeolites (particle size < 45  μm), Sodium 
hydroxide(≥ 97%), Nitric acid (70%), Titanium (IV) butoxide (97%), and Ethanol were purchased from Sigma-
Aldirch.

Instruments
Atenolol and metoprolol were quantified by employing an Agilent 1200 series instrument (USA) equipped with 
a photodiode array detector (1024 series). Analysis was performed using an Agilent Eclipse XDB-C18 column 
with a particle size of 5 mm (250 mm & 4.6 mm I.D.) at room temperature. The mobile phase consisted of 
phosphate buffer (0.01 M, pH 3.0), acetonitrile, and methanol in a ratio of 10%:10%:80% v/v. The flow rate was 
initially set at 1.0 mL min−1 for 4 min, then increased to 1.5 mL min−1. Atenolol and metoprolol were detected 
at 223 and 220 nm, respectively, using the photodiode array detector29.

The morphology of the photocatalysts was examined using various instruments, including a Fourier 
Transform Infrared spectrometer (FT-IR, Bruker, Germany), X-ray diffractometer (XRD, Philips PW 3710), 
Field Emission-Scanning Electron Microscopy (FE-SEM, Mira 3 Tescan; Czech Republic), and Brunauer-
Emmett-Teller analysis (BET, BELSORP Mini II, Japan). A Metrohm 780 pH meter (Herisau, Switzerland) was 
used to adjust the pH of the solution.

Photocatalyst preparation
In this study, various catalysts, including ZnO nanoparticles (ZnO NPs), TiO2 nanoparticles (TiO2 NPs), ZnO 
NPs/Zeolite, and TiO2 NPs/Zeolite, were prepared and their efficiency in degrading atenolol and metoprolol was 
investigated and compared.

ZnO nanoparticles/zeolite
ZnO nanoparticles/Zeolite were prepared using a co-precipitation method30. Briefly, 0.674  g of 
Zn(CH3COO)2·2H2O and 5.0 g of Zeolite (with a ratio of Zeolite to ZnO of 95:5 w/w%) were dissolved in 100 
mL of distilled water. The mixture was then refluxed at 80 °C for 5 h to exchange Zn ions with ions in the Zeolite. 
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Sodium hydroxide (0.1 M) was added dropwise to the mixture until the pH reached 11. The resulting precipitate 
was separated, washed with distilled water, dried at 60 °C, and then calcined at 450 °C for 2 h30. To compare the 
catalyst activity, ZnO NPs were synthesized using a similar method without the addition of Zeolite and the reflux 
step. The synthesis procedure is presented in Scheme 1.

TiO2 NPs/zeolite
For the preparation of TiO2 NPs/Zeolite, a sol-gel method was employed31. Titanium (IV) butoxide (1.1 mL) 
was mixed with ethanol (1.0 mL) and stirred for 30 min. The solution was then added dropwise to a mixture 
containing ethanol (8.5 mL), HNO3 (0.2 mL), and distilled water (1.0 mL) under stirring at 400 rpm for 90 min 
to form the sol. Subsequently, 5.0 g of Zeolite (with a ratio of Zeolite to TiO2 NPs of 95:5 w/w%) was added to 
the sol and stirred for 30 min. The mixture was aged at room temperature for 24 h, dried at 80 °C for 12 h, and 
then calcined at 300 °C for 3 h. To compare the catalyst activity, TiO2 NPs were also synthesized using a similar 
method without the addition of Zeolite. The synthesis procedure is presented in Scheme 1.

Photocatlyst characterization
FTIR spectra of Zeolite, ZnO NPs/Zeolite, and TiO2 NPs/Zeolite are presented in Fig. 1. Strong broad peaks at 
3345 cm−1 and 1648 cm−1 correspond to the stretching and bending vibrations of hydroxyl groups in Zeolite. 
These peaks are also observed in ZnO NPs/Zeolite and TiO2 NPs/Zeolite, albeit with a slight shift in wavenumber 
to 3344 cm−1 and 1626 cm−1, and 3339 cm−1 and 1623 cm−1, respectively. As can be seen, the peak shift in TiO2 
NPs/Zeolite is slightly more than ZnO NPs/Zeolite, showing that the interaction between TiO2 NPs and Zeolite 
is marginally stronger than ZnO NPs and Zeolite. Additionally, peaks at 1002 cm−1 and 551 cm−1 are attributed 
to the internal tetrahedral system of Zeolite. Furthermore, peaks at 1439 cm−1 and 1406 cm−1 are associated 
with Zn-O and Ti-O bonds in ZnO NPs/Zeolite and TiO2 NPs/Zeolite, respectively. The peak at 1002 cm−1 is 
related to the skeleton vibration of Si(Al)-O- Si(Al) in Zeolite, ZnO NPs/Zeolite, and TiO2 NPs/Zeolite30,31. The 
presence of these peaks indicates the successful preparation of these composites.

SEM images of ZnO NPs/Zeolite and TiO2 NPs/Zeolite are presented in Fig. 2. ZnO NPs of various shapes 
and sizes are observed covering the zeolite surface. Zeolite with a porous and uneven structure is of interest as 
a unique sorbent with a large surface area and a high absorption coefficient32. These many pores in the rhyolite 
surface are suitable sites for absorbing ZnO NPs or TiO2 Nps through the physisorption process. Anyway, the 
ZnO NPs exhibit spherical, rod-shaped, and irregular morphologies, with sizes ranging between 70 and 500 nm 
(Fig. 2a and b). These nanoparticles were impregnated in the zeolite pore and covered the zeolite surface32. On 
the other hand, Fig. 2c and d depict the presence of TiO2 NPs on the zeolite surface, appearing as rods with 
lengths ranging from approximately 100 to 300 nm and widths of about 20 to 50 nm. It is evident that the rod-
shaped TiO2 NPs have densely covered almost the entire surface of the zeolite.

XRD patterns of ZnO NPs/Zeolite and TiO2 NPs/Zeolite are displayed in Fig. 3. The peaks observed at 2 theta 
values of 7.35, 10.35, 12.6, 16.4, and 22.16 with corresponding lattice planes of 200, 220, 222, 440, and 600 are 
attributed to Zeolite in both ZnO NPs/Zeolite and TiO2 NPs/Zeolite33. In the case of ZnO NPs/Zeolite (Fig. 3a), 
peaks at 2 theta angles of 30.1, 33.85, 36.56, 56.60, and 62.95 with lattice planes of 100, 002, 101, 110, and 103 are 
associated with ZnO NPs34. For TiO2 NPs/Zeolite, peaks at 2 theta values of 25.1, 36.91, 48.04, 53.9, and 55.05 
with lattice planes of 101, 004, 200, 105, and 211 are indicative of TiO2 NPs presence (Fig. 3b)35. Moreover, the 
presence of peaks at 25.1 (101) and 48.04 (200) suggests that the TiO2 NPs exhibit an anatase structure.

The BET analysis of zeolite shows a specific surface area (as, BET) of 12.24 m2 g−1 and a total pore volume of 
0.074007 cm3 g−1 at a relative pressure of 0.982. The mean pore diameter was determined to be 24.186 nm. These 
parameters indicate the porous nature of Zeolite, offering a significant surface area for adsorption and catalytic 
reactions.

Scheme 1. The synthesis procedures of ZnO NPs/Zeolite and TiO2 NPs/Zeolite.
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The BET analysis of ZnO NPs/Zeolite revealed a higher specific surface area of 16.651 m2 g−1 and a total pore 
volume of 0.08193 cm3 g−1 at a relative pressure of 0.981. The mean pore diameter was found to be 19.682 nm. 
These results suggest that the incorporation of ZnO nanoparticles into Zeolite enhances the surface area available 
for interactions, potentially improving catalytic performance.

Lastly, the BET analysis for TiO2 NPs/Zeolite showcased remarkable characteristics, with a specific surface 
area of 148.18 m2 g−1 and a total pore volume of 0.1161 cm3 g−1 at a relative pressure of 0.990. The mean pore 
diameter was notably smaller at 3.1335 nm. These results indicate the high surface area and finely tuned pore 

Fig. 1. FTIR spectra of Zeolite (a), ZnO NPs/Zeolite (b) and TiO2NPs/Zeolite (c).

 

Scientific Reports |        (2024) 14:27390 4| https://doi.org/10.1038/s41598-024-73888-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


structure of TiO2 NPs/Zeolite, which can facilitate efficient adsorption and degradation of drugs through 
photocatalytic processes.

Photodegradation procedure
To carry out the photodegradation procedure, the appropriate amount of photocatalyst (ZnO NPs/Zeolite or 
TiO2 NPs/Zeolite) was introduced into a solution containing AT and ME at specific concentrations. The pH 
of the solution was adjusted to the optimal level using hydrochloric acid (0.1 M). The mixture was shaken for 
45 min in the dark at 150 rpm. Subsequently, an H2O2 solution with the optimum concentration was introduced, 
and the resulting mixture was exposed to UV light for 60 min. After the photodegradation of AT and ME, the 
catalyst was separated using centrifugation at 6000 rpm for 10 min. The supernatant was analyzed using HPLC 

Fig. 2. SEM images of ZnO NPs/Zeolite (a and b) and TiO2NPs/Zeolite (c and d).
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to determine the final concentration of AT and ME. The removal percentage (R%) was calculated using the 
following equation36:

 
R% =

Ci − Cf

Ci
∗ 100 (1)

Where, Cf and Ci represent the the final and initial concentration of AT or ME (mg L−1), respectively.

Results and discussion
Type of photocatalyst
The photocatalytic degradation efficiency of AT and ME is significantly influenced by the type of photocatalyst 
employed. This study investigated the degradation of AT and ME using four different photocatalysts: TiO2 NPs, 
ZnO NPs, TiO2 NPs/Zeolite, and ZnO NPs/Zeolite. The results demonstrated that the addition of zeolite to 
both TiO2 NPs and ZnO NPs significantly enhanced the degradation efficiency of AT and ME. Specifically, 

Fig. 3. XRD patterns of ZnO NPs/Zeolite (a) and TiO2NPs/Zeolite (b).
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ZnO NPs exhibited 69.5% and 71.4% degradation of AT and ME, respectively, while ZnO NPs/Zeolite achieved 
82.6% and 83.1% degradation for AT and ME, respectively. Similarly, TiO2 NPs resulted in 68.4% and 67.3% 
degradation of AT and ME, whereas TiO2 NPs/Zeolite demonstrated a substantial increase in degradation 
efficiency to 83.2% and 82.5% for AT and ME, respectively. The enhanced photocatalytic activity of the zeolite-
modified nanoparticles is likely attributed to the following factors: (i) Zeolite’s porous structure provides a larger 
surface area for the photocatalyst, allowing for more active sites for photocatalytic reactions (ii) The zeolite 
support may act as a trap for photogenerated electrons, promoting charge separation and reducing electron-hole 
recombination. (iii) Zeolite exhibits strong adsorption capacity for organic pollutants, potentially enhancing the 
proximity of the pollutants to the photocatalytic active sites.

Optimization of photodegradation process
In the realm of experimental design, the Box-Behnken design (BBD) stands out as a valuable tool for optimizing 
processes and understanding complex interactions between multiple variables. The BBD is a response surface 
methodology (RSM) that utilizes a factorial design with three levels for each factor. The strategy is commonly 
utilized in various fields, including the optimization of factors in the photodegradation procedures of drugs37. 
This design enables the efficient study of multiple factors on a response variable, aiding in determining the 
optimal conditions for achieving desired outcomes38. Unlike full factorial designs, which can become unwieldy 
with increasing factors, BBDs strategically select combinations of factor levels to achieve optimal information 
gain with fewer experiments. This not only saves time and reduces costs but also facilitates the rapid identification 
of optimal conditions for maximizing the photodegradation efficiency of drugs. One of the key advantages of 
the BBD lies in its ability to estimate both main effects and quadratic interactions between factors39. This is 
crucial for optimizing processes where interaction effects can significantly impact the response. By exploring the 
curvature of the response surface, BBDs help identify the optimal factor levels for maximizing or minimizing the 
desired response40. Furthermore, the BBD’s design structure allows for a balanced distribution of experimental 
runs, minimizing the potential for bias41. The absence of corner points in the BBD design eliminates the need 
for extrapolating data, resulting in a more robust and reliable prediction of the response surface. In this study, 
a Box-Behnken design was created to optimize factors such as drug concentration, catalyst amount, pH, and 
H2O2 concentration for the photodegradation process. While photodegradation time was not included in this 
optimization, it will be thoroughly explored in the kinetics section due to its importance.

The designed experiment aimed to optimize the degradation process of AT and ME using ZnO NPs/
Zeolite and TiO2 NPs/Zeolite as catalysts. By employing the same design and selective levels for factors, a 
better comparison of the photocatalytic activity of these catalysts was facilitated. The design included 29 runs 
for optimizing four selected factors. The levels (minimum, maximum, and center point of each factor were 
selected based on other published lectures. The runs were carried out in a random order to remove the effects 
of the unknown parameters. The design and corresponding responses for each drug in the presence of each 
catalyst were documented in Table  1. Each run within the Box-Behnken design was conducted in triplicate 
under consistent conditions, with the average degradation of each drug considered as the response variable.

The results were analyzed using ANOVA at a confidence level of 95%. The significance of the effect of each 
factor or binary interaction in the degradation process of AT and ME was assessed through the p-value obtained 
using ANOVA. Factors or binary interactions with a p-value less than 0.05 at the 95% confidence level were 
deemed to have a significant effect on the degradation of drugs.

Optimization of photodegradation process using ZnO NPs/Zeolite
Table 2 shows the ANOVA for the degradation of AT and ME using ZnO NPs/Zeolite as the catalyst. According 
to the p-value, the quadratic models presented by ANOVA for degrading both drugs are significant (the p-values 
lower than 0.05)42. Similarly, all four factors in the selective range showed meaningful effects in the degradation 
of AT and ME in the presence of ZnO NPs/Zeolite as the catalyst. The analysis of binary interactions shows that 
the interaction between the catalyst amount and the H2O2 concentration significantly degrades both drugs. 
Other binary interactions for AT degradation did not show a significant effect. However, in ME degradation, 
the interaction between ME concentration and pH and between pH and catalyst amount also had a significant 
effect due to the p-values less than 0.05. The three-dimensional diagram of meaningful interactions in the 
degradation of drugs using ZnO NPs/Zeolite is shown in Fig. 4. However, with the simultaneous increase of 
the catalyst amount and the H2O2 concentration, R% increases for both drugs. It is clear that by increasing the 
catalyst amount, the possibility of absorbing light and creating electron-hole pairs increases, which increases the 
degradation of drugs. Also, by increasing the H2O2 concentration, the possibility of producing free radicals in 
the solution for the degradation of drugs increases.

The quadratic equation to describe the relationship between factors and interactions with the R% for the 
degradation of AT and ME in the presence of ZnO NPs/Zeolite is as follows:

 

R% for AT = 94.224 + 4.59417 ∗ A − 3.47583 ∗ B + 60.05667 ∗ C + 4.75667

∗ D + 4.48 ∗ CD − 6.8545 ∗ A2 − 6.8545 ∗ B2 − 8.14325 ∗ C2 − 8.14325 ∗ D2 (2)

 

R% for ME = 92.968 + 3.37 ∗ A − 4.2 ∗ B + 6.89 ∗ C + 5.59 ∗ D + 2.54 ∗ AB + 2.17

∗ BC + 5.73 ∗ CD − 5.509 ∗ A2 − 5.509 ∗ B2 − 6.634 ∗ C2 − 6.634 ∗ D2  (3)

The adequacy of the equations was assessed by evaluating the R2 and adjusted R2 values, which are compiled in 
Table 3. The obtained values for the degradation of AT and ME using ZnO NPs/Zeolite as the catalyst exceeded 
0.95, indicating a good fit between the equations and the experimental results. Additionally, the predicted 
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R2 values, exceeding 0.85, signify that the models have a strong predictive capability. Notably, the equations 
highlight that the catalyst amount has the highest coefficient with a positive effect, indicating that an increase in 
catalyst amount results in higher degradation percentages for AT and ME.

Furthermore, among the binary interactions, the interaction between the catalyst amount and H2O2 
concentration exhibited the highest coefficient, indicating that a simultaneous increase in these factors leads to 
an increased degradation percentage for both drugs. The optimal values for the studied factors were determined 
based on these results, with drug concentrations, pH, catalyst amount, and H2O2 concentration set at 32 mg L−1, 
4.2, 428 mg, and 2.6 mM, respectively. Under these conditions, the predicted degradation percentages for AT 
and ME were 96.80% and 97.98%, respectively, as shown in Table 4.

Optimization of the photodegradation process using TiO2 NPs/zeolite The ANOVA evaluation of the results 
for the degradation of AT and ME with TiO2 NPs/Zeolite as the catalyst is summarized in Table 5. Similar to the 
previous analysis, all four factors within the specified range exhibited p-values below 0.05, indicating their sig-
nificant impact on the R%. Examination of binary interactions revealed that three interactions - drug concentra-
tion with pH, pH with catalyst amount, and catalyst amount with H2O2 concentration - significantly influenced 
the degradation of AT and ME in the presence of TiO2 NPs/Zeolite as the catalyst. Additionally, the interaction 
between drug concentration and H2O2 concentration emerged as another significant factor for ME degradation. 
Notably, the three-dimensional diagram depicting these significant binary interactions is presented in Fig. 5.

Factor Name Units Type Minimum Maximum Mean Std. Dev

A Drug concentration mg L-1 Numeric 15.00 45.00 30.00 9.82

B pH – Numeric 3.00 7.00 5.00 1.31

C Catalyst amount mg Numeric 200.00 500.00 350.00 98.20

D H2O2 concentration mM Numeric 1.0000 3.00 2.00 0.6547

Std Run A B C D

ZnO NPs/Zeolite
TiO2 NPs/
Zeolite

R% For 
AT R% for ME

R% 
for 
AT

R% 
for 
ME

24 1 0 1 0 1 81.77 83.59 79.59 82.52

25 2 0 0 0 0 96.45 92.45 91.36 95.07

14 3 0 1 −1 0 67.87 67.69 64.69 62.62

27 4 0 0 0 0 93.19 95.45 93.36 91.85

5 5 0 0 −1 −1 74.13 74.95 74.95 72.88

13 6 0 −1 −1 0 77.61 79.43 80.43 84.36

21 7 0 −1 0 −1 77.49 79.31 77.31 80.24

10 8 1 0 0 −1 78.66 78.48 79.48 78.41

20 9 1 0 1 0 91.14 92.96 85.96 83.89

16 10 0 1 1 0 84.49 86.31 81.31 87.24

22 11 0 1 0 −1 70.59 70.41 66.41 67.34

28 12 0 0 0 0 95.63 91.32 95.97 94.56

26 13 0 0 0 0 91.79 94.79 92.13 90.45

29 14 0 0 0 0 94.06 90.83 96.77 92.24

12 15 1 0 0 1 89.84 88.66 89.66 87.59

18 16 1 0 −1 0 77.36 77.18 80.18 78.11

9 17 −1 0 0 −1 69.42 71.24 64.24 69.17

7 18 0 0 −1 1 71.35 72.17 70.17 74.1

3 19 −1 1 0 0 70.02 70.84 60.84 66.77

2 20 1 −1 0 0 86.16 86.98 86.98 88.91

1 21 −1 −1 0 0 80.31 84.82 80.82 86.75

15 22 0 −1 1 0 88.55 89.37 87.37 91.3

6 23 0 0 1 −1 73.95 74.77 68.77 74.7

11 24 −1 0 0 1 80.6 84.42 77.42 84.35

23 25 0 −1 0 1 88.67 92.49 90.49 95.42

19 26 −1 0 1 0 81.9 85.72 76.72 84.65

8 27 0 0 1 1 89.09 94.91 89.91 93.84

4 28 1 1 0 0 82.34 83.16 85.16 83.09

17 29 −1 0 −1 0 68.12 69.94 64.94 68.87

Table 1. Box–Behnken design for optimizing factors in degradation of AT and ME using ZnO NPs/Zeolite 
and TiO2NPs/zeolite as the catalysts.
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The established model was deemed significant for the degradation of both drugs, as indicated by p-values 
below 0.05, while the lack-of-fit parameter demonstrated insignificance with p-values exceeding 0.05. The 
quadratic equations derived for the models are as follows:

 

R% for AT = 93.918 + 6.87 ∗ A − 5.45 ∗ B + 4.55667 ∗ C + 5.50667 ∗ D + 4.54 ∗ AB + 2.42

∗ BC + 6.48 ∗ CD − 80.06733 ∗ A2 − 6.94233 ∗ B2 − 8.94233 ∗ C2 − 8.56733 ∗ D2  (4)

 

R% for ME = 92.834 + 3.28667 ∗ A − 6.45 ∗ B + 6.22333 ∗ C + 6.25667 ∗ D + 3.54 ∗ AB − 2.5

∗ AC + 4.42 ∗ BC + 4.48 ∗ CD − 6.64367 ∗ A2 − 4.64367 ∗ B2 − 7.14367 ∗ C2 − 6.64367 ∗ D2 (5)

The R2 and adjusted R2 values in Table  3 validate the suitability of the equations with the obtained results, 
surpassing 0.95. Additionally, the predicted R2 values for the degradation of AT and ME exceeding 0.85 
underscore the models’ efficacy in predicting outcomes. Analysis of the coefficients within the equations 
revealed that drug concentration held the largest coefficient for AT degradation, emphasizing the significant 
influence of AT concentration within the specified range. Conversely, in the case of ME degradation, the pH 
coefficient exhibited the largest negative value, indicating a substantial impact of pH with a drastic decrease in 
ME degradation with increasing pH.

Furthermore, the most crucial binary interaction with the largest positive coefficient pertained to the 
interaction between catalyst amount and H2O2 concentration, signifying a substantial increase in the degradation 
percentage of both drugs with the simultaneous escalation of these factors. Optimal values for factors, including 
drug concentration, pH, catalyst amount, and H2O2 concentration, were determined to be 33 mg L−1, 4.6, 386 mg, 
and 2.5 mM, respectively. Under these optimized conditions, the predicted degradation percentages for AT and 
ME utilizing TiO2 NPs/Zeolite as the catalyst were estimated to be 97.38% and 96.82%, as detailed in Table 4.

The photodegradation kinetic
The kinetics of the degradation process of AT and ME using the catalysts ZnO NPs/Zeolite and TiO2 NPs/Zeolite 
were investigated utilizing the pseudo-first-order kinetic model. Under optimal conditions determined for each 
photocatalyst, the appropriate amount of photocatalyst was introduced into a solution containing AT and ME at 
specific concentrations, and the solution’s pH was adjusted to the optimal level using hydrochloric acid (0.1 M). 
The mixture was shaken for 45 min in the absence of UV light at a speed of 150 rpm. Subsequently, an H2O2 
solution was added, and the resulting mixture was subjected to UV light exposure for a duration ranging from 0 
to 60 min. Each experiment was conducted in triplicate.

The pseudo-first-order kinetic model is characterized by the following nonlinear equation36:

 Cf = xe−kt + E (6)

Source df

AT ME

Sum of Squares Mean Square p-value Significant Sum of Squares Mean Square p-value Significant

Model 14 2152.82 153.77 < 0.0001 + 2091.10 149.36 < 0.0001 +

A 1 253.28 253.28 < 0.0001 + 136.28 136.28 < 0.0001 +

B 1 144.98 144.98 < 0.0001 + 211.68 211.68 < 0.0001 +

C 1 440.20 440.20 < 0.0001 + 569.67 569.67 < 0.0001 +

D 1 271.51 271.51 < 0.0001 + 374.98 374.98 < 0.0001 +

AB 1 10.47 10.47 0.1254 − 25.81 25.81 0.0144 +

AC 1 0.0000 0.0000 1.0000 − 0.0000 0.0000 1.0000 −

AD 1 0.0000 0.0000 1.0000 − 2.25 2.25 0.4232 −

BC 1 8.07 8.07 0.1744 − 18.84 18.84 0.0317 +

BD 1 4.547E-13 4.547E-13 1.0000 − 0.0000 0.0000 1.0000 −

CD 1 80.28 80.28 0.0005 + 131.33 131.33 < 0.0001 +

A² 1 304.76 304.76 < 0.0001 + 196.86 196.86 < 0.0001 +

B² 1 304.76 304.76 < 0.0001 + 196.86 196.86 < 0.0001 +

C² 1 430.14 430.14 < 0.0001 + 285.47 285.47 < 0.0001 +

D² 1 430.14 430.14 < 0.0001 + 285.47 285.47 < 0.0001 +

Residual 14 55.14 3.94 46.29 3.31

Lack of Fit 10 41.19 4.12 0.4732 − 29.25 2.92 0.7137 −

Pure Error 4 13.95 3.49 17.04 4.26

Cor Total 28 2207.96 2137.39

Table 2. ANOVA for optimizing factors in the degradation of AT and ME using ZnO NPs/Zeolite as the 
catalyst.
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Here, x and Cf denote the initial and final concentrations of AT and ME after performing the photodegradation 
process in the presence of the catalyst, respectively. The variables t, k, and E represent the exposure duration, 
pseudo-first-order rate constant, and the maximum degradation concentration of AT and ME following the 
completion of the photodegradation process, respectively. Graphs were generated by plotting Cf against exposure 
time (Fig. 6). The obtained results revealed rate constants for the photodegradation of AT and ME using ZnO 
NPs/Zeolite to be 0.064 ± 0.007 min−1 and 0.065 ± 0.004 min−1, while in the presence of TiO2 NPs/Zeolite, they 
were 0.071 ± 0.007 min−1 and 0.071 ± 0.006 min−1, respectively. These findings indicate that the degradation rate 
using TiO2 NPs/Zeolite is marginally higher than that with ZnO NPs/Zeolite for both drugs.

Furthermore, the half-life time of degradation was calculated using the equation:

Parameter

ZnO NPs/
Zeolite

TiO2 NPs/
Zeolite

Parameter

ZnO NPs/Zeolite TiO2 NPs/Zeolite

AT ME AT ME AT ME AT ME

Std. Dev. 1.98 1.82 2.00 2.04 R2 0.9750 0.9783 0.9813 0.9771

Mean 81.81 82.92 80.46 82.46 Adjusted R2 0.9501 0.9567 0.9627 0.9542

C.V. % 2.43 2.19 2.48 2.48 Predicted R2 0.8827 0.9087 0.9239 0.8927

Adeq Precision 18.1809 23.2051 22.1936 21.8371

Table 3. Fit statistic parameters for quadratic models in degradation of AT and ME using ZnO NPs/Zeolite 
and TiO2NPs/zeolite as the catalysts.

 

Fig. 4. Significant binary interaction for degradation of AT and ME using ZnO NPs/Zeolite as the catalyst. 
Interaction between catalyst amount and H2O2 concentration for the AT degradation (a), ME concentration 
and pH (b), pH and catalyst amount (c), and catalyst amount and H2O2 concentration for the ME degradation 
(d).
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t1/2 =

0.693

k
 (7)

The t1/2 values for the photodegradation of AT and ME were calculated using Eq. (7), revealing a significant 
difference in the degradation rates between the two catalysts. Table 6 shows that ZnO NPs/Zeolite exhibited a 
t1/2 of 10.83 min for AT and 10.66 min for ME, while TiO2 NPs/Zeolite demonstrated a faster degradation rate, 
achieving a t1/2 of 9.76 min for both drugs. The bandgap energy of TiO2 NPs, TiO2 NPs/Zeolite ZnO NPs, and 
ZnO NPs/Zeolite was determined using the DRS method to be 3.11 eV, 3.23 eV, 3.22 eV, and 3.31 eV, respectively. 
The results indicated that the band gap energy of TiO2 NPs and ZnO NPs was increased with preparing TiO2 
NPs/Zeolite and ZnO NPs/Zeolite. These findings suggest that TiO2 NPs/Zeolite exhibits superior photocatalytic 
activity compared to ZnO NPs/Zeolite. The observed differences in degradation rates can be due to TiO2 NPs/
Zeolite having a smaller bandgap energy compared to ZnO NPs/Zeolite, allowing it to absorb a wider range of 
wavelengths in the UV light spectrum. This enhanced light absorption leads to a higher generation of electron-
hole pairs, driving the photocatalytic degradation process more efficiently. Besides, TiO2 NPs/Zeolite exhibits 
a higher efficiency in separating electron-hole pairs, reducing the recombination rate and leading to a more 
effective photocatalytic reaction. Overall, these results highlight the potential of TiO2 NPs/Zeolite as a promising 
photocatalyst for the degradation of pharmaceutical contaminants in wastewater. The faster degradation rates 
and shorter half-lives observed with TiO2 NPs/Zeolite compared to ZnO NPs/Zeolite demonstrate its superior 
performance in removing pharmaceuticals from contaminated water sources.

Elucidating the reactive oxygen species (ROS) responsible
To identify the dominant reactive oxygen species (ROS) responsible for the photocatalytic degradation of 
AT and ME using the TiO2 NPs/Zeolite and ZnO NPs/Zeolite composite, a series of scavenging experiments 
were conducted. This approach employed specific chemical scavengers known to selectively quench individual 
ROS, thereby revealing their relative contributions to the degradation process. The following scavengers were 

Source df

AT ME

Sum of Squares Mean Square p-value Significant Sum of Squares Mean Square p-value Significant

Model 14 2933.01 209.50 < 0.0001 + 2485.84 177.56 < 0.0001 +

A 1 566.36 566.36 < 0.0001 + 129.63 129.63 < 0.0001 +

B 1 356.43 356.43 < 0.0001 + 499.23 499.23 < 0.0001 +

C 1 249.16 249.16 < 0.0001 + 464.76 464.76 < 0.0001 +

D 1 363.88 363.88 < 0.0001 + 469.75 469.75 < 0.0001 +

AB 1 82.45 82.45 0.0005 + 50.13 50.13 0.0038 +

AC 1 9.00 9.00 0.1552 − 25.00 25.00 0.0281 +

AD 1 2.25 2.25 0.4649 − 9.00 9.00 0.1637 −

BC 1 23.43 23.43 0.0295 + 78.15 78.15 0.0007 +

BD 1 0.0000 0.0000 1.0000 − 0.0000 0.0000 1.0000 −

CD 1 167.96 167.96 < 0.0001 + 80.28 80.28 0.0006 +

A² 1 422.15 422.15 < 0.0001 + 286.30 286.30 < 0.0001 +

B² 1 312.62 312.62 < 0.0001 + 139.87 139.87 < 0.0001 +

C² 1 518.69 518.69 < 0.0001 + 331.02 331.02 < 0.0001 +

D² 1 476.10 476.10 < 0.0001 + 286.30 286.30 < 0.0001 +

Residual 14 55.81 3.99 58.32 4.17

Lack of Fit 10 33.42 3.34 0.7687 − 43.33 4.33 0.4824 −

Pure Error 4 22.40 5.60 14.98 3.75

Cor Total 28 2988.83 2544.16

Table 5. ANOVA for optimizing factors in the degradation of AT and ME using TiO2NPs/zeolite as the 
catalyst.

 

Factor Name

ZnO NPs/Zeolite TiO2 NPs/Zeolite

Optimum value Rounded value Optimum value Rounded value

A Drug concentration 31.55 mg L−1 32 33.22 mg L−1 33

B pH 4.19 4.2 4.55 4.6

C Catalyst amount 427.66 mg 428 385.74 mg 386

D H2O2 concentration 2.60 mM 2.6 2.48 mM 2.5

Table 4. Optimum value of the factors for the degradation of AT and ME using ZnO NPs/Zeolite and 
TiO2NPs/zeolite as the catalysts.
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Fig. 5. Significant binary interaction for degradation of AT and ME using TiO2 NPs/Zeolite as the catalyst. 
Interaction between AT concentration and pH (a), pH and catalyst amount (b), catalyst amount and H2O2 
concentration (c) for the AT degradation, ME concentration and pH (d), pH and catalyst amount (e), and 
catalyst amount and H2O2 concentration (f), and ME concentration and catalyst amount (g) for the ME 
degradation.
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chosen based on their established reactivity with specific ROS, including Benzoquinone (BQ) as an effectively 
scavenges superoxide radicals (·O2

−), Isopropanol (IPA) as a well-known scavenger of hydroxyl radicals (·OH), 
and Ammonium oxalate (AO) as a scavenger for photogenerated holes (h+). The effects of these scavengers on 
the photocatalytic degradation of AT and ME were investigated by adding them to the reaction solution before 
irradiation. The results, presented in Fig.  7, reveal a significant reduction in the degradation rate when IPA 
is added, indicating that ·OH radicals play a crucial role in the photocatalytic degradation of AT and ME. In 
contrast, the presence of AO or BQ did not significantly affect the degradation rate, suggesting that h+ and ·O2

− 
have negligible contributions to the degradation process. These findings strongly suggest that ·OH radicals are the 
primary active species responsible for the efficient degradation of AT and ME by the TiO2 NPs/Zeolite and ZnO 
NPs/Zeolite composite. This observation is consistent with the proposed mechanism, where the photogenerated 
electrons from TiO2 NPs or ZnO NPs effectively reduce oxygen molecules to generate ·O2

−, which subsequently 
reacts with H+ to produce ·OH. This detailed investigation into the role of different ROS sheds light on the 
underlying mechanism of the photocatalytic degradation of AT and ME by the TiO2 NPs/Zeolite and ZnO NPs/
Zeolite composite. It further highlights the significance of ·OH radicals in this process, emphasizing the potential 
of this photocatalyst for effective environmental remediation of AT and ME contamination. The following 
equations are a suggested mechanism to degrade AT and ME using the prepared photocatalysts:

 (1)  TiO2 NPs/Zeolite or ZnO NPs/Zeolite (VB) + hν → TiO2 NPs/Zeolite or ZnO NPs/Zeolite (VB) + h + e
 (2)  H2O2 + e− → OH− + * OH
 (3)  AT or ME + * OH → Degradation products (CO2, H2O, etc.)

Catalyst Pollution x±SD1 E ±SD (mg/L) k±SD (min−1) R2 t1/2 (min)

ZnO NPs/Zeolite
AT 31.68±1.27 0.62 ±0.93 0.064±0.007 0.993 10.83

ME 31.93±0.83 0.29 ±0.61 0.065±0.004 0.997 10.66

TiO2 NPs/Zeolite
AT 32.71±1.17 0.45 ±0.79 0.071±0.007 0.994 9.76

ME 32.90±1.03 0.06 ±0.70 0.071±0.006 0.995 9.76

Table 6. Kinetic parameters for photodegradation of AT and ME using ZnO NPs/Zeolite and TiO2 NPs/
Zeolite as the catalysts. a Standard deviation.

 

Fig. 6. Kinetic studies for degradation of AT using ZnO NPs/Zeolite (a) and TiO2 NPs/Zeolite (b), and 
degradation of ME using ZnO NPs/Zeolite (c) and TiO2 NPs/Zeolite (d).
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The reusability of the catalysts
The reusability of photocatalysts in degradation methods is essential for promoting environmental sustainability 
and cost-effectiveness. To assess the reusability of the synthesized catalysts, they were carefully separated from 
the solution after the photocatalytic degradation process of AT and ME. Subsequently, they were washed with 
distilled water and dried in an oven at 60 °C for reuse. The results, as presented in Table 7, demonstrate that ZnO 
NPs/Zeolite can be reused up to 5 times, while TiO2 NPs/Zeolite can be reused up to 6 times without a significant 
decrease in their activity. These findings suggest that TiO2 NPs/Zeolite exhibit slightly better stability than ZnO 
NPs/Zeolite in the photocatalytic degradation of drugs.

Comparison with other photocatalysts
The photocatalytic performance of the materials synthesized in this study was evaluated for the degradation of AT 
and ME and compared to recently reported photocatalysts (Table 8). The data reveal a significant enhancement 
in the degradation percentage of AT and ME using the newly prepared photocatalysts, suggesting a superior 
ability to generate electron-hole pairs compared to previously studied materials. Furthermore, the degradation 
time required for both AT and ME was considerably reduced, indicating faster reaction kinetics. These findings 
underscore the improved efficiency of the novel photocatalytic materials in facilitating the degradation of these 
pharmaceuticals, highlighting their potential for more effective water purification applications.

Conclusion
This study successfully synthesized and characterized two novel photocatalysts, TiO2 NPs/Zeolite, and ZnO NPs/
Zeolite, for the degradation of AT and ME. The Box-Behnken design effectively identified optimal conditions 
for maximizing the degradation of both pharmaceuticals, demonstrating the significant influence of pH, catalyst 
dosage, drug concentration, and H2O2 concentration on the photocatalytic process. Kinetic studies revealed 
favorable degradation rates and half-lives for both catalysts. A comparative analysis indicated that TiO2 NPs/
Zeolite outperformed ZnO NPs/Zeolite in terms of degradation efficiency. TiO2 NPs/Zeolite achieved higher 
degradation rates with lower consumption, a shorter degradation time, improved reusability, and the ability 
to function effectively in less acidic conditions. These findings highlight the potential of TiO2 NPs/Zeolite as 
a promising photocatalyst for the efficient degradation of pharmaceuticals in wastewater, contributing to the 
development of sustainable and environmentally friendly water treatment technologies.

Fig. 7. Effects of different scavengers on the photodegradation of AT and ME using ZnO NPs/Zeolite and TiO2 
NPs/Zeolite.
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