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1.0 Introduction

Tetracyclines are among the most widely prescribed antibiotics worldwide [1], yet they are poorly metabolized by humans and
animals and cannot be effectively removed by conventional wastewater treatment plants (WWTPs) [2]. As a result, significant
amounts of unmetabolized parent compounds and their degradation products are released into aquatic environments. For
example, less than 70% of the parent tetracycline compound is metabolized, and approximately 21% is directly discharged
into the environment after consumption [3]. The persistence of these residues poses growing ecological and public health
concerns, driving intensive research into their toxicity, environmental fate, and degradation strategies [4]. Several methods,
including physical, chemical, and biological approaches such as adsorption, membrane filtration, and prechlorination, have
shown some effectiveness in treating tetracycline-containing solutions [1]. However, these methods still suffer from
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drawbacks, including high maintenance requirements and operational cost [1]. Therefore, an effective and sustainable method
for degrading tetracycline remains to be explored.

Photocatalysis has emerged as an efficient and sustainable approach for removing organic contaminants from
wastewater [5]. Among various photocatalysts, titania (TiO,) is one of the most extensively studied materials due to its strong
oxidizing power, high photocatalytic activity, chemical stability, low cost, and non-toxicity [6]. As a light-activated catalyst, TiO,
can effectively degrade a wide range of pollutants through the generation of electron-hole (e -h*) pairs under light irradiation.
These charge carriers initiate redox reactions that produce reactive oxygen species (ROS), including hydroxyl radicals (+OH),
and superoxide radicals (*O,”). These ROS are highly reactive and can oxidize organic pollutants, converting them into less
harmful end products such as water, carbon dioxide, and inorganic ions [7]. However, the high recombination rate of
photogenerated e -h* pairs limits the overall photocatalytic efficiency by reducing the number of charge carriers available for
photocatalytic reactions [8,9]. Therefore, suppressing the rate of e™-h* recombination is essential to enhance the
photocatalytic performance of the TiO,-based systems.

To overcome this limitation, different concentrations of zinc nitrate hexahydrate (Zn(NO;),-6H,0) and 2-methylimidazole
(C4H¢N,) were used as precursors to synthesize zeolitic imidazolate framework-8/titania (ZIF-8/TiO,) composites. The variation
in precursor concentration plays a vital role in determining the formation and the structural characteristics of the ZIF-8
framework, which in turn determines its surface properties and photocatalytic performance [10]. ZIF-8 is a water-stable
metal-organic framework (MOF) with a very high surface area that can effectively reduce the rate of e™-h* recombination and
is widely used in adsorption, gas storage, catalysis, and other related fields [11]. Previous studies have demonstrated that
MOFs can enhance photocatalytic performance in the degradation of organic pollutants [12—16]. Therefore, by defining
suitable concentrations of Zn(NO,),"6H,0 and 2-methylimidazole, a synergistic effect between ZIF-8 and TiO, can be
achieved, leading to enhanced photocatalytic degradation of tetracycline and other organic contaminants [17].

Hence, in this study, ZIF-8/TiO, composites were synthesized using different concentrations of Zn(NO,),-6H,0O and
2-methylimidazole. The physicochemical properties of the composites were characterized, and their UV light photocatalytic
activity was evaluated through the degradation of tetracycline in aqueous solution. The findings offer valuable insights into
high-efficiency photocatalysts and demonstrate promising potential for practical applications.

2.0 Materials and Method
2.1 Materials

Titanium(IV) oxide (TiO,), zinc nitrate hexahydrate (Zn(NO;),-6H,0), and 2-methylimidazole (C,H¢N,) were supplied from Sigma
Aldrich. Methanol (CH;OH) and ethanol (C,HsOH) were purchased from Merck, and tetracycline was supplied by Alfa Aesar.
All the materials were used without any further purification.

2.2 Preparation of ZIF-8/TiO, Composites

ZIF-8/TiO, composites were synthesized by incorporating TiO, into ZIF-8, following a modified procedure described elsewhere
[18], and the effects of varying the amounts of Zn(NO,),'6H,0 and 2-methylimidazole were investigated. The schematic
procedure is shown in Figure 1. Initially, 0.3g of TiO, was dispersed in methanol under ultrasonication for 30 minutes. Next,
different amounts of Zn(NO;),'6H,O were added to the solution under stirring for 20 minutes. The same amount of
2-methylimidazole (4.0 mM) was dissolved in 40 mL of methanol and stirred for 20 minutes. Then, the solution was slowly
added to the former mixture and stirred at room temperature for 2 h. The obtained precipitate was collected by repeated
centrifugation with methanol three times before drying at 70 °C for 12 h. The sample codes are listed in Table 1. The
composites are designated as ZIF-8/TiO, (x,y), where x corresponds to the amount of Zn(NO;),-6H,0 and y is the amount of
2-methylimidazole used in the synthesis.

2.3 Characterization

Selected composites exhibiting the highest and lowest photocatalytic performance of tetracycline (see Section 3.5) were
characterized using multiple techniques. The Fourier transform infrared (FTIR, Perkin-Elmer model 1600 Spectrometer)
spectroscopy was used to determine the functional groups of the composites with a wavenumber ranging from 600 to 4000
cm™. Ultraviolet-visible-near infrared (UV-Vis-NIR, model UV-3600 PLUS Spectrophotometer) was used to measure and
determine the bandgap energy of the samples at wavelengths 200 to 800 nm. To determine the crystallographic structure of
the material, X-ray diffraction (XRD, Bruker AXS D8 Automatic Powder Diffractometer) with Cu Ka radiation (A=1.54060 A)
was used with the scans in the 26 range of 20 — 90 °. Lastly, the surface morphology and particle size distribution of the
composites were investigated through field-emission scanning electron microscopy (FESEM, JEOL JSM-6701F) operated at
5.0 kV.
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Figure 1 : Schematic of the ZIF-8/TiO, (x,y) composites synthesis process (x: amount of Zn(NO,),"6H,0, y: amount of
2-methylimidazole).

Table 1: Coding of ZIF-8/TiO, composites prepared.

Sample code Zn(NO,),-6H,0 C,HgN,
(mM) (mM)
Effect of Different Amounts of Zn(NO,),-6H,0

ZIF-8/TiO, (0.5,4.0) 0.5 4.0

ZIF-8/TiO, (1.0,4.0) 1.0 4.0

ZIF-8/TiO, (2.0,4.0) 2.0 4.0

Effect of Different Amounts of C,HgN,

ZIF-8/TiO, (0.5,4.0) 0.5 4.0

ZIF-8/TiO, (0.5,8.0) 0.5 8.0

ZIF-8/TiO, (0.5,16.0) 0.5 16.0

24 Photocatalytic Degradation of Tetracycline

The photocatalytic activity was tested by the photodegradation of tetracycline in aqueous solution. 0.05 g of catalyst was
added to 50 ml of 30 ppm tetracycline solution in a reaction tube. The mixture was stirred for 1 h in the dark in order to reach
the adsorption-desorption equilibrium. The suspension was exposed to a 6 W lamp from Vilber Lourmat as the UV light
source. 5 mL of tetracycline solution was taken out every 10 min till the end of the reaction, and its concentration was
analyzed using a UV-Vis spectrophotometer (Shimadzu, UV-1800). The absorbance was measured at 354 nm with water as a
reference. The photodegradation efficiency (%) of tetracycline was calculated as follows (Equation 1):

4
Tetracycline photodegradation efficiency (%) = —; ~x 100% (Equation 1)

3

Where C, and C; stand for the initial concentration of tetracycline and the concentration of tetracycline in real-time,
respectively. The photocatalytic activity of the commercial TiO, was also measured under the same conditions as the
reference. Figure 2 shows the setup for the photocatalytic reaction.
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Figure 2 : Setup for the photocatalytic reaction.

3.0 Results and Discussion

31 Functional Group Analysis by FTIR Spectroscopy

The functional groups present in the TiO, and synthesized ZIF-8/TiO, composites were identified using FTIR spectroscopy.
The FTIR spectra of ZIF-8 and the synthesized ZIF-8/TiO, composites are depicted in Figure 3. In the ZIF-8 spectrum (Figure
3a), the absorption peaks at 1098.27 cm™ and 1384.16 cm™ correspond to the C-N stretching and C—H bond bending
vibrations, respectively. The peak at 156.57 cm" is ascribed to the C=N stretching, while the peak at 2926.97 cm™ is attributed
to the aliphatic C-H stretching of the imidazole ring [10,19]. Following the addition of ZIF-8 onto TiO, (Figure 3b-d), the
absorption peaks from 600 to 800 cm™ can be ascribed to the O-Ti—O bonds present in commercial TiO, [20]. A broad
absorption band is observed at 3412.95 cm™ (Figure 3b-d), which corresponds to the stretching vibration of O-H [21]. This
band indicates the presence of adsorbed water molecules on the surface of TiO, particles. The observed structural changes
and chemical bonding in the IR spectra indicate that the process of coupling ZIF-8 with TiO, to form composites was
accomplished.

3.2 Bandgap Energy Determination by UV-Vis-NIR Spectroscopy

The UV-Vis-NIR absorption spectra analysis was used to determine the bandgap energy of the photocatalysts. Figure 4a
shows the absorption spectra of ZIF-8 and ZIF-8/TiO, composites. The figure shows the blue shift in ZIF-8 absorption. ZIF-8 is
known to have a significantly wide bandgap. The resulting ZIF-8 structure exhibits fewer electronic states within the bandgap
when there are more Zn? ions present to properly interact with the 2-methylimidazole [22]. ZIF-8 has a shorter wavelength
due to the wider bandgap, which causes a blue shift. ZIF-8/TiO, composites with 0.5 mM, 2.0 mM of Zn(NO,),-6H,0, and 16.0
mM of 2-methylimidazole show shorter absorption wavelengths, indicating a smaller bandgap. Increasing the amounts of
Zn(NO;),-6H,0 shifted the absorption edge and slightly altered the bandgap [22]. The bandgap of ZIF-8/TiO, composites with
0.5 mM Zn(NO3),6H,0 exhibits a considerable shift, suggesting a small modification of the bandgap. ZIF-8/TiO, composites
with 2.0 mM Zn(NO,),-6H,0 exhibit a further shift, suggesting a more noticeable modification of the bandgap. The absorption
edge shifts significantly when a greater amount of 2-methylimidazole (16.0 mM) is used. This shift is likely caused by
modifications in the electronic structure between ZIF-8 and TiO, [23].
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Figure 3 : FTIR spectra of (a) ZIF-8, (b) ZIF-8/TiO, (0.5,4.0), (c) ZIF-8/TiO, (2.0,4.0), and (d) ZIF-8/TiO, (0.5,16.0) composites.

The bandgap energy of the photocatalysts was calculated using the x-intercept value and linear extrapolation on the
Tauc Plot of (ahv)? against energy (hv), as shown in Figure 4b-e. A summary of the bandgap energy values for the produced
photocatalysts has been listed in Table 2. According to Kanoun et al. (2024), commercial TiO, has a bandgap energy value of
3.2 eV, which suggests the presence of anatase phase TiO, [24]. The obtained bandgap energy values match the XRD data,
suggesting that the samples are mainly in the anatase phase.

The data show that as the amounts of Zn(NO;),'6H,0 increased from 0.5 mM to 2.0 mM, the bandgap of the
composites decreased from 3.15 eV to 3.12 eV. This is most likely caused by small amounts of ZIF-8 forming on the TiO,
surface, which can lower the overall bandgap by introducing new energy levels into the TiO, bandgap. The interaction
between the metal centre (Zn) in the ZIF-8 structure and the organic linker (2-methylimidazole) results in these new energy
levels [25]. These additional energy levels reduce the overall bandgap of TiO,, thereby suppressing the encounter rate of
photogenerated e™-h* pairs [26]. The incorporation of ZIF-8 plays a crucial role in enhancing its photocatalytic activity under
UV light, effectively improving its overall efficiency in photocatalytic applications [27]. Furthermore, the bandgap of the
composites decreased from 3.15 eV to 3.07 eV as the amount of 2-methylimidazole increased from 4.0 mM to 16.0 mM. More
ZIF-8 forms on the TiO, surface when 2-methylimidazole is added in greater amounts (4.0 mM to 16.0 mM). More building
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blocks are available for the development of ZIF-8 crystals on the TiO, surface due to the increased amounts of
2-methylimidazole. This improved interaction alters the electrical structure of the composite, contributing to a larger reduction
in the bandgap [20]. The reduction in bandgap energy highlights the material’s potential for photocatalytic applications under
visible light irradiation, since a narrower bandgap extends the absorption edge toward longer wavelengths in the visible
region.
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Figure 4 : (a) Absorption spectra of the photocatalysts obtained by UV-Vis-NIR spectroscopy and Tauc plots of (b) ZIF-8, (c)
ZIF-8/TiO, (0.5,.0), (d) ZIF-8/TiO, (2.0,4.0), and (e) ZIF-8/TiO, (0.5,16.0) composites.

Table 2: Bandgap energy values of the photocatalysts.

Photocatalysts Bandgap Energy (eV)

Commercial TiO, 3.20
ZIF-8/TiO, (0.5,4.0) 3.15
ZIF-8/TiO, (2.0,4.0) 3.12

ZIF-8/TiO, (0.5,16.0) 3.07
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3.3 Crystallinity Determination by XRD Analysis

Figure 5 shows the X-ray diffraction patterns of ZIF-8, ZIF-8/TiO, composites with 0.5 mM of Zn(NO;),-6H,0, ZIF-8/TiO,
composites with 2.0 mM of Zn(NO,),-6H,0, and ZIF-8/TiO, composites with 0.5 mM of Zn(NO;),'6H,0 and 16.0 mM of
2-methylimidazole. The figure shows different peaks for the crystalline planes of ZIF-8 and TiO, phases, indicating structural
changes associated with the amounts of Zn(NO;),'6H,0 and 2-methylimidazole. In ZIF-8/TiO, composites with 0.5 mM of
Zn(NO,),-6H,0, commercial TiO, diffraction peaks were observed at 26 values of 37.50°, 47.71°, 53.59°, 54.72°, 62.38°,
69.95° and 74.74°. These values corresponded to the (004), (101), (112), (200), (105), (201), and (211) crystalline planes of
anatase TiO,, respectively. The values have a good correlation with the database of anatase TiO, as reported in the Joint
Committee on Powder Diffractions (JCPDS 01- 075-2553). In addition, the rutile phase was found in the ZIF-8/TiO,
composites with 0.5 mM of Zn(NO,),-6H,0. The (110), (101), (204), and (214) crystalline phases of rutile TiO, are represented
by the diffraction peaks that appear at 27.12°, 35.75°, 63.70°, and 76.02°, respectively.
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Figure 5 : XRD patterns of (a) ZIF-8, (b) ZIF-8/TiO, (0.5,4.0), (c) ZIF-8/TiO, (2.0,4.0), and (d) ZIF-8/TiO, (0.5,16.0)
composites.

The peaks in the XRD patterns of ZIF-8/TiO, composites with 0.5 mM of Zn(NO),6H,0 (Figure 5b), ZIF-8/TiO,
composites with 2.0 mM of Zn(NO;),-6H,0 (Figure 5c) and ZIF-8/TiO, composites with 16.0 mM of 2-methylimidazole (Figure
5d) samples are the same as those found in commercial TiO,, while the characteristic peaks of ZIF-8 are weak. This
observation is due to the surface-bound and low loading of ZIF-8 on TiO,, which is consistent with previous reports on
TiO,/ZIF-8 composites [28]. The XRD pattern of ZIF-8 showed peaks at 26 angles of 10.5°, 13.1°, 14.9°, 16.6°, 18.2°, 24.5°,
26.8°, 36.7°, 38.9°, 48.57° and 76.5° corresponding to ZIF-8 planes (100), (110), (002), (112), (121), (222), (233), (231), (223),
(332) and (332) respectively. The highly crystalline structure of the ZIF-8 material is indicated by these distinct, sharp peaks
[12]. A high level of crystallinity is indicated by these strong peaks, which show an organised and well-defined atom
arrangement within the crystal lattice. The size and quality of the crystals are correlated with the sharpness of the peaks in the
diffraction pattern, indicating that the method of synthesis, which promotes fewer nucleation centres, results in the
development of larger, more uniform crystals.

The XRD results show that reducing the amounts of Zn(NO,),"6H,O and 2-methylimidazole leads to increased
crystallinity and sharper peaks. This is because a smaller amount of reactants produces a more uniform and ordered
arrangement of molecules within the crystal structure, resulting in a higher degree of crystallinity. This comprehensive study
emphasizes how the amounts of 2-methylimidazole and Zn(NO,),6H,0 affect the structural properties of ZIF-8/TiO,
composites, demonstrating the significance of XRD analysis in material characterization.
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3.4 Morphological Studies and Elemental Composition by FESEM-EDX

The FESEM images of ZIF-8/TiO, composites are shown in Figure 6. Commercial TiO, nanoparticles showed agglomeration
along with a uniform shape and spherical edges (Figure 6a). The TiO, agglomeration is visible at a magnification of 120,000.
On the other hand, ZIF-8 (Figure 6b) has a polyhedron shape. After the formation of the composites, it can be clearly seen
that the surfaces of the TiO, have been effectively coated with ZIF-8 particles, giving them a rougher morphology than the
pure ZIF-8 particles (Figure 6¢-e). TiO, and the ZIF-8 surface have a strong bond that keeps TiO, particles from aggregating
and ensures their uniform dispersion.

The average particle sizes of the synthesized ZIF-8/TiO, composites and the commercial TiO, are summarized in Table
3. The commercial TiO, exhibited the smallest average particle size of 33.0 nm. In contrast, ZIF-8 showed a significantly larger
average particle size of 105.1 nm, indicating larger grain growth compared to commercial TiO,. Upon the formation of
ZIF-8/TiO, composites, the average particle sizes increased relative to pure TiO,, which can be attributed to the surface
coverage of TiO, nanoparticles by ZIF-8 [13,29]. Compared to the ZIF-8/TiO, composites prepared with 0.5 mM of
Zn(NO;),-6H,0, the composites synthesized with 16.0 mM 2-methylimidazole exhibited a slightly larger average particle size.
This increase may be attributed to the strong interfacial interaction between ZIF-8 and TiO,, which effectively inhibits TiO,
nanoparticles' agglomeration and promotes the formation of larger, well-defined composite structures [30]. However, among all
the samples, the ZIF-8/TiO, composites prepared with 2.0 mM Zn(NO;),6H,0 showed the largest particle size. This is likely
due to the reduced interfacial compatibility between the ZIF-8 and TiO, at this concentration, which may lead to decreased
contact between TiO, nanoparticles and ZIF-8, resulting in particle growth and aggregation [31].
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Figure 6 : FESEM images of (a) commercial TiO,, (b) ZIF-8, (c) ZIF-8/TiO, (0.5,4.0), (d) ZIF-8/TiO, (2.0,4.0), and (e)
ZIF-8/TiO, (0.5,16.0) composites.
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Table 3: Average particle size of the photocatalysts.

Photocatalysts Average particle sizes (nm)
Commercial TiO, 33.0
ZIF-8 105.1
ZIF-8/TiO, (0.5,4.0) 92.5
ZIF-8/TiO, (2.0,4.0) 112.9
ZIF-8/TiO, (0.5,16.0) 108.3

The EDX analysis was carried out to confirm that ZIF-8/TiO, composites were successfully formed and to determine
the elemental distribution of the synthesised samples. The synthesised materials are mostly made up of titanium (Ti), oxygen
(O), carbon (C), nitrogen (N), and zinc (Zn). The presence of ZIF-8 in the samples explains the significant percentage of
carbon found. Table 4 shows the atomic composition of the elements in the synthesised ZIF-8/TiO, composites based on the
EDX analysis. In comparison to Ti, N, O, and Zn, all samples display the highest percentage of C species. This is because
carbon atoms in the 2-methylimidazolate organic linkers coordinate with Zn?" ions to produce ZIF-8. The amounts of
Zn(NO,),-6H,0O and 2-methylimidazole were changed, which resulted in variations in the percentage of Zn and N species
between samples. A larger percentage of Zn and N species was obtained with higher amounts of Zn(NO;),-6H,0O and
2-methylimidazole.

Table 4: The atomic composition of elements present in ZIF-8/TiO, composites.

Photocatalysts Atomic Ratio (%)

Ti (o) (o Zn N

Commercial TiO, 251 74.9 - - -
ZIF-8 - - 48.7 15.6 35.7

ZIF-8/TiO, (0.5,4.0) 8.5 29.3 62.0 0.2 -
ZIF-8/TiO, (2.0,4.0) 10.4 25.5 49.4 4.0 10.7

ZIF-8/TiO, (0.5,16.0) 28.5 23.4 67.5 0.5 -

3.5 Photocatalytic Degradation of Tetracycline

Figure 7 shows the degradation percentage of tetracycline treated with commercial TiO, and ZIF-8/TiO, composites using
different amounts of Zn(NO;),-6H,0 (0.5, 1.0, and 2.0 mM) with the same amount of 2-methylimidazole, which was 4.0 mM,
after 1.5 h of UV light irradiation. Based on Figure 7, the commercial TiO, exhibits the lowest degradation percentage of
47.01%, indicating its limited efficiency under the tested conditions. Upon the addition of ZIF-8, a significant increase in the
degradation percentage can be observed, which may be due to the formation of heterojunctions that facilitate charge transfer
pathways and inhibit the recombination of e™-h* pairs [11,20].
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Figure 7 Degradation percentage of tetracycline under UV light irradiation by ZIF-8/TiO, photocatalysts.
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Meanwhile, among all the tested photocatalysts, the ZIF-8/TiO, composite with 0.5 mM of Zn(NO,),'6H,0O achieved the
highest degradation percentage of tetracycline at 91.01%, followed by the composite with 1.0 mM of Zn(NO;),-6H,0 at
88.34%, and the composite with 2.0 mM of Zn(NO;),'6H,0 at 86.20%. The trend shows that a lower amount of
Zn(NO;),6H,0, which is 0.5 mM, led to higher photocatalytic activity (ZIF-8/TiO, composites with 0.5 mM of Zn(NO;),-6H,0.
Better dispersion of Zn?* ions inside the ZIF-8 structure can be caused by lower amounts of Zn(NO;),"6H,0, which explains
the increase in the photocatalytic degradation rate with the amounts of Zn(NO,),-6H,0 [32].

The results also indicate that the increase in efficiency is attributed to the faster growth of the ZIF-8 structure and the
improved interaction between ZIF-8 and TiO,, which leads to enhanced photocatalytic activity [33]. However, at 1.0 mM and
2.0 mM, the degradation percentages slightly decrease to 88.34% and 86.2%, respectively. This reduction is most likely due
to the formation of excess ZIF-8, which may cause aggregation or block the active sites on TiO,, thereby limiting the overall
efficiency [27,34].

As shown in Figure 7, among the ZIF-8/TiO, composites prepared with different concentrations of 2-methylimidazole,
the highest degradation of tetracycline (91.01%) was achieved using 4.0 mM of 2-methylimidazole, followed by ZIF-8/TiO,
composites with 8.0 mM (77.65%) and 16.0 mM (70.87%) under UV light irradiation. The photodegradation percentage
decreased with increasing 2-methylimidazole concentration. This may be attributed to the excessive ZIF-8, which can more
thoroughly cover the TiO,'s surface, thereby limiting the available active sites that are required for photocatalytic activity
[18,31]. Furthermore, a high concentration of 2-methylimidazole may affect the crystallinity and morphology of ZIF-8.
Inadequately crystalline or excessively dense ZIF-8 structures might not function effectively with TiO,, resulting in poor
interaction between the two elements. In contrast, at lower amounts of 2-methylimidazole (4.0 mM), the photodegradation
percentage increases. The reduced amount of 2-methylimidazole may contribute to a more uniform and efficient catalyst
distribution. Therefore, the amount of 2-methylimidazole plays a crucial role in determining the photodegradation efficiency of
the ZIF-8/TiO, composite photocatalyst.

4.0 Conclusion

In this study, ZIF-8/TiO, composites were successfully synthesized, and the influence of synthesis parameters on their
physicochemical properties and photocatalytic performance was systematically investigated. Despite appearing as
low-crystallinity in XRD, ZIF-8 was effectively formed on the TiO, surface and played a functional role in enhancing
photocatalytic activity. Among all samples, ZIF-8/TiO, (0.5, 4.0) achieved the highest degradation efficiency (91.01%), due to
optimal surface dispersion of ZIF-8 that suppressed electron-hole recombination without excessively blocking TiO, active
sites. These findings confirm that even at low-crystallinity ZIF-8 layers can significantly improve the photocatalytic
performance of TiO,-based photocatalyst.
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