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ZIF-8/graphene composite for
photocatalytic degradation under
low intensity UV irradiation and
antibacterial applications
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In this study, we synthesized a ZIF-8/graphene (Gr) composite and evaluated its photocatalytic
degradation performance toward levofloxacin (LVX) under low-intensity UV light. The composite
exhibited improved charge separation and enhanced reactive oxygen species (-OH, -O,", h*) generation
compared to its individual components. Under optimal conditions (20 mg catalyst, 5 mg/L LVX,
neutral pH), a 25.70% degradation was achieved after 120 min of irradiation, following pseudo-first-
order (PFO) kinetics. While the degradation efficiency was modest, the catalyst operated effectively
under low-energy conditions and demonstrated selective antibacterial activity against E. coli in dark
conditions. These findings suggest that ZIF-8/Gr composites hold promise as dual-functional materials
for pollutant mitigation and microbial control in niche wastewater applications, particularly where
energy availability is limited. Further work is needed to enhance degradation efficiency and assess
long-term operational stability.
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Water pollution is a widespread environmental problem caused by human activities, which leads to the
contamination of various water bodies such as rivers, lakes, oceans, and groundwater. Contamination can stem
from a range of sources, such as industrial discharges, agricultural runoff, sewage disposal, and improper waste
management practices. The introduction of harmful substances into water systems has a detrimental impact
on water quality and poses serious risks to both human health and ecosystems!. It is alarming to note that
water pollution-related diseases claim the lives of around 3.4 million people every year, as reported by the
World Health Organization (WHO)>. A particularly troubling consequence is the emergence of antibiotic-
resistant bacteria, driven by the excessive and improper use of antibiotics in both agriculture and healthcare
settings. These resistant strains can persist and proliferate in contaminated water systems, posing serious risks
to ecosystems and human health.

Levofloxacin (LVX) is a synthetic antibiotic that falls under the fluoroquinolone class. It is commonly used
due to its effectiveness in treating various bacterial infections, such as respiratory tract infections, urinary
tract infections, and skin infections. The mechanism of action involves the inhibition of bacterial DNA gyrase
and topoisomerase IV, which are crucial for bacterial DNA replication and transcription. LVX being a third-
generation fluoroquinolone, is widely recognized for its ability to effectively combat a wide range of bacteria,
including both Gram-positive and Gram-negative strains. LVX has a molecular formula of C H, FN.O,
and a unique structure with a fluorine atom, which boosts its effectiveness against bacteria. The hydrophobic
characteristics of the compound are attributed to the presence of the fluorine atom, enabling it to bind effectively
to different environmental matrices, such as polystyrene nanoparticles. It has been observed that LVX can
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withstand degradation during conventional wastewater treatment processes, resulting in its long-lasting presence
in aquatic environments. The stability of this compound is due to its unique chemical structure, which enables it
to resist microbial and biological oxidation.

Conventional wastewater treatment systems often fall short in effectively removing persistent antibiotics,
leading to their accumulation in natural water sources. This inadequacy is primarily due to the limited efficiency
of biological treatment processes, which fail to fully degrade antibiotic compounds, resulting in their discharge
into the environment?. Among the most studied methods for enhancing antibiotic removal are adsorption®=3,
membrane filtration, advanced oxidation processes (AOPs), and photocatalysis, with the latter showing the
greatest potential. Adsorption is one of the most widely researched techniques for removing antibiotics from
wastewater. In this method, antibiotic molecules adhere to solid surfaces, reducing their concentration in treated
water. Activated carbon and various other adsorbents have been shown to improve the removal efficiency of
antibiotics”!%. However, the performance of adsorption is heavily influenced by several factors, such as the type
of adsorbent used, the antibiotic concentration, and the presence of competing substances in the wastewater.
These factors may limit the scalability and efficiency of adsorption in large-scale applications.

AOPs are characterized by their ability to generate highly reactive radicals that oxidize and degrade organic
pollutants, including antibiotics. Methods such as ozonation and UV irradiation have been shown to effectively
break down antibiotic compounds in wastewater. Consequently, while AOPs offer a robust method for pollutant
degradation, their operational demands and potential side effects limit their widespread application!'?. Among
the advanced treatment methods, photocatalysis stands out as the most promising technique for antibiotic
removal from wastewater. Photocatalysis utilizes light-activated catalysts to degrade antibiotics and other organic
pollutants into less harmful substances. Previous studies have demonstrated that photocatalytic processes
using various semiconductor materials can achieve high removal efficiencies, making them a viable option
for sustainable wastewater treatment'*!%. Key advantages of photocatalysis include its operation under mild
conditions, low energy consumption, and the absence of secondary pollutants, which make it highly attractive
for large-scale applications. Additionally, advancements in photocatalytic materials, such as polyoxometalates,
have further enhanced the performance and efficiency of these systems!>!6.

Zeolitic Imidazolate Framework-8 (ZIF-8) is a highly promising semiconductor photocatalyst, especially in
solar-driven applications, due to its many advantages. One key benefit is its effectiveness in breaking down
various contaminants in water and air via reactive oxygen species (ROS)!7~'°. Although ZIF-8 is widely utilized
for the photocatalytic degradation of organic pollutants, its stability in water and low photocatalytic activity
remains significant limitations due to poor adsorption efficiency and challenges associated with the migration
and separation of electron-hole pairs*’-?2. The stability issue arises from the tendency of ZIF-8 to agglomerate
in water, which can hinder their effectiveness in practical applications??. Furthermore, the wide band gap of
ZIF-8, approximately 4.9 eV, limits its responsiveness to visible light, necessitating the use of UV light for
activation, which is not always feasible in natural settings®’. This limitation is compounded by the fact that
the photogenerated electron-hole pairs can recombine before participating in the degradation process, thereby
reducing the overall efficiency of the photocatalytic reaction?!.

Graphene (Gr) is an extremely thin film of carbon atoms that form a distinctive honeycomb pattern. It
possesses extraordinary qualities such as outstanding electrical and thermal conductivity, impressive mechanical
strength, and remarkable flexibility. The distinctive arrangement of carbon atoms in Gr, with sp? hybridization,
enhances electron mobility, which has led to its potential use in a wide range of applications such as electronics,
sensors, and catalysis?>. Graphene oxide (GO) and reduced graphene oxide (rGO) a functionalized derivative
of Gr are often reported for their tunable surface chemistry, high surface area, and ability to anchor various
functional groups or nanoparticles?*~?%. These properties make them highly suitable for applications in
environmental remediation, energy storage, catalysis, and biomedical devices. Previous studies have shown that
Gr based composites have great potential in the photocatalytic degradation of organic pollutants. For instance,
the ZIF-8/GO composite has been shown to improve the degradation of phenol derivatives and pharmaceutical
compounds due to the excellent electronic and optical properties of Gr, which facilitate enhanced ROS generation
and adsorption capabilities?’. Similarly, the ZIF-8-derived carbon modified with GO nanosheets demonstrated a
high removal efficiency for malachite green dye, attributed to the hierarchical porosity and conductive network
of the composite, which provides abundant active sites for adsorption and degradation?.

While ZIF-8 has shown potential as a photocatalyst, its low stability and limited visible light activity
hinder its practical application. In addition, previous studies have examined ZIF-8 composites for various
organic pollutants?-!, their performance under low-power UV conditions for fluoroquinolones, specifically
LVX, remains largely unexplored. Gr and their derivatives offer excellent electron mobility and surface area,
yet lacks strong photocatalytic activity alone. By integrating ZIF-8 with Gr via hydrothermal synthesis, this
study aims to overcome these limitations. We hypothesize that the resulting ZIF-8/Gr composite will exhibit
superior photocatalytic activity and antibacterial properties under low-intensity UV light, specifically targeting
the degradation of LVX. Therefore, there is a need to develop more efficient photocatalysts that can degrade
antibiotic pollutants. ZIF-8, with its unique visible light harvesting properties and compatibility with Gr, has
the potential to address these challenges. However, its application in LVX degradation remains underexplored.
This study seeks to fill this gap by fabricating a ZIF-8/Gr and evaluating its photocatalytic performance. The
primary goal of this study is to synthesize ZIF-8/Gr composite using the environmentally friendly hydrothermal
method. In addition, the study examines the physical and chemical properties of the synthesized photocatalyst
and evaluates its effectiveness in the photodegradation of LVX under low intensity UV light source.

Scientific Reports |

(2025) 15:33875 | https://doi.org/10.1038/s41598-025-07 444-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Materials and method

Materials

2-methylimidazole (Maclin, China), methanol (HmBG, Malaysia), zinc nitrate hexahydrate (Zn(NO,),-6H,0
(Sigma-Aldrich), and graphene oxide (GO) suspension (Nippon Shokubai, Japan) were purchased for use in this
study. Hydrochloric acid (HCI, Sigma-Aldrich), sodium hydroxide (NaOH, Sigma-Aldrich), and levofloxacin
(Tokyo Chemical Industry, TCI, Japan) were also obtained. All chemicals were of analytical grade and used
without further purification. Solutions were prepared in deionized water (pH 6.5-7) throughout the experiments.

Synthesis of ZIF-8

ZIF-8 is synthesized using the co-precipitation method as shown in Fig. la. This method involves the
simultaneous precipitation of zinc ions and organic linkers, typically 2-methylimidazole, leading to the
formation of ZIF-8 crystals. The co-precipitation technique is favoured for its simplicity and efficiency, enabling
the production of ZIF-8 with desirable properties for various applications®2. In a typical synthesis method, 1.78 g
of Zn (NO,),-6H,0 and 5.26 g of 2-methylimidazole were dispersed in two separate beakers containing 40 ml
of methanol each. The suspension was then stirred at room temperature for 6 h. The product was recovered
by centrifugation and washed three times with fresh methanol. It was then dried at 80 °C for 12 h, followed by
activation in a vacuum oven for an additional 12 h.

Synthesis of ZIF-8/Gr

The synthesis of ZIF-8/Gr was achieved using the hydrothermal method as shown in Fig. 1b. First, 9 g of GO
was dispersed in deionized water and sonicated for 3-5 h, ensuring complete dispersion. Following this, 30 mg
of as-synthesized ZIF-8 was added to the GO suspension, and the mixture was stirred at 400 rpm for 1 h using a
magnetic stirrer. The resulting mixture was then transferred into a 200 mL Teflon-lined autoclave and subjected
to hydrothermal treatment at 180 °C for 18 hours. After cooling to room temperature, the ZIF-8/Gr suspension
was filtered via vacuum filtration and thoroughly washed with ethanol and distilled water to remove any residual
impurities. The filtered product was dried in an oven at 80 °C for 12 h. Finally, the dried composite was carefully
collected, ground into a fine powder, and stored for further characterization and analysis. Notably, the resulting
carbonaceous phase will be referred to as “Gr”, representing hydrothermally reduced GO.

Characterization

XRD measurements were carried out using a Shimadzu XRD-6000 diffractometer. Scanning was conducted in
the 20 range of 10-80° with a step size of 0.02° and a scanning speed of 1°/min. Crystallite sizes were calculated
using the Scherrer equation, focusing on shifts in diffraction patterns to observe any phase changes due to Fe
incorporation. FTIR was performed on an Agilent Cary 630 FTIR spectrometer with the KBr pellet method.
Spectra were recorded over the 400-4000 cm™' range with baseline and atmospheric corrections applied,
identifying changes in functional groups due to Fe doping. The morphology of the MDW was accessed on a
JCM-6000 Versatile Benchtop Scanning Electron Microscope, JEOL Ltd, Japan. Samples were coated with a thin
carbon layer (~5 nm) to enhance conductivity. UV-Visible absorption spectra were recorded using a Shinco
S-3100 spectrophotometer. Absorption edges and bandgap energies (Eg) were determined by constructing Tauc
plots.

Photodegradation of LVX

The photocatalytic performance of bare ZIF-8 and ZIF-8/Gr were assessed by examining the degradation of LVX
under low intensity UV irradiation. The photocatalytic reactions were carried out in a custom-designed wooden
chamber using an Aquarium UV-Sterilizer Lamp (13W) as the light source. Prior to photo-illumination, the
system was maintained in the dark for 30 min to evaluate the contribution of the adsorption process. 3.5 mL
aliquots were collected at regular intervals to monitor the degradation process. The concentration of LVX in
each sample was determined using an IKEMELAB UV1200 UV-Vis spectrophotometer, which operates in the
wavelength range of 190-1100 nm. The maximum absorbance wavelength (A_ ) for LVX was set at 290 nm. The
degradation efficiency was calculated using the following formula:

(Co —C)
Co

max)

Degradation ef ficiency = x 100%

where C; represents the initial concentration of LVX, and C, denotes the concentration of the pollutant after
irradiation at time, t minutes.

Antibacterial test

The disk diffusion method was employed to evaluate the antibacterial activity of the prepared ZIF-8/Gr composite.
Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli bacteria were grown in Luria Bertania
(LB) broth at 37 °C overnight. The bacterial suspensions were inoculated on Mueller-Hinton agar plates at a
density of 1.5x 10 CFU/mL and adjusted to a turbidity of 0.5 McFarland standard. Sterile filter discs (6 mm in
diameter) impregnated with 1 mg/mL of ZIF-8/Gr suspensions, dissolved in DMF as the solvent, were prepared
separately. Standard susceptibility discs soaked in streptomycin (30 pg) and chloramphenicol (30 pug) were used
as positive controls, while discs soaked in sterile deionized water served as the negative control. Four sample
holes were made on the agar plates to dispense the suspension of ZIF-8/Gr, streptomycin, chloramphenicol and
deionized water. The filter paper discs were placed on top of the Mueller-Hinton agar plates, which were then
incubated at 37 °C for 24 h. The antibacterial activity of the ZIF-8/Gr was evaluated by measuring the the zone
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Fig. 1. Synthetic procedure for the synthesis of (a) ZIF-8 and (b) ZIF-8/Gr. Created with BioRender.com.
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of inhibition (ZOI) (mm) using a Vernier calliper. All plates. All experiments were carried out in triplicate and
data were expressed as mean * standard deviation (SD).

Antioxidant test

The antioxidant activity of the ZIF-8/Gr was evaluated using the DPPH (2,2-diphenyl 1-picrylhydrazyl) radical
scavenging assay. The test is crucial for determining the material’s ability to neutralize harmful free radicals,
a key factor in potential environmental applications. The ZIF-8/Gr was dissolved in two different solvents—
dimethylformamide (DMF), and methanol to assess how solvent choice influences antioxidant activity. For the
DPPH assay, a 1.9 mM solution of DPPH in methanol was prepared, and 0.1 mL of each ZIF-8/Gr solution was
added to 2 mL of DPPH solution. The mixtures were incubated in the dark at room temperature for 30 min to
avoid light interference. The colour change is determined by measuring absorbance with a spectrophotometer
at 517 nm.

Results and discussion

Figure 2a displays the SEM image of reduced Gr, which reveals a characteristic wrinkled and sheet-like
structure®*-3>, These morphological features are consistent with the inherent properties of Gr-based materials,
providing a high surface area and structural flexibility. The wrinkled surface morphology of Gr facilitates the
dispersion of ZIF-8 particles and offers abundant active sites for interaction, making it an ideal substrate for
composite formation. Figure 2b shows the SEM image of ZIF-8, which displays irregularly shaped aggregates
with a rough and porous surface morphology. Unlike the ideal polyhedral crystals commonly associated with
ZIF-8, the observed structure indicates a deviation likely due to synthesis parameters or agglomeration effects.
The rough surface and porosity suggest potential utility in adsorption and catalytic applications, as the increased
surface area can provide enhanced interaction sites. The sharp contrast and distinct dispersion confirm the
spatial integration of ZIF-8 onto the Gr substrate as shown in Fig. 2c. The Gr network appears as a continuous
flexible support, while the ZIF-8 nanocrystals are embedded or partially protruding from the sheet surface,
indicating strong interfacial interaction. This structural arrangement promotes interfacial charge transfer,
contributing to the enhanced photocatalytic performance discussed later.

The FTIR spectrum of bare ZIF-8 depicted in Fig. 3, reveal distinct vibrational bands characteristic of its
structure. Prominent peaks between 900-1500 cm™! correspond to the C-N stretching and bending vibrations
from the imidazole rings that form the ZIF-8 framework. The sharp bands at 995 and 1142 cm™ correspond
to the characteristic stretching vibrations of the C-N bond in the imidazole ring, while the peaks at 1307 and
1145 cm™! are indicative of the in-plane bending vibrations of the imidazole ring. Similarly, peaks at 1307, 1145,
and 993 cm™! are assigned to the in-plane bending signals of the imidazole ring, reinforcing the notion that these
vibrational modes are integral to the structural integrity of ZIF-8%. Additionally, C-H stretching vibrations are
observed around 2930-2970 cm™!, indicating the presence of alkyl groups within the imidazole linkers. The
absence of significant absorption bands beyond 3500 cm™! suggests minimal surface hydroxylation or moisture
adsorption, confirming that the bare ZIF-8 retains its structural integrity without notable modification by
environmental exposure. Gr exhibited a broad absorption band between 30003500 cm™!, which corresponds to
O-H stretching, likely due to the presence of residual hydroxyl groups or adsorbed water, as noted by. The peak
at 1700 cm™! corresponds to the carbonyl group, consistent with previous findings by Zheng and co-workers,
who reported similar carbonyl stretching vibrations in their analysis of rGO***. Additionally, a prominent peak
between 1560 and 1650 cm™! is attributed to C=C stretching vibrations, confirming the presence of conjugated
double bonds in the Gr structure. The weak peaks observed between 1000 and 1500 cm™ suggest the existence
of residual oxygen-containing groups, which could indicate incomplete reduction of GO, showing some retained
oxygen functionalities in the graphitic material, a characteristic supported by*’. The FTIR spectrum of the ZIF-

Fig. 2. SEM image of (a) Gr, (b) ZIF-8, (c) ZIF-8/Gr.
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Fig. 3. FTIR spectra of Gr, ZIF-8 and ZIF-8/Gr.

8/Gr shows a combination of features from both ZIF-8 and Gr, confirming successful integration of the two
materials. The characteristic C-N stretching vibrations of ZIF-8 from the imidazole rings appeared to reduce
in intensity. This is likely due to the interaction between the functional groups of Gr and the ZIF-8 framework,
which can lead to a reduction in the intensity of specific FTIR peaks associated with ZIF-8, such as those related
to the imidazole linkers*!. “The diminished or less pronounced vibrational bands associated with the imidazole
ring (particularly C-N stretching and in-plane bending modes) in the ZIF-8/Gr composite are duly noted.
However, such attenuation is consistent with literature reports where strong interfacial interactions between ZIF-
8 and Gr may lead to peak suppression or overlap, specifically in the region 900-1500 cm™! (Jamil et al.*!; Zhan
etal.%”). This is typically attributed to m- stacking, hydrogen bonding, or physical embedding of ZIF-8 particles
into the Gr matrix, which may obscure some functional group vibrations. Despite the reduction in intensity, key
vibrational modes around 1145 cm™! and 1307 cm™, corresponding to in-plane imidazole ring vibrations, are
still discernible (reduced intensity), indicating partial retention of the ZIF-8 structure. Furthermore, the absence
of sharp new peaks or strong shifts suggests no decomposition into secondary frameworks.”

The X-ray diffraction (XRD) patterns of ZIF-8, Gr, and the ZIF-8/Gr composite are presented in Fig. 4. The
XRD pattern of bare ZIF-8 displays sharp and intense peaks, particularly in the low-angle region (5°-20°),
indicative of its high crystallinity. The prominent diffraction peaks at 7.3°, 10.4°, 12.7°, 14.7°, and 18.0° (20)
are consistent with the cubic crystal structure of ZIF-8, as reported previously*?. These peaks correspond to
the (011), (002), (112), (022), and (013) planes, respectively, confirming the successful synthesis of ZIF-8. The
crystalline size of ZIF-8 was estimated using the Debye-Scherrer equation, focusing on the most prominent
peak at 20=7.3°. The calculation yielded a crystalline size of approximately 15.92 nm. The Gr exhibits a broad
peak centered at approximately 26.3° (20), corresponding to the (002) plane of graphitic carbon. The broad
nature of this peak is indicative of disordered stacking of Gr layers and partial reduction of oxygen-containing
groups. Additionally, a secondary peak at 44° is observed, attributed to the (101) plane, suggesting some retained
graphitic domains®’. This pattern confirms the presence of a partially reduced Gr structure with a mixture of
amorphous and crystalline phases. The XRD pattern of the ZIF-8/Gr shows diminished low-angle ZIF-8 peaks
and the emergence of new peaks>40°, consistent with partial transformation into ZnO during hydrothermal
treatment. This confirms that the final material is a ZnO/Gr hybrid derived from ZIF-8. The disappearance or
attenuation of ZIF-8’s characteristic low-angle peaks (e.g., 260=7.3°, 10.4°, 12.7°) and the appearance of new
peaks at higher angles (>40°) suggest that partial thermal decomposition of ZIF-8 may have occurred during
hydrothermal treatment at 180 °C. This transformation is likely facilitated by the presence of Gr sheets which
may promote the formation of ZnO or other zinc-rich phases, as also reported in studies where ZIF-8 was
treated hydrothermally in oxidative or acidic environments***>. The peaks appearing above 40° are consistent
with the (101), (102), and (110) planes of wurtzite ZnO, suggesting partial conversion of ZIF-8 to ZnO during
the composite synthesis. This phase evolution does not negate composite formation but rather indicates that the
final product is a ZIF-8-derived ZnO/Gr hybrid, as observed in other metal-organic framework (MOF)-derived
systems.

The UV-Vis absorption spectra and the corresponding Tauc plots of ZIF-8, Gr and the ZIF-8/Gr composite
are shown in Fig. 5a,b, respectively. The absorption spectrum of ZIF-8 displays a distinct absorption band in the
ultraviolet region below 300 nm, characteristic of its electronic transitions*. This is attributed to ligand-to-metal
charge transfer (LMCT) within the ZIF-8 framework. The relatively sharp absorbance peak reflects the intrinsic
properties of the ZIF-8 crystal structure. The reduced Gr exhibits a broader absorption profile, with a peak centered
around 270 nm, corresponding to the -7t * transitions of the conjugated sp? bonded carbon framework®>*”. The
broad nature of the spectrum across a wide range of wavelengths indicates its semiconducting properties with
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Fig. 4. XRD spectra of ZIF-8, Gr and ZIF-8/Gr.

some optical absorption in the visible region. For the ZIF-8/Gr composite, the spectrum shows features from
both ZIF-8 and Gr. The enhanced absorption across the UV and visible regions suggests strong interactions
between ZIF-8 and the Gr, which enhance light absorption and broaden the composite’s spectral response. This
synergistic effect can be attributed to the electronic coupling and interfacial charge transfer between ZIF-8 and
Gr. The optical band gaps (Eg) of the materials were calculated using the Tauc plot method, which involves
plotting (ahv)? versus photon energy (hv) and extrapolating the linear portion of the curve to the x-axis. The
calculated E_ values for ZIF-8, Gr and ZIF-8/Gr is 3.89, 3.23 and 3.49 eV, respectively. The observed optical
band gap of %.49 eV arises due to quantum confinement effects, residual oxygen-containing functional groups,
and lattice defects present in the rGO structure. This is consistent with previous literature, where rGO samples
with varying degrees of reduction show band gaps typically in the range of 2.5-3.5 eV depending on synthesis
conditions*. The intermediate band gap of ZIF-8/Gr reflects the synergistic interaction between ZIF-8 and Gr,
likely resulting from charge transfer at the interface, which alters the electronic structure of the composite. The
UV-Vis and Tauc plot analysis confirm the successful integration of ZIF-8 with Gr. The reduced band gap of
the composite, compared to bare ZIF-8, implies improved light-harvesting properties and enhanced electronic
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Fig. 5. (a) UV-Vis absorption spectra and their successive (b) Tauc plot of ZIF-8, Gr and ZIF-8/Gr.
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Fig. 6. (a) Photocatalytic degradation of LVX using various photocatalysts. (b) ~In C/C, vs time.

interactions. It is noted that the UV-Vis absorbance of the ZIF-8/Gr composite appears to approach the upper
detection limit of the instrument, particularly in the UV region below 300 nm. The strong absorbance is likely
due to the combined effect of ZIF-8s ligand-to-metal charge transfer (LMCT) and rGO’s broad n—m* transitions.
While this may introduce slight deviations in absorbance intensity, the bandgap estimation derived from the
Tauc plot remains consistent with values reported for similar ZIF-derived Gr hybrids.

Photodegradation test

The photocatalytic degradation performance of Gr, ZIF-8, and ZIF-8/Gr was evaluated over a 120-min period
under low-intensity UV light irradiation, preceded by a 30-min dark phase to establish adsorption equilibrium.
As shown in Fig. 6a, during the dark phase, adsorption of LVX onto the catalyst surfaces was observed, with
ZIF-8/Gr exhibiting the highest adsorption capacity due to its enhanced surface area and abundant active
sites provided by the synergistic interaction of ZIF-8 and Gr. This adsorption phase is crucial as it ensures
that any initial reduction in LVX concentration arises from adsorption alone, thereby providing a baseline for
distinguishing between adsorption and photocatalytic mechanisms***°. ZIF-8/Gr demonstrated the highest
degradation efficiency, achieving a C/C, value of 0.80, followed by Gr and ZIF-8 with values of 0.81 and 0.84,
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respectively. Gr, despite its remarkable electrical conductivity and high surface area, has limited intrinsic light
absorption, which restricts its direct photocatalytic performance. Furthermore, its thin optical thickness and
short-lived photogenerated carriers complicate photocurrent formation, further reducing its light absorption
efficiency. Bare ZIF-8 recorded the lowest degradation rate and kinetic constant, a result of its poor stability
in aqueous conditions’!. The dissolution of ZIF-8 in water leads to the formation of zinc and imidazolate ions,
which negatively impact its performance. Figure 6b depicts the corresponding rate constants (k) calculated
using pseudo-first-order (PFO) kinetics which follow the trend k (ZIF-8/Gr) >k (Gr) >k (ZIF-8). The superior
performance of ZIF-8/Gr is attributed to the synergistic interaction between ZIF-8 and Gr, which improves
charge separation, reduces electron-hole recombination, and facilitates the generation of ROS. While Gr’s
photocatalytic performance is inherently limited by its lack of a bandgap, its high surface area and adsorption
capacity enhance its overall activity. ZIF-8, by contrast, suffers from poor aqueous stability, which limits its
standalone utility. Integrating Gr with ZIF-8 addresses these shortcomings by improving charge transport and
providing additional active sites for pollutant adsorption and degradation.

The amount of catalyst used in photocatalytic degradation plays a critical role in determining the efficiency
and rate of the reaction. In this study, three different catalyst loadings of ZIF-8/Gr—5 mg, 10 mg, and 20 mg—
were investigated for the photocatalytic degradation of LVX. The results presented in Fig. 7a indicate a direct
correlation between the amount of catalyst used and the efficiency of the photocatalytic degradation process.
Increasing the catalyst loading from 5 to 20 mg led to a significant improvement in degradation efficiency.
The findings aligned with existing literature, which suggests that insufficient catalyst quantities can result in
suboptimal photocatalytic performance®?. At 5 mg, the degradation efficiency was minimal, with rate constant (k)
of 5.64x 10~ min~! after 120 min. Increasing the catalyst loading to 10 mg resulted in k value of 0.00152 min™?,
reflecting a notable enhancement in degradation efficiency. The highest loading of 20 mg achieved the maximum
performance, with k value of 0.00187 min~". This enhanced performance is attributed to the increased availability
of active sites, which facilitates greater generation of ROS and accelerates the photocatalytic degradation
process®®. Higher catalyst concentrations generally promote faster reactions due to more efficient utilization of
light and reactive species. However, beyond a certain threshold, further increases in catalyst loading may lead
to diminishing returns due to excessive turbidity in the reaction mixture, which scatters light and diminishes its
effectiveness. High turbidity reduces light penetration, thereby decreasing the effective photon absorption and
limiting the overall photocatalytic efficiency®. The degradation kinetics is depicted in Fig. 7b. The results clearly
indicate that increasing the catalyst loading from 5 to 20 mg resulted in a 3.3-fold increase in the rate constant.

In this study, the influence of initial LVX concentrations on the photocatalytic degradation efficiency
was evaluated using three concentrations: 5 mg/L, 10 mg/L, and 20 mg/L. The results presented in Fig. 8a
demonstrate an inverse correlation between the initial pollutant concentration and the degradation efficiency.
At alower concentration of 5 mg/L, the degradation efficiency was the highest, with LVX concentration reducing
to 3.686 mg/L after 120 min. For 10 mg/L, the degradation was moderately efficient, with the concentration
dropping to 8.126 mg/L, while for 20 mg/L, the degradation was minimal, with the concentration stabilizing
at 18.08 mg/L. This behavior is attributed to the saturation of active sites on the catalyst surface at higher
pollutant concentrations, which limits the degradation rate due to competitive adsorption and insufficient
active sites. The degradation kinetics were also analyzed using the PFO model, as shown in Fig. 8b. The rate
constant (k) values decreased with increasing LVX concentration, reflecting reduced degradation efficiency at
higher concentrations. Specifically, the k value was 0.00219 min™! for 5 mg/L, 0.00187 min~" for 10 mg/L, and
5.87x107* min™! for 20 mg/L. These results indicate a significant 3.7-fold decrease in the rate constant when the
initial LVX concentration increased from 5 mg/L to 20 mg/L. This trend highlights the critical role of pollutant
concentration in determining the efficiency and kinetics of the photocatalytic process. The reduced efficiency at
higher concentrations may also result from the absorption of incident light by LVX molecules, which reduces the
light available for photocatalytic activation of the catalyst™.

The effect of solution pH on the photocatalytic degradation LVX was systematically investigated, as shown in
Fig. 9a. Three pH levels were studied: acidic (pH 4.01), neutral (pH 7.01), and basic (pH 9.15). The results indicate
that the neutral pH condition provided the highest degradation efficiency, with the C/C, value decreasing to 0.74
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Fig. 7. (a) Influence of catalyst loading for LVX photodegradation. (b) ~In C/C, vs time.
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Fig. 9. (a) Influence of solution pH on LVX photodegradation. (b) ~In C/C vs time.

after 120 min. In contrast, the degradation efficiency was significantly lower under acidic (pH 4.01) and basic
(pH 9.15) conditions, with C/C, values of 0.93 and 0.97, respectively, over the same duration. The reduced
efficiency at acidic pH can be attributed to protonation of the catalyst’s active sites, which hinders interactions
between the catalyst and LVX molecules®. At basic pH, the generation of hydroxyl ions competes with ROS
formation, further limiting the degradation process™.

The degradation kinetics were analyzed as depicted in Fig. 9b. The rate constant (k) was highest under neutral
conditions, with a value of 0.00283 min~!, compared to 5.63x10™* min~! at pH 4.01 and 3.12x 10 min™!
at pH 9.15. These findings highlight a strong linear correlation between—1In(C/C,) and time at neutral pH,
indicative of efficient degradation kinetics. The lower rate constants at acidic and basic pH levels reflect the
suboptimal interactions between the catalyst and LVX under these conditions. Overall, the results emphasize
that maintaining a neutral pH is critical for maximizing photocatalytic degradation efficiency and optimizing
reaction kinetics.

The role of ROS in the photocatalytic degradation of LVX by ZIF-8/Gr was investigated using radical
scavengers, as shown in Fig. 10. Various scavengers were introduced to assess the involvement of superoxide
radicals (-O,)", hydroxyl radicals (-OH), and photogenerated holes (h*) in the degradation process, following
similar approaches used in previous studies on radical trapping mechanisms®. The baseline degradation
efficiency without any scavenger was 26%, serving as a control for comparison. The addition of ascorbic acid, a
known scavenger of -O,,” led to a notable decrease in the degradation rate to around 10%, indicating that -O, ~
play a significant role in the degradation of LVX, consistent with findings from related work on the photocatalytic
degradation of similar pollutants. EDTA, which effectively scavenges h*, caused the most dramatic reduction in
degradation, down to about 5%, suggesting that h* are a major contributor to the reaction mechanism. These
findings aligned with prior studies emphasizing the importance of h* in catalytic degradation processes®. On
the other hand, the introduction of methanol and tert-butyl alcohol, which are scavengers for -OH, resulted in
more moderate reductions in degradation rates, approximately 10% and 15%, respectively. This suggests that
-OH are involved in the degradation process but are not the primary reactive species compared to -O,” and h*.
The results of the radical trapping experiments indicated that the degradation of LVX is primarily mediated
by the following reactive species: h* >-0,”>-OH. These findings provide a basis for optimizing photocatalyst
designs to enhance ROS production and improve overall degradation efficiency.
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Fig. 11. Reusability and regeneration test of ZIF-8/Gr towards LVX degradation.

The reusability and stability of the ZIF-8/Gr catalyst were evaluated through three successive photocatalytic
degradation cycles of LVX, as shown in Fig. 11. The initial LVX concentration was controlled at 5 mg/L, and the
reaction conditions were kept constant to assess the consistency of the photocatalytic degradation performance.
After each trial, the catalyst was centrifuged at 4000 rpm to separate it from the water, washed with ethanol three
times, and dried for 12 h at 80 °C to ensure reusability in subsequent trials. The initial degradation efficiency
was 23.92% in the first cycle but decreased to 10.04% and 5.71% in the second and third cycles, respectively. This
decline in performance can be attributed to potential catalyst deactivation caused by several factors, including
the accumulation of residual by-products on the catalyst surface, incomplete regeneration during washing and
drying, and structural degradation due to repeated use®. Ethanol washing, while effective for initial cleaning,
may have altered the surface structure of the ZIF-8/Gr composite, reducing its active sites and photocatalytic
activity®!. Additionally, photo-corrosion or leaching of active components, commonly observed in some MOFs,
could contribute to the observed reduction in catalytic performance over multiple cycles®?. Despite the decrease
in degradation efficiency, the ZIF-8/Gr composite demonstrated adequate reusability for practical applications,
as the catalyst retained a portion of its activity after three cycles. Further optimization of catalyst regeneration
methods, such as alternative washing techniques or surface reactivation treatments, may improve its long-
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term stability. These findings highlight the importance of addressing catalyst durability to ensure sustained
performance in large-scale photocatalytic applications.

Possible photodegradation mechanism of LVX

A potential photocatalytic degradation mechanism for the ZIF-8/Gr composite under low-power intensity UV
light irradiation can be proposed as shown in Fig. 12. The conduction band (CB) of ZIF-8 lies at approximately
- 0.9 V vs NHE, while its valence band (VB) lies above+3.0 V. Upon UV irradiation, electrons are excited
from the VB to the CB. These electrons are transferred to Gr, whose Fermi level (~- 0.2 V) makes it an ideal
sink, facilitating charge migration and inhibiting recombination. The presence of Gr plays a crucial role in this
process, acting as an electron percolation network®®. The remaining holes in the VB participate in the generation
of hydroxyl radicals (-OH), while electrons on Gr reduce O, to superoxide radicals (-O,"). This directional charge
transfer underpins the observed synergistic enhancement in photocatalytic degradation.

This interfacial electron transfer reduces the likelihood of electron-hole recombination within ZIF-8, thereby
enhancing the availability of charge carriers for ROS generation. The transferred electrons reduce dissolved
oxygen to superoxide radicals (-O,"), while the remaining holes in ZIF-8 oxidize water or OH™ to generate -OH.
These reactions are in agreement with the scavenger experiments, which identified h* and -O,~ as the dominant
species. Thus, the ZIF-8-to-Gr charge transfer pathway is central to the composite’s improved photocatalytic
performance under energy-constrained UV conditions. The degradation of LVX via this mechanism can be
expressed through the following sequence of reactions:

1. Photoexcitation:

ZIF-8/Gr+hv (UV light) > ZIF-8/Gr (e” +h™)
2. Charge separation enhancement by Gr:

Gr reduces electron-hole recombination, improving the efficiency of charge carriers.
3. Reactive species formation:

h*+H,0>-OH
e +0,>-0,"
4. Degradation of LVX:
LVX+h*/-OH /-O,” > Oxidized intermediates > CO, +H,0

The possible degradation pathway of LVX during the photocatalytic reaction is also proposed based on literature
and theoretical understanding®®. The degradation process begins with the excitation of ZIF-8/Gr under UV
light, generating ROS that interact with the LVX, initiating oxidative breakdown at specific functional groups.
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Fig. 12. Proposed LVX degradation mechanism.
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Fig. 13. Antibacterial activity against (a) E. coli and (b) S. aureus using ZIF-8/Gr.

Sample Escherichia coli (E. coli) | Staphylococcus aureus (S. aureus)
ZIF-8/Gr 1.4+0.85 0.9+0.85

Streptomycin 1.7+0.80 3.8+0.8

Chloramphenicol 2.2+0.85 3.5+£0.7

Dimethylformamide | 1.5+0.80 0.90+0.85

Table 1. ZOI of ZIF-8/Gr towards E. coli and S. aureus.

The degradation starts with the decarboxylation of the methylmorpholine group in LVX resulting in a fragment
with a molecular ion peak close to m/z =336, indicating the loss of a carboxyl group. The degradation is followed
by oxidation of the piperazine ring in which the N-methyl piperazine ring undergoes oxidation, forming a
stable intermediate. Subsequently, de-alkylation reactions, defluorination and hydroxylation were predicted. The
intermediates will undergo further oxidative cleavage, breaking down into small organic acids and eventually
mineralizing into carbon dioxide and water. This hypothesized pathway highlights the stepwise transformation
of LVX into smaller intermediates, driven by the synergistic effects of ZIF-8/Gr. One previous study using
visible-light-driven peroxymonosulfate activation over CulnS,/g-C,N, proposed four distinct LVX pathways
(e.g., hydroxylation, fluorine removal, piperazine cleavage, and C-N bond cleavage)®. The proposed mechanism
provides insights into how LVX undergoes oxidative degradation, emphasizing the role of ROS in breaking down
complex structures into simpler, environmentally benign products. Although no LC-MS or GC-MS analyses
were conducted in this study, a potential sequence of intermediate transformations is hypothesized to elucidate
the degradation mechanism.

Antibacterial test

The antibacterial activity of ZIF-8/Gr dissolved in DMF was evaluated against two bacterial strains: E. coli and
S. aureus. The results, as depicted in Fig. 13 and summarized in Table 1, indicate that ZIF-8/Gr exhibited a
moderate antibacterial effect, particularly when compared to standard antibiotics such as chloramphenicol and
streptomycin. The mechanical damage is a primary mechanism by which Gr exerts its bactericidal effects, as
demonstrated by the ability of Gr nanospikes to physically rupture bacterial membranes and induce oxidative
stress, which together enhance their antibacterial efficacy®’. Previous study posited that the excellent antibacterial
activity of GO based Co-MOF is linked to synergistic effect of sharp edges of the GO sheets and the toxic effect
of cobalt ions Co?* which are released from their surfaces®.

For E. coli, the ZIF-8/Gr composite exhibited notable antibacterial activity, witha ZOI measuring 1.4+ 0.85 cm.
This result indicates the material’s potential to inhibit the growth of this Gram-negative bacterium. While the
ZOl is smaller compared to conventional antibiotics like chloramphenicol and streptomycin, the results indicate
that ZIF-8/Gr is still effective to some degree against E. coli. In contrast, for S. aureus, the ZIF-8/Gr results
are considered negative in terms of antibacterial activity, with a ZOI of 0.9+ 0.85 cm, which is quite low. This
suggests that the material has little to no significant antibacterial effect against this Gram-positive bacterium®.
The ZOI is much smaller compared to those of the control antibiotics, indicating that ZIF-8/Gr is not effective
against S. aureus. The differential antibacterial activity of ZIF-8/Gr against E. coli and S. aureus can be attributed
to several factors, including the structural differences between Gram-negative and Gram-positive bacteria, the
specific properties of the ZIF-8/Gr, and the mechanisms of action involved. E. coli has an outer membrane that
can act as a barrier to certain antibacterial agents, whereas S. aureus, lacks this outer membrane but has a thicker
peptidoglycan layer®. It is important to note that DMF employed as a solvent control, exhibited minimal to
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no antibacterial activity, with ZOIs of 1.5+0.80 cm for E. coli and 0.90+0.85 cm for S. aureus. These findings
reinforce the hypothesis that the observed antibacterial effects are attributable to the ZIF-8/Gr material itself,
rather than the solvent’’. Overall, while ZIF-8/Gr shows potential as an antibacterial agent, further optimization
may be required to enhance its effectiveness, particularly in comparison to established antibiotics.

Antioxidant test
The DPPH assay was further used to evaluate the antioxidant activity of the ZIF-8/Gr composite, specifically
its ability to scavenge free radicals, which are reactive species capable of causing cellular and tissue damage. As
illustrated in Fig. 14a,b, no observable color change was detected in the DPPH assay, indicating that ZIF-8/Gr
does not effectively donate electrons to neutralize the DPPH radical. This result suggests that the material lacks
significant antioxidant activity. In the context of photocatalytic applications, particularly in wastewater treatment,
the absence of antioxidant properties in nanomaterials can be advantageous. A lack of electron-donating activity
implies that the material will not neutralize ROS, which are essential for the degradation of organic pollutants.
Therefore, the limited antioxidant activity of ZIF-8/Gr may enhance its photocatalytic efficiency by allowing the
material to fully participate in ROS-driven reactions, which are critical for the breakdown of pollutants.
Although Gr has previously been reported to exhibit antioxidant behaviour, this property is highly dependent
on its surface chemistry. The antioxidant capabilities of Gr are closely tied to the presence of functional groups,
such as hydroxyl or carboxyl groups, which facilitate interactions with free radicals’!. However, these functional
groups were likely absent or reduced in the ZIF-8/Gr composite due to the hydrothermal treatment employed
during synthesis, which may have significantly reduced oxygenated functional groups on the surface. These
functional groups play a key role in the physical adsorption of superoxide anion radicals, thereby enhancing Gr’s
antioxidant capacity, ZIF-8, on the other hand, is primarily recognized for its catalytic and adsorption properties
rather than its antioxidant potential. The Zn ions in ZIF-8, along with its imidazolate linkers, are not structurally
equipped to engage in electron donation or free radical scavenging, which are typical mechanisms involved in
antioxidant processes. Moreover, the structural stability of MOFs under oxidative conditions can be a limiting
factor. For instance, Mn-based MOFs have demonstrated oxidative degradation under such conditions, which
could compromise their functionality’2. Therefore, the absence of antioxidant properties in ZIF-8/Gr aligns with
its design and purpose in photocatalysis rather than radical scavenging.

Cost analysis

The cost analysis for the synthesis of ZIF-8/Gr composite was conducted to evaluate its economic viability
for potential large-scale applications. The synthesis of ZIF-8/Gr was evaluated for cost efficiency, yielding
approximately 4.5 g of the catalyst at a total production cost of RM 242.95, which corresponds to RM 53.99
per gram as shown in Table 2. This analysis considered the cost of all raw materials, including Zn(NO;),-6H,0,
2-Methylimidazole and GO. The calculations were based on current market prices and the quantities of
each material used in the optimized synthesis procedure. The total raw material cost is at RM 217.18. A key
observation from this analysis is the significant contribution of Gr to the overall cost. While ZIF-8 synthesis
itself is relatively inexpensive due to the readily available and affordable precursors, the incorporation of Gr
substantially increases the final product cost. This cost increase is attributed to the more complex production
processes and higher market value associated with Gr materials. This finding highlights a critical trade-off in
the development of ZIF-8/Gr composites. While rGO imparts desirable properties such as improved stability,
and increased surface area, its inclusion comes at a considerable economic premium. It is also important to note
that economies of scale could potentially reduce the cost per gram in larger production runs. The hydrothermal

Fig. 14. Dose dependent decolorization of DPPH (20%, 40%, 60%, 80%, 100%) by ZIF-8/Gr dispersed in (a)
DMF and (b) methanol.
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Item ‘ Quantity (per batch) Unit cost (RM) Total cost (RM) | Notes

Raw materials

Zn(NO;),-6H,0 1.78 g 0.196/g 0.34 ZIF-8 framework

2-Methylimidazole 526g 1.87/g 9.84 Organic linker

Graphene Oxide (GO) suspension | 9.00 g 23.00/g 207.00

Total raw material cost 217.18

Synthesis process

Hydrothermal heating (180 °C) 1.5kWh x 18 h=27.0 kWh RM 0.24 per kWh* 6.48 Energy cost for ZIF-8/Gr synthesis

Sonication 0.23 kWh x 5 hours=1.15kWh | RM 0.24 per kWh* 0.27

Deionized water 200 mL RMO0.01/mL 2.00 For dissolving reagents and washing catalyst
Methanol (for washing) 20 mL RM 0.15/ mL 3.00 Used for ZIF-8 washing

Deionized water (for washing) 20 mL RM 0.11/ mL 2.20 Used for ZIF-8/Gr washing

Drying 1.5 kWh x 24 h=36.0 kWh RM 0.24 per kWh* 8.64 Energy cost for oven operation for ZIF-8 and ZIF-8/Gr drying
Calcination 3.0 kWh x 4 h=12.0 kWh RM 0.24 per kWh* 2.88 Energy cost for box furnace operation

Total process cost 2547

Equipment depreciation

Teflon-lined autoclave usage - - 0.20 Based on estimated equipment depreciation per batch
Centrifuge/filtration setup - - 0.10 Equipment for recovery and filtration

Total equipment cost 0.30

Overall synthesis cost 242.95 Per batch (4.5 g photocatalyst yield)

Table 2. Estimated costs involved in the synthesis of ZIF-8/Gr. *Sarawak energy tariff rate.

method employed for synthesizing ZIF-8/Gr is energy-intensive (RM 6.48) but offers high yields and superior
material properties, such as controlled crystallite size and phase purity. The operational costs associated with
maintaining a reaction temperature of 180 °C for 15 h are a significant factor. The operational energy requirement
for photocatalytic applications is notably low due to the catalyst’s ability to function under low-intensity UV
light. Using a low-power (13 W) UV lamp significantly reduces electricity costs, making this catalyst ideal for
low-energy, environmentally friendly applications.

Conclusion

This study synthesized a ZIF-8/Gr composite via a hydrothermal method and evaluated its performance for
the photocatalytic degradation of LVX under low-intensity UV irradiation. The ZIF-8/Gr composite exhibited
improved charge separation, enhanced ROS (-OH, 0,5, h*) generation, and moderate degradation efficiency
compared to its individual components. The optimal condition of 20 mg catalyst in 5 mg/L LVX solution at
neutral pH; achieved a 25.70% degradation after 120 min. While this efficiency is relatively low for practical
wastewater treatment applications, the ability to function under low-energy UV light presents potential for
energy-constrained or pre-treatment settings. Additionally, the composite demonstrated antibacterial activity
against E. coli in dark conditions, highlighting its dual functionality. However, the reusability test revealed a
marked decline in performance over three cycles, indicating a need for improved regeneration strategies or
catalyst stabilization. Overall, this work contributes to the ongoing development of MOF-based photocatalysts
and provides foundational insights into the synergistic interactions between ZIF-8 and Gr. Future studies should
aim to enhance degradation efficiency, investigate pollutant mineralization pathways through LC-MS validation,
and improve long-term catalyst stability for real-world applications.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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