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Abstract

The development of a new catalyst for highly efficient degradation of environmentally harmful pollutants is
targeted. In this study, g-CsN4y@ZIF-8 catalyst was produced to reduce both the widely used drug ketoprofen
(KEP) and the harmful organic dye impurity alizarin red (ARS) from aqueous solutions. In this system using g-
C3N4@ZIF-8 as the catalyst, the degradation of both KEP and ARS by a rapid chemical and heterogeneous

catalytic reaction was attributed to the synergistic interaction of the two components in the g-C3N4@ZIF-8§ catalyst.

In this study, graphitic carbon nitride doped nanoparticles containing ZIF-8 from the MOF group containing Zn
metal were synthesized by easy calcination and their characterization was completed both structurally and
superficially. The synthesized g-C3N4@ZIF-8 nanoparticle was used as a catalyst for the catalytic degradation of
ARS and KEP with NaBHa. The synthesized g-CsN4y@ZIF-8 was analyzed by X-ray diffraction (XRD), infrared
spectrometry (ATR-FTIR), XPS solid phase UV-DRS spectroscopy, Atomic force microscopy (SEM-EDX
Fourier Transform Infrared and zero charge point pH). Optimum parameters were determined by investigating the
effects of catalyst amount, NaBH4 concentration, contact time and pH on the removal mechanism. The kinetics of
ARS and KEP removal in the g-C3N4@ZIF-8 nanocatalyst were calculated using a pseudo-first-order model and
appropriate experimental data. A pseudo-first-order kinetic model was used to describe dye and drug removal, and

graphs showing the change between /n/Cy/C,] and time were drawn.

Key words: ZIF-8, g-C3N4, nanoparticle, degradation, drug, dye.

1. Introduction

In recent years, with the intensification of urbanization and rapid development of industrialization, the ecological
environment has been seriously damaged. Organic pollutants, especially those found in environmental wastewater,
such as pharmaceuticals, household waste, and dye waste from both food and textiles, are carcinogenic and
mutagenic and pose a great threat to water resources. Water pollution and water scarcity are one of the most
important and urgent environmental problems facing humanity today (Li et al., 2022; Yuan et al.2021). These
wastewaters can cause serious harmful effects for the environment due to the high toxicity and chemical resistance
they contain (Payra et al., 2021). Water pollution occurs when natural and human-induced factors come together

and harms ecosystems, human health and the economy. Dye wastewater is generated during the production and
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application of dyes, and an effective dye degradation technology and suitable catalyst materials must be found to

remove it from water (Ma et al., 2021).

Alizarin red-S (ARS) is dyestuffs generally used in large quantities for dyeing textiles, leather, paper and other
materials. ARS is an anionic dyes that cause many environmental problems resulting in environmental pollution
in wastewater. Among these organic dyes containing the anthraquinone ring as the basic structure, ARS (1,2-
dihydroxy-9,10-anthraquinonesulfonic acid sodium salt) is one of the widely used dyes, originally obtained from
the root of the madder plant. It is resistant to degradation due to its complex and aromatic structure and high
thermal and chemical stability. It is soluble in water and alcohol, some forms are carcinogenic, and it is resistant
to degradation due to its complex aromatic structure and high thermal and optical stability (Rani et al., 2017). The
cyclic structure of alizarin red is mainly based on the 1,2-dihydroxyanthraquine ring of alizarin, but this structure
is modified by functional groups added to alizarin. This derivatization process helps change the color and solubility
properties of alizarin red. Most treatment methods developed against this type of dye, whose complex structure of
aromatic rings makes it resistant to degradation, have been largely inadequate. If inhaled or ingested, ARS can
cause irritation of mucous membranes, especially in the lungs, eyes, skin, and respiratory tract, and cause other

serious health problems (Gholivand et al., 2015; Gautam et al. 2013).

Pharmaceuticals are an essential group of contaminants due to their widespread use and presence in drinking water
and freshwater sources, and their toxic effects on ecosystems and humans. Extensive studies conducted in the last
years have shown that purified drinking water contains a variety of pharmaceutical contaminants such as

antiepileptics, hormones, vitamins, analgesic and anti-inflammatory drugs, and antibiotics (Ahmed et al., 2021).

Nonsteroidal antiinflammatory drugs are a group of medications that are effective in reducing inflammation, pain,
and fever in the body. Because wastewater treatment plants (WWTPs) cannot effectively remove pharmaceutical
contaminants such as ketoprofen, these compounds are frequently detected in the aquatic environment. Ketoprofen
(2-(3-benzoylphenyl)-propanoic acid) (Figure 1) is one of the most widely used anti-inflammatory drugs widely
used to treat pain, fever, and inflammation and is frequently detected in wastewater and surface water (Mei et al.,

2025).

KEP is a nonsteroidal antiinflammatory drug widely used in the treatment of headaches, rheumatoid arthritis,
osteoarthritis, ankylosing spondylitis (Atzeni et al., 2021). In the chemical structure of Ketoprofen, there is a region

called the chromophore, with a light-sensitive chromophore called benzophenone. The benzophenone region in



73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

the chemical structure of ketoprofen sensitizes the drug to UV light, causing undesirable photoallergic effects such

as hypersensitivity and myasthenia gravis on human skin (Martinez et al., 2013).

O
OH
OH O
SO_‘;Na O
O

(@)
()

Fig. 1. Molecular structure of Alizarin Red (a) and ketoprofen (b) 2D structure

MOFs have promising potential in different fields such as gas storage, sensor, adsorption, antibacterial, drug
delivery, water purification, energy storage and catalysis (Bag et al., 2020). MOFs are suitable candidates for many
different applications as catalysts due to their high porosity, surface area, and chemical structure. The wide
structural diversity of MOFs is achieved by using different metal ions, organic ligands and configuration strategies
(Verma et al., 2023; Chirra et al., 2021). MOFs have chemically tunable properties for catalytic applications due
to their structure consisting of various metal clusters and organic linkers. These properties make MOFs suitable

for different catalytic applications.

ZIFs are a class of materials with numerous applications because they exhibit properties such as high and
homogeneous pore size distribution, crystalline structure, micropores, and high thermal and chemical stability.
ZIFs are often preferred because they offer greater adaptability for the design of hybrid metal-organic framework
structures due to their high surface area and functionality. ZIFs are microporous materials with broad application
areas that combine the unique properties of both zeolites and MOFs (Chirra et al., 2021). ZIFs are MOF structures
that are typically formed by reacting zinc (Zn) or cobalt (Co) as metal sources with imidazole or imidazole

derivatives as organic ligands in a solvent (Chen et al., 2014).

The 3D network structure of ZIF-8, tetrahedrally coordinated with zinc-centered methylimidazole linkers, provides

the catalytically active site and vertical surface area. Additionally, the framework structure of ZIF-8 may serve as
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a template for further modification and functionalization. ZIF-8 is hydrophobic and has high chemical and
hydrothermal stability and it can still maintain structural stability when the temperature is up to 500 °C, and can
also maintain its crystallinity and porosity after being placed in various solutions such as water and organic solvents
(Banerjee et al., 2009; Schelling et al., 2020). The ZIF-8 compound has high porosity, high surface area and easily
adaptable pore structures, allowing it to be optimized for the desired application with easily adaptable pore sizes.
ZIF-8 materials have been widely used in many forms, including particles, colloids, membranes or thin films, and
have been applied to various important fields such as catalysis, drug delivery, sensor, etc. (Schelling et al., 2020).
Although ZIF-8 has important properties on its own, combining this material with different supports in a
controllable manner enables the creation of composite or hybrid materials with new and advanced properties, and

these materials attract wide attention (Lu et al., 2012; Li et al., 2018).

Among many supporting materials, graphitic carbon nitride (g-CsN4), a metal-free polymer semiconductor
composed of carbon and nitrogen elements, is easy and low-cost to synthesize. The g-C3N4 composite formed with
ZIF-8 (g-C3N4y@ZIF-8) is widely applied in dye removal due to its thermal and chemical stability, large surface
area and high porosity (Zheng et al., 2021). Graphite carbon nitride (g-C3N4) nanosheets have great potential in
water splitting, carbon dioxide reduction, degradation of organic pollutants and catalytic studies due to their
absorbance and charge separation in dispersed suspension and band gap (2.7 e¢V) suitable for applications.
Nitrogen-based compounds such as melamine, thiourea, or urea are often used as precursors in the synthesis of g-
C3N4. Their economical, practical one-pot preparation method and high chemical and thermal stability enable g-
CsN4 to be successfully applied in the fields of catalytic degradation of pollutants, electrocatalysis, and energy

storage and conversion (Zhou et al., 2019).

There are some studies in the literature involving ZIF-8 and g-CsNs. In these studies, g-C3N4 was used as a support
surface and ZIF-8 was used to increase catalytic performance. A review of most studies in the literature revealed
that no study has used the g-C3;N4@ZIF-8 composite for chemically catalytic degradation in the presence of NaBH4
and without light. Some studies have incorporated different metals into the composite to enhance photocatalytic
performance. One study used the composite alone, while the present study investigated the photocatalytic
degradation of tetracycline. Therefore, the present study is not yet available in the literature, both in terms of
chemical catalysis and the types of pollutants reduced (Mahmoodi et al., 2025; Asadi et al., 2022; Yaseen et al.,

2025).
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The main objectives of this study are the preparation and detailed characterization of ZIF-8 and g-C3N4 modified
ZIF-8 heterostructures, and their subsequent catalytic use. In the presented study, the characterization of ZIF-8 and
pure g-C3Ny, as well as the g-C3Ns@ZIF-8 composite, is carried out using techniques such as XRD, FTIR, SEM-
EDX, UV-DRS, and XPS analysis. Finally, the use of the g-C3sN4@ZIF-8§ catalyst for the chemical degradation of
alizarin red and ketoprofen is carried out. The composite used in this study, g-CsN4@ZIF-8, has not been
previously used in the literature for the removal of ARS and KEP via chemical catalysis. This is the first study to

demonstrate the catalytical use of g-C3N4@ZIF-8 in the presence of NaBH4 by chemical catalysis.

2. Materials and methods

2.1. Materials

Melamine, zinc nitrate hexahydrate, 2-methylimidazole, ethanol, alizarin red, ketoprofen, NaOH, HCI, and NaCl
were purchased from Sigma Aldrich. Deionized water and chemicals purchased without further purification were
used during the experiments.

The structural features and composition of the ZIF-8, g-C3N4 and g-C3N4@ZIF-8 were identified with a X-ray
diffractometer (Bruker D8 ADVANCE XRD; source: Cu Kal radiation with A = 1.5406 A; scan rate: = 2 min—1,
40 kV, 40 mA) using Cu K radiation. FTIR spectra of the three samples were characterized using a Perkin Elmer
model 100 ATR-FTIR spectrophotometer. Morphological features were observed using SEM device (5600-LU
SEM, JEOL, UK). For catalytic performance studies, UV—vis diffuse reflectance spectra of the samples were
recorded on a UV-1700 spectrometer (Shimadzu, Japan). To determine the electronic properties of the catalyst,
UV-visible diffuse reflectance spectra (UV-vis DRS) were measured using a Shimadzu UV-3600 Plus UV-Vis-
NIR Spectrophotometer. The chemical states of the elements in the g-CsN4@ZIF-8 composite and the valence
band of the samples were examined by Thermo Fisher X-ray photoelectron spectroscopy (XPS) to reveal the
interactions between g-C3N4 and ZIF-8. After catalysis with the g-CsN4@ZIF-8 composite, the concentration of
the remaining ARS and KEP solution was determined by high-performance liquid chromatography (HPLC LC-

20AD, Shimadzu, Japan).

2.2. Synthesis of the ZIF-8
ZIFs were synthesized by the solvothermal synthesis method according to the literature (Park et al., 2006). Zinc
nitrate tetrahydrate (Zn(NOs)>-4H>0) (0.210 g, 8.03 x 10 mol), 2-methylimidazole (H-MeIM) (0.060 g, 7.31 x

10**mol) and 18 mL of DMF were taken into a 50 mL beaker and stirred at 50 °C for 30 minutes. Then, the reaction
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mixture was transferred to Teflon-coated sealed acid digestion bombs and placed in an oven set at 140 °C with a
temperature increase of 5 °C/min. After 24 hours the mixture was cooled and filtered. The resulting solid was

washed with DMF (10 mL x 3) and dried.

2.3. Synthesis of g-C3N4

Melamine (more than 99% purity) was purchased from Sigma-Aldrich. g-CsNs was successfully synthesized in a
furnace by a simple heating method according to literature (Figure 2) (Zhou et al., 2014; Xue et al., 2019). In the
synthesis of g-C3Ny, 5 g of melamine powder was obtained by heating in a covered alumina crucible at 550 °C for
4 h with a heating rate of 10 °C/min (Wang et al., 2019). When the crucible was cooled to room temperature, g-
CsNas powder was obtained as a pale yellow powder (Ma et al., 2015). The heating temperature used in the
experiments varied between 500 °C and 550 °C, and the heating rate was 10 °C/min. As the temperature increased,
the characteristic color of the crystallization of the deterioration darkened and a more perfect crystallization was

achieved (Zhao et al., 2018).

520 °C

Calcination

Melamine Graphite carbon nitride

Fig. 2. Schematic representation of g-C3N4 synthesis from melamine.

2.4. Synthesis of g-C3N4@ZIF-8
g-C3N4@ZIF-8 composite was prepared according to the method described in the literature. ZIF-8 and g-C3Ny
with different morphologies were combined to produce binary heterostructure composites that utilize the properties

of both materials (Sharma et al., 2023). For the synthesis of g-CsN4@ZIF-8, firstly, light yellow g-C;Nj4 precipitate
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was obtained from melamine calcination. ZIF-8 was added to the mixture of melamine and ethanol and stirred on
a magnetic stirrer until a homogeneous distribution was achieved. It was then heated to 70°C to evaporate the
ethanol (Guo et al., 2019). The resulting homogeneous mixture was placed in a 15 mL crucible for calcination and
gradually heated at a 50°C heating rate in 5 min. Once the temperature reached 520°C, it was held at this
temperature for 3.30 h (Xu et al., 2023; He et al., 2024). The obtained product (g-C3;N4@ZIF-8) was powdered and

stored in a closed environment. Figure 3.

»
70°C/1 hour
—_—

N, 520 °C/3,5 hour
mIM ZIF-8 Melamine C,H.OH Calcination

g-C,N,@ZIF-8

Fig. 3. Schematic representation of g-C3N4(@ZIF-8 nanoparticle synthesis

2.5. Catalytic experiment

The catalytic reduction property of g-C3N4 and g-CsNs@ZIF-8 were evaluated by the following procedure. Both
ARS and KEP, mixtures of NaBH4 solution and particles selected as contaminants, were monitored over time on
a UV-Vis spectrometer for catalysis experiments and the spectra were recorded. In the experimental setting, 1 mg
of catalyst, 1.0 107" M NaBH, and 0.9 mL of deionized water were added to a solution containing 1 mL of 1.0x107
M ARS or KEP. The degradation of the pollutant was monitored by the decrease of the absorbance maximum at

524 nm for ARS and at 260 nm for KEP. The catalytic reduction reaction was monitored over a 1 min time period
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using a UV-visible spectrophotometer. Degradation studies were also conducted without the use of NaBH4 and
nanoparticles. The conversion efficiency of ARS and KEP reduction was calculated by equation (Eq. 1) (Lin et

al., 2024).

Degradation(%) = _(AOA_At) "
0

where, 4y and A4, are the absorbance of ARS and KEP at the initial and periodic time intervals, respectively.
Kinetic calculations of degradation were also performed for both ARS and KEP. The (k) rate constant (min') of

the catalytic reduction was determined by employing equation (Eq. 2) (Suresh et al., 2023).

In (45) = —kt )

Ao
where, ¢ is a particular time (min). A plot of In(4/4) versus ¢ was drawn and fitted with a simulated linear line to

find the rate constant value.

3. Conclusion

3.1 Characterization

g-C3Ny, ZIF-8, and their composite g-C3N4@ZIF-8 were synthesized and characterized using different techniques
in this study. g-C3N4 was synthesized starting from melamine precursors, and then its composite was synthesized

with ZIF-8. Detailed characterization of both the precursor and the composite is presented below.

-C,N,@ZIF-8
00 g-CN@ :1618 1400 800 i
< / s i i 40
"4
N
3100 i

5N
1671} =

ZIF-8 N :
WN}ZO

Intensity (a.u.)

Transmittance (a.u.)

3500 3000 2500 2000 1500 1000 500 H 1 15 20 a5 30 3% Y
Wavenumbers (cm™')

Fig. 4 (a) Comparative FTIR spectra of pure ZIF-8 | Fig. 4 (b) Comparative XRD Analysis of Pure ZIF-8

and pure g-C3N4 and ZIF-8@g-C3Ny and Pure g-C3Ny and ZIF-8@C;N4
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Fig. 4 (c) Absorbance spectra of g-C3N4 and g- Fig. 4 (d) Tauc plots and band gaps of g-C3N4 and g-
CsN4s@ZIF-8 C3N4(@ZIF-8 molecules.

FTIR spectra of ZIF-8, g-C3N4 and g-C3N4@ZIF-8 molecules are shown in Figure 4(a). In the FTIR spectrum of
g-C3N4, which has a polymeric structure, the characteristic vibration of the triazine ring at approximately 810 cm"
!, the broad peak group in the range of 1200-1650 cm™' represents the stretching vibrations of the C-N and C=N
bonds in the aromatic structure, and the N-H stretching vibrations of the amino groups on the g-C3N4 surface in
the range of 3000-3300 cm™ (Jomekian et al., 2020). In the FTIR spectrum of ZIF-8, the peaks are those of the
Zn-N bonds at 421 cm™!, and those of the C-N and C=N groups in the 1000-1600 cm™' range. In the FTIR spectrum
of the composite structure g-C3N4@ZIF-8, characteristic peaks are observed for both g-C3Ny4 and ZIF-8 (Li et al.,
2024). This suggests that interactions related to the synthesis of the composite have occurred. The peak observed
at 1400 cm™! in the composite indicates ring stretching, while the peaks in the 750-690 cm™! range correspond to
in-plane ring bending modes. The peaks appearing at 750 and 800 cm™' were attributed to the aromatic C-H
bending. The strong peak at 420 cm™! can be attributed to the C-N bending vibration and the Zn-N stretching
vibration of imidazole, respectively (Qiu et al., 2021). The broad peak observed in the 3500-3200 cm™! range
indicates stretching vibration of the N-H bonds. However, due to the low ZIF-8 content in the composite material,
a decrease in the intensity of the characteristic peaks of ZIF-8 was observed. In addition, the peaks between 1200
cm! and 1650 cm! corresponded to the stretching of CN heterocycles, and the peaks at 1650 cm™ (C=C) and 3350
cm! (O-H) were associated with g-C3Na. All these findings proved that g-CsN4@ZIF-8 nanocomposite was
synthesized successfully (Karimi-Maleh et al., 2022).

The characteristic XRD peaks of ZIF-8, g-C3N4 and g-C3N4(@ZIF-8 are seen in Figure 4(b). In the XRD spectrum
of ZIF-8, peaks are seen at 7.281, 10.31, 12.66, 14.71, 16.41, 17.961, 22.11, 24.51 and 26.71 degrees. As can be
seen from the XRD spectra of g-CsNy, the extensive diffraction peaks occurring at 20 values of 13.1° and 27.4°

were attributed to the (100) and (002) planes, respectively. The peaks in g-C3N4@ZIF-8 composite, but not in g-

10
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C3Ny, are seen as 10.31, 14.71, 16.41, 17.961, 22.11. The strong diffraction peaks in g-CsN4@ZIF-8 molecules
indicate their excellent crystallinity, ZIF-8 was deposited on g-C3Ny, and the small shift in the XRD pattern of g-
CsNscomposite can be attributed to the incorporation of ZIF-8 into the g-C3;Ny structure and/or the interactions
between g-C3;Ny4 and ZIF-8 at the interface. The presence of these peaks observed in ZIF-8 and g-C3Ny in the
composite also confirms that g-CsN4@ZIF-8 was successfully synthesized (Yuan et al., 2021; Liu et al., 2018; Qiu
etal., 2021; Abed and Amar; Li et al., 2022). Additionally, the crystal size of g-C3N4@ZIF-8 was recorded as 6.72

nm using the Debye-Scherrer equation (3).

kA

D111 = 75—
0
(BcosH) 3

where, D is crystallite size, k (0.891) is Debye-Scherrer’s constant, 4 ((1.5406 A for CuKa radiation) stands for X-
ray wavelength, B indicates the full width at half maximum intensity (FWHM) of the XRD peaks and 6 is the
1liffraction angle (26).

Figure 4(c-d) shows the UV-visible DRS spectra of g-C3N4 and g-C3;N4@ZIF-8 compounds. The absorption
spectra of Bgen show a moderate absorption range throughout the entire visible spectrum. g-C3N4compound shows
less visible light absorption than g-CsN4@ZIF-8 and the absorption edge is shifted towards 450 nm in the visible
spectrum. The change in optical properties of g-CsN4@ZIF-8 molecule due to ZIF-8 doping is considered as
evidence of binding of two molecules. Figure 4(d) shows the tauc plot and the band gap energy of g-CsNjand g-
CsN4@ZIF-8 molecules is calculated by using Kubelka-Munk method. The band gaps of g-C3Nsand g-C3Ns@ZIF-
8 are 2.6 and 2.7 nm, respectively. The energy gap of g-CsNs@ZIF-8 is found to be smaller than that of g-C3Ny

(Sairaj et al., 2024).
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Fig 5(a). Point of zero charge (pHpzc) of g-C3N,4 Fig 5(b) X-ray Photoelectron Spectroscopy (XPS)

@ZIF-8 Analysis of g-CsNs@ZIF-8

The pHpzc value, which means the pH value of the solution at which the total charge on the surface of the
nanoparticles is zero (neutral), was calculated (Gatabi et al., 2016). The common drift method (or Corman Drift
Method) was used to determine the pHpzc value, which means the zero charge point or isoelectric point. For this
method, five different 20 ml, 0.01 M sodium chloride (NaCl) solutions were prepared and the pH values of the
solutions were adjusted to 2, 4, 6, 8, and 10 using 0.1 M NaOH and 0.1 M nitric acid (HNO3). 2 mg of particles
were put into each solution and the resulting suspensions were stirred for 24 hours at 25 °C with a shaking speed
of 150 rpm. At the end of 24 hours, the particles were separated from the suspensions and the final pH (PH(fin))
values were measured (Pereira et al., 2019). The ApH values were plotted against the initial pH (pHy) values
(Figure 5 (a)). The pHpzc value of the nanoparticle was found to be 7.485.

Figure 5 (b) shows the XPS spectrum of g-C3N4@ZIF-8. As shown in the full scan spectrum in Figure, Zn, C, N,
and O elements were detected, and the O 1s peak can probably be attributed to the adsorption of CO, and H,O
molecules on the surface of the sample. The peak at 284.6 ¢V in the C s spectrum represents sp? hybridized C—C
bonds, and the peak around 288.1 eV represents N-C=N bonds in the g-C3N4 structure (Yang et al., 2023). The
shift of the C 1s peak to 287.8 eV with the formation of the composite indicates electron transfer and chemical
interaction between ZIF-8 and g-C3N4. The peaks at 398.5 and 400.0 eV in the N 1s region represent C=N—C bonds
and terminal -NH groups, respectively (Yang et al., 2023). The peaks at 1021.7 eV Zn 2ps/> and 1044.8 eV Zn
2pi/2 in the Zn 2p spectrum confirm the presence of Zn** ions and the preservation of the ZIF-8 structure in the
composite (Sun et al., 2024). The approximately 0.1 eV increase in C 1s and N 1s, and the 0.2 eV decrease in Zn
2p, indicate a redistribution of surface electron density(Zheng et al., 2021). Small shifts in binding energies indicate
strong interactions between the components and a redistribution of surface electron density. These results confirm

that g-C3Ns successfully composites with ZIF-8 while maintaining its structural integrity.
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Fig 6(b). SEM images of g-C3sN4@ZIF-8, elemental mapping image of C, N, O and Zn, and EDX spectrum of

g-CNs@ZIF-8

The surface images of g-CsN4 and g-C3N4@ZIF-8 molecules were detected by SEM. Figure 6(a-b) exhibit the
solid sheet-like structures resulting from g-CsN4. Nanoscale layers are stacked on top of each other, exhibiting a
specific curvature. The structure is generally porous, with spaces between the layers. This porous architecture
facilitates the access of molecules to the surface during catalytic reactions, increasing their efficiency (Nguyen et
al., 2020). Aggregates consisting of fewer sheets and larger stacked structures can be observed in g-C3N4@ZIF-8,
confirming the successful assembly of g-C3N4 and ZIF-8 molecule. On the g-C3N4s@ZIF-8 surface, particles are
uniformly and homogeneously distributed. It was also observed that the particles tend to accumulate between the
layers (Golami et al., 2024).The ZIF-8 additive transformed the layer structure of g-C3Ny into a tighter, more
regular, and particulate morphology. The elemental composition of the g-CsN+@ZIF-8 nanocomposite doped with
0.1 wt% ZIF-8 was investigated in detail. EDS mapping images for both samples showed the distribution of surface
elements of C, N, O and Zn. Zn is not present in g-C3N4 molecule, while it is present in g-CsN4y@ZIF-8 composite
containing ZIF-8. The analyses revealed that ZIF-8 crystals are uniformly distributed on the layered structure of
g-CsN4, resulting in a more complex morphology. The absence of any impurity elements indicates that the material

is homogeneously formed and has high purity.
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3.2. Catalytic experiment results

g2-C3N4@ZIF-8 nanoparticles were selected for the catalytic removal of ARS and KEP in aqueous solution. 25
mg/L stock solutions of ARS and KEP were prepared separately. The degradation spectra of these solutions were
recorded using UV-Vis in the scanning range of 200-800 nm at ambient temperature (25+1 °C). The degradation
reaction of ARS was scanned at 524 nm on a UV-Vis spectrophotometer, while KEP was scanned at a maximum
wavelength of 260 nm. The catalytic effects of NPs on ARS and KEP removal were optimized by the factors of
pH, concentration, particle dose, and NaBH4 amount. All kinetic studies reported in this study were performed
under normal conditions. Catalyzed reaction rates were measured by monitoring the change in catalytic activity
with time for both KEP and ARS. Degradation experiments of the ARS and KEP in question were carried out in
the presence of NaBH4 used as a reductant, and the degradation times were monitored under UV-Vis
(Ahmaruzzaman et al., 2019). To study the effect of g-CsN4s@ZIF-8 on ARS and KEP removal, a certain amount
of NPs ranging from 1 to 3 mg were added to 2 mL of solutions containing 25 mg/L. ARS or KEP, respectively.
To study the pH effect of dye and drug, g-CsN4@ZIF-8 NP catalysts at different pH values were added to 2 mL of
aqueous solutions containing 25 mg/LL ARS or 25 mg/L KEP. To determine the effect of contaminant
concentration, catalysis was performed by adding 2 mg of C3sN4@ZIF-8 particles at an initial concentration of 10-
25 mg/L ARS and 10-25 mg/L KEP.

In the study, it was observed that sodium borohydride facilitated the reduction of ARS and KEP, however, this
process was not completely achieved when the degradation was carried out without the use of g-C3N4@ZIF-8. To
evaluate the catalytic activity of g-CsN4@ZIF-8, its catalytic reactions with ARS and KEP compounds were
studied under different conditions in the presence and absence of NaBH4. Under the same experimental conditions,
only 22.0% ARS and 19.0% KEP were removed by g-C3sN4@ZIF-8 NPs in the absence of NaBH4. The addition
of g-C3N4@ZIF-8 as a catalyst provided an alternative pathway with lower activation energy for the desired
reduction reaction, reducing the kinetic barrier and making the reaction more favorable. It was thought that g-
CsN4@ZIF-8 provided a suitable surface for the interaction of KEP and ARS particles with borohydride ions
(BH4") leading to the formation of degradation products. These nanoparticles kinetically facilitated the degradation
of KEP and ARS, resulting in complete reduction in a short time. According to this result, g-CsN4s@ZIF-8 alone
does not have catalytic ability, but when used with NaBH4, the removal efficiency and rate of ARS or KEP

molecules were significantly increased. This indicates that g-C3N4@ZIF-8 NPs have a strong catalytic ability to
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remove ARS or KEP in the presence of NaBHa. Catalytic experiments were completed with the removal efficiency

reaching 84.5% after 50 min for ARS and 99.4% after 20 min for KEP.

As a result, g-C3sN4y@ZIF-8 NPs showed excellent catalytic activity for AR and KEP removal with higher removal

efficiency and faster reaction rate. It is known that this is mainly due to ZIF-8 in the g-C3N4@ZIF-8 composite.

3.2.1 Catalytic Degradation of KEP and ARS under Different Experimental Conditions

g2-CsN4@ZIF-8 as a catalyst has been extensively investigated for its ability to degrade KEP and ARS, which lead
to their pollution by being released into water bodies. For the KEP degradation experiments, 4 mL solution was
prepared from 1 mg catalyst and 2 mL of 25 mg/L ketoprofen solution and 1.6 mM NaBHyj solution. For catalysis
experiments, firstly, as a Oth min measurement, UV-Vis spectroscopy was scanned in the range of 200-800 cm™!
without adding catalyst and then, with periodic measurements every 5 minutes by adding catalyst, ketoprofen
change in the medium was monitored (Figure 8(a) and 9(a)). Before the measurements, the samples were
centrifuged (13,000 rppm min™') to remove catalyst particles.

The catalytic reduction reaction of KEP and ARS with g-C;N4@ZIF-8 can be explained by the electron transfer
effect. ZIF-8 facilitates electron transfer between donors and receptors, allowing the transfer of electrons from
donors (BH4") to acceptors, KEP and ARS, via a redox mechanism. In the catalytic reaction, g-CsN4@ZIF-8 is
used with NaBHa4, a reducing agent, to facilitate the degradation of KEP and ARS. The basic mechanism of the
degradation is that g-CsN4@ZIF-8 is used as an electron relay, allowing electrons to be transferred from the BH4-
ion (donor BoH4/BHy) to the acceptor (KEP and ARS), resulting in a reduction reaction. The BH4 ion is adsorbed
on the surface of the NPs, which leads to electron transfer from the BH4™ ion to the dye via the NPs. g-CsN4y@ZIF-
8 offers a sustainable and effective method for the permanent removal of KEP and ARS from water via catalysis.
In this detailed study, g-CsN4@ZIF-8 has been proven to be useful in the degradation of KEP and ARS in a short

time.
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Fig. 7(d). Initial and post-process HPLC chromatograms of
ARS solutions used in the ARS removal experiment with g-

C3N4@ZIF-8 under optimum conditions

Sodium borohydride dissociates in water into Na* and BHs™! ions. The BH4 ™' ions serve as a source of both the

hydride ions present on the surface of the g-CsN4@ZIF-8 nanoparticles and the hydride ions surrounding the ARS

and KEP molecules. Hydrogen is released from the BH4 ! ions on the catalyst surface, and electrons are transferred

to the catalyst. g-C3N4@ZIF-8 acquires electrons and activates the bonds between the ARS and KEP molecules.

Conjugation weakens and breaks the X-bond between the ARS and KEP molecules. In the first step of the reaction,

—N—N- is converted to a nitrogen—nitrogen single bond, which is then broken from the -NH-NH- bond, making

the dye lighter and eventually colorless. After the reaction is complete, the product leaves the metal surface and

16



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

diffuses. The extent of decomposition of both AR (max. 524 nm) and KEP (max. 260 nm) in aqueous solution was
determined by UV spectrometry at overlapping wavelengths due to the n-n* and n-n* transitions and the R* band.
In the KEP removal study carried out using g-C3;N4@ZIF-8, HPLC chromatograms of the solutions obtained after
catalyst-free degradation (NaBH4) and catalytic degradation (g-CsN4 + NaBHy, ZIF-8 + NaBH4, g-CsN4@ZIF-8 +
NaBHa) processes applied to KEP solution at a concentration of 25 mg/L were recorded at 260 nm wavelength
Figure 7(b). In the initial chromatogram of the KEP solution recorded at 260 nm (Fig.7(b)(red)), the peak observed
at approximately 10 minutes confirms the presence of KEP molecules (Shaalan et al., 2013). No significant change
was observed in this characteristic KEP peak in the control experiment without catalyst (yellow) and in the
unmodified systems (purple and yellow). In contrast, the KEP peak at 10 minutes was completely lost in the
degradation process in the presence of g-CsN4@ZIF-8 catalyst. The disappearance of the characteristic peak
indicates that the KEP molecules are structurally damaged. Furthermore, the new peak observed at approximately
2 minutes in the catalytic degradation chromatograms (260 nm) indicates that KEP is converted into degradation
products.

KEP was reduced by electron/hydride transfer mediated by BH4™ adsorbed onto the g-C3N4@ZIF-8 surface in the
presence of NaBH.4. Reduction or decarboxylation of the carboxyl group may have occurred during this process
(Borsarelli et al., 2000). It is thought that benzophenone-like intermediates are then formed via hydroxylation or
hydrogenation of the aromatic ring (Djouadi et al., 2018). The high surface area and active centers of g-C3N4@ZIF-
8 accelerated this transformation by facilitating electron transfer. The appearance of new peaks at short retention
times in HPLC analysis indicates the formation of more polar and smaller molecules. Thus, it can be concluded
that KEP follows a multistage degradation pathway, with the cyclic structure breaking through reduced derivatives
(Lietal. 2017).

In the initial chromatogram of a 25 mg/L ARS solution obtained at 524 nm (Figure 7(d), (red)), characteristic
peaks specific to the ARS molecule were observed at 3.1 and 11.4 minutes (Khamis et al., 2020). No significant
change was observed in these peaks in the catalyst-free control experiments (yellow) and in the unmodified
systems (purple and yellow). As a result of the catalytic degradation in the presence of the g-CsN4@ZIF-8 catalyst,
the peak at 11.4 minutes completely disappeared, and the peak height at 3.1 minutes decreased. The simultaneous
appearance of a new peak around 4.2 minutes indicates that the ARS molecule has undergone structural
degradation and new intermediates have been formed.

The appearance of new peaks in the chromatogram at the end of the degradation process indicates that the dye has

transformed into more polar and lower molecular weight intermediates or end products. These new peaks are
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thought to correspond to derivative compounds formed as a result of reactions such as partial opening of aromatic
rings and conversion of sulfonate groups.

In this study, ketoprofen was tried to be removed with the g-CsN4@ZIF-8 catalyst at different pH values, pollutant
concentrations, NaBH4 concentrations, catalyst amount and even without using a catalyst. When optimum
conditions were created with the g-C3N4@ZIF-8 composite, ketoprofen degradation of up to 99.4% was achieved.
To determine the effect of pH on ketoprofen removal, catalytic degradation processes were applied to ketoprofen
solutions with pHs of 3.21, 6.51, 7.51, and 10.05. In addition, the effects of catalyst amount (1, 2, 3 mg), KEP
concentrations (15-30 mg/L), and NaBH4 concentration (0.5-1.6 mM) on KEP removal were investigated and the

results are presented in Figure 8 (a-h).
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Fig. 8 (a). UV-Vis spectrum of chemical catalytic removal of KEP (Experimental conditions: NaBH;
concentration 1.2 mM, g-C3Ny @ZIF-8 dosage 1.0 g/L, initial KEP concentration 25 mg/L)., (b) UV-Vis
spectrum of chemical catalytic removal of KEP under different conditions (Experimental conditions: NaBH4
concentration 1.2 mM, g-C3N4 @ZIF-8 dosage 1.0 g/L, initial KEP concentration 25 ppm, 15 min), (c) Effect
of pH on KEP removal using g-CsN4(@ZIF-8 nanoparticle (Experimental conditions; 1.0 g/L g-C3N,@ZIF-8,
25 mg/L KEP and 1.2 mM NaBH,4), (d): Comparison of chemical catalytic degradation experiments of KEP
under different experimental conditions (Experimental parameters: pH 6.56, NaBH4 concentration 0.5 mM, g-
C3Ny @ZIF-8 dosage 1.0 g/L, initial concentration 25 ppm)., (e). Effect of g-C3N4 @ZIF-8 dosage on KEP
degradation (Experimental parameters: pH=6.51, 25 mg/L KEP and 1.2 mM NaBH,),(f). Effect of NaBH4
concentration on the removal of ketoprofen via catalytic degradation (Experiment parameters: pH 6.51, g-C3Ny4
@ZIF-8 dosage 1.0 g/L, KEP concentration 25 mg/L)., (g) Effect of drug concentration on KEP removal using
2-CsNy@ZIF-8 (Experimental conditions; 1.0 g/L g-CsN @QZIF-8, pH= 6.51 and 1.2 mM NaBH,), (h) Catalytic
degradation and First-order kinetics curves of KEP with g-CsN4@ZIF-8.

Catalytic performance study was carried out using ARS. For this purpose, ARS removal was examined under
conditions with and without the use of catalyst. Figure 9 shows the catalytic degradation curves of ARS. In the
study, ARS was degraded up to 84.5% under optimum conditions with g-C3N4@ZIF-8. Similar to the KEP study,

in order to determine the effects of different parameters on ARS removal, different pHs (3.12, 6.55, 7.45 and
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10.23), catalyst amount (0.5, 1.0, 1.5 mg) and NaBH4 concentration (2.0-2.8 mM) were studied and the results are
presented in Figure 9(a-h).

The effect of catalyst amount on the removal of KEP and AR is shown in Figure 8(g) and Figure 9(g). For both
pollutants, higher amount of g-CsN4@ZIF-8 NPs used means higher catalytic efficiency and reaction rate. As
shown in the figures, the removal efficiency of KEP was 34.1% in 50 min after the addition of 1 mg g-CsN4s@ZIF-
8 NPs, while it increased to 81.5% at the dosage of 2 mg g-CsN4s@ZIF-8 NPs. Similarly, for ARS, the catalytic
efficiency increased from 5% to 10% when the dosage was increased from 1 mg to 2 mg. The increase in the
amount of g-CsN4@ZIF-8 NPs increases the surface area of the catalyst, enabling the transfer of active hydrogens
and electrons to the target pollutants Therefore, the removal efficiency of the pollutants increased greatly with the
increase of the active surface area of the catalyst and the reaction time was shortened. However, the removal rate
and time of KEP and ARS did not change significantly when the amount of g-CsN4@ZIF-8 NPs exceeded 3 mg
for both pollutants. This may be due to the limited number of electrons produced by a certain amount of NaBHa4,
which is the reductant in the medium. Moreover, higher amount of catalyst can reduce the surface area by
agglomerate formation of catalyst particles. This is because at higher doses the catalyst aggregates, leading to a
decrease in the number of active sites responsible for catalytic reactions. Therefore, the optimum dosage of
catalytic material was kept constant at 2 mg for each experiment.

The effect of pH on the catalytic efficiency of g-C3N4@ZIF-8 NPs for the degradation of KEP and ARS in the
presence of NaBH4 was studied. The degradation rate of KEP and ARS was found to be higher in neutral pH
environments compared to basic or acidic environments. It was also seen that degradation was higher in basic
environments compared to acidic environments for both substances. It is thought that this change in the degradation
rate is due to the pH affecting the chemical structure of both the catalyst and KEP and ARS, and also due to
structural changes in the catalyst depending on the pH.

As shown in Figure 8(c) and Figure 9(c), when the solution pH was varied between 3.12 and 10.23, the removal
efficiency of KEP was found to be between 38.9% and 99.4% after every 50 min of reaction time, and between
20.2% and 84.5% for ARS after a 70-minute reaction time.

The study showed that g-CsN4@ZIF-8 NPs could be used to remove both pollutants in the specified pH range and
their removal was dependent on the solution pH. It was observed that high removal efficiencies were obtained at
pH values of about 7.0, which is close to the neutral pH value for KEP and ARS. The pH study indicated that g-

C3N4@ZIF-8 NPs could effectively remove pollutants under near-neutral conditions.

20



2,0

——ARS
3 315 ——g-C3N4@ZIF-8
= s !
s by ——NaBHg
8 e g-C3Ng + NaBHg4
3 31 —— ZIF-8 + NaBHy4
[
g 5 — g-C3N4@ZIF-8 + NaBH
g :
B 05
0,0
200 300 400 500 00 200 300 400 500 600
Wavelength (nm) Wavelength (nm)
(a) (b)
——pH=3.12
104 —e—pH=6.55
\ s pH=7.45
—— PH=10.23
08
o
Q o8-
4]
04
02
0 10 20 30 40 50 60 70 "0 10 20 30 40 50 60 70
Contact time (min) Contact time (min)
(©
(d)
—=—g-C3N4@ZIF-8
—e— NaBHg4
1,0 ——g-C3Ng + NaBH4
—v—ZIF-8 + NaBHy
0.8 —e—g-C3N4@ZIF-8 + NaBH4
o
Q 06
o
04
02
0 10 20 30 40 50 60 70
Contact time (min) Contact time (min)

21




426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

t (minute)

e 10 20 30 40 50 60

In (C/Co) |

12 Y

14 4 y=-0,0292x-0,0542
R?=0,989 e

0,0 . . . T r . r -6 -
0 10 20 30 40 50 60 70

Contact time (min)

Fig. 9 (a). UV-Vis spectrum of chemical catalytic removal of ARS (Experimental conditions

1.5 g/L g-CsN4@ZIF-8 ve 2.6 Mm NaBH4 pH=6,55), (b) UV-Vis spectrum of chemical catalytic removal of
ARS under different conditions (Experimental conditions: NaBH4 concentration 1.6 mM, g-C3;N4@ZIF-8
dosage 1.5 g/L, initial ARS concentration 20 g/L, 70 min). (c) Effect of pH on ARS removal using g-CsN4@ZIF-
8 nanoparticle (Experimental conditions; 1.5 g/L g-CsN,@ZIF-8, 20 mg/L ARS ve 2.6 mM NaBH,), (d) Effect
of drug concentration on ARS removal using g-CsN4s@ZIF-8 (Experimental conditions; 1.5 g/L g-C3N4@ZIF-
8, pH= 6.55 and 2.6 mM NaBH,)., (e) Effect of NaBH4 amount on ARS dye removal using g-C3N4@ZIF-8
nanoparticle (experimental conditions; 1.5 g/L g-C3N4@ZIF-8 20 mg /L. ARS and pH=6.55), (f) Comparison
of chemical catalytic degradation experiments of KEP under different experimental conditions (Experimental
parameters: pH 6.56, NaBH4 concentration 1.5 mM, g-C3Ns @ZIF-8 dosage 1.5 g/L, initial concentration 20
mg/L)., (g) Effect of particle amount on ARS dye removal using g-CsN4@ZIF-8 nanoparticle (experimental
conditions; pH=6, 45, 20 mg/L ARS and 2.6 mM NaBH4), (h) Catalytic degradation and First-order kinetics
curves of ARS with g-CsN4@ZIF-8

3.2.2 Kinetics Studies of ARS and KEP
The kinetic parameters of the degradation process for KEP and ARS were calculated using the pseudo-first-order
reaction model. In the whole reaction process, since the NaBH4 concentration was much higher than the pollutant
concentrations, it was considered as a constant and the kinetic constants for KEP and ARS were calculated using
the pseudo-first-order kinetic equation. For this purpose, a straight line was obtained by plotting /n/Cy/C,] against
time(?), confirming that the reduction process follows the pseudo-first-order reaction kinetics. The results are given
graphically in Figure 8-9 (h). The kinetic equation of this catalytic reduction reaction can be given as /n/Cy/C;] =
—kt (Prasanna et al., 2024). Here, k is the apparent first-order rate constant (min') and ¢ is the reaction time, C, and
C, are the KEP and ARS concentrations at time ¢ and 0, respectively. The reaction rate constants k£ were calculated
for the g-C3N4@ZIF-8 in which KEP and ARS were degraded and & of g-C3N4@ZIF-8 for KEP and ARS were

found to be 0.206 min™' and 0.0292 min!, respectively.
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4. Results and discussion

In this study, g-C3N4 containing NP was successfully synthesized using MOF derivative ZIF-8. g-CsNs@ZIF-8
NPs were characterized in detail both structurally and superficially. Then, g-C3Ns@ZIF-8 NPs were successfully
used as a catalyst for the catalytic degradation of KEP, one of the most widely used active pharmaceutical
ingredients, and ARS dye, which is also widely used. The effects of pH, NaBH4 amount and impurity concentration
on the degradation were studied and the catalytic degradation efficiency of these two substances under optimum
conditions was found to be 99.4% (KEP) and 84.5% (ARS). Possible degradation mechanisms were suggested

using HPLC.
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