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Abstract

The aim of this study was to photodegrade the Polyethersulfone (PES), Polyvinylidene fluoride
(PVDF) and Polymethyl methacrylate (PMMA) microplastics using Zeolitic imidazolate
framework-8/Zinc oxide/Carbon (ZIF-8/ZnO/C) nanocomposite generated under laboratory
conditions. The produced nanocomposite was analysed using X-Ray Diffraction (XRD), Fourier
Transform Infrared Spectroscopy (FTIR), X-Ray Photo Spectroscopy (XPS), Scanning Electron
Microscope (SEM), Diffuse reflectance UV-vis spectra (DRS) and Electron Spin Resonance (ESR)
analyses. The maximum PES, PVDF and PPMA photodegradation yields were 99%, 98%, and
96%, respectively, at 1 mg/l ZIF-8/Zn0O/C nanocomposites (NCs) concentration, 1000 mg/I
microplastics concentration, at pH = 10.0, at a temperature and photodegradation time of
40°C and 20 min, under oxic conditions at a sunlight intensity of 80 W/m? and a photon yield
of 16. The XRD analysis showed the generation of ZIF-8/ZnO/C, while the FTIR analysis
indicated the ZnO, C, and ZIF-8.
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1. Introduction

Microplastics have small structures and are smaller than 5 mm in size. They are not biologically
degradable and can be easily transformed in the environment. The concentrations of microplastics
are highly increased in the sea, soil environments, food, and tap water. Microplastics have
accumulated since and were not easily biodegraded in the ecosystem. Among these microplastics
polyethersulfone (PES) has an amorphous shape and is resistant to high temperatures. Therefore, it
is commercially present in PES plastic resins and exhibits high resistance. PES exhibited high
absorptions and can be used to make the solvents. Polysulfones are relevant to a family that exhibits
high performance in thermoplastics. These PES exhibited toughness and stability properties at
elevated temperatures. Commercial polysulfones have an aryl-SO»-aryl group. Due to the high cost,
polysulfones are used in the production of polycarbonates. Three polysulfones are present:
polysulfone (PSU), polyethersulfone (PES/PESU), and polyphenylene sulfone (PPSU). They are used
at high temperatures like between -100°C and +200°C. They are used in electrical installations, car
production, and medical applications [1]. They are composed of aromatics, sulfonyl ether, and alkyl
groups. Polysulfones are resistant to hydrolysis and alkaline environments and have good electrical
properties. The chemical structure of PES is shown in Figure 1.
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Figure 1 Chemical structure of PES.

Polyvinylidene difluoride (PVDF) is resistant to reactions and was produced from vinylidene
difluoride's polymerization [1]. Its chemical formula is (C2H2F2)n. PVDF is extensively used in
microplastic applications and is resistant to solvents, acids, and hydrocarbons. PVDF density is low
(1.78 g/cm3) compared to polytetrafluoroethylene (PTFE). It is used in the piping instruments, tubing,
films, and plates. It can be used in chemical, semiconductor, medical, and defense industries. It is
also used in foam production and exhibits 3D filament properties [1]. The chemical properties of

PVDF are shown in Figure 2.
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Figure 2 Chemical properties of PDVF.
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Poly (methyl methacrylate) (PMMA) is produced from methyl methacrylate [1]. It is used as an
engineering plastic with transparent properties. PMMA is also known as acrylic, Lucite, and Perspex,
among several others. This plastic is used as a shatter-resistant alternative to glass. It can also be
used as a casting resin and coatings [1]. The chemical properties of PMMA are shown in Figure 3.
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Figure 3 Chemical properties of PMMA.

The recent studies performed by photodegradation of some microplastics, namely polyethylene
(PE), polypropylene (PP), Polyvinyl chloride (PVC), and carbon fiber (SCF) filled ethylene methyl
acrylate (EMA), Polyvinylidene difluoride (PVDF) and Poly (methyl methacrylate) (PMMA) with
different nanocomposites were summarized as follows:

Ding et al. [2] investigated the removal of polyethylene (PE) and polypropylene (PP) microplastics
as emerging contaminants in textile dyeing sludge (TDS). Microplastics' presence and types
inevitably influence TDS's combustion and pyrolysis. Their effects on the co-combustion/pyrolysis
emissions and residual metals of TDS remain poorly understood. Their study aimed to quantify the
impacts of polyethylene (PE) and polypropylene (PP) on the transports and transformations of
gaseous emissions and residual metals generated during TDS combustion and pyrolysis in the air,
oxy-fuel, and nitrogen gas N(g) atmospheres [2]. Thermal degradation of microplastics in TDS
occurred between 242-600°C. TDS played a significant role in promoting the initial release of plastic
volatiles [2]. Microplastics were increased by releasing volatile organic carbons (VOCs), and the
types of VOCs under the combustion and pyrolysis conditions and non-oxygenated organics and
hydrocarbons were released into the environment [2]. Liu et al. [3] aimed to characterize gas
products and bottom slag of the catalytic pyrolysis of medical waste infusion of Polyvinyl chloride
and PVC tubes using FeAlOx as a bimetallic catalyst to turn the carbon (C) into CO [3]. With FeAlOy
catalyst, the C-Cl bond in PVC degraded, increasing hydrochloric acid (HCI) and light hydrocarbon
gas emissions (e.g., methane, CHa) [3]. The addition of FeAlOy increased energy consumption and
caused an increase in pollutant emissions.

Das et al. [4] presented a synthesis of extensive research on using 2 dimensional (2D) materials
for removing microplastics. This material consists of graphene, graphene oxide, and transition metal
dichalcogenides and can be used in the PMMA microplastics remediation procedures [4]. Das et al.
[5] used polymer nanocomposites (PNCs) to remove the PP microplastics using catalytic and redox
degradation processes. Das [6] researched the application of polymer composites in various sensor
devices to remove the PVDF microplastics [6]. Bhawal et al. [7] researched the short carbon fiber
(SCF) filled ethylene methyl acrylate (EMA) NCs to remove the PP microplastics.

According to the photocatalytic research given above for removing the microplastic, namely, PP,
PE, and PMMA, low removal yields were detected, some ultimate gases and products negatively
affect the environment, and the treatment costs are incredibly high. Therefore, it is necessary to
produce economical and eco-friendly procedures to clean the pollutants in wastewater [8-10]. In
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recent years, ZnO has been extensively used during the photodegradation of organics because of its
non-toxic, low cost, and high photodegradation yield [11-14]. On the other hand, ZnO has a wide
band gap and low specific surface area. To overcome this problem, some procedures, such as
formation doping and non-doping metals, and some organics have large surface areas [15]. Metal-
organic frameworks (MOFs) are porous materials with metal oxides and rigid or semi-rigid organic
connections. MOFs have been extensively used in recent years due to their large surface area [16].
Zinc-based MOFs exhibited high performance in the photodegradation of organic pollutants with
metal sites [17]. ZIF-8 MOFs exhibited high chemical and thermal stability compared to other MOF
groups. However, the recombination of excited electron holes decreases the photodegradation
yields. Combining ZIF-8 with appropriate carbon groups reduces the redox efficiency of electron
carriers and increases the photodegradation efficiency.

In comparison with other photo nanocomposites, MOF nanocomposites have excellent
advantages. i) High surface area and high porosity provide rapid mass transfer and, as a result,
photocatalytic points accelerate the substrate's transport. ii) the structures provide great light
absorption surfaces. Therefore, many scientists generate various MOFs with macroporous and
single crystalline structures composites as photonanocomposites, improving the molecular mass
transfer yields [18, 19].

Among all the metal oxide electrodes, ZnO is exceptional due to its low cost, chemical durability,
and high energy efficiency [20]. ZnO nanoparticles on the surroundings of ZIF-8 can extensively
control the surfaces and interfacial places and then generate the heterostructure. The macroporous
structure improved carrier mobility, mass transfer efficiency, and light utilization during
photocatalysis. On the other hand, carbon has been widely used due to its high electrical
conductivity, large surface area, and good thermal/chemical durability [21]. The yield can improve
by generating a composite using ZnO and carbon. By spying on ZnO surrounding carbon, the
generating composite showed a high photocatalytic activity [22]. This is because carbon regulates
active sites at the surfaces, has high chemical durability, and can transfer twice higher values of yield
[23]. Adding an external carbon source to the ZnO/C composite can elevate their charge storage
capacity with ZIF-8, ending with higher efficiency and long durability.

The studies performed by ZIF-8 MOF containing ZnO were summarized as follows: Ding et al. [24]
investigated the photocatalytic yields of ZIF-8/Zn0O/Ca degrading organic compounds. Liu et al. [13]
investigated the ZIF-8 MOF-derived carbon modified with ZnO photocatalysts to improve the
photocatalytic CO; removal. He et al. [25] fabricated the ZnO nanoparticles derived from ZIF-8 MOF
with visible light for photocatalytic hydrogen production. Abdollahi et al. [26] researched the
photoremoval of dyes by ZIF-8 metal organic framework (MOFs)-based CuO-ZnO photocatalyst
under solar irradiation. Chao et al. [27] investigated the removal of tetracycline. Antibiotic with
modified ZIF-8 fibers. Pasanen et al. [28] prepared a ZIF-8 magnetic porous nanocomposite (nano-
Fe@ZIF-8) to remove the microplastics and plastic-derived endocrine disruptors.

The recent studies summarized above investigated the degradation of microplastics, namely
polyvinyl chloride carbon filters containing polyvinyl microplastics such as polyethylene and
polypropylene. No data on PES, PVDF, and PMMA microplastics photodegradation was found. No
study was detected for photo removal of the aforementioned microplastics with C, ZnO, ZIF-8, and
ZIF-8/Zn0O/C NCs. Furthermore, the quantum yield and band gap energies of C, ZnO, ZIF-8 and ZIF-
8/Zn0/C NCs were not measured yet.
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As mentioned, a lot of pollutants were removed by the ZnO nanoparticles derived from ZIF-8.
Until now, only two studies have investigated the photo removals of PES, PVDF, and PMMA
microplastics by ZIF-8.

Therefore, in this study in order to photoremoval of microplastics namely, PES, PVDF and PMMA
microplastics, a MOF nanocomposite, namely, ZIF-8/ZnO/C was produced under laboratory
conditions. The produced nanocomposite and C, ZnO, ZIF-8 were analysed using XRD, FTIR, XPS, SEM,
DRS and ESR analyses. The effects of increasing ZIF-8/ZnO/C NCs concentrations (0.1-3 mg/l),
photodegradation time (10-80 min), increasing concentrations of PES, PVDF and PMMA (100-1200
mg/l), pH (5.0, 7.0 and 10.0), sunligth power (20-120 W/m?) and temperature (20-40°C) on the
photodegradation yields of PES, PVDF and PMMA microplastics were investigated. Furthermore, the
quantum yield and band gap energies of C, ZnO, ZIF-8 and ZIF-8/ZnO/C NCs were compared.

2. Materials and Methods
2.1 Materials

Acetone, ethyl alcohol, methyl alcohol, glucose, zinc acetate (Zn(CH3COQ),), ammonium
hydroxide (NH4OH), and zinc nitrate (Zn(NOs),) were purchased from Merck (Germany) and without
further purification. 2-Methylimidazole was obtained from Sigma-Aldrich (Germany). Carbon (C),
Polyethersulfone (PES), Polyvinylidene fluoride (PVDF), and Polymethyl methacrylate (PMMA)
microplastics were purchased from Merck (Germany).

2.2 Synthesis of Photocatalytic Materials

The ZIF-8/Zn0O/C NCs was generated as follows: 10 g raw carbon was mixed with 80 ml acetone,
ethyl alcohol, and 40 ml deionized water for 20 h at 23°C room temperature. Then, the carbon was
prepared by washing and drying at 90°C for 3 h. Then, activated carbon was get by hydrothermal
procedure with 40 g/l glucose. This reaction was performed in a 200 ml reactor at 250°C for 3 h. The
carbon was washed with deionized water and dried at 90°C. Then, 400 ml solution was prepared
with 9.50 g Zn(CH3COQ); and 5 g NH40H for 40 h at 30°C. As a result, ZnO-Carbon was detected after
drying at 90°C for 2 h. 3.90 g of Zn(NOs3),; was added to 120 g methyl alcohol for 40 min. 7.90 g of 2-
methylimidazole was dissolved in 250 ml methyl alcohol. ZnO-Carbon was put into the 2-
methylimidazole solution for 20 min, and Zn(NOs) solution was prepared by mixing for 18 h at 80°C.
The ZIF-8/Zn0O/C was generated after washing and drying procedures.

2.3 Photodegradation Measurements

The ultraviolet (UV) irradiation treatments were performed using sun light at different time
intervals (morning 8.00 am, 10.00 am, 12.00 am, 13.00 pm, 15.00 pm, 16.00 pm, 17.00 pm in August)
to adjust the intensity a W/m?2. At given different photodegradation time intervals, the suspension
of 10 ml was sampled and separated by centrifuge, then analyzed according to the absorbance
between Amax = 200 nm and Amax = 500 nm by a UV-vis spectrometer (Cary 5000 UV-Vis
Spectrophotometer from Varian, Siemens, Germany) with a Quartz cuvette.
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2.4 Characterization

XRD analysis was performed on a Shimadzu XRD-7000, Japan diffractometer using Cu Ka
radiation (A = 1.6000 A, 50 kV, 50 mA) at a scanning velocity of 1.7°/min in the 13-85° 26 range.
Raman spectrum was detected with a Horiba Jobin Yvon-Labram HR UV-Visible NIR (200-1600 nm)
Raman microscope spectrometer at 520 nm. The Raman spectrum was achieved from 12 scans at a
resolution of 2.4/cm. The FTIR spectra were measured using the FT-NIR spectroscope (RAYLEIGH,
WQF-510). ZIF-8/Zn0/C samples were scanned using infrared light, and their chemical properties
were obtained using FTIR spectra. The samples' valence state was investigated and analyzed using
XPS (ESCALAB 250Xi, England). With Al Ka source surface, chemical composition and reduction state
analyses were performed at 35 eV. The peak of disturbances was done using XPS-peak 41 software.
SEM (FESEM, Hitachi S-4700) investigated the generated catalyst's morphological properties. SEM
investigated the composition of the elements in the ZIF-8/ZnO/C. Diffuse reflectance UV-vis spectra
(DRS) between 200 and 800 nm were recorded on a Varian 5000 spectrophotometer.

2.5 Quantum Yield During Photodegradation

Both hydroxyl and superoxide radicals (OH® and O2®) were produced from nanocomposites
during photodegradation under UV, which was investigated by the measurements of the intensity
of active species performed by the electron spin resonance (ESR). Compared with ZnO/C and ZIF-
8/C, ZIF-8/Zn0O/C NCs showed a more substantial peak disturbance with characteristic peaks of OH*®
and Oy during photodegradation. In the photocatalytic process, the production of O, can be
defined with the reaction between electrons and surface adsorbing the oxygen, while OH® indicates
the holes re-reacting with OH™®. The presence of O, contributes to the yield of OH®. The organics
can be photodegraded by OH® and Oy® in redox [29]. The time-dependent differential quotient
calculated the quantum yield according to Eq. 1 [30].

ANproduct (t)

ANphoton(t) (1)

deiff(t) =

Where AN was the increase in substrate over a time interval At and AN photon exhibits the number
of absorbed photons during that t time.

2.6 Microplastic Measurements

The microplastics studied in this study was measured according to the method developed by
Dong et al. [31].

2.7 Statistical Analysis

Regression analysis between variables was performed using the EXCELL in Microsoft WindowsTM
(HP, USA). The linear correlation was assessed with r2. The r? value is the correlation coefficient and
reflects statistical significance between dependent and independent variables. Analysis of variance
(ANOVA) (SAS ANOVA procedure) test was used to assess the data obtained in reactors using the
EXCELL in Microsoft WindowsTM (HP, USA).
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3. Results and Discussions
3.1 XRD Analysis Results

The results of XRD analysis were obtained after the photodegradation process for PES, PVDF, and
PMMA microplastics with ZIF-8/ZnO/C NCs (Figure 4). The characterization peaks of C were found
at 20 values of 5.64°, 11.17°, 14.36°, 15.45°, 17.25°, 18.58°, 19.12°, 23.24°, 24.71°, 27.26°, 28.52°,
30.20°, 31.02°, 32.68°, 33.75°, 34.77°, 35.49°, 37.41° and 43.08°, respectively, and which can also be
indexed as (101), (210), (204), (110), (201), (312), (220), (012), (111), (100), (210), (213), (112), (301),
(103), (102), (013), (203) and (212), respectively (Figure 4, black pattern). The characterization peaks
of ZnO were observed at 26 values of 5.68°, 10.54°, 14.42°,18.31°, 23.39°, 27.45°, 34.71° and 37.89°,
respectively, and which can also be indexed as (210), (110), (201), (220), (111), (102), (012) and (113),
respectively (Figure 4, red pattern). The characterization peaks of ZIF-8 were obtained at 26 values
of 5.70°, 10.50°, 13.48°, 18.63°, 25.87°, 27.11°, and 33.49°, respectively, and which can also be
indexed as (110), (211), (120), (101), (122), (022) and (100), respectively (Figure 4, green pattern).
The characterization peaks of ZIF-8/ZnO/C NCs were measured at 20 values of 5.52°, 10.15°, 14.32°,
18.10°, 28.14°, 32.01° and 34.47°, respectively, and which can also be indexed as (121), (010), (120),
(020), (101), (202) and (111), respectively (Figure 4, purple pattern). This phenomenon indicated
that the nucleation site was formed, which can be explained as "the mold can provide metal oxide
by sacrificing the self-released metal ions".

ZIF-8/Zn0/C
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Figure 4 XRD pattern of C (black pattern), ZnO (red pattern), ZIF-8 (green pattern) and
ZIF-8/Zn0O/C NCs (purple pattern), after photodegradtion process for PES, PVDF and
PMMA microplastics with ZIF-8/ZnO/C NCs, respectively.

3.2 FTIR Analysis Results

The FTIR spectrum of ZnO, C, ZIF-8, and ZIF-8/ZnO/C NCs was determined after the
photodegradation process for PES, PVDF, and PMMA microplastics with ZIF-8/ZnO/C NCs (Figure 5).
The maximum disturbances for ZnO in the FTIR spectra were detected at 3500 cm™, 2350 cm%, 1400
cm, 850 cm?, 550 cm?, and 500 cm™ wavenumbers, respectively (Figure 5, black spectra). The
maximum disturbances for C in FTIR spectra were detected at 3450 cm™, 3250 cm™, 2850 cm™, 1600
cm, 1400 cm™?, 1350 cm™, 1280 cm™?, 1180 cm™, 1150 cm™%, 1000 cm™?, 750 cm™?, 600 cm™, 530 cm"
1 and 375 cm™ wavenumbers, respectively (Figure 5, blue spectra). The maximum disturbances of
FTIR spectrum for ZIF-8 were observed at 3125 cm™, 2850 cm™, 2200 cm™, 1600 cm™, 1490 cm™?,
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1350 cm™, 1300 cm™?, 1200 cm™, 1150 cm?, 1000 cm™, 750 cm™?, 600 cm™, 575 cm™ and 480 cm™,
wavenumbers, respectively (Figure 5, green spectra). The maximum disturbances of ZIF-8/Zn0O/C
NCs in FTIR spectra were illustrated at 3130 cm™, 2930 cm™, 2400 cm™?, 1580 cm?, 1425 cm?, 1300
cm, 1250 cm, 1200 cm™, 1000 cm™?, 750 cm™, 700 cm™ and 450 cm™ wavenumbers, respectively
(Figure 5, yellow spectra).

Y i j
. \ 1 ZIF-S/Zn0O/C . i :
e L DR S R PR G
I NV
1 ' ' 1 \J 1
' il [ '
1 ' ' ' 1 1
-~ ' ) ZIF-8 (. '
= 1 ' ' [ 1
8 N |
T i
2 O Y- : :
& mW|
= ) ' ' 1 l U
- ' [ '
1 ' ' 1 '
' AL ' '
' o ' '
' [ o '
1 ' ' ' 1 |
1 ' ' n0O LI '
1 | ! 1 1) '
g ‘o \/
'l . U. L) L) lll L) ll

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Figure 5 FTIR spectrum of ZnO (black pattern), C (blue pattern), ZIF-8 (green pattern),
and ZIF-8/Zn0O/C MOF (yellow pattern) after photodegradation process for PES, PVDF
and PMMA microplastics with ZIF-8/ZnO/C NCs.

3.3 XPS Analysis Results

The XPS analysis of C, ZnO, ZIF-8 and ZIF-8/ZnO/C NCs were performed to investigate the
photodegradation process for PES, PVDF and PMMA microplastics with ZIF-8/ZnO/C NCs (Figure 6).
The maximum absorbance were detected at binding energies of 1208.12 eV, 1150.08 eV, 400.05 eV,
and 290.59 eV for ZIF-8/Zn0O/C NCs (Figure 6, purple spectra), 1309.63 eV, 1150.14 eV, 550.58 eV,
and 285.74 eV for ZIF-8 (Figure 6, green spectra), 1308.36 eV, 1125.11 eV, 552.18 eV, 500.03 eV and
183.45 eV for ZnO (Figure 6, blue spectra), and 550.71 eV, and 290.81 eV for C (Figure 6, red spectra),
respectively, after photodegradation process for PES, PVDF and PMMA microplastics with ZIF-
8/Zn0/C NCs.

ZnO

— ]
ZIF-8/Zn0O/C

1200 1000 800 600 400 200
Binding energy (eV)

Intensity (a.u.)

Figure 6 XPS spectrum of ZIF-8/ZnO/C NCs (purple spectra), ZIF-8 (green spectra), ZnO
(blue spectra) and C (red spectra) after the photodegradation process for PES, PVDF, and
PMMA microplastics with ZIF-8/ZnO/C NCs.

Page 8/24



Adv Environ Eng Res 2024; 5(4), doi:10.21926/aeer.2404019

3.4 SEM Analysis Results

The morphological features of ZIF-8/ZnO/C NCs were characterized through SEM images after
photodegradation for PES, PVDF, and PMMA microplastics with ZIF-8/ZnO/C NCs (Figure 7).

Figure 7 SEM images of ZIF-8/Zn0O/C NCs after the photodegradation process for PES,
PVDF and PMMA microplastics with ZIF-8/ZnO/C NCs (FESEM image size: 5 um).

3.5 DRS Analysis Results

In the comparison of C (Figure 8, purple curve), ZnO (Figure 8, blue curve) and ZIF-8 (Figure 8,
green curve) it was detected a very high electron absorption in the UV region at 240 nm, 275 nm
and 250 nm, respectively. On the other hand, the band gap energies of C, ZnO and ZIF-8 were

detected as 3.20 eV, 3.48 eV, and 3.25 eV, respectively.

1.4

1.2

Absorbance
o o o =
S » (o] o

o
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250 300 350 400 450 500 550 600 650 700 750 800
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Figure 8 DRS curves of C (purple curve), ZnO (blue curve) and ZIF-8 (green curve),

respectively.
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3.6 ESR Analysis Results

Figure 9 exhibited the intensity of all activated species detected by electron spin resonance under
UV photodegradation for OH® and O,® generated during photo-oxidation. For ZIF-8 (Figure 9, green
spectra), ZnO (Figure 9, blue spectra), and C (Figure 9, purple spectra), it was observed that the
spectra generally concentrated with higher values in the magnetic field between 3480 G and 3530
G. The data obtained exhibited that the activated types generated during photodegradatiin were
0y, H*, and OH®.

30000
20000
10000

0';,

Intensity (a.u.)

-10000

-20000

-30000 1 1 1 1
3460 3480 3500 3520 3540 3560

Magnetic Field (G)

Figure 9 ESR spectrum of ZIF-8 (Green spectra), ZnO (Blue spectra), and Carbon (Purple
spectra) after 120 min photodegradation time at 25°C.

3.7 Quantum Yield and Band Gap Energies Measurements and Microplastic Yields

This study calculated the quantum yield to detect the number of photons emitted and absorbed.
Some materials alone and high-performance light-emitting materials show a low quantum yield,
which is detrimental to their practical application since lowering the photocatalysis. In our study,
the quantum vyield of ZIF-8/ZnO/C NCs was measured as 16%, while the quantum vyields for ZIF-8,
Zn0, ZIF-8/Zn0, and C were found to be low (10%, 8%, 12 and 6%), respectively (Table 1). Our study
detected the maximum microplastic yields at 1 mg/l of ZIF-8/ZnO/C NCs with a quantum yield of
16%. The irradiation wavelength influences the photodegradation. Two main factors should be
considered: (i) the absorption spectrum of the microplastics and (ii) how damaging the light being
absorbed is. Typically, light of shorter wavelengths provides higher energy levels capable of breaking
bonds, thus leading to higher photodegradation efficiencies and increased reaction rates.
Nonetheless, the dependence of the wavelength on photodegradation is also related to the
absorption spectrum of the irradiated compound. Sometimes, for photons to be absorbed, the
spectrum of the irradiation source should overlap with the absorption spectrum of the microplastic
and photocatalyst. This explains why some experience exhibited higher degrees of
photodegradation when exposed to light of longer wavelengths if this matches the absorption
spectrum better.
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Table 1 Band gap and Quantum yield measurements for 1 mg/| ZIF-8, ZnO, ZIF-8/ZnO,
ZIF-8/Zn0O/C NCs and C at maximum wavelengths and microplastic yields.

Type of 1 . . . . . .
me/l NCs Waveleng Band Gap Quantu  Microplastic Microplastic Microplastic
cogncentratio ths (Amax,  Energies m Yield -PESYields -PVDF -PMMA
\' % % Yields (% Yields (%

ns (me/) nm) (eV) (%) (%) ields (%) ields (%)
ZIF-8/Zn0O/C

345 1.34 16 99 96 93
NCs
ZIF-8 232 5.34 10 67 64 62
Zn0O 420 3.89 8 62 60 58
ZIF-8/Zn0 610 2.26 12 78 76 74
C 590 4.56 6 61 56 50

The band gap energies for ZIF-8, ZnO, ZIF-8/Zn0, ZIF-8/Zn0O/C and C are 5.34, 3.89, 2.26, 1.34 and
4.56 eV, respectively, at Amax of 232, 420, 610, 345 and 590 nm wavelengths, respectively (Table 1).
So, the composition of ZnO/C with ZIF-8 increases the light absorption amount and reduces the band
gap energy. Also, it leads to a decrease in the recombination rate of induced electron-hole pairs. It
is necessary to mention that the photo-absorption ability of the photocatalyst shifts to the visible
light region by reduction of band gap energy.

The optimum quantum yield values observed for 1 mg/l ZIF-8/ZnO/C NCs in our study, with a
band gap energy of 1.34 eV, can be attributed to its relatively lower band gap energy compared to
high band gap energy ending with low microplastic yields for ZIF-8, ZnO, ZIF-8/ZnO at 1 mg/I
concentrations. An optimum band gap energy generally allows a photocatalyst to absorb a broader
range of the visible spectrum. Other factors such as quantum yield, charge carrier dynamics, and
the specific interactions between components in the nanocomposite, can significantly influence
overall photocatalytic performance. In our study, the ZIF-8/ZnO/C NCs, with their lower band gap
energy of 1.34 eV, still demonstrated effective photocatalytic activity, indicating that a combination
of factors including quantum vyield and the efficiency of charge carrier separation and transfer,
influences the photocatalytic efficiency.

The light resistance of microplastics is elevated under sunlight sources. Higher sunlight intensities
cause an increase in photodegradation yields and elevated photodegradation efficiencies. Under
these conditions, more electrons enter the system, and a maximal photon yield is relevant to band
gap energy, as aforementioned [32-37]. The quantum yield is a crucial point that measures the
electrons during redox reactions and light variations in the microplastics. In this process, the number
of photons absorbed by the photocatalyst causes a molecular response between the whole number
of photons [38]. Optimum quantum efficiency is characterized by a high reaction kinetic carried out
after the absorption of an electron. After the adsorption of a photon, the absorbed energy is
transformed into the heat of fluorescence.

3.8 Photodegradation Mechanisms of PES, PVDF and PMMA

With appropriate comprehensive band gap metal oxide semiconductor materials, such as ZIF-
8/Zn0/C NCs, distinct reactive species are produced when irradiated to sunlight. Charge separation
is developed through free electrons stimulated from their valence band positions into the
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conduction band when ZIF-8, ZnO, or C-related semiconductors are energized by light sources with
energy more significant than their innate band gap. This stimulation enables a hole to develop in
the valence band simultaneously. ROS such as hydroxyl (OH®) and superoxide (O;®) radicals are
generated when free electrons and holes interact with H,O, OH", and O, trapped within the
semiconductor's exterior. These species trigger the micropollutant decomposition mechanism,
which results in chain scission and complete mineralization into the water and carbon dioxide (CO>).
The photodegradation mechanism of ZIF-8/ZnO/C NCs was determined in Figure 10.
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Figure 10 Photodegradation mechanism of ZIF-8/ZnO/C NCs.

It was found that broken PES residues could be successfully disintegrated by visible light-
stimulated heterogeneous photocatalysis driven by ZnO-doped ZIF-8 and C. The surface area of the
ZIF-8/Zn0O/C NCs influenced the amount of oxidation. After extensive photocatalytic irradiation,
chromophoric groups, production deformities, and weak linkages are inflection points for the
oxidation reaction, resulting in the breakdown of intermolecular interactions. The reduction of
electron-hole recombination is achieved by increasing visible light uptake due to photogenerated
electrons into ZIF-8 from the ZnO-C anorod surfaces. The photocatalytic breakdown of PES is
ensured by the production of oxygenated groups such as hydro-peroxides, peroxides, and
unsaturated groups, which culminate in wrinkles, fractures, and pores with metabolites, namely
hydroxymethyl, ethynyloxy radicals and acetaldehyde (Table 2). During PVDF degradation the
breakdown process and intermediates reveal the formation of hydroxyl, carbonyl, and carbon-
hydrogen groups with metabolites, namely 2-Propynyl, 1-hydroxy, hydroxypropyl and acetone
(Table 2). During photocatalytic degradation of PMMA by-products are Butanal (Butyraldehyde) 4-
Pentyn-1-olate, Hydroxypentyl, (2-ethoxyethyl) oxonium and Acetylacetonate (Table 2).
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Table 2 Photodegradation metabolites of PES, PVDF and PMMA.

lons (m/z) Compounds - Molecular formula
PES metabolites

31 Hydroxymethyl radical CHs0

42 Ethynyloxy radical C:HO

43 Acetyl radical CHsCO

45 Acetaldehyde C2H4O
PVDF metabolites

55 2-Propynyl, 1-hydroxy-  CsHsO

57 Hydroxypropyl C3HsO

59 Acetone C3HeO
PMMA metabolites

73 Butanal (Butyraldehyde) CHsCHCOCH;s

82 4-Pentyn-1-olate CsH;,0

85 Hydroxypentyl CsHoO

91 (2-Ethoxyethyl) oxonium C4H1103

99 Acetylacetonate CsH70;

3.9 Factors Affecting the Photodegradation Yields of PES, PVDF and PMMA Microplastics

Possible variables that may affect photodegradation performance of PES, PVDF and PMMA are
temperature, pH, time, concentrations of nanocomposites, microplastic concentration, sun ligt
power based on the studies performed by Ding et al. [24], and Pasanen et al. [28] using ZIF-8 ZnO/C
NCs and ZIF-8/ZnO/C NCs treating microplastics.

3.9.1 Effect of Sun Ligth Intensity on Photodegradation Yields of PES, PVDF and PMMA Microplastics

Different results were reported about microplastic photodegradation efficiencies relevant to
their proportional yields depending on ligth intensity: (i) at reduced light powers the correlation is
linear since the quantum efficiency is a constant. This shows that the adsorption changes with
intensity; (ii) at mediate light intensities, the photodegradation yields is relevant to the square of
the light intensity; (iii) at elevated light intensities, the photodegradation efficiency is not depends
on the light power and remained constant.

Our study adjusted sunlight intensity between 20 W/m? and 120 W/m? at 1 mg/| ZIF-8/Zn0O/C
NCs concentration after 20 min. It was found that the maximum PES, PVDF, and PMMA
photodegradation yields were detected at a sunlight power of 80 W/m? (Table 3). The PES vyields
were slightly higher than that PVDF and PMMA since the PES has short benzoic bounds compared
to the other microplastics. A significant linear correlation was observed between sunlight intensity
and microplastic yields up to a sunlight intensity of 100 W/m? (r? = 0.91, p = 0.07, F = 0.76). The
ANOVA test indicated significant differences between sunlight intensity and microplastic removals
for sunlight intensity >100 W/m? (p = 1.87, F =9.14, d.f. = 2).
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Table 3 Effect of Sunlight intensity on photodegradation yields of PES, PVDF and PMMA
microplastics.

) ) PES PVDF PMMA
Sunlight Intensity Photodegradation Photodegradation Photodegradation
(W/m?) . . .

Yield (%) Yield (%) Yield (%)
20 50 45 40
30 60 55 53
40 76 70 69
50 83 80 78
60 90 90 89
80 99 98 97
100 90 90 90
120 80 80 80

3.9.2 Effect of Photodegradation Time on Photodegradation Yields of PES, PVDF and PMMA
Microplastics

As known, the photodegradation efficiency of organics is elevated with high durations. In some
photodegradation assays, some artificial ligth sources were used to investigate microplastics'
sensitivity since intensity*time relations is necessary to detect the yields of microplastics in an
environment [39-42]. This analysis is necessary to estimate the duration required to attend to
damage. Therefore, during the photodegradation of micropollutants, light intensity should adjusted
to optimal levels to avoid inappropriate exposure times. Therefore, in this study the time was
adjusted between 10 min and 100 min (Table 4). For maximum PES, PVDF and PMMA
photodegradation yields, the optimum time was found to be 20 min at 1 mg/I ZIF-8/ZnO/C NCs
concentration. Further, the increase in time did not affect the yields of microplastics until a
photodegradation duration of 60 min. At high photodegradation times the yields of PES, PVDF and
PMMA decreased. The ANOVA test indicated no significant differences between time and
microplastic yields up to a photodegradation time of 40 min (p = 0.03, F =0.20, d.f. =2). The ANOVA
test indicated significant differences between time and microplastic yields for photodegradation
times >40 days (p =0.78, F =3.19, d.f. = 2).

Table 4 Effect of photodegradation time on photodegradation yields of PES, PVDF and
PMMA microplastics.

PES PVDF PMMA

Time (min) Photodegradation Photodegradation Photodegradation
Yield (%) Yield (%) Yield (%)

10 50 45 40

20 99 98 97

30 99 98 90

40 98 96 89

50 97 96 89

60 95 95 88
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80 90 89 80
100 89 88 80

The chemical structure of the PMMA microplastic is much stronger compared to the other two
microplastics therfore the yields decreased.

3.9.3 Effect of Oxygen Levels on Photodegradation Yields of PES, PVDF and PMMA Microplastics

Variations in the photodegradation efficiencies was obtained depending on the presence or
absence of molecular oxygen [43-47]. Under anoxic conditions, the photocatalysis can be decreased
versus the presence of a reducing or oxidizing materials. When reductive and oxidative materials
are present in the photodegradation process, the types of redox materials under choosen
operational conditions can define the photodegradation process. Under oxygenated conditions, the
correlations between 3 D* and O, carried out during an energy transporting mechanism. This cause
to the generation of O, and indicates the absence of a reductive chemical. This leads to further
biodegradation of the microplastics. 3 D* may combine with O, with a redox process to form
superoxide ions (02®). An intense competition occurred when a reductive chemical was in an
aerobic system. It is clear that the presence or absence of oxygen significantly affects the
photodegradation yields of microplastics. The effects of oxygen levels on the photodegradation
yields of PES, PVDF and PMMA microplastics are illustrated in Table 5. ANOVA test indicated no
significant differences between dissolved oxygen concentration and microplastic yields up to a
dissolved oxygen concentration of 5 mg/l (p = 0.03, F = 0.18, d.f. = 2). The ANOVA test indicated
significant differences between dissolved oxygen and microplastic yields for dissolved oxygen
concentration >4 mg/l (p =0.99, F =3.87, d.f. = 2).

Table 5 Effect of dissolved oxygen concentration on photodegradation yields of PES,
PVDF and PMMA microplastics.

Dissolved Oxygen PES ] PVDF . PMMA ]
Concentration (mg/l) Photodegradation Photodegradation Photodegradation
Yield (%) Yield (%) Yield (%)

0 50 45 40

2 60 55 50

3 70 76 80

4 99 96 89

5 97 96 89

6 95 95 88

7 90 89 80

8 89 88 80

The results showed that the photodegradation yields were low at low oxygen concentrations.
The maximum PES, PVDF, and PMMA yields were detected as a dissolved oxygen concentration of
4 mg/l. The most resistant microplastic was PES, while dissolved oxygen affected the PVDF and
PMMA vyields significantly. A lot of research exhibited that lowering oxygen dose causes a decrease
in photodegradation yields. However, the photodegradation yields did not change ultimately [39-
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48]. This can be attributed to some other photodegradation reactions carried out simultaneously.
The level of influence of the oxygen can be attributed to the chemical properties of the microplastic.
As known, oxygen can also affect the photodegradation process. In the presence of oxygen,
photocatalysis is carried out quickly in oxygenated environments, resulting in the ultimate
photodegradation of microplastics.

3.9.4 Effect of Temperature on Photodegradation Yields of PES, PVDF and PMMA Microplastics

Recent studies showed that temperature slightly affects the photodegradation vyields of
microplastics. Elevating temperature increases the fading rate, but compared to other operational
conditions, temperature has a lower effect on the photodegradation of microplastics [44-46, 48].
The photodegradation efficiencies was not significantly affected by the temperature variations.
Although high removal rates were detected at high temperatures, higher activation energies can be
used during photodegradation. A change in temperature from 20°C up to 80°C causes a change in
moisture content. As shown in Table 6, the maximum photodegradation vyields for all studied
microplastics were obtained at 40°C. Further, an increase in temperature did not decrease the yields
significantly. In particular, at elevated temperatures, the nanocomposites have lower moisture
ratios. This causes a decrease in photodegradation yields. Temperature breaks slow the aggregation
of microplastics. The optical density rose with increasing temperature, ending with the
decomposition of aggregates when irradiated at high temperatures; however, the optical density
lowered at low temperatures, illustrating the aggregation of microplastics again. The decomposing
of aggregates raised the surface area of nanocomposites after photooxidation, yielding with the
raising of photodegradation. ANOVA test indicated no significant differences between temperature
and microplastic yields up to a temperature of 60°C (p = 0.02, F = 0.11, d.f. = 2). The ANOVA test
indicated significant differences between temperature and microplastic vyields for
temperature >50°C (p =0.97, F = 4.93, d.f. = 2).

Table 6 Effect of temperature on photodegradation yields of PES, PVDF and PMMA
microplastics.

PES PVDF PMMA

Temperature (°C) Photodegradation Photodegradation Photodegradation
Yield (%) Yield (%) Yield (%)

20 50 45 40

30 60 55 50

40 99 94 93

50 99 96 89

60 97 96 89

70 95 95 88

80 88 85 80
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3.9.5 Effect of Increasing ZIF-8/Zn0O/C NCs Concentration on Photodegradation Yields of PES, PVDF,
and PMMA Microplastics

Nanocomposite concentration affects the photodegradation yields as expected. Raising the
nanocomposite dose causes elevated photodegradation yields and elevated redox reaction yield.
This causes a more active surface in the nanocomposite, which is necessary for the adsorption
capability of microplastics. The photodegradation yields increased with initial nanocomposite doses,
and the degradation yields increased linearly with the nanocomposite dose [44, 48]. In this study,
the ZIF-8/Zn0O/C NCs concentration was increased from 0.1 mg/l up to 3 mg/Il. Nonetheless, beyond
a certain critical point, the photodegradation decreased. The maximum microplastic yields were
detected at 1 mg/I ZIF-8/Zn0O/C NCs dose (Table 7). An increase in turbidity of the mixture can define
heterogenic photodegradation. This causes a high light scattering process and a limited light
absorption of the nanocomposite. The optimal nanocatalyst dose depends on the nanocatalyst dose
at the beginning. For an elevated high microplastic concentration at the beginning, an optimum
dose of nanocomposite is necessary during photooxidation. Therefore, an optimal dose of
nanocomposite should be present to provide an effective photooxidation process. ANOVA test
indicated that there were no significant differences between ZIF-8/ZnO/C NCs concentration and
microplastic yields up to a ZIF-8/ZnO/C NCs concentration of 1.2 mg/I (p = 0.03, F = 0.10, d.f. = 2).
ANOVA test indicated that there were significant differences between ZIF-8/ZnO/C NCs
concentration and microplastic yields for ZIF-8/ZnO/C NCs concentration >1.0 mg/I (p = 0.99, F =
4.74,d.f. = 2).

Table 7 Effect of increasing ZIF-8/ZnO/C NCs concentration on photodegradation yields
of PES, PVDF, and PMMA microplastics.

ZIF-8/2n0/C NCs PES PVDF PMMA
) Photodegradation Photodegradation Photodegradation
Concentration (mg/l) _ . . .
Yield (%) Yield (%) Yield (%)
0.1 50 45 40
0.5 60 55 50
0.7 80 78 69
1.0 99 96 90
1.2 97 96 89
1.5 95 95 88
3.0 88 85 80

A nanocomposite improves the photooxidation yield by producing reactive radical species on its
surface after irradiation with a light of energy higher than the bandgap of the catalyst. During
photooxidation, electrons are emitted from the conduction band, which provides positive holes (h*)
in the valence band of the nanocomposite. Oxygen and water molecules are transformed into the
reactive O2® and OH® radicals, respectively. This leads to reacting continuously with adsorbed
microplastics [45, 46]. The heterostructure of ZIF-8/ZnO/C NCs with high synergistic effect electronic
interaction exhibited higher photocatalytic activity than pure ZnO, ZIF-8, or C.
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3.9.6 Effect of Increasing Microplastic Concentration on Photodegradation Yields of PES, PVDF and
PMMA Microplastics

Photooxidation is significantly correlated with the microplastic dose in the liquid mixtures. At
elevated microplastic doses, the optimum size of the nanocomposite aggregates decreased the
surface area accessible to environmental factors. Therefore, at elevated microplastic concentration,
the aggregation mechanism rises, Causing lower photodegradation efficiencies. Increased
microplastic concentrations increase the absorption of microplastics on the surface of the
nanocomposite. This caused decreased interactions between the microplastic and nanocomposite
and low photodegradation efficiencies were detected. In heterogeneous photocatalytic systems like
our study, the initial microplastic concentration has a pronounced impact on photodegradation
yields. Table 8 shows the photodegradation yields of microplastics at concentrations between 50
and 1200 mg/Il. The maximum PES, PVDF and PMMA yields were detected at 1000 mg/| microplastic
concentration while the further increase of concentrations significantly decreased the yields (Table
8). ANOVA test showed no significant differences between microplastic concentration and
microplastic yields up to a microplastic concentration of 1100 mg/I (p = 0.05, F = 0.08, d.f. = 2). The
ANOVA test indicated significant differences between microplastic concentration and microplastic
yields for a microplastic concentration >1000 mg/I (p = 0.97, F = 5.66, d.f. = 2).

Table 8 Effect of increasing microplastic concentration on photodegradation yields of
PES, PVDF and PMMA microplastics.

Microplastic PES PVDF PMMA
) Photodegradation Photodegradation Photodegradation
Concentration (mg/l) _ . . )
Yield (%) Yield (%) Yield (%)
50 99 98 96
100 99 98 96
200 99 98 96
300 99 98 96
400 99 98 96
500 99 98 96
600 99 98 96
700 99 98 96
800 99 98 96
900 99 98 96
1000 99 98 96
1100 78 67 60
1200 70 65 50

The production of OH® radicals on the photocatalytic surface was covered at an elevated
microplastic dose. Lower photons attained the catalyst surface since the absorbance by the
microplastics decreased. This causes a lowering of reactive radical production by the nanocomposite,
resulting in lower photooxidation efficiencies [42].
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3.9.7 Effect of Increasing pH on Photodegradation Yields of PES, PVDF, and PMMA Microplastics

Photodegradation can be affected significantly by the pH. Some activated groups can be
protonated or deprotonated under acidic or alkaline pH. This causes the lowering or increasing of
photolysis efficiencies. This study adjusted the pH to acidic, neutral, and alkaline levels to detect the
optimal pH conditions for maximal PES, PVDF, and PMMA microplastic photodegradation yields
(Table 9). ANOVA test showed no significant differences between pH and microplastic yields (p =
0.03, F = 0.05, d.f. = 2). A significant linear correlation between pH and microplastic yield was
detected (r=0.93, F=0.05, d.f. = 2).

Table 9 Effect of increasing pH on photodegradation yields of PES, PVDF, and PMMA
microplastics.

PES PVDF PMMA

pH Photodegradation Photodegradation Photodegradation
Yield (%) Yield (%) Yield (%)

5 50 45 40

7 65 58 57

10 99 98 96

The pH impact on the photodegradation of micropollutants is relevant to their chemical structure
and pKa value. The charged electrons in nanocomposite are more prone to a photodegradation
reaction. Therefore, the photooxidation of microplastics elevated at pH values higher than their pKa,
where these molecules are negatively charged [41, 45, 46]. The photofading efficiency of the
microplastics is also elevated at pH values smaller than its pKa, where the molecule presents in
cation form [42]. It is also important to note that the pH variations cause protonation or
deprotonation of the microplastics. In heterogeneous photocatalytic systems, photodegradation is
indirectly affected by the pH, the type of solid nanocomposite, and the microplastic metabolites. pH
impacts the electrostatic relationships between the substrates on the surface of the photocatalyst
and the microplastics. As a result, the adsorption capacity of the catalyst can be varied. Therefore,
at a lower pH, the protonation of the nanocomposite occurred. This causes a positively charged
surface, whereas a negatively charged surface will be formed at elevated pH levels. Our study found
the maximum microplastic photodegradation rates at pH = 10.0 (Table 9). In environmental
ecosystems such as lakes, rivers and bays with pH ranging between 7.8 and 8.9, the PES, PVDF and
PMMA microplastics yields were detected as 89%, 79% and 70%, respectively (data not shown).

Since no more studies were detected investigating the PES, PVDF and PMMA microplastics
photoremoval via ZIF-8 MOF containing ZnO our efficiencies were compared with only two studies:
Ding et al. [24] investigated the ptotocatalytic yields of PES and PVDF using 6 mg/l ZIF-8/Zn0O/C
nanocomposite. Low PES and PVDF yields (67-72%) at long photodegradation times (130 min), and
high UV light power (290 W/m?) were detected and compared to our data. In our study 98-99% PES,
PVDF and PMMA yields was detected at short times, as low as 20 min at a low sun light power of 80
W/m?2. The dose of ZIF-8/ZnO/C nanocomposite used in our study was low (1.3 mg/l) showing the
economic aspect of our study. Pasanen et al. [28] prepared a ZIF-8 magnetic porous nanocomposite
(nano-Fe@ZIF-8) to remove the PMMA and PES microplastics and plastic-derived endocrine
disruptors. 78% and 85% PMMA and PES yields were detected after 190 min at acidic pH at 34 mg/I
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ZIF-8 MOF containing ZnO concentration at a UV power of 120 W/m? for maximum initial 6 and 8
mg/l PMMA and PES concentration, respectively. In our study, the maximum PES and PMMA yields
were 98% and 97% after 20 min at sunlight of 89 W/m? at high PES and PMMA concentrations of
1000 mg/I. Our study detected high PES and PMMA yields at short photodegradation times at high
microplastic loadings with low ZIF-8/ZnO/C NCs nanocomposite concentrations.

3.9.8 Future Scope of Photodegradation of PES, PVDF and PMMA Microplastics

In this study, although, the physicochemival properties of the ZIF-8, ZnO, ZIF-8/ZnO and ZIF-
8/Zn0O/C NCs were investigated, the effects of operational conditions were also investigated only
for ZIF-8/ZnO/C NCs. Moreover, it is impossible to accurately predict the treatment of the
microplastics as mentioned above distributed in wastewater effluents. The toxicity of the
metabolites of PES, PVDF, and PMMA microplastics during photodegradation while being emitted
to the environmental ecosystem should be investigated. The significant part of the research focuses
on water contamination, with just a few studies examining pollution in atmospheric and terrestrial
settings. The recovery of the ZIF-8/Zn0O/C NCs studies should be performed to determine the cost-
effective situation of the nanocomposite. Large full-scale applications, such as in the soil and
nearshore marine systems, should be investigated for possible photodegradation mechanisms of
PES, PVDF and PMMA microplastics. Removing these microplastics from water, soil, and sediment
is possible using ZIF-8/Zn0O/C NCs.

4. Conclusions

This study produced a MOF nanocomposite, namely ZIF-8/ZnO/C NCs, under laboratory
conditions to photodegrade the PES, PVDF and PMMA microplastics. The XRD analysis showed the
formation of ZIF-8/ZnO/C NCs, while the FTIR analysis indicated the presence of ZnO, C and ZIF-8.
For maximum PES (99%), PVDF (98%) and PMMA (96%) microplastics photodegradation yield the
operational and environmental conditions should be as follows: 1 mg/l ZIF-8/ZnO/C NCs
concentration, 1000 mg/l microplastic concentration, pH = 10.0, temperature = 40°C, sunlight
intensity = 80 W/m?, dissolved oxygen concentration = 4 mg/| and photodegradation time = 20 min.
When microplastic photodegradation occurs, several operational and environmental conditions
should be considered before evaluating the microplastics' reaction mechanism. These conditions
should contain the substrate's chemical structure, the nanocomposite's complexity and its
susceptibility versus photocatalysis, and the interactions with the operational and environmental
factors.

More research is needed to investigate the long-term stability of ZIF-8/ZnO/C NCs in aqueous
environments and develop efficient regeneration methods for their repeated use. This can include
examining the effects of water chemistry and exploring regeneration methods such as heating or
washing to ensure the long-term effectiveness of ZIF-8/ZnO/C NCs during microplastic
photodegradation. Climate change and long periods of drought affect clean water supplies, while
contaminants such as microplastics can pollute clean water sources and cause disease outbreaks.
Utilizing ZIF-8/ZnO/C NCs in polluted water can help supply clean water for the increasing
population.

More research is needed to explore the practical implementation of ZIF-8/ZnO/C
nanocomposites for microplastic removal on a larger scale, including their cost-effectiveness and
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scalability. Nonetheless, ZIF-8/ZnO/C represents a promising avenue for developing innovative
solutions to address the ongoing issue of environmental micropollutant pollution.
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