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Abstract: - Microplastics (MPs) pose a significant threat to human health, primarily through their entry into the 
food chain through the consumption of contaminated fish. Additionally certain personal care products including 
shower gels, face cleansers, hand gels, detergents, tootphasete and creams are recognized as potential sources of 
microplastic pollution due to presence of polymers like polyethylene and polystyrene. In the present study, cobalt 
oxide (Co3O4) nanocomposites (NCs) were synthesized and employed as photocatalysts for hydrogen production 
under solar simulated conditions from microplastics namely Polyamide (PA, Nylon), Polyacrylate (PAR), 
Polyethylene (PE), Polymethyl methacrylate (PMMA) and Acrylates Copolymer (AC). The aforementioned 
nanocomposite was utilized to degrade some microplastics extracted from shower gels and facial creams for 
hydrogen (gas) generation. The Co3O4 nanocomposites were generated in controlled laboratory conditions. The 
structural, morphologic and, surface characteristics of the nanocomposite were characterized using XRD, SEM, 
FTIR, HRTEM, EDX and UV-vis absorption spectrum analysis. The influence of some operational parameters 
including photodegradation time, and Co3O4 nanocomposite concentrations on H2 efficiency from PA, PAR, PE, 
PMMA and AC microplastics were investigated. The maximal H2 productions were detected as 180 mmol/g 
Co3O4 NP.h, for PE; 108 mmol/g Co3O4 NP.h for PAK and 105 mmol/g Co3O4 NP.h, for PA at 100 mg/l PE, 
PAK and PA microplastic concentrations, respectively, after 0.40 h retention time at 2 mg/l Co3O4 NPs 
concentrations. The maximal H2 productions were found to be slightly low in PMMA (82 mmol/g Co3O4 NP.h 
and AC (87 mmol/g Co3O4 NP.h) after 0.4 h at 2 mg/l Co3O4 NPs at initial 100 mg/l PMMA and AC microplastic 
concentrations. XRD analysis confirms whether the Co3O4 catalyst is in the spinel phase with crystallite size. The 
SEM investigation revealed that Co3O4 NPs has small particles shaped distribution and with interconnected 
agglomerated particles. The average particle size of Co3O4 NPs was less than 15 nm. In our study, the surface 
area of Co3O4 NPs were measured as 82 m2/g, indicating more contact points in large surface resulting in more 
H2 production with Brunauer–Emmett–Teller (BET) analysis. Peaks are typically around 0.7 keV (Lα) and 6.9 
keV (Kα)- for Co, and around 0.5 keV for O2. The band gap energy around 2.35 eV provides sufficient force for 
the decomposition of the microplastics mentioned above. The main FTIR spectrum values are 1145 cm-1, 1397 
cm-1, 1645 cm-1 and 3500 cm-1 for C=O, O-H, C=O and O-H bonds, respectively. The specific geometric forms 
of Co3O4 NPs, such as cubes, rods, or plates, were in the range of 10 and 50 nm and are visualized in HRTEM 
graphs. The maximal H2 productions were detected as 180 mmol/g Co3O4 NP.h, for PE; 108 mmol/g Co3O4 NP.h 
for PAK and 105 mmol/g Co3O4 NP.h, for PA at 100 mg/l PE, PAK and PA microplastic concentrations, 
respectively, after 0.40 h retention time at 2 mg/l Co3O4 NPs concentrations. The maximal H2 productions were 
found to be slightly low in PMMA (82 mmol/g Co3O4 NP.h and AC (87 mmol/g Co3O4 NP.h) after 0.4 h at 2 
mg/l Co3O4 NPs at initial 100 mg/l PMMA and AC microplastic concentrations. The reusability studies showed 
that the Co3O4 NPs nanocomposites exhibited the same H2 productions for 64 cycle and these nanoparticles 
possessed slightly improved photocatalytic degradation of microplastics. 
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1 Introduction 
Pharmaceuticals and personal care products (PPCPs) 
originated from different class of emerging 

contaminants characterized by molecular weights 
ranging from 130 to 1400 Daltons (DA) and a wide 
array of physicochemical properties, [1], [2], [3]. 
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Global consumption of PPCPs has escalated 
significantly over the past decade, particularly in 
rapidly developed economies such as Brazil and South 
Africa, [4], [5]. Currently, over 3000 PPCPs have been 
identified in the environment, largely since inefficient 
treatment by conventional wastewater treatment 
plants. These facilities are typically unable to fully 
degrade PPCPs, resulting in their persistent presence 
in aquatic systems, [6], [7], such as lakes, [8], [9], 
rivers, [10], ground water, [11], [12], [13], marine 
environments and even in drinking water, [14], [15], 
and in drinking water, [16], wastewater containing a 
mix of pharmaceuticals caused significant 
reproductive and other health impacts for fish, [17], 
[18]. Moreover, PPCPs (e.g., acetaminophen, caffeine, 
1,7-Dimethylxanthine, dehydronifedine, tetracycline, 
oxytetracycline, sulfonamides, macrolides, and 
ormetoprim) have been detected in fruits, vegetables, 
fish, meat and milk due to uptake from an environment 
contaminated by PPCPs, [13], [19], [20], [21]. 
Innovative solutions, such as advanced remediation 
processes, should be taken into account to minimize 
the emissions of PPCPs into environment. 
Photodegradation can be accepted as a sustainable 
process. 

Innovative and efficient treatment technologies are 
urgent required to mitigate the environmental 
dissemination of PPCPs. Among these, heterogenous 
photocatalysis has emerged as a promising sustainable 
alternative. Heterogeneous photocatalysis is an 
advanced oxidation process that utilizes 
semiconductor materials activated by light to generate 
electron-hole pairs, initiating redox reactions on their 
surfaces. Electrons, and holes on the surface of a 
semiconductor participate in redox reactions that 
produce reactive species such as hydroxyl radicals 
(OH●) and superoxide anion radicals (O−2 ●). 

MPs can be used extensively in personal care 
products (PCPs) containing powders, concealers, eye 
shadows, eye pencils, eyeliners, deodorants, sun care, 
hair care like conditioners and dry shampoos. 
Although, shower gels and personal care products are 
used more frequently than other microplastics, and 
they could easily emit and has high durability, by 
increasing the disturbances of toxic chemicals. These 
compounds also bioaccumulated and transferred into 
the food chain in marine environments, [22], [23], 
[24]. Polyamide (PA, Nylon), PA), Polymethyl 
methacrylate (PMMA), Polyethylene (PE) and 
Acrylates Copolymer (AC) are microplastics present 
in the structure of shower gels and personal care 
products.  

Polyamide (PA, Nylon) is a polymer with repeating 
units connected by amide bonds. The chemical 
structure of PA MPs was shown in Fig. (1a). 

Polyamides are found in nature, both naturally and 
synthetically. The most well-known examples of 
natural polyamides are natural PA forms containing 
proteins, such as wool and silk. Artificially produced 
synthetic polyamides are produced by the step-growth 
polymerization method or by solid phase synthesis, 
and are obtained as materials such as nylons, aramids 
and sodium polyaspartates. Synthetic polyamides are 
widely used in the textile and automotive industry, 
carpets, kitchenware and sportswear thanks to their 
significant advantages such as high durability and 
strength. The transportation and manufacturing 
industry are among the main consumer activities that 
account for a significant portion of PA consumption. 
 
* Figure 1 can be found in the Appendix section. 

 
In addition to, the composition of their main chain, 

synthetic polyamides are classified as: Aliphatic 
Polyamides, Semi-aromatic Polyamides, and 
Aromatic Polyamides, respectively. All polyamides 
are formed by an amide chemical reaction that bonds 
two monomer molecules together. The amides can be 
α,ω-amino acids, and usually are the form of a cyclic 
lactam such. These two types of precursors form a 
homopolymer. Polyamides copolymerize readily, and 
this occurs with a large number of monomer mixtures 
that can form a large number of copolymers. However, 
many nylon polymers are miscible with each other, 
which is a significant advantage that enables the 
creation of new nylon polymer blends. 

In polymer generation, two groups produce an 
amide bond. This process involves amide bonds, with 
an amine moiety and the terminal carbonyl moieties of 
the relevant group. These mix to produce a carbon-
nitrogen group to form amides. This polymerization 
occurs with emission of other atoms. The carbonyl 
component is assumed to be part of a carboxylic acid 
group or a more reactive acyl halide derivative. The 
chemical structures of the most widely used types of 
nylon polymers produced synthetically in the industry, 
namely PA, Nylon 6 (Fig. 1b) and PA, Nylon 66 (Fig. 
1c), are given in detail. Condensation reactions; It is 
thought to indicate that in living organisms, for 
example, amino acids condense with each other to 
form amide bonds (and/or peptides) by an enzyme. 
The polyamides that emerge after condensation 
reactions are known as proteins or polypeptides. 
According to the assumption that the difference 
between Radical (R) groups is negligible; 
Replacement Radical groups are ignored. Polyamides; 
It can also be synthesized from dinitriles using acid 
catalysis, as an application of the Ritter reaction, [25], 
[26]. 
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Polyacrylate (PAK) MPs, an acrylate polymer (also 
known as acrylic), represents any of a group of 
polymers prepared from acrylate monomers, [27]. The 
general chemical structure of PAK MPs is described 
in detail in Fig. 2. The most important advantages of 
PAK plastics are their transparency and resistant to 
breakage and have high elasticity. Acrylate polymer is 
used as an adhesive in cosmetic products such as nail 
polish. 

 
* Figure 2 can be found in the Appendix section. 

 
Acrylic elastomer has high heat and oil resistance 

properties; and can withstand temperatures up to 170-
180°C. Acrylic elastomer is used especially in the 
production of oil seals and packaging related to 
automobiles, [28]. Acrylic elastomer is generally 
defined as one of two types. The "old" type of acrylic 
elastomers includes the chlorine-containing ACM 
(acrylic acid ester and 2-chloroethyl vinyl ether 
copolymer) as well as the chloride-free ANM (acrylic 
acid ester and acrylonitrile copolymer). The most 
important advantages of the "new" type of acrylic 
elastomers are that they do not contain chlorine and 
are more resistant to staining caused by mold.  

The most important disadvantages of the new type 
of acrylic elastomers are that their rebound flexibility 
and wear resistance are poor, and even their electrical 
properties are much weaker than those of acrylonitrile-
butadiene rubber and butyl rubber. The most important 
areas of use of PAK MPs can be listed as follows: As 
a binder in polyacrylate emulsion, water-based coating 
and exterior and interior "latex" house paints, acrylic 
paints as artist paints, and acrylic fibers, etc. In 
addition, Sodium polyacrylate: water-soluble 
thickeners, is a polymer used as a raw material in the 
production of Super Absorbent Polymer (SAP), used 
in disposable diapers, due to its high absorbency per 
unit mass. Some other areas of use for PAK MPs 
include; It is also used in acrylic resins as a pressure 
sensitive adhesive, and as a formulation of 
cyanoacrylate used as a raw material in the production 
of "Super Glue". Other areas of use of PAK MPs 
include; PAK MPs are used as raw materials, in 
cosmetic, and found in the composition of acrylic acid 
liquids. 

Polyethylene (PE) MPs [also known by their 
IUPAC names polythene or poly(methylene)] is 
extensively produced. The general chemical structure 
of Polyethylene (PE) MPs is described in detail in Fig. 
3. It is a major polymer used in packaging and 
containers. Low density PE (LDPE) MPs or high-
density PE (HDPE) MPs, were the group of PE MPs. 

 
* Figure 3 can be found in the Appendix section. 

 
 All forms of PE MPs are non-toxic and chemically 

more stable, which contributes greatly to the 
widespread use of PE MPs as ergonomic plastics, [29]. 
LDPE MPs are softer than HDPE MPs, and much 
more durable. For Medium-density Polyethylene 
(MDPE) MPs and HDPE MPs the melting point is 
typically in the range 120oC to 130°C. The melting 
point for average commercial LDPE MPs is typically 
105oC to 115°C. These temperatures vary greatly 
depending on the type of PE MPs, but the theoretical 
upper melting limit of PE MPs is reported to be 144oC 
to 146°C, [30], [31]. Combustion typically occurs 
above 349°C. Most LDPE MPs, MDPE MPs, and 
HDPE MPs grades have excellent chemical resistance. 
PE MPs was dissolved at high temperatures, [30]. 
Some of the most important advantages of PE MPs are 
given below: PE MPs absorbs almost no water. Its 
permeability to water vapor and polar gases is lower 
than most plastics. In addition to, it can easily pass 
non-polar gases such as oxygen gas [O2(g)], carbon 
dioxide [CO2(g)] and sweeteners. PE MPs burn slowly 
with a blue flame with a yellow tip, and give off a 
paraffin odor PE MPs material continues to burn after 
the flame source is removed, producing a drip. PE MPs 
cannot be printed and/or bonded with adhesives 
without pretreatment. High strength connections can 
easily be achieved with plastic welding. PE MPs offers 
good electrical resistance, [31], [32], [33].  

Polymerization of ethylene to PE MPs was 
illustrated with equation, [33], in Eq. (1): 

 
𝑛𝐶𝐻2 =  𝐶𝐻2 (𝑔)  →  ⌊− 𝐶𝐻2 −  𝐶𝐻2 −⌋𝑛 (𝑠𝑜𝑙𝑖𝑑)  
(1) 
 
∆𝐻

𝑛⁄ =  −25.71 ± 0.59 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙(= −107.6 ±

2.5 𝑘𝑗/𝑚𝑜𝑙) 

 
The widespread use of PE MPs poses potential 

challenges in terms of “waste management” because it 
does not readily biodegrade. Japan has been increasing 
plastic recycling since 2008; however, according to 
2008 data, there were still reports of large amounts of 
plastic packaging waste going to waste, [34]. They are 
high number experimental studies on the 
biodegradability of PE MPs, some of these 
experimental studies are summarized below: Some 
enzyme or bacteria can minerilase the PE MPs. Many 
plastics (polyesters, polyamides) can be degraded by 
hydrolysis. Degradation by bacteria with enzyme 
degrade the PE MPs, [35,36 ].  

Polymethyl Methacrylate (PMMA) MPs [The full 
IUPAC chemical name is poly(methyl 2-
methylpropenoate or also known as Poly(methyl 
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methacrylate) and polymethylmethacrylate] is a 
polymer produced from methyl methacrylate. The 
general chemical structure of PMMA MPs was seen in 
Fig. 4. 

 
* Figure 4 can be found in the Appendix section. 

 
PMMA MPs can also be used as a casting resin, in 

inks and coatings, and for many other purposes. 
PMMA MPs is often technically classified as a type of 
glass, in that it is a non-crystalline vitreous substance. 
It’s density is 1.18–1.22 g/cm3, [37], PMMA MPs also 
has good impact strength, higher than both glass and 
polystyrene, [38]. It filters ultraviolet (UV) light at 
wavelengths below about 300 nm. PMMA MPs swells 
and dissolves in many organic solvents; it also has 
poor resistance to many other chemicals due to its 
easily hydrolyzed ester groups. Nevertheless, its 
environmental stability is superior to most other 
plastics such as polystyrene and polyethylene, and 
therefore it is often the material of choice for outdoor 
applications, [39]. PMMA MPs has a maximum water 
absorption ratio of 0.3–0.4% by weight. Tensile 
strength decreases with increased water absorption, 
[39]. Its coefficient of thermal expansion is relatively 
high at (5–10) × 10−5 °C−1, [40]. 

Methacrylate polymers are used extensively in 
medical and dental applications where purity and 
stability are critical to performance, [41], [42], [43]. 
Acrylates (IUPAC name: prop-2-enoates) are the salts, 
esters, and conjugate bases of acrylic acid. The 
acrylate ion is the anion CH2=CHCO−2. The general 
chemical structure of Acrylates Copolymer (AC) MPs 
was given in Fig.5, [44]. 

 
* Figure 5 can be found in the Appendix section. 

 
Acrylates generated with acrylic acid with alcohol 

in presence of a catalyst. The reaction with lower 
alcohols (methanol, ethanol) takes place at between 
100oC and 120oC with catalysts, [45]. Acrylate 
monomers are used to form acrylate polymers. Most 
commonly, these polymers are in fact copolymers, 
being derived from two monomers, [45], [46]. An 
acrylate polymer is any of a group of polymers 
prepared from acrylate monomers. These plastics are 
noted for their transparency, resistance to breakage, 
and elasticity. Acrylate polymer is commonly used in 
cosmetics, such as nail polish, as an adhesive,[47]. 

The electro-oxidation of PMMA on Pt-based 
electrodes in a Polymer Electrolyte Membrane (PEM) 
electrolyzer at 90oC was performed, [48], [49]. 
Polyethylene terephthalate (PET) can be degrading to 
H2   via TiO2, [50]. Co3O4-TiO2 nanocomposite 
exhibited an aggregated shape with high surface area 

for treating sulphide wastewater at a sun light 
irradiance of 770 W/m2, an enhanced H2 production 
efficiency, [51].  

It is important to use the renewable energy 
resources due to the environmental limitations of fossil 
fuel sources. Hydrogen (H2) was extensively used as a 
clean energy, [52], [53]. The production of photo-
catalytically H2(g) has garnered significant attention 
due to its environmentally friendly nature, simple 
processing, ease of production and low-cost 
procedure. [54], [55]. Therefore, the development of 
technologies for H2 production is crucial. Various 
metal oxides including titanium dioxide (TiO2), ZnO, 
NiO and Co3O4 have been explored for their 
photocatalytic evolution capabilities, [56]. 

Among them, cobalt-based catalysts, particularly 
Co3O4 have garnered attention due to their unique 
physicochemical properties, including high stability, 
visible light absorption, and excellent redox activity, 
[57]. The spinel structure of Co3O4 comprises Co+2 and 
Co+3 ions arranged in tetrahedral and octahedral sites, 
contributing to its catalytic efficiency, [58]. Numerous 
synthesis methods, such as hydrothermal, sol-gel, 
precipitation and thermal decomposition, have been 
employed for the fabrication of Co3O4 nanoparticles, 
[58], [59]. Its exceptional magnetic, catalytic, and 
optical properties make it suitable for diverse 
applications, [60], [61], [62], [63]. Recently, 
researchers have investigated its potential for 
photocatalytic hydrogen production and crystal violet 
dye degradation, [64]. There are various ways to 
produce Co3O4, such as hydrothermal, sol-gel, 
precipitation techniques, and thermal decomposition 
methods, [65]. The frequently utilized technique is the 
high-temperature decomposition of cobalt oxalate, 
which involves breaking down the precursor material 
production, [66]. 

In the studies mentioned above relevant to H2(g) 
production from plastic wastes exhibited low yields. 
Therefore, in this study, it was aimed to photodegrade 
the microplastics namely Polyamide (PA, Nylon) 
Polyacrylate (PA), Polymethyl methacrylate 
(PMMA), Polyethylene and Acrylates Copolymers 
isolated from the shower gels and personal care 
products like skin care products include cleansers, 
moisturizers, sunscreen, tonics, lotions, and serums, 
by generating Co3O4 nanocomposites. The 
physicochemical properties of this nanocomposite 
were characterized using XRD, SEM, FTIR, HRTEM, 
EDX and UV-vis absorption spectrum analysis. The 
effects of increasing Co3O4 nanocomposite 
concentrations and time on the H2(g) productions from 
the aforementioned microplastics was researched. 
Furthermore, the reusability of the Co3O4 
nanocomposite was investigated. 
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2 Materials and Methods  
2.1 Generation of Co3O4 NPs 
Cobalt nitrate hexahydrate (Co(NO3)2.6H2O) and 
triethanolamine were mixed to generate Co3O4 by 
precipitation method, [51]. 4.8 mmol of 
Co(NO3)2.6H2O was dissolved in 40 ml of distilled 
water. 2.9 mmol of NaOH was dissolved in 40 ml 
distilled water. This NaOH solution was then added to 
the solution of Co(NO3)2.6H2O and reaction mixture 
was stirred for 4 h. The precipitate was collected and 
dried in an incubator at 90°C for 10 h. This sample was 
calcinated at 400°C for 4 h to obtain the Co3O4 NPs. 

 
2.2 H2(g) Generation 
Photocatalytic studies were performed in a quartz 
reactor with a volume of 2 liter. Certain amount of 
Co3O4 NPs was dissolved in 130 ml of aqueous 
Polyamide (PA, Nylon) Polyacrylate (PA) and 
Polymethyl methacrylate (PMMA), Polyethylene (PE) 
and Acrylates Copolymer (AC) solutions, separately, 
containing 1, 2, 3 and 4 mg/l Co3O4 NPs 
concentrations. All microplastic concentrations were 
kept constant at 100 mg/l. Then, the inner of the 
reactor was purged of air by infusing nitrogen [N2(g)] 
during 40 minutes. Once the air had been removed, a 
300 W Xenon lamp with a 460 nm wavelength was 
used to irradiate the reactor. To prevent thermal 
catalysis, water was circulated through the outer layer 
of the reactor. 

 
2.3 Measurement of Hydrogen 
Hydrogen concentration was measured using micro-
GC. Nitrogen is used as a standard carrier gas for 
micro-GC. The measured flow rate can vary from 
around 43 ml/min to around 700 ml/min in steam 
gasification. Molecular sieve columns allow the 
separation of N2, CH4, O2, H2, CO2, and other light 
hydrocarbons. Molecular sieve columns type 6 A or 
0.6 nm (MS-5A), by using argon as a carrier gas, are 
suitable for H2, CH4, and CO analysis at 99°C. Porapak 
Q (PPQ) or PoraPLOT U columns, using helium as the 
carrier gas, are suitable for CO2, C2H4, and C2H6 
analysis at 60 °C gas chromatography. 

 
2.4 Physicochemical Properties 

To detect the XRD patterns, a Rigakupowder X-ray 
diffractometer (XRD) from Japan was used. The 
prepared materials were examined using a Zeiss 
microscope to detect the scanning electron 
microscopic (SEM) images. Agilent CaryInstrument 
was used to record ultraviolet-visible (UV-vis) 
spectra. Energy dispersive X-ray spectroscopic (EDX) 
studies were conducted using an Oxford EDX 
instrument connected to SEM. The Fourier transform 

infrared spectroscopy (FTIR) spectra of samples was 
recorded using the FT-NIR spectroscope 
(RAYLEIGH, WQF-510). The dry samples on the Cu 
grid were viewed and examined by High resolution 
transmission electron microscopy (HRTEM) analysis 
recorded in a JEOL JEM 2100F, Japan under 200 kV 
accelerating voltage. 
 
 
3 Results and Discussions 

3.1 XRD Analysis Results  
The Co3O4 NPs were investigated using XRD analysis 
within a 2θ range of 6–120° (Fig. 6). The XRD 
pathways of the Co3O4 NPs exhibited certain 
diffraction peaks between 6–120° 2θ, corresponding to 
the (224), (317), (408), (518), and (449) diffraction 
planes of Co3O4 NPs, as mentioned by the JCPDS 
number of 48–1480.These data exhibited that the 
Co3O4 NPs were generated with excellent phase 
purity.  
 
* Figure 6 can be found in the Appendix section. 
 

The mean crystallite size of the Co3O4 NPs was 
determined using the Debye-Scherrer equation in Eq. 
(2): 
 
𝐷 =  𝑘𝜆

𝛽 𝑐𝑜𝑠𝜃 ⁄                                                                   (2) 
 
Where, D is the average crystallite size in nm, β is the 
full width at half maximum of the observed peak, λ is 
theX-ray wavelength (0.161 nm) and θ is diffraction 
angle, Bragg angle). The morphological 
characteristics of the photocatalysts very important. In 
this connection, it is required to examine 
surfacestructural features of the prepared sample. 

The average crystallite size (D) of Co3O4 NPs in 
this study were between 35 nm and 40 nm, depending 
on the synthesis method and calcination temperature. 
In this study, D values were measured between 6 and 
38 nm while the average particle size of Co3O4 NPs 
was less than 15 nm. 

Commonly D values for Co3O4 NPs diameters 
varıed betweeen 13 and 21 nm when the 
nanocomcosıte generation methods were sonication 
and sol–gel methods, [65]. The D values were between 
27 and 32 nm after calcination at 400°C, [66]. The D 
values were between 3 and 10 nm for Co3O4 NPs 
supported on substrates like carbon and silica and in 
binary nanocomposites like Co3O4 /MnO2, [65]. 

In the production of photocatalytic H2 gas with 
Co3O4 NPs, XRD analysis is a critical tool for 
determining the crystal structure, purity, and active 
site content of the catalyst, [65], [66], [67]. The 
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analysis results are generally interpreted under the 
following headings: 

When examining the XRD pattern for Co3O4, 
characteristic peaks belonging to a face-centered cubic 
(fcc) spinel structure are typically sought, [68], [69]. 
(a) In the literature (JCPDS card no. 42-1467 or 073-
1701), 2θ values around 19.0o, 31.3o, 36.9o, 44.8o, 
59.4o, and 65.3o represent crystal planes (111), (220), 
(311), (400), (511), and (540), respectively.  
(b) The absence of other peaks (e.g., CoO or metallic 
Co) on the pattern besides these peaks proves that the 
catalyst is in the pure Co3O4 phase and that the 
synthesis process was successful. 

The width of the XRD peaks directly provides 
information about the crystal size of the nanoparticles, 
[70], [71]. The characteristic peaks for cubic Co3O4 
NPs are usually found at the following approximate 2θ 
positions: 18.9°–19.4°: (111) plane, 31.1°–31.3°: 
(220) plane, 36.7°–36.8°: (311) plane, 38.2°–38.5°: 
(222) plane, 44.7°–44.8°: (400) plane, 55.5°–55.7°: 
(422) plane, 59.3°–59.4°: (511) plane, 65.2°–65.3°: 
(440) plane and 77.3°–77.7°: (533) plane, 
respectively. (a) The wider the peaks (Full Width at 
Half Maximum - FWHM), the smaller the crystallite 
size. (b) The Debye-Scherrer equation as shown in Eq. 
(2). In photocatalytic H2 production, small size (high 
FWHM) is preferred because it means a larger surface 
area and therefore more active centers. In this study, D 
values were measured between 6 and 38 nm. The 
average particle size of Co3O4 NPs was less than 15 
nm.  

Key parameters for Co3O4 NPs were (a) Crystal 
system with cubic spinel as space group namely Fd3m. 
(b) Lattice Constant (a) is ≈ 8.08–8.13 Å. (c) 
Dislocation density (δ) is typically 11.057 x 1014 m-2 
for pure samples while decrease in composite forms. 
(d) Band gap (Eg) between 1.4–2.78 eV, indicates 
good photocatalytic properties. 

Structural stresses affecting H2 production 
efficiency can be inferred from XRD data using 
Williamson-Hall (W-H) analysis, [72]:  Slight shifts or 
distortions in the position of peaks indicate the micro-
strain in the crystal lattice.  The presence of defects in 
the structure can sometimes increase the H2 production 
rate by facilitating the dissociation of photoexcited 
charge carriers in electron-holes. 

Verification of Composite Structures of Co3O4 by 
combining with materials such as ZnO or g-C3N4 
increase the H2 yields, [73]. (a) The presence of peaks 
for both components (e.g., a 27.5° peak for g-C3N4 and 
Co3O4 peaks) in the XRD pattern indicates successful 
composite formation and homogeneous mixing of the 
phases. (b) As the Co3O4 loading rate increases, the 
intensity of its peaks increases until an optimum level, 
by providing data for catalyst optimization. 

In summary, XRD analysis confirms whether the 
Co3O4 catalyst is in the spinel phase, by providing 
insight into the surface area by calculating the 
crystallite size, and verifies heterojunction structures 
formed with other materials. 
 
3.2 SEM Analysis Results 
The SEM images were generated to analyse the 
topological and surface properties of Co3O4 NPs. The 
recorded SEM results for Co3O4 NPs are presented in 
Fig. 7a and Fig. 7b. The SEM investigation revealed 
that Co3O4 NPs has a small particles shaped 
distribution and with interconnected agglomerated 
particles (Fig. 7b). The average particle size of Co3O4 
NPs was less than 15 nm (Fig. 7b). 
 
* Figure 7 can be found in the Appendix section. 
 

The SEM investigation revealed that Co3O4 NPs 
has a small particles shaped distribution and with 
interconnected agglomerated particles. The average 
particle size of Co3O4 NPs was less than 15 nm (Fig. 
7c and Fig. 7d). 

SEM analyses are used to elucidate the direct 
relationship between the material's morphology, 
particle size, surface area, and dispersion properties 
and its catalytic performance, [74], [75], [76]. The size 
of the majority of the Co3O4 NPs measured are less 
than 15 nm with a pore diameter of 12.77 nm, and 
consist of a mixture of partially and fully developed 
hollow spheres, with average wall thickness of 0.5–2 
µm. Fig. 8 shows the Brunauer–Emmett–Teller (BET) 
surface area, pore size volume distribution of Co3O4 
NPs. All powders show a narrow Gaussian distribution 
from 14 to 16 nm that supports SEM observations.  

 
* Figure 8 can be found in the Appendix section. 
 

The surface area of Co3O4 NPs were measured as 
82 m2/g. The higher surface area measured in Co3O4 

NPs is explained by theadditional gases given off 
during processing that have resulted in anaerated 
powder product.  

Co3O4 structures are in spherical, porous sheet, rod 
(nanorod), or flower-like (nanoflower) forms, The 
surface area exhibited articularly "spongy" or "hollow 
sheet" morphologies imply a larger specific surface 
area and more active sites, which increases H2 
production efficiency.Typical Co3O4 NPs are 
generally observed to have sizes ranging from 13 nm 
to 16 nm as reported by Li et al., [74]. The small 
particle size reduces the risk of recombination 
(characterization) by shortening the electron transfer 
distance to the surface.  The formation of clusters of 
particles clinging to each other in the images is 

Deli̇a Teresa Sponza, Ruki̇ye Özteki̇n
International Journal of Chemistry and Chemical Engineering Systems 

http://www.iaras.org/iaras/journals/ijcces

ISSN: 2367-9042 24 Volume 11, 2026



generally noted as a limiting factor in H2 production 
rate, as it can reduce the effective surface area, [77, 
78]. The presence of Co and O peaks confirms the 
chemical accuracy of the structure, [79]. In the study 
performed by Mohammed et al., [80], BET method 
revealed that Co3O4 NPs have a specific surface area 
of 14.34 m²/g, a pore diameter of 18.94 nm, and a total 
pore volume of 0.034 cm³/g, [80]. In our study, the 
surface area of Co3O4 NPs were measured as 82 m2/g, 
indicating more contact points in large surface with 
ligth and microplastics resulting in more H2 
production with BET method. 
 
3.3 EDX Analysis Results 
The phase purity can be further determined by using 
EDX spectroscopy. Therefore, EDX spectrum of 
Co3O4 NPs was also obtained (Fig. 9). The obtained 
EDX spectrum of Co3O4 NPs has been presented in 
Fig. 9a which is showing the presence of Co and O 
elements (Fig. 9b). The EDX analysis revealed the 
successful formation of Co3O4 NPs with decent phase 
purity. 
 
* Figure 9 can be found in the Appendix section. 
 

In the studies on the production of photocatalytic 
hydrogen from microplastics with Co3O4 NPs, EDX 
analysis is used to verify the chemical composition 
and purity of the catalyst, [81]. The key interpretations 
highlighted in this analysis are as follows: 

The presence of only Cobalt (Co) and Oxygen (O) 
peaks in the spectrum proves that the synthesized 
nanoparticles are of high purity and that no impurities 
were formed during the preparation process, [82].  

The atomic percentage ratios in the EDX results 
show how close the Co3O4 compound is to the 
theoretical cobalt/oxygen (Co/O) ratio (3/4). The 
closeness of the experimental values (e.g., 43.2% Co 
and 56.8% O) to this ratio confirms the successful 
formation of the spinel phase structure and high H2 
productions, [83].  

EDX mapping analysis shows whether the Co and 
O elements are homogeneously distributed on the 
sample. The regular distribution of active canters on 
the surface is a critical indicator of reaction yield in 
photocatalytic H2 production.  
 
3.4 UV-vis Absorption Spectrum of Co3O4 NPs 
Optical properties of photocatalyst play a vital role in 
photocatalytic processes. Therefore, it will be of great 
significance to determine the optical band gap of the 
prepared Co3O4 NPs. The UV-vis absorption spectrum 
of Co3O4 NPs was obtained in the applied wavelength 
of 200–900 nm (Fig. 10).  
 

* Figure 10 can be found in the Appendix section. 
 

The obtained UV-vis absorption spectrum of 
Co3O4 NPs has been illustrated in Fig. 10a. The UV-
vis absorption spectrum of Co3O4 NPs exhibited the 
presence of absorption band between the wavelengths 
of 550–660 nm. To determine the band gap of the 
prepared Co3O4 NPs, Tauc-relation has been applied. 
The Tauc-plot of the Co3O4 NPs has been presented in 
inset of Fig. 10b. The observations showed that Co3O4 
NPs has a band gap of 2.35 eV.  

A band gap of 2.35 eV is a highly strategic value 
for photocatalytic applications and solar energy 
utilization. Here's the importance of this value and its 
place in the context of Co3O4 NPs. Approximately 
45% of the solar spectrum is visible light. 2.35 eV 
corresponds to the green-yellow light region in the 
electromagnetic spectrum. This means that your 
material can efficiently absorb visible light as well, not 
just relying on UV light (only 5% of the sun). For an 
ideal photocatalyst, the band gap is generally desired 
to be between 1.23 eV (the theoretical lower limit for 
water dissociation) and 3.0 eV. 2.35 eV is both narrow 
enough to collect light and wide enough to maintain 
the redox potential of photoexcited electron/hole pairs. 
Co3O4 is generally a "p-type" semiconductor and 
typically exhibits two different band gap values in the 
literature (Eg1 ≈ 1.4-1.5 eV and Eg2 ≈ 2.1-2.8 eV values 
are reported for Co3O4) [84], [85]: 

The 2.35 eV value we found is highly consistent 
with the second band gap (O 2p → Co 3d), which 
typically represents charge transfer transitions.  If 
other Co3O4 derivatives (e.g., doped or nanostructured 
ones) have a wider band gap (e.g., 3.0 eV), the material 
will utilize visible light better than them. However, 
even though it absorbs less light than pure forms 
showing a band gap of around 1.5 eV, its oxidation 
potential (the strength of the holes) is likely higher. As 
the band gap narrows, light absorption increases, 
power may decrease. 2.35 eV generally provides 
sufficient thermodynamic driving force for the 
decomposition (degradation) of organic pollutants or 
the oxidation of water. Compared to other cobalt-
based catalysts, this value provides information about 
the material's crystal structure, grain size, or surface 
defects. A lower band gap generally indicates better 
conductivity and photocatalytic activity.  

In summary, 2.35 eV places in Co3O4 NPs are a 
visible light activated category, indicating a significant 
advantage over commercial TiO2 materials (3.2 eV - 
UV only) for harvesting solar energy. UV-vis 
spectrum analysis is used to determine how efficiently 
the material absorbs light and its energy levels (band 
gap), [84], [85]. Key interpretations from these 
analyses are as follows: 
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Two main absorption bands are generally observed 
in the Co3O4 spectrum, [86], [87]. These bands 
originate from the different oxidation states of spinel-
structured cobalt ions and their interactions with 
oxygen: In the visible region (~420-450 nm) the peaks 
represent O-2 → Co+3 charge transfer transitions. This 
wide absorption range indicates that Co3O4 can be 
active not only under UV but also under visible light, 
which constitutes a large part of the solar spectrum. 
The band gap of a photocatalyst for H2 production 
determines its ability to provide the energy required 
for water decomposition, [88], [89]. Co3O4, as a p-type 
semiconductor, generally exhibits two different band 
gap values. Changes in the UV-vis spectrum are used 
to explain the reasons for the increase in H2 production 
performance, [90], [91]. If Co3O4 is combined with 
another material (e.g., g-C3N4 or ZnO) to form a 
nanocomposite, the shift of the absorption edge to 
longer wavelengths is interpreted as an increase in 
photocatalytic activity. An increase in absorption 
intensity in the spectrum leads to the formation of 
more photo-generated charge carriers (electron-hole 
pairs), which directly supports the H2 production rate. 
The slight broadening or shifting of absorption bands 
as the nanoparticle size decreases is explained by 
quantum confinement effects, indicating that the 
increased surface area provides a larger active site, 
[92]. 

Two different oxidation states persist in the cobalt 
(Co3+ and Co2+) ion which may the reason for the 
existence of two absorption peaks in the UV-vis 
spectroscopy. The charge transfer processes from O2- 
to Co2+ and O2- to Co3+ leads to the higher band gap 
and lower band gap energy respectively which was 
responsible for the existence of absorption bands. 
Band gaps calculated for Co3O4 NPs in the literature 
generally range between 1.4 eV and 2.4 eV. A 
narrower band gap (e.g., ≈ 1.5 eV) demonstrates that 
the material can absorb lower-energy (longer 
wavelength) visible light. This increases the efficiency 
of solar energy utilization. 

In the study performed by Vennela et al., [93], the 
two broad absorbance peaks were observed between 
500-600 nm and 800-850 nm respectively for all the 
Co3O4 NPs, were in good agreement with the previous 
reports, [94]. The optical properties of the synthesized 
materials deliver the impurity levels, energy band 
structure, localized defects, excitons, lattice vibrations 
and certain magnetic excitations, [95]. From the plots 
of (αhυ)2 vs (hυ), direct band gap was found to be 1.29 
eV and 3.34 eV for Co3O4-006, 1.39 eV and 3.53 eV 
for Co3O4-007, 1.59 eV and 3.58 eV for Co3O4-008 
and 1.63 eV and 3.65 eV for Co3O4- 009 NPs. In 
addition, the quantum confinement effect may also be 

one of the reasons for linear increase in band gap 
energy, [96].  

In the study performed by Gowthami et al., [97], 
the formation of Co3O4 NPs is indicated by a UV–
visible absorption peak at 409 nm. In their research 
focuses on two distinct absorption bands, between 200 
and 340 nm and 336 and 409 nm. According to 
published research, these bands can be assigned to the 
O2 –→ CO2+ and O2 –→ CO3+ charge transfer 
processes, respectively. In addition, an absorption 
peak at around 238 nm confirmed the successful 
formation of Co3O4 NPs. 

In another study performed by Mohammed et al., 
[80], the band gap energy of 2.09 eV was revealed by 
the analysis, suggesting that Co3O4 NPs are 
appropriate photocatalysts under the visible light. In 
the study performed by Kaur et al., [98], a particular 
absorption at two separate wavelengths in the 200–650 
nm range, focused at 267 nm and 524 nm, respectively, 
revealing the phenolic chemicals present that are in 
charge of the green production of Co3O4 NPs. The 
existence of the first band close to the UV dimension, 
which is due to the O2− → Co2+ charge transfer process, 
and the second absorption band close to the green 
region, which is assigned to the O2− → Co3+ charge 
transfer, indicates that Co3O4 NPs have formed. They 
observed two distinct absorption peaks at different 
frequencies as a result of the ligand-to-metal charge 
transfer method, such as the O2− → Co2+ charge 
transfer transition for the first absorption band at 267 
nm and the O2− → Co3+ charge transfer transition for 
the second absorption band at 524 nm, respectively. 
 
3.5 FTIR Analysis Results 
FTIR graphs of Co3O4 NPs are based primarily on two 
characteristic sharp peaks belonging to the metal-
oxygen bonds in the spinel structure. These graphs are 
used to verify the formation of Co3O4 and its 
interaction with other components (graphene, carbon 
nanotubes, polymers, etc.) within the nanocomposite. 
The main FTIR spectrum values are 1145 cm-1, 1397 
cm-1, 1645 cm-1 and 3500 cm-1 for C=O, O-H, C=O 
and O-H bonds, respectively (Fig. 11). 
 
* Figure 11 can be found in the Appendix section. 
 

Characteristic FTIR peaks were the main bands 
observed in the graph for pure Co3O4 nanostructures 
are, [99]:  

(a) Metal-oxygen bonds (Co-O) have a (a1) ≈ 580 
cm-1 corresponds to the vibrational mode of Co+3 ions 
in octahedral regions, [100]. (a2) has ≈ 668 cm-1 and is 
related to the vibrational mode of Co+2 ions in 
tetrahedral regions. In some studies, these values may 
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shift slightly depending on the synthesis method for 
552 and 657 cm-1    planes. 

(b) Surface groups have (b1) ≈ 3440 cm-1 with a 
broad band showing the stretching vibration of water 
molecules or hydroxyl (-OH) groups adsorbed on the 
surface, [101]. (b2) have ≈ 1630 cm-1 and represents 
the bending vibration of water molecules. 

Other peaks observed in nanocomposites when 
Co3O4 is combined with a matrix and additional bands 
depending on the type of composite: (a) 
Graphene/rGO composite peaks belonging to carbon 
groups such as C=C (1622 cm-1) and C-O-C (1045 cm-

1) are seen together with Co-O peaks. (b) Polymer 
composites like PPy vibrations belonging to functional 
groups in the polymer chain accompany metal oxide 
peaks. (c) Silica-coated structures (Co3O4@SiO2) have 
strong asymmetric stretching bands of Si-O-Si bonds 
may become dominant, [102], [103]. 

Residues from precursor materials used during 
synthesis may also leave traces.  For example, if cobalt 
nitrate was used, peaks of nitrate (NO3

-1) ions around 
1398 cm-1 may be observed. 
 
3.6 HRTEM Analysis Results 
HRTEM graphs for Co3O4 NPs are used to visualize 
the crystal structure, atomic arrangement, and 
interface interactions between components of these 
materials at the atomic scale. HRTEM images of 
Co3O4 NPs were shown for 500 nm (Fig. 12a) and 100 
nm (Fig. 12b) image size, respectively. 
 
* Figure 12 can be found in the Appendix section. 
 

HRTEM analyses typically reveal the following 
structural details in Co3O4 NPs, [104]: (a) Crystal 
lattice lines (Lattice fringes) were clear lines 
representing the distance between atomic planes. For 
example, interplane distance (d-spacing) values for 
specific crystal planes such as (311), (220), or (111) 
for Co3O4 can be calculated from these lines. (b) In the 
composite structures (e.g., Co3O4/Graphene or 
Co3O4/Carbon Nanotube, CNT), interfaces phases be 
clearly distinguished with HRTEM. This confirms 
epitaxial growth or chemical bonding between phases. 
(c) Morphology and size in specific geometric forms 
of nanoparticles, such as cubes, rods, or plates, and 
their typical sizes in the 10-50 nm range are visualized 
in these graphs. 

In the common Co3O4-based nanocomposites 
studied with HRTEM in the literature include, [105], 
[106]: (a) Co3O4/rGO (Reduced graphene oxide) used 
to enhance the electron transfer in supercapacitor and 
battery applications. Co3O4 nanocrystals dispersed on 
graphene layers are clearly observed in HRTEM 
images. (b) IN Co3O4/CNT nanocomposites Co3O4 

NPs attached to the outer walls of nanotubes and this 
provides high surface area and conductivity. (c) In 
Co3O4/Polymer nanocomposites has some hole 
transport layer in photovoltaic cells. Atomic-scale 
images help analyse the interaction between polymer 
chains and the oxide surface. 
 
3.7 H2(g) Generation in 100 mg/l PA (Nylon), 

PAK, PMMA, PE and AC MPs Concentrations 

at increasing Co3O4 NPs concentrations 
The photocatalytic properties of the increasing Co3O4 
NPs concentrations on H2 productions were 
investigated in presence of 100 mg/l Polyamide (PA, 
Nylon) Polyacrylate (PAK) and Polymethyl 
methacrylate (PMMA), Polyethylene (PE) and 
Acrylates Copolymers (AC). 

The effects of increasing concentrations of Co3O4 
NPs (1, 2, 3 and 4 mg/l) on H2 productions of 
microplastics is illustrated in Fig. 13. It was observed 
that the maximal H2 productions were detected as 180 
mmol/g Co3O4 NP.h, 108 mmol/g Co3O4 NP.h and 105 
mmol/g Co3O4 NP.h, at 100 mg/l PE, PAK and PA 
(Nylon) microplastic concentrations, respectively, 
after 25 min (0.40 h) retention time at 2 mg/l Co3O4 
NPs concentrations (Fig. 13a, b, c).  

The maximal H2 productions were found to be 
slightly low in PMMA (82 mmol/g Co3O4 NP.h and 
AC (87 mmol/g Co3O4 NP.h) containing samples after 
25 min (0.4 h) retention time at 2 mg/l Co3O4 NPs 
concentration (Fig. 13d and e).   
 
* Figure 13 can be found in the Appendix section. 
 

This clearly suggested that Co3O4 NPs exhibited 
excellent photocatalytic properties for the generation 
of H2 in presence of PE, PAK and PA MPs as 
scavenger agents. The amount of photocatalyst may 
also significantly affect the photocatalytic H2 
generation. It is important to optimize the amount of 
photocatalyst for the generation of H2. H2 production 
from polymers varies greatly depending on the type of 
polymer (PE, PP, PET, PLA) and the catalyst system, 
[68,107]. PET and PLA are 
biodegradable/hydrolysable microplastics and 
exhibited highest H2 efficiency because they are 
structurally more susceptible to oxidation. For 
example, H2 production was found to be 503.9 mmol/g 
nanocomposite. h for 200 mg/l PLA in optimized Z-
scheme systems, [108]. Since the polyolefins (PP) C-
C bonds are more difficult to break, production rates 
are generally low, [109]. The H2 total yields was 
measured as 379 mmol/g polymer h in heterojunction 
systems like conjugated polymer namely 
dibenzothiophene-S,S-dioxide-alt-benzodithiophene 
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(DBTSO-BDTO) and cadmium sulfide (CdS) for 
photocatalytic H2 production, [110].  

The efficiency of photocatalytic H2 production by 
polymers is directly dependent on how fundamental 
mechanisms such as light harvesting, charge 
separation rate, and surface reaction dynamics interact 
with the molecular and structural architecture of the 
polymer, [107], [108], [109]. Co3O4 increases charge 
separation when added to semiconductors such as g-
C3N4 or ZnO. For example, loading 20% Co3O4 onto 
ZnO increases the H2 production rate by 11.8 times 
compared to pure ZnO, reaching 793.2 µmol/g.h, 
[110]. Co3O4@g-C3N4 heterojunctions provide 
approximately 35-40% higher yields (e.g., 67.17 
µmol/g.h) in polymer reformation compared to pure 
components, [110]. Co3O4-based systems are versatile 
catalysts that can achieve "impressive" rates of 21.128 
ml/min.g in H2 production from carriers such as 
NaBH4, not only in polymer, [110]. 

The sequential arrangement of electron-rich 
(donor) and electron-poor (acceptor) units in the 
polymer chain is one of the most critical strategies 
determining the photocatalytic efficiency, [111], 
[112]. The D-A structure of nanocomposite also 
creates a permanent dipole moment and a local electric 
field within the polymer. This field causes light-
excited electrons and holes to move rapidly away from 
each other, reducing the recombination rate. 
Conjugated porous structures and porous polymer 
structures with covalent organic frameworks increase 
the H2 efficiency through surface area and bulk 
conductivity, [113], [114], [115]. High surface area of 
porous structures offers more active sites for water 
molecules. Defined pore sizes accelerate the reaction 
kinetics of H2 production by facilitating both the entry 
of water and the rapid removal of H2 gas produced 
from the structure. Not only the main chain of the 
polymer, but also the side chains attached to it affect 
the mechanism, [116], [117], [118]. The addition of 
hydrophilic side chains to a hydrophobic main chain 
allows water to penetrate better into the polymer 
surface and interior. This reduces proton transfer 
resistance at the polymer-water interface. High local 
dielectric constants break the strong exciton binding 
energy in organic polymers, facilitating the release of 
electrons. 

Poojitha et al., [119], found a giant H2 evolution 
efficacy (3012 µmol/g.h) in 300 min by using 100 g/l 
CdS:(Ce, Ga) which is 13.9 times larger than that of 
the bar CdS sample under simulated solar 
illumination, with lactic acid employed as a scavenger 
agent in the reaction medium. The heightened H2 
production efficiency of the nanocomposites sample 
could be attributed to several factors. Primarily, the 
emergence of abundant charge carriers due to the co-

doping process plays a crucial role. Additionally, the 
presence of defective sites and trap locations 
contributes to this enhancement. Ultimately, the 
reduction in the recombination rate between charge 
carriers serves as a fundamental mechanism driving 
the effective photocatalytic H2 production observed 
sample, [120], [121]. The g-C3N4/MoO3-x composite 
exhibits a notably enhanced photocatalytic H2 
production efficiency and excellent cycling stability 
when compared to sonicated g-C3N4 nanosheets. The 
g-C3N4/MoO3-x composite with a mass percent of 
27.50% achieves the highest H2 generation activity of 
209.2 μmol/h under solar light and an apparent 
quantum efficiency of 4.40% when irradiated at 365 
nm, which is 2.63 times greater than g-C3N4. 

Chen et al., [122], developed a novel Z-scheme 2D-
0D MnPS3-Cs4W11O35 composite for photocatalytic 
H2 evolution. The MnPS3-Cs4W11O35 composites 
achieve the highest H2 evolution rate of 99.6 μmol/g.h 
when the Cs4W11O35 content is 10.9% by mass, which 
is 2.9 times greater than that of MnPS3 nanosheets 
alone.Moreover, the photocatalytic performance of 
MnPS3-Cs4W11O35 remains almost stable afterfour 
cycles. MnPS3 is a non-toxic p-type direct bandgap 
semiconductor known for its strong visible light 
absorption capabilities. This unique structure makes 
MnPS3 a promising candidate for photocatalysts, as it 
possesses a suitable bandgap and favorable band 
positions for photocatalytic water splitting. Despite 
these advantages, the photocatalytic H2 evolution rate 
of MnPS3 nanosheets remains relatively low (21.2 
mmol/g.h) due to a high photoelectron–hole 
recombination rate and insufficient oxygen 
production. 

Kaykhaii et al., [123], found that 60 particles/l of 
micrometer-sized polyethylene terephthalate reduces 
hydrogen production by 30%, while 200 particles of it 
yields 63.6% more hydrogen. 

The reasons of slightly lower H2 productions in 
PMMA and AC microplastics cannot be explained 
only by higher molecular weights but also by 
structural and chemical dynamics as follows: 

PMMA and AC structurally have "quaternary 
carbon" atoms. When these polymers are exposed to 
energy (photolysis or radiolysis), the free radicals 
become trapped on the polymer chain. The side groups 
(methyl and ester groups) of PMMA surround the 
radicals on the main chain, making it difficult for them 
to recombine or interact with water molecules and 
detach H2. This "steric hindrance" slows down the rate 
of reactions leading to H2 formation. 

Although, PMMA and AC polymers possess high 
optical transparency, they can exhibit "self-shielding" 
at certain wavelengths (particularly in the UV region). 
The high reflectivity index of the polymer surface 
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prevents photons needed by the photocatalyst from 
reaching the depth. Light is scattered within the dense 
amorphous structure of the polymer; this reduces the 
efficiency of energy delivery to the active canters (e.g., 
a catalyst embedded in the polymer). 

H2 production is generally a surface phenomenon. 
The high molecular weight of PMMA and AC causes 
the polymer chains to be very tightly packed. The 
small H2 bubbles are trapped within the polymer 
matrix. Because the diffusion coefficient is low, H2 
cannot quickly escape from the system, which can 
force the chemical equilibrium to reverse. The 
aforementioned polymers are generally hydrophobic. 
Access of water molecules to the polymer surface or 
to the active sites within it is restricted. The low 
contact with water reduces the yield because it reduces 
access to the direct proton source. Acrylates, such as 
PMMA, tend to expend energy on chain vibrations 
(heat) or side group elimination (e.g., COOCH3 
cleavage) rather than breaking H2 bonds. That is, the 
absorbed energy is directed to the polymer's 
degradation channels instead of the "useful" chemical 
work of H-H bond formation.  

The low H2 production in the aforementioned 
microplastics, stems from energy trapping at the 
surface, difficulty in transporting water to the active 
sites, and the polymer structure stabilizing radicals to 
terminate the process. 

PET after photolysis in NaOH (PET + NaOH +UV) 
was identical to that of the untreated PET. The 
spectrum after photolysis in water (PET+H2O+UV) 
shows weak bands at 2997 and 2945 cm−1, 
corresponding to the asymmetric and symmetric 
stretching C-H vibrations of the CH2 groups. The 
strong bands at 1762 and 1217-1098 cm−1 correspond 
to C=O and C-O stretching vibrations, respectively, 
[124], [125]. The weak band at 1456 cm−1 could be 
assigned to the deformation vibration of the O-H 
group, [124], [125].  

Han et al., [126], found that the g-C3N4/CoO/CoP 
catalyst exhibits a hydrogen evolution activity of 
1277.9 μmol/g·h, which is 4 times higher than that of 
g-C3N4/CoO (with g-C3N4/alone showing no H2 
evolution activity under optimized conditions,). Its 
performance is comparable to that of the commonly 
used Pt cocatalyst. Lin et al., [127], investigated the 
H2 production from ultra-high molecular weight 
polyethylene (UHMWPE) by using FeSA-hCN 
nanocomposite. The performance improvement may 
be attributed to the tight bonding of N-P bonds, which 
effectively promotes the transport of photogenerated 
carriers, while the increased loading of CoP provides 
more active sites in FeSA-hCN nanocomposite and it’s 
band structure. The mixture of FeSA-hCN and plastic 
degradation products further achieves a H2 evolution 

of 42 μmol/h under illumination. The formation of 
hydrogen radicals from the photoreaction products of 
PET and PLA could be explained by the breaking of 
C-H and /or O-H groups, [128]. In the NaOH 
suspensions, R-COOH is neutralised into R-COO-, 
and the reaction cannot occur. Moreover, in these 
alkaline suspensions, the hydrogen radicals can react 
with hydroxide ions, [129], which also explains the 
decrease of hydrogen yields. 

Ren et al, [130], investigated the polyethylene 
terephthalate microplastics (PET MPs) on the semi-
continuous H2 production under mesophilic and 
thermophilic fermentation were investigated. Results 
indicated that PET MPs can enhance the semi-
continuous H2 production performance, and the 
highest H2 production rates in mesophilic and 
thermophilic MPs supplemented groups were 4.85 and 
3.6  l/l.d, which were 21.60% and 63.60% higher than 
the control groups, respectively. During the stable 
operation period, H2 production rate and H2 content in 
the mesophilic PET MPs supplemented group were 
higher than those obtained from the thermophilic 
condition, [131], [132], [133], [134]. PET MPs could 
serve as immobilization carriers and favour, the 
growth of H2-producing bacteria under mesophilic and 
thermophilic fermentation, thereby enhancing the 
semi-continuous H2 production performance, [135], 
[136], [137], [138]. 

 
3.8 Effect of increasing time on H2(g) 

Generation in 100 mg/l PA (Nylon), PAK, 

PMMA, PE and AC MPs Concentrations at 2 

mg/l Co3O4 NPs concentrations 
In order to detect the effects of increasing 
photocatalytic degradation times (10, 15, 20, 25, 30, 
35, 40, and 45 min- or 0.17, 0.25, 0.33, 0.42, 0.50, 
0.58, 0.67 and 0.75 h) on H2 production of 100 mg/l 
PA, PAK, PE, PMMA, and AC MPs, the studies were 
performed at 2 mg./l Co3O4 NPs concentrations (Fig. 
14).  
 
* Figure 14 can be found in the Appendix section. 
 

The data aforementioned above showed that Co3O4 

NPs is excellent photocatalyst for photocatalytic H2 
generation reactions from micropollutants namely PA 
(Nylon), PAK, PE, PMMA, and AC MPs, 
respectively, at 2 mg/l Co3O4 NPs at increasing 
photocatalytic degradation times (10, 15, 20, 25, 30, 
35, 40, and 45 min). The maximum H2 production 
yields for all studied microplastics were detected after 
0.42 h (25 min).   

 
3.9 Reusability of Co3O4 NPs 
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It is very important to examine the stability or 
reusability of the Co3O4 NPs. Therefore, the 
reusability of the prepared Co3O4 NPs was 
investigated during 65 cycles. The results were given 
in Fig. 15.  
 
* Figure 15 can be found in the Appendix section. 
 

It can be seen that Co3O4 NPs exhibited excellent 
reusability after 65 cycles and can be reused for further 
H2 generation processes. After, 65 cases 99 mmol/g H2 
production was detected. 
 
 
4 Conclusions 
In the present study, Co3O4 NCs were synthesized and 
employed as photocatalysts for hydrogen production 
under solar simulated conditions from microplastics 
namely Polyamide (PA, Nylon), Polyacrylate (PAR), 
Polyethylene (PE), Polymethyl methacrylate (PMMA) 
and Acrylates Copolymer (AC).  

The XRD analysis of the Co3O4 NPs showed the 
purity and the crystallinity properties of the 
photocatalyst while SEM data have shown that Co3O4 

NPs contain some agglomerated clustered particles.  
EDX spectrum of Co3O4 NPs exhibited the 

presence of Co and O. 
The average particle size of Co3O4 NPs was less 

than 15 nm. In our study, the surface area of Co3O4 
NPs were measured as 82 m2/g, indicating more 
contact points in large surface with ligth and 
microplastics resulting in more H2 production.  

The main FTIR spectrum values are 1145 cm-1, 
1397 cm-1, 1645 cm-1 and 3500 cm-1 for C=O, O-H, 
C=O and O-H bonds, respectively.Specific geometric 
forms of Co3O4 NPs, such as cubes, rods, or plates, and 
their typical sizes in the range of 10-40 nm range are 
visualized in HRTEM graphs 

With a band gap energy of 2.35 eV in Co3O4 NPs, 
sufficient thermodynamic driving force for the 
decomposition (degradation) of organic pollutants and 
for the oxidation of water was supplied. Compared to 
other cobalt-based catalysts, this band gap energy 
provides information about the material's crystal 
structure, grain size, and surface defects. A lower band 
gap generally indicates better conductivity and 
photocatalytic activity at UV-vis absorption spectrum.  

The maximal H2 productions were detected as 180 
mmol/g Co3O4 NP.h, for PE; 108 mmol/g Co3O4 NP.h 
for PAK and 105 mmol/g Co3O4 NP.h, for PA at 100 
mg/l PE, PAK and PA microplastic concentrations, 
respectively, after 0.40 h retention time at 2 mg/l 
Co3O4 NPs concentrations. The maximal H2 

productions were found to be slightly low in PMMA 
(82 mmol/g Co3O4 NP.h and AC (87 mmol/g Co3O4 

NP.h) after 0.4 h at 2 mg/l Co3O4 NPs at initial 100 
mg/l PMMA and AC microplastic concentrations. 

For maximum microplastic yields the optimal 
operations conditions were 2 mg/l Co3O4 NPs 
concentration, 0.4 h and 100 mg/l initial microplastic 
(PA, PAR, PE, PMMA and AC) concentrations.  

The reusability studies showed that the 
nanocomposites exhibited the same H2 productions for 
64 cycles. Co3O4 NPs possessed slightly improved 
photocatalytic degradation of microplastics studied in 
this work. 
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The List of Abbreviations 
H2(g): Hydrogen gas 
MPs: Microplastics  
Co3O4: Cobalt oxide 
NCs: Nanocomposites 
XRD: X-Ray Diffraction Analysis 
SEM: Scanning Electron Microscope Analysis 
EDX Energy Dispersive X-Ray Analysis  
HRTEM: High Resolution Transmission Electron 
Microscopy Analysis 
FTIR: Fourier Transform Infrared Spectroscopy 
Analysis 
(PA, Nylon): Polyamide (PA, Nylon),  
PAK: Polyacrylate,  
PE: Polyethylene,  
PMMA: Polymethyl methacrylate  
AC: Acrylates Copolymer 
PPCPs: Pharmaceuticals and personal care products  
R-COOH: Carboxylic acid 
R − NH2: Amines group 
OH: Hydroxyl  
LDPE MPs: Low density PE MPs 
HDPE MPs: High density PE MPs 
MDPE MPs: Medium-density PE MPs  
PEX or XLPE MPs: Cross-linked polyethylene PE 
MPs 
PAHs: Polyaromatic Hydrocarbons  
O2(g): oxygen gas 
CO2(g): carbon dioxide  
LLDPE MPs: Linear low-density polyethylene PE 
MPs 
CH4: Methane 
C2H4: Ethylene 
(−CH2−): Methylene groups 
PSAs: Pressure-sensitive adhesives  
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UHMWPE MPs: Ultra-high-molecular-weight PE 
MPs   
ULMWPE MPs or PE-WAX MPs: Ultra-low-
molecular-weight PE MPs  
HMWPE MPs: High-molecular-weight PE MPs  
HDPE MPs: High-density PE MPs  
HDXLPE MPs: High-density cross-linked PE MPs  
PEX MPs or XLPE MPs: Cross-linked PE MPs,  
MDPE MPs: Medium-density PE MPs  
LLDPE MPs: Linear low-density PE MPs  
LDPE MPs: Low-density PE MPs, 
VLDPE MPs: Very-low-density PE MPs  
CPE MPs: Chlorinated PE MPs 
PMMA MPs: Polymethyl methacrylate MPs 
CO: Carbon monoxide  
UV: Ultraviolet light 
R-groups: Radical groups 
ACM: Acrylic acid ester and 2-chloroethyl vinyl 
ether copolymer) 
ANM: Acrylic acid ester and acrylonitrile 
copolymer). 
SAP: Super Absorbent Polymer  
VOCs: Volatile organic compounds 
TMPTA: Trimethylolpropane triacrylate  
PEM: Polymer Electrolyte Membrane  
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Figure 1. The chemical structure of (a) Polyamide (PA) MPs, (b) Polyamide (PA, Nylon 6) MPs, and (c) 
Polyamide (PA, Nylon 66) MPs, respectively. 
 

 

 
Figure 2. The general chemical structure of Polyacrylate (PAK) MPs. 
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Figure 3. The general chemical structure of Polyethylene (PE) MPs. 
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Figure 4. The general chemical structure of Polymethyl methacrylate (PMMA) MPs. 
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Figure 5. The general chemical structure of Acrylates Copolymer (AC) MPs. 
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Figure 6. XRD results of Co3O4 NPs. 
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(c) (d) 

 
Figure 7. SEM analysis results of (a) 3 nm Co3O4 NPs, (b) 100 nm Co3O4 NPs, (c) 300 nm Co3O4 NPs and (d) 
500 nm Co3O4 NPs, respectively.  
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Figure 8. BET surface area pore size (a) and volume distribution plot (b) of Co3O4 NPs 
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Figure 9. (a) The EDX spectrum of Co3O4 NPs, and (b) the presence of Co and O elements weight (%) and Co 
and O atomic (%) versus efficiencies (%), respectively.  
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Figure 10. (a) The UV-vis absorption spectrum of Co3O4 NPs, and (b) Tauc plot of Co3O4 NPs, respectively. 
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Figure 11. FTIR spectrum of Co3O4 NPs. 
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Figure 12. HRTEM analysis results of Co3O4 NPs (a) HRTEM image size: 500 nm, and (b) HRTEM image size: 
100 nm, respectively. 
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Figure 13. (a) H2 productions in Polyamide (PA, Nylon). 
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Figure 13. (b) H2 production in Polyacrylate (PAK).   
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Figure 13. (c) H2 production in Polyethylene (PE). 
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Figure 13. (d) H2 production in Polymethyl methacrylate (PMMA).  
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Figure 13. (e) H2 production in Acrylates Copolymer (AC). 
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Figure 14. H2 production rate for MPs [Polyamide (PA, Nylon), Polyacrylate (PAK), Polyethylene (PE), 
Polymethyl methacrylate (PMMA), Acrylates Copolymer (AC), respectively. 
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Figure 15. The reusability of Co3O4 NPs during 65 cycles. 
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