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ARTICLE INFO ABSTRACT

Keywords: Photoreforming of polyethylene terephthalate (PET) and polylactic acid (PLA) microplastics has been investi-
Microplastics gated as a sustainable approach for hydrogen evolution. Thermodynamic analysis confirmed the feasibility of
PET hydrogen evolution during the degradation of PET and PLA under UV irradiation (254 nm). Photolysis experi-
PLA . . .

Photoreformin ments in water demonstrated that hydrogen, methane, and carbon monoxide were the primary gaseous products.
Hydrogen & PLA yields higher amounts of hydrogen than PET. The presence of NaOH significantly reduced hydrogen evo-

lution, likely because of the scavenging of hydrogen radicals with hydroxide ions and neutralisation of carboxylic
groups. Photocatalytic experiments in water using TiO and graphitic carbon nitride (g-C3N4) further increased
the hydrogen yields of PET and PLA, with a more pronounced effect on PLA. However, in NaOH suspensions,
hydrogen evolution increased only for PLA in the presence of TiOy, while g-C3N4 had no effect. This was

G-C3N, instability

attributed to the instability of g-C3N4 under alkaline conditions, as confirmed by the structural analysis.

1. Introduction

Plastic materials are durable, cheap, and light materials that have
been used for many human activities. As plastic materials are versatile,
their production was 360 million tons in 2018, and plastic production in
2025 was assumed to reach 500 million tons [1]. In a review article by
Napper and Thomson [2], all aspects of plastic waste were well
summarised.

Plastic microparticles, often called microplastics, are a matter of
growing concern from the environmental, health, and regulatory per-
spectives. The presence of microplastics in seawater was first reported
by Thomson et al. in 2004 [3]. Microplastics are a part of products such
as cosmetics (microbeads in exfoliating scrubs) and industrial abrasives,
and are even used in air blasting technology. These microplastics (pri-
mary microplastics) enter the environment directly from various sour-
ces. Other microplastics (secondary microplastics) are larger plastics,

such as plastic bottles, bags, and fishing nets. Various weathering pro-
cesses, including photodegradation, mechanical abrasion, and other
environmental factors, break plastics into smaller fragments. They exist
in various forms, such as spheres, fragments, and fibres. Owing to their
small size, they can easily enter ecosystems and be ingested by a wide
range of organisms, including aquatic organisms and humans. It should
be noted that there is no clear size limit for microplastics. Some authors
consider microplastics to be plastic particles with sizes between 1 pm
and 5 mm.

Environmental microplastics in the environment have attracted the
attention of many scientists worldwide. The number of reviews and
research articles on microplastics has been increasing annually (see
Fig. 18 in the Supplementary Materials). Their occurrence in water [4,
5], soil [5,6], the human body [7], fish [8], plants [9], the atmosphere
[10], and food [11] has been reported. For example, refer to other re-
view articles on the topic of microplastics [12-16].
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Various technologies have been established for the retention of
microplastics, such as coagulation, membrane filtration, adsorption, and
degradation, based on oxidation processes [17,18], catalysis [19,20],
and biodegradation processes [21]. For example, microplastics in
wastewater can be effectively removed by conventional treatment pro-
cesses with an efficiency of up to 99 % (more than 65 % remains in
sewage sludge) without their useful degradation [14,22,23]. Therefore,
technologies for both degradation and recycling must be developed.
Recycling technologies enable the reduction of the amount of micro-
plastics and, in addition, transform them into useful products also
known as “trash to treasure.” They are based on i) chemical recycling of
oil/hydrocarbon components or high-purity chemicals [24,25], ii) en-
ergy recycling by heating (pyrolysis), and iii) light absorption (photo-
reforming) [22,26-31].

Photoreforming of microplastics is emerging as a dual-benefit tech-
nology, offering both environmental remediation and the generation of
valuable products such as hydrogen and organic chemicals. This process
uses photocatalysis under solar or artificial light to break down micro-
plastics in aqueous media and convert them into simpler molecules.
Photoreforming of PET and PLA waste-forming hydrogen has been re-
ported using MoS,-Tipped CdS nanorods [32], defect-rich NiPS3 nano-
sheets [33], heterojunction NigS4/ZnCdS photocatalysts [34],
high-pressure columbite phase of titanium dioxide [35], and B-doped
carbon nitride nanotubes [36]. Photoreforming of PE using
g-C3N4/Co304 Z-scheme heterostructure [37]. Comprehensive review
articles on the photoreforming of plastics have been published [38-43].

Photoreforming has recently been reviewed as an emerging process
for plastic waste treatment. The scalability of photoreforming, its low
energy demand, and the avoidance of toxic by-products make it a
compelling solution for microplastic pollution. However, challenges,
such as catalyst durability, broad-spectrum light absorption, and real-
world applications under mixed plastic waste conditions remain as
focal points for future research.

The aim of this study was to investigate the photoreforming of
selected microplastics, such as PET and PLA, to obtain useful products in
the gaseous phase, particularly hydrogen. Before the laboratory exper-
iments were performed, the feasibility of this process was confirmed by
analysing thermodynamic data. Hydrogen was then evolved via
photolysis and photocatalysis under UV irradiation. Photocatalytic ex-
periments were performed using TiO, and g-C3N4 photocatalysts.
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2. Experimental
2.1. Chemicals

Titanium dioxide (Degussa P25) and melamine were obtained from
Sigma-Aldrich (Darmstadt, Germany), NaOH was obtained from Lach-
Ner (Neratovice, Czech Republic), and helium (5.0) was obtained from
Messer Technogas (Ostrava, Czech Republic). Granulated PLA and PET
were obtained from the TotalEnergies Corbion (Gorinchem,
Netherlands) and Selenis (Portalegre, Portugal), respectively. Distilled
water was used for all experiments.

2.2. Synthesis of photocatalysts

Titanium dioxide (Degussa P25) was obtained as a commercial
product. Bulk g-C3N4 was synthesized by the direct heating of melamine
at 550 °C for 4 h with a heating rate of 3 °C'min~!. Melamine (5 g) was
placed in a ceramic crucible with a lid in a muffle furnace. The crucible
was then cooled to room temperature outside the furnace and ground
into a fine powder in a laboratory mill. Bulk g-C3N4 was exfoliated by
heating a thin layer on a ceramic plate (diameter 8 cm, 50 mL) at 500°C
in a muffle furnace for 3 h at a heating rate of 10°C. min . The ceramic
plate containing the product was cooled from the furnace to room
temperature.

The exfoliation was performed under the same conditions as those
used for the synthesis of bulk g-C3N4. The thermal exfoliation of g-C3N4
was found to be a simple procedure for the synthesis of highly efficient
photocatalyst [44-46]. Some characteristics of both photocatalysts are
shown in Supplementary materials

2.3. Preparation of microplastics

The polymer granulates of PET and PLA were ground in a cryogenic
mill CryoMill (Retsch GmbH, Haan, Germany), and the granulometry
was adjusted to 160 um using an analytical sieve shaker AS200 (Restch,
Haan, Germany) and a sieve using Preciselekt (Dolni Loucky, Czech
Republic).

2.4. Characterization of microplastics

2.4.1. Elemental analysis and calorimetry

Elemental analysis (EA) of oxygen, carbon, and hydrogen in micro-
plastics was performed using a Flash 2000 elemental analyser (Thermo
Fisher Scientific, Waltham, MA, USA). The carbon and hydrogen con-
tents were directly determined, and the oxygen content was calculated
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Fig. 1. Yields of the three main gaseous products of PET and PLA degradation after 4 h (left) and hydrogen yields during photolysis (right) under irradiation

at 254 nm.
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to be up to 100 %. The combustion heats of PET and PLA were deter-
mined using a calorimeter LECO AC600 (LECO Corporation, Michigan,
USA). The plastic samples (0.25g) were burned in an oxygen
atmosphere.

2.4.2. Fourier transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectra were obtained using a
Thermo Scientific Nicolet iS10 FTIR Spectrometer. The measurements
were carried out in the range of 500-4000 cm ™! with a resolution of
2 cm ™! using the ATR mode with a Smart iTX attachment. A small
amount of the sample was placed on a diamond measuring window on
an ATR attachment where the spectrum was collected. Each spectrum
consisted of at least 64 scans, each lasting 1 s. Before each measurement,
the background was collected to eliminate the apparatus and environ-
mental effects. The spectra of each sample were rationed.

2.4.3. X-ray powder diffraction

X-ray powder diffraction (XRD) patterns were obtained using a
Rigaku SmartLab diffractometer (Rigaku, Tokyo, Japan) equipped with
a D/teX Ultra 250 detector. The X-ray irradiation source was a Cu tube
(Cu Ko, A = 0.154059 nm, Ay = 0.154441 nm) operated at 40 kV and
30 mA. The incident and diffracted beam optics were equipped with 5°
Soller slits; the incident slits were set to 1° (fixed divergence slits). Both
the slits on the diffracted beam were set to a fixed value of 1 mm. The
powder samples were measured in reflection mode (Bragg-Brentano
geometry). The samples were rotated (30 rpm) during the measurement
to eliminate the preferred orientation effects. The XRD patterns were
collected in the 26 range of 5-90° with a step size of 0.01° and a speed of
0.5 deg.min L.

2.4.4. X-Ray photoelectron spectroscopy
Superficial elemental analysis was performed using an X-ray photo-
electron spectrometer (XPS) ESCA 3400 (Kratos Analytical Ltd, UK) with
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a base pressure in an analysis chamber of 5.0 x 10~/ Pa. The powdered
materials were placed on conductive carbon tape. The electrons were
excited using Mg Ka radiation (hv = 1253.6 eV) generated at 12 kV and
10 mA. For all the spectra, the Shirley background was subtracted. Peaks
ascribed to sp? hybridized nitrogen (C=N-C) were set to 398.8 eV as a
charge correction. The XPS spectra of boric acid and cyanoguanidine
were corrected by C 1 s set to 284.8 eV as they do not contain sp? hy-
bridized nitrogen.

2.4.5. Scanning electron microscopy

A scanning electron microscope (SEM) Tescan Vega (Tescan Orsay
Holding, Brno, Czech Republic) with a tungsten cathode and energy-
dispersive X-ray spectroscopy (EDAX, Ametex, PA, USA) were used for
microscopic investigation of the powder samples. SEM micrographs
were obtained using the backscattered (BSE) and secondary electron
(SE) modes to determine the benefits of both techniques while reducing
the impact of their drawbacks.

2.5. Photochemical experiments

The photolytic and photocatalytic experiments were conducted in a
batch photoreactor with a volume of 348 mL (Fig. 2S). Photolytic tests
(with no photocatalysts) were performed using reaction mixtures con-
sisting of 100 mL of deionised water or NaOH solution (0.2 mol 'Y and
0.5 g of the investigated plastic materials. The reactor was tightly sealed
and the mixture was purged with helium. An UV 254 nm pen-ray lamp
was employed as a source of illumination and positioned on a quartz
glass window at the top of the photoreactor. The samples of the gaseous
phase were taken through a septum using a syringe and analysed using a
gas chromatograph (GC, Shimadzu Nexis GC-2030) equipped with a
dielectric barrier discharge ionisation detector (BID). The separation
was performed using an analytical column (2 m x 0.52 mm i.d., carbon
molecular sieve (ShinCarbon ST) with a specific surface area of 1500 m?

Fig. 2. SEM micrographs of PET microplastics used for photolysis. (A) Original microplastics, (B) microplastics after 24 h in water, and (C) microplastics after 24 h

in NaOH.
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g’l) (Restek Corporation, Bellefonte, PA, USA). The reaction mixtures
were exposed to irradiation for 4 h, and gaseous samples were taken at
time intervals of 1, 2, 3, and 4 h for GC-BID analysis.

Photocatalytic tests with TiO, and g-C3N4 were carried out using
deionised water and reaction mixtures consisting of 100 mL of a sus-
pension (0.5g) of the investigated plastic materials (and with the
addition 0.05 g of TiO, to a NaOH suspension). All photochemical ex-
periments were repeated three times to ensure reproducible results. The
characterisation results of the TiO; and g-C3N4 photocatalysts are shown
in the Supplementary Materials (see Tables 1S and 2S and Fig. 3S-7S).

2.6. Identification of photoreforming products

The identification and characterisation of the degradation products
(DPs) of the photolysis and photocatalysis of PLA and PET were per-
formed using liquid chromatography combined with high-resolution
tandem mass spectrometry (HPLC/HRTMS). To determine the DPs,
approximately 10 mL aliquots were taken after the termination of the
photocatalytic and photolytic experiments. Aliquots were filtered using
Chromafil GF/RC-20/25 syringe filters (pore size 0.2-1.0 um). Blank
samples were prepared using the same method used for photolysis and
photocatalysis, but without adding the plastic microparticles (the
deionised water/NaOH solution was irradiated in the photoreactor for
4 h with and without the photocatalyst).

HPLC/HRTMS analysis of these samples was performed with an
Acquity UPLC system coupled to a high-resolution tandem mass spec-
trometer (Synapt G2-S; Waters, Massachusetts, USA). A Raptor Polar X
analytical column (100 mmx2.1 mm i.d.,, 2.7 pm particles (Restek
Corporation, Bellefonte, PA, USA) was used for the chromatographic
separation along with a mobile phase consisting of ultrapure water (A)
and acetonitrile (B), both acidified with 0.1 % of formic acid. An applied
gradient method was as follows: starts with 50 % B, increasing up to
70 % B in 4.5 min, then increasing again up to 100 % B in 3 min, held
there for 2.5 min, then decreasing down to 50 % B in 55 s, and held
there for 1 min and 5 s. The injection volume was 5 pL, and the flow rate
was 0.25 mL min~!. The parameters of the mass spectrometer were as
follows: spray voltage of + 2 kV, sample cone voltage of 15 V, source
temperature of 300°C, desolvation temperature of 350°C, desolvation
gas flow of 6001 hl analyser in V-mode, scan range of 50-1200 (Da),
scan time of 0.2 s, and interscan delay of 0.02 s. MS/MS data were ob-
tained via fragmentation experiments in a trap-collision cell. Collision
energy of 25 eV was used.

3. Results and discussion
3.1. Thermodynamic analysis

Feasibility of the photoreforming of both microplastics to obtain
hydrogen was considered based on the thermodynamic analysis of the
degradation of PET and PLA according to reactions

C10HgO4(s) + 16 Ho0(1) — 10 CO2(g) + 20 Ha(g) (@)
C3H402(s) + 4 H>O() — 3 COz(g) +6 Hz(g) 2)

The change of the standard Gibbs energy (ArGggs) of these reactions
was calculated according to the common equation

ArGgL)s = Angfas_TArSg% &)

Table 1
Determined combustion and calculated formation enthalpies of PET and PLA.

Plastics AHYog omy (kJ mol ™) AHgq ¢ (kJ mol ™)
PET —4650 -253
PLA -1350 -314
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Table 2
Calculated reaction enthalpies, entropies, and Gibbs energies.
Plastics AHYy (kI 28955 (kJ K71 ArGgg (k]
mol 1) mol ™) mol 1)
PET (reaction 891 3.59 —181
1)
PLA (reaction 277 1.13 —-61.0
2)
PLA (reaction 277 1.11 —55.1
2)

where AHoog, T, A,S5, are reaction enthalpy, absolute temperature,
and reaction entropy. The reaction enthalpy (A.Hj,) was calculated
based on the formation enthalpies of the substances involved in the re-
actions (1) and (2). The formation enthalpies AHJ, 7 of C10HgO4 (PET)
and C3H405 (PLA) were calculated according to their combustion re-
actions (1S) and (2S), see Supplementary Materials. The reaction en-
thalpies of these combustion reactions (A,Hs,) were substituted with
the combustion enthalpies AHjgq .., determined by calorimetry, see
Table 1. Then, the formation enthalpies (AHg98 f) of PET and PLA were
calculated from the Hess equation (Eq. 3S), see Table 2.

Similarly, reaction entropies (A;Soss) were calculated as the differ-
ence between the entropies of the products and reactants involved in the
reactions (1) and (2) according to Eq. (4S). The standard enthalpies and
entropies used in the calculations are summarised in Table 3S. The
standard entropies (AS3o,) of PET and PLA were adopted from literature
[47]. As there are two ASSy values for PLA (Table 2) the reaction
Gibbs energies were calculated for both. The enthalpies, entropies, and
the Gibbs energies of the reactions (1) and (2) according to Eq. (3) are
summarised in Table 2.

All the calculated values of A,G5g < 0 indicate that the reactions (1)
and (2) are thermodynamically feasible. Therefore, photoreforming
experiments were performed with both microplastics, as discussed
below. Moreover, these reaction Gibbs energies are lower than that of
water splitting (2 HO — Oy + 2 Hy) which is 237 kJ mol~!. This in-
dicates that the evolution of hydrogen from (micro)plastics is more
feasible than that from water and deserves further investigation.

3.2. Photolysis of microplastics

Microplastics for the photoreforming experiments were obtained by
milling and sieving PLA and PET granulates to obtain particles with sizes
of 160 < um. Their real compositions were determined by elemental
analysis and compared with the theoretical compositions calculated
from their monomer formulas (see Table 3). It is evident that the
experimental and theoretical data agree well.

In general, photolysis refers to the direct dissociation of chemical
bonds in microplastic polymers by the absorption of UV light, leading to
the formation of reactive radicals such as hydrogen radicals. The
photolysis of PET and PLA microplastics was performed under UV
irradiation at 254 nm in the water and NaOH suspensions. NaOH was
supposed to provide more efficient hydrolysis of PET and PLA ester
bonds [38]. Three main gaseous products were identified, namely
hydrogen, methane, and carbon monoxide (Fig. 1). The yields of these
products followed the order: Hy > CH4 > CO. These results suggest that
photolysis leads to the formation of organic compounds in the liquid
phase.

Fig. 1 (right) shows the time-dependent evolution of hydrogen dur-
ing the photolysis under UV irradiation. It can be seen that hydrogen
production increased with irradiation time for both PET and PLA. In all
cases, higher yields were observed in the water than in NaOH suspen-
sions, indicating that water conditions favour hydrogen evolution.

The photolysis of PLA mostly demonstrated higher yields of all the
gaseous products which can be explained by the simpler molecular
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Fig. 3. SEM micrographs of PLA microplastics used for photolysis. (A) Original microplastics and (B) microplastics after 24 h in water.

P. Praus et al.

Table 3

Real and theoretical compositions of studied microplastics.
Microplastics O (wt%) C (wt%) H (wt%)
PET 31.03 63.77 5.20
PET (theor.) 33.33 62.50 4.17
PLA 44.14 49.97 5.88
PLA (theor.) 44.44 50.00 5.56

Note: The PET monomer formula is C;oHgO4 and the PLA monomer formula is
C3H402

structure of PLA facilitating the cleavage of ester bonds. PET contains
aromatic rings which can lead to the formation of more stable degra-
dation products in the liquid phase (terephthalic acid) which is further
discussed. The hydrogen yields obtained in the water and NaOH sus-
pensions for 4 h are shown in Fig. 1. A decrease in the hydrogen and
methane yields in the NaOH suspensions was observed for both plastics.
However, in the case of PLA, carbon monoxide production increased
under alkaline conditions. Despite this, the total yield of gaseous prod-
ucts (Ho+CH4+CO) decreased compared to that under water conditions.

3.2.1. Analysis of microplastics by SEM

Microplastic degradation was investigated using electron scanning
microscopy, as shown in Figs. 2 and 3. In the SEM micrographs, the PET
and PLA particles after irradiation for 24 h are compared with the
original particles without any treatment. The surface of the PET
microplastics became smooth after photolysis in water and even

1762
204 —PET
— PET+H,0+UV
—— PET+NaOH+UV
3 o 1726
(=}
£ 1217
2 OH i2e7 1N
Z 1.0 o) : o)
H+O [e]
n
0.5
2967
2997 2890
2945
0.0- T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

smoother after photolysis in the NaOH suspension. A similar observation
was made for PLA microplastics after photolysis in water. During
photolysis in the NaOH suspension, the PLA particles were completely
dissolved.

3.2.2. Analysis of microplastics by FTIR

3.2.2.1. Analysis of PET microplastics. Structural changes in both
microplastic materials due to photolysis in the water and NaOH sus-
pensions were investigated by FTIR. The FTIR spectra of the PET are
shown in Fig. 4. One spectrum of untreated PET microplastics labelled
simply as “PET” was used for comparison. Two spectra of the PET
microplastics treated in water and the NaOH solution under UV irradi-
ation are labelled as “PET+H,0+UV” and “PET+NaOH+UV”,
respectively.

In the spectrum of “PET”, two weak bands at 2967 and 2890 cm ™
correspond to the asymmetric and symmetric stretching vibrations of C-
H in CH, groups. The strong band at 1726 cm ™! can be assigned to the
stretching vibrations of C=0. The bands at 1267 and 1098 cm™! can be
attributed to the (C=0)-O and O-CHj stretching vibrations, respec-
tively. A medium band at 727 cm™! can be assigned to the ring C-C
bending and ring C-H out of plane vibrations [48,49] or the bending
vibration of HO-C=0 in COOH groups [50].

The spectrum of PET after photolysis in NaOH (PET + NaOH +UV)
was identical to that of the untreated PET. The spectrum after photolysis
in water (PET+H0+UV) shows weak bands at 2997 and 2945 cm’l,
corresponding to the asymmetric and symmetric stretching C-H

25
1734
—PLA

20] —PLA+H,0+UV

1269

Absorbance

0.5+

0.0

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 4. FTIR spectra of the PET (left) and PLA (right) microplastics after photolysis for 24 h.
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vibrations of the CH; groups. The strong bands at 1762 and
1217-1098 cm™! correspond to C=0 and C-O stretching vibrations,
respectively [51,52]. The weak band at 1456 cm ™! could be assigned to
the deformation vibration of the O-H group [51,52].

For the photolysis of PET, the Norrish II and I mechanisms have been
referred to in the literature. The intramolecular Norrish II process leads
to the formation of benzoic acid and CHy=C< ended aliphatic com-
pounds [53,54]. The Norrish process I was found to produce CO, CO»,
benzoic acid, benzaldehyde, formate, and aliphatic alcohols via
hydrogen abstraction and recombination of various radicals [53]. Day
and Willes [54] identified that more than 90 % of CO,, CO, and other
compounds were hydrogen, methane, water, ethylene, methanol,
butane, acetic acid, formaldehyde, benzene, and toluene. Fechine et al.
[55] recognized the Norrish I mechanism leading to the formation of
mono or dihydroxy terephthalate and aromatic carboxyl acid
end-groups. Chamas et al. [56] reported that PET hydrolysis forms ter-
ephthalic acid and ethylene glycol. In general, the degradation processes
of plastics depend on external conditions, such as temperature, the
presence of oxygen, and the intensity and energy of irradiation.

In this study, the degradation products were analysed by HPLC/
HRTMS in full scan mode, and the chromatograms were carefully
investigated for the presence of DPs. Only one degradation product was
identified. This product was formed in the suspension after the photo-
catalysis of PET in the NaOH suspension. An m/z of 165.0139 was
observed, suggesting the presence of terephthalic acid, whose predicted
m/z of [M-H]- was 165.0193. In addition, the fragment observed at an
m/z of 121.0227 (and theoretical m/z of 121.0295) indicated the pres-
ence of benzoic acid which proved that the detected compound was
terephthalic acid. The concentration of terephthalic acid was
2.25 mg L1, For comparison, the limit of detection (LOD) for tereph-
thalic acid was 1.00 mg L. Fig. 8S shows the HPLC/HRTMS analysis of
PET after photocatalysis.

3.2.2.2. Analysis of PLA microplastics. The spectra of PLA microplastics
are shown in Fig. 4. In analogy with the previous spectra of PET, one can
see the spectra of untreated PLA and treated PLA microplastics. The
spectrum of untreated PLA microplastics (“PLA”) shows broad bands
corresponding to O-H groups at approximately 3500 cm ™!, Bands of the
stretching C-H vibrations of the-CH3 and -CH groups were observed at
2999 and 2946 cm ™}, respectively. Other bands at 1760, 1185, and
1088 cm ™! can be assigned to carbonyl vibrations, such as C=0, C-O,
and C-O-C ones, respectively [57].

In the FTIR spectrum of the PLA microplastics after photolysis in
water, a small band at 3430 cm ™! was observed, which can be explained
by -OH stretching vibrations. The weak bands at 2968 and 2890 cm ™!
can be assigned to the stretching C-H vibrations of the-CH3 and -CH
groups of lactic acid [50]. The strong bands at 1734 and 1269 cm ™! can
be attributed to the stretching of C=0 and C-O vibrations, respectively
[50,58,59]. A band at 1113 em ! can be explained by the deformation
vibrations of C-H [58,59] and a band at 727 cm™* by the bending vi-
bration of HO-C=0 in COOH groups [50]. The FTIR spectrum of the PLA
microplastics in the NaOH suspension is not shown in Fig. 4 because the
microplastics were completely dissolved.

The formation of lactic acid after photolysis can, in principle, be
caused by i) hydrolysis [56,60,61] and ii) the Norrish II mechanism [57,
62]. Unlike bare hydrolysis, which is slow and requires a much longer
time than 24 h to produce a remarkable amount of lactic acid, the
Norrish mechanism II is realistic. The photolysis of PLA, leading to the
formation of lactic acid, was also proposed by Deal et al. [63] using 1>C
tagged lactic acid. The degradation products in the PLA suspensions
were also analysed by LC/HRTMS; however, no compounds were
identified. The LOD of lactic acid was 12.5 mg L% therefore, lactic acid
could be in suspensions at concentrations below the LOD.

Journal of Environmental Chemical Engineering 13 (2025) 116998
3.3. Photocatalytic degradation of microplastics

Photocatalysis in this study was used to facilitate light-driven re-
actions on the surfaces of used photocatalysts, such as TiO3 and g-C3Ny,
which absorb light energy and generate electron-hole pairs. The pho-
togenerated electrons can reduce hydrogen ions (from water or degra-
dation products) to molecular hydrogen, whereas holes can oxidise
organic fragments. The efficiency of this process depends on the prop-
erties, stability, and reaction conditions of the photocatalyst used.

The photocatalytic degradation of PET and PLA microplastics was
performed in the presence of photocatalysts, such as titanium dioxide
and graphitic carbon nitride. These experiments were also performed
under UV irradiation at 254 nm because UV irradiation has higher
photon energy compared to visible irradiation (possible for g-C3Ny),
which allows us to accelerate the degradation reactions and obtain
measurable results within shorter experimental times. In addition, the
results obtained can be directly compared with those obtained by
photolysis performed under the same UV irradiation.

Titanium dioxide (Degussa P25) was obtained as a commercial
product. Graphitic carbon nitride was synthesised from melamine in the
laboratory and subsequently exfoliated at 500 °C for 3 h. The thermal
exfoliation of g-C3N4 was found to be a simple procedure for the syn-
thesis of highly efficient photocatalyst [44-46]. Some characteristics of
both photocatalysts are shown in the Supplementary Materials.

As shown in Fig. 5, more gaseous products, such as hydrogen,
methane, and carbon monoxide, were formed in comparison to
photolysis. Similar to photolysis, the product yields from PLA were
higher than those from PET. The decrease in the product yield in the
NaOH suspensions was also remarkable. A detailed analysis was per-
formed for hydrogen which was the dominant gaseous product.

Fig. 6 shows the hydrogen yields over time for the photocatalytic
degradation of microplastics using both photocatalysts. The increased
hydrogen yields were similar to those obtained by photolysis. The yields
of hydrogen evolved in the water suspensions were higher than those
obtained in the NaOH suspensions, which is in line with photolysis.

3.4. Mechanisms of hydrogen evolution

3.4.1. Hydrogen evolution by photolysis

As shown in Fig. 1, hydrogen, methane, and carbon monoxide were
formed during photolysis, but hydrogen was the dominant gaseous
product. The hydrogen yields after 4 h of irradiation are summarised in
Table 4. In general, the presence of NaOH in the suspensions led to a
significant decrease in hydrogen evolution compared with in that water-
based systems, especially for PET. However, in the case of PLA, the
addition of TiO5 to the NaOH suspension slightly increased the hydrogen
yield compared to photolysis, indicating the partial photocatalytic ac-
tivity of TiOs, even under alkaline conditions. Nevertheless, the
hydrogen yield was lower than that of the water suspension with TiOa.

The mean decrease of the hydrogen yields in time was 2.0 and 1.3 for
PET and PLA, respectively, see Fig. 9S. This is in line with the neutral-
isation of two carboxylic groups in terephthalic acid and one carboxylic
group in lactic acid. (It should be noted that the theoretical pH of the
0.2 mol L' NaOH solution is 13.3).

The evolution of hydrogen under the photolysis can be described by
the reaction of two hydrogen radicals [64]

H® + H® - H, “)

Based on the decrease of hydrogen yields in the NaOH suspensions
mentioned above one can assume the photoreaction of carboxyl groups
to form hydrogen radicals [65]

R-COOH — R-COO*+ H* 5)

The formation of carbon monoxide and methane can be explained by
the reduction of carbon dioxide resulted from the photoreaction of
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Table 4
Comparison of hydrogen yields after 4 h of UV irradiation (254 nm).

MPs Hydrogen yields (ppm)

water water TiO, water NaOH NaOH NaOH

8-C3Ny TiO 8-C3Ny
PLA 800 937 1014 663 801 560
PET 827 901 889 454 446 420

carboxyl groups [65] as follows

R-COOH — R-H + CO, )
CO; + Hy — CO + H,0 (1) %)
CO, + 4 Hy — CHy + 2 Hy0 (1) )

The reactions (7) and (8) take place in water and calculated standard
reaction enthalpies and Gibb’s energies are A;H3o; = -2.84 kJ mol™*
and A,Gg98 = 20.1 kJ mol~! for the reaction (7) and A,Hg98 =-253kJ
mol ! and A,G3yg = -130 kJ mol ! for the reaction (8). The input data
are listed in Table 3S. The reaction (7) is not spontaneous, but the
necessary energy was supplied by UV irradiation. For example, the
formation of methane by the cracking bonds of -CHs groups cannot
occur for terephthalic acid. However, this possibility cannot be excluded
in the case of lactic acid.

Based on the stoichiometry of the reactions (7) and (8), it is clear that
the reaction (5) does not provide a sufficient amount of hydrogen

radicals from the PET and PLA microplastics for the reaction (4). Other
reactions that provided hydrogen radicals for the formation of hydrogen
must proceed. For example, the formation of hydrogen radicals from the
photoreaction products could be explained by the breaking of C-H and
/or O-H groups [66,67]. In the NaOH suspensions, R-COOH is neutral-
ised into R-COO", and the reaction (5) cannot occur. Moreover, in these
alkaline suspensions, the hydrogen radicals can react with hydroxide
ions [64] which also explains the decrease of hydrogen yields as follows

H®* +OH - HyO + ¢ ©

3.4.2. Hydrogen evolution by photocatalysis

In general, any photocatalytic process in a liquid phase consists of
several steps, such as the adsorption of reactants from a liquid on a
photocatalyst, reaction on its surface, and desorption of reaction prod-
ucts back to the liquid. In the case of microplastic suspensions, the
contact between microplastic particles (reactants) and photocatalysts is
limited. A more realistic process consists of i) the photolysis of micro-
plastics forming hydrogen and some degradation products and ii) the
photocatalytic evolution of another hydrogen from the degradation
products which release hydrogen ions at the photocatalyst surfaces. It is
commonly accepted, e.g. [68], that the catalytic hydrogen evolution
mechanism consists of several steps under acidic conditions

H30" + e 4+ X — X-H + Hy0 (Volmer) (10)

X-H + H30" + & — Hy + H20 + X (Heyrovsky) 11



P. Praus et al.

2 X-H — 2 X + Hp (Tafel) (12)
and under alkaline conditions

Hy0 + e + X - X-H + OH (Volmer) 13)

Hy0 + e + X-H - X + Hy + OH" (Heyrovsky) 14)

where X refers to an active site on the catalyst, and X-H indicates an
adsorbed hydrogen atom on the catalyst. The photocatalytic process
with PET and PLA was performed in an inert helium atmosphere;
therefore, no reactive oxygen species (ROS) were generated in the
photocatalytic reactions. Under these conditions, the photocatalysts
provide only photoinduced electrons and holes. The overall hydrogen
yields are summarised in Table 4 and Fig. 5.

Fig. 5 also shows the total yields of all gaseous products. This
decrease was significant for the NaOH suspensions. When g-C3N4 was
used in water suspensions, the yields were higher than those of TiOa.
However, in the NaOH suspensions, the opposite yields were obtained.
This can be attributed to the lower stability of g-CsN4 under alkaline
conditions which was studied further. The TiO, photocatalyst was stable
during all experiments, even in the NaOH suspensions. This was
confirmed by XRD; see the XRD patterns in Fig. 108S.

3.5. Stability of g-CsN4 in NaOH suspensions

3.5.1. Analysis by XPS

The lower stability of g-C3N4 was verified by the XPS analysis of g-
C3Ny treated in the water and NaOH suspensions under UV irradiation
for 4 h. The XPS elemental analysis results are summarised in Table 5.
The changes in the nitrogen content and C/N fractions indicate the
release of nitrogen from the g-C3Ny4 structure due to the presence of
NaOH.

The typical nitrogen spectra of g-C3N4 are shown in Fig. 7. These
were fitted by four peaks with positions at approximately 398.8, 400.0,
401.4 and 404.2 eV. Two peaks at 398.8 and 400.0 eV can be attributed
to the sp? hybridized nitrogen (C=N-C) and nitrogen of tertiary amine
(N-(C)3), respectively. The peak at 401.4 eV can be ascribed to the C-N-
H bond. The peak at 404.2 eV can be explained by the n—n* (HOMO-
-LUMO) transition. To see some changes in the N atoms in the g-C3Ny4
structure, the intensities corresponding to (N-(C)3) and C-N-H bonds
were related to those of C=N-C bonds, creating relatively stable aro-
matic rings (Table 6).

The fractions of intensities related to the N-(C)3 and C=N-C bonds
indicate the loss of nitrogen atoms connecting the heptazine units. The
HOMO levels of the melem monomer are formed from nitrogen p, or-
bitals, and the LUMO levels consist of the p, orbital of carbon [69]. The
loss of nitrogen atoms indicates the loss of electrons which can be
photoexcited over the g-C3N4 band gap and, in turn, can be utilised for
the reduction of hydrogen ions to form hydrogen according to the re-
actions (10)-(14). It also explains the reduced hydrogen yield in the
NaOH suspensions (Table 4).

In the water suspensions, the hydrogen ions involved in the reactions
(10)-(12) were reduced by photoinduced electrons by the photo-
catalysts. Hydrogen ions are produced by the dissociation of the
degradation products (organic acids) released by photolysis. When
NaOH was present, the hydrogen ions were neutralised by hydroxide
ions, and the evolution of hydrogen was possible only from water mol-
ecules, according to the reactions (13) and (14).

The XPS carbon spectra of g-C3N4 are shown in Fig. 8. The C 1s

Table 5

XPS analysis of g-C3Ny after 4 h of irradiation at 254 nm.
8-C3Ny C (at%) O (at%) N (at%) Na (at%) C/N
UV + H0 44.04 4.55 51.41 0.857
UV + NaOH 46.15 7.63 41.82 4.40 1.104
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spectra were fitted by two peaks with positions at about 288.5 and
288.4 eV and 286.2 and 285.5 eV. The peaks at 288.4 and 288.5 eV can
be ascribed to sp2hybridized carbon (N-C=N). The other peaks at 286.2
or 285.5 eV can be attributed to C-C (284.8 eV), C-O (286-287 eV), and
C-N (286 eV). The latter peak is more intense in g-C3Ny treated with
NaOH which implies that more C-O bonds are formed by the reactions of
air oxygen with the nitrogen defects when g-C3N4 comes into contact
with air. The similar effect was already observed when g-C3N4 was
thermally synthesised in the nitrogen and argon atmospheres [44,70].
The higher oxygen content in g-C3N4 after treatment with NaOH (Tab.
(5)) can be explained by the presence of residual NaOH, as shown in
Fig. 118S. The XPS spectra of O 1 s are shown in Fig. 9.

In the case of g-C3Ny treated in water, the main peak centred at
533.1 eV corresponds to slight surface oxidation, and a small peak
centred at 534.8 eV can be ascribed to adsorbed water. In contrast,
treatment with NaOH resulted in a significantly higher amount of oxy-
gen on the surface of g-C3N4. The spectrum contains a contribution
ascribed to a slightly oxidised surface shifted to 533.9 eV with approx-
imately the same intensity as that of g-C3Ny treated in water. The second
and more intense peak centred at 532.0 eV can be ascribed to the -OH
groups [71] which can be attributed to OH" ions from the residual NaOH.

3.5.2. Analysis by XRD

The structure of g-C3N4 treated in the water and NaOH suspensions
was analysed by XRD, as shown in Fig. 10. Two XRD patterns typical of
graphitic carbon nitride were observed (JCPDS 87-1526). The more
intense diffraction (002) at approximately 27.7° 20 corresponds to the
interlayer stacking of heptazine planes, and the less intense diffraction
(100) at approximately 13.1° 20 corresponds to the in-plane arrange-
ment of the heptazine units linked by nitrogen. Remarkably, the (100)
peak of g-C3Ny4 treated in the NaOH suspension is broader than that
treated in water. The peak broadening can be explained by the disrup-
tion of the in-plane ordering of the nitrogen-linked heptazine units
owing to the loss of connecting nitrogen atoms.

3.5.3. Analysis by FTIR

The changes in the structure of g-C3Ny treated in the water and NaOH
suspensions were also studied by FTIR, as shown in Fig. 11. The most
important differences are visible in the range of N-H stretching vibra-
tions corresponding to 3248, 3171, and 3091 em L

Another remarkable decrease in absorbance was observed between
1634 and 1240 cm ! which is associated with C=N and C-N stretching
vibrations [72,73]. The typical bands around 808 cm_l, which are
associated with the breathing mode of the triazine units, remained un-
changed. These findings indicate the partial destruction of heptazine
units and their connections.

Some reaction products are likely to be formed by the decomposition
of g-C3Ny4 and can be expected in both the gas and liquid phases. How-
ever, given the current detection limits of the analytical methods used,
these were not detected.

4. Conclusion

This study demonstrates the potential of PET and PLA microplastics
as hydrogen sources through photoreforming under UV irradiation.
Thermodynamic calculations indicated that hydrogen evolution from
these plastics is feasible, with a lower Gibbs free energy than that of
water splitting.

Photolysis experiments confirmed that hydrogen was the main
product, although methane and carbon monoxide were also produced.
The introduction of NaOH reduced the hydrogen yield owing to the
neutralisation of carboxylic groups and the scavenging of hydrogen
radicals with hydroxide ions. The addition of TiO5 and g-C3N4 photo-
catalysts (i.e. photocatalytic experiments) enhanced hydrogen evolu-
tion, with g-C3N4 outperforming TiO, in the water suspensions.
However, its structural stability was compromised under alkaline
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conditions leading to decreased photocatalyti

c efficiency. The combi-

nation of surface (SEM, XPS), structural (XRD, FTIR), and compositional
(EA and LC-HRTMS) analyses allowed us to comprehensively interpret
the degradation behaviour of both microplastics and photocatalysts,
linking the observed gas evolution patterns to specific structural

changes.

This work shows the mechanism of microplastic degradation and
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Table 6
XPS relative intensities of specific N bonds in g-C3Ny.
g-CsN, C=N-C N-(C)3 CN-H N-(Q)3/C=N-C  CN-H/C=N-C
UV + H,0 56.63 32.09 6.39 0.567 0.113
UV + NaOH 60.87 27.57 7.16 0.453 0.118
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hydrogen evolution, and indicates that photoreforming could serve as
both a plastic waste treatment strategy and a renewable hydrogen pro-
duction method. Our future research will focus on optimising the reac-
tion conditions, improving the photocatalyst stability, and developing
separation techniques to enhance the hydrogen purity.
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