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Abstract

PLA is widely introduced as an environmentally friendly material and has-been
adopted in place of conventional petroleum-derived plastics, but its degradation process
is slow under natural environmental conditions. This study focused on the
photocatalytic conversion of polylactic acid (PLA) over Bi,Os, BiOCl, and oxygen-
vacancy-rich BiOCl (BiOCI-Ov). The effects of catalyst .compositions, reaction
atmosphere, electrolytes, and irradiation time have been investigated. For catalyst
characterization, we used X-ray diffraction (XRD),~Scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS); and UV-vis spectroscopy. The XPS
and optical measurements supported the presence of oxygen-vacancy-related sites in
BiOCI-Ov; its estimated band gap was:3.29 eV, compared with 3.41 eV for BiOCI. In
0.5 M NaCl in air for 3 hours; lactic acid yield with BiOCI-Ov was 2670.8 umol g,
compared with 911.4 pmol g for BiOCIl. Lactic acid generation with BiOCI-Ov
increased to 4426.3<umol g! in an Ar atmosphere, and CO> formation decreased. The
replacement of NaCl with Na;SO4 in an Ar atmosphere resulted in a reduction of lactic
acid generation to 457.0 umol g, showing that electrolyte composition strongly
affected product distribution. Increasing the irradiation time from 3 to 12 h reduced the
amount/of lactic acid produced while increasing the yields of acetic acid, acetaldehyde,
and COz. In summary, these findings demonstrate that the BiOCI-Ov material can favor
lactic acid accumulation from PLA under the conditions tested in this work. The catalyst,
atmosphere, electrolyte, and reaction time should therefore be considered together

when evaluating this photocatalytic system.
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1 Introduction

The accumulation of plastic waste has turned into a global ecological concern
nowadays [1, 2]. In this context, polylactic acid (PLA) is often considered a substitute
for conventional petroleum-derived plastics, since it is made from bio-based materials
and is biodegradable [3, 4]. PLA is used in various commercial products, including
disposable tableware, cups, straws, and bags [5]. Nonetheless, biodegradability
indicates whether a material can degrade, rather than the degradation rate. In-fact, under
ordinary environmental conditions, PLA breaks down very slowly, and its degradation
rate varies substantially among different environments [4, 6, 7]. This can create a gap
between public understanding and actual behavior:~ PLA, while seemingly
environmentally friendly, may stay long after disposal [4, 6]. Therefore, it is important
to efficiently convert PLA under mild conditions:~Catalytic conversion is a potential
approach to accelerate its degradation while also producing high-value molecules,
rather than leaving PLA to degrade passively 8, 9, 10].

Several chemical ways have been studied for PLA conversion, including hydrolysis
[4, 11] and alcoholysis [4, 12].. In.these processes, catalysts help break the ester bonds,
producing lactic acid or other chemicals [4, 12]. However, some reported methods
require elevated temperatures, acidic or alkaline conditions, or additional reactants [4,
8]. By comparison, photocatalysis, in which light supplies the energy required for the
reaction, can operate under milder conditions [8, 13-15]. The present work examines
whether such mild photocatalytic conditions can be applied to PLA conversion.

Photocatalytic reforming uses solar energy and turns plastic waste into valuable
chemicals [15, 16]. When illuminated, the semiconductor produces photogenerated
electrons and holes. These electron—hole pairs interact with O, and H>O to generate

reactive oxygen species (ROS), which can attack PLA chains [8, 13, 16].
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Figure 1. Model structures of (a) BiOCI-Ov and (b) BiOCl used for DET calculations reported by Wang
etal. [17].

In a recent study on photocatalysis, Wang et al. [17] reported the conversion of
low-density polyethylene (LDPE) in aqueous NaClusing oxygen-vacancy-rich bismuth
oxychloride (BiOCI-Ov) under ambient conditions. In this system, photogenerated
holes activate interlayer lattice chloride in BiOCI-Ov to produce chlorine radicals.
Meanwhile, the chloride ions in'the.electrolyte replenish the lattice chloride consumed
during irradiation. The chlorine radicals then attack LDPE, breaking its C—-H and C-C
bonds and generating liquid products such as formic and acetic acids, together with
gaseous CO;. Figure'1 shows the structural difference between BiOCl-Ov and BiOCI.
The missing oxygen site in the BiOCI-Ov structural model symbolizes the oxygen
vacancy teported by Wang et al. [17].

However, PLA differs from LDPE because it contains ester bonds and may follow
a different'reaction pathway [8, 17]. The strong performance of BiOCI-Ov toward
LDPE therefore does not necessarily mean that it will perform well with PLA. Whether
oxygen vacancies and a chloride-containing environment are also beneficial for PLA
needs further examination.

To explore this question, this study investigated photocatalytic conversion of PLA.

Based on the proposed mechanism, BiOCI-Ov was initially expected to promote the



upgrading of PLA to high-valued products. Three photocatalysts, BiO3, BiOCI, and
BiOCI-Ov, were compared to examine differences in product formation. Air and Ar
atmospheres were compared in order to explore the role of oxygen, while NaCl and
Na»SO04 were used to check the impact of electrolyte composition during the process of
photocatalytic product formation. Product formation after 3 and 12 h of irradiation was

also compared to examine changes over time.

2 Experimental Methods
2.1 Materials and Catalyst Preparation

PLA powder and the Bi,Os used as a comparison catalyst were from the laboratory.
BiOCl and BiOCI-Ov were prepared following the procedurefrom Wang et al. [17]. To
prepare BiOCl-Ov, 1.45 g of Bi(NO3)3:5H20 and 0.22 g of KCl were mixed with 16
mL of ethylene glycol and stirred for 30 min-at. room temperature. Subsequently, the
mixture was placed in a Teflon-lined 50 mL. autoclave. The autoclave was maintained
at 160 °C for 12 h and then cooledmaturally. The resulting product was separated by
centrifugation, repeatedly washed with ethanol and deionized water, and dried for 24 h
at 80 °C. BiOCl was synthesized using the same procedure, except that deionized water

was used instead of ethylene glycol.
2.2 Catalyst Characterization

X-ray diffraction (XRD) patterns of BioO3, BiOCl, and BiOCI-Ov were examined
to- determine their crystal structures. Scanning electron microscopy (SEM) was
employed for morphological comparison between BiOCl and BiOCI-Ov. The chemical
environments of Bi, O, and Cl were examined through X-ray photoelectron
spectroscopy (XPS). Optical absorption was measured by UV-visible spectroscopy, and

the band gaps were derived from Kubelka-Munk plots.
2.3 Photocatalytic Experiments

Figure 2 shows the photocatalytic reaction setup [17]. This setup exposes the



reaction mixture to light and separates the gaseous and liquid products for analysis.
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Figure 2. Schematic diagram of the photocatalytic reaction device reported-by Wang et al. [17].

In each experiment, 20 mg of catalyst and 100 mg of PLA powder were added to
20 mL of a 0.5 M aqueous electrolyte medium. A xenon lamp rated at 300 W was used
to provide illumination. Firstly, BiO3, BiOCl; and BiOCl-Ov were tested in NaCl
solution under air and Ar atmospheres-for. 3' h. Secondly, for BiOCI-Ov, additional
experiments that replaced NaCl. with Na;SOs were conducted under both
atmospheres—this compared the effect of electrolyte composition. Thirdly, a 12 h
experiment with BiOCIl-Ov-in NaCl solution under air was also conducted to examine

changes over a longer reaction time.
2.4 Product Analysis and Yield Calculation

Gas-phase products were quantified by gas chromatography (GC). Liquid samples
were sent to.an external testing service for nuclear magnetic resonance (NMR) analysis.
Liquid produet amounts were calculated from the recorded NMR peak areas [8]. The
amount of CO, was calculated from its measured gas concentration, volume, pressure,
and temperature for each experiment.

The measured amount of each product was normalized to the catalyst mass, and

the yield was reported in umol g™



3 Results and Discussion

3.1 Catalyst Characterization
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Figure 3. (a) XRD pattern of Bi»Os. (b) XRD patterns of BiOCI and BiOCI-Ow.

The XRD patterns for the catalysts are presented in Figure 3. The peaks of Bi,O3
correspond to the standard pattern PDF#41-1449 shown in Figure 3a. As depicted in
Figure 3b, both BiOCl and BiOCI-Ov show the standard tetragonal crystalline structure
of BiOCI (PDF#06-0249) [17]. In addition, the peaks of BiOCI-Ov are broader than
those of BiOCl, a difference. that Wang et al. attributed to the smaller crystal size and
structural distortion of BIOCI-Ov [17]. Thus, it can be concluded that the main structure
of BiOCl remains the same even after the vacancy-forming synthesis. However, XRD

is not sufficient for identifying oxygen vacancies.
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Figure 4. SEM images of (a) BiOCl and (b) BiOCI-Ov.



Figure 4 presents SEM micrographs of BiOCl and BiOCI-Ov. BiOCI appears
mainly composed of smooth microsheets approximately 5—-10 pm in size. In contrast,
BiOCI-Ov consists of smaller, rounder particles that form microspheres around 0.5-2
um in diameter [17]. This difference suggests that the use of ethylene glycol during

preparation affected the particle formation.
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Figure 5. High-resolution XPS spectra of Bi,0;3, BiOCl, and BiOCI-Ov in the (a) Bi 4f, (b) O 1s, and
(c) Cl 2p regions.

The XPS results shown in Figure /5 were used to examine the chemical
environments of Bi, O, and CI. The main peaks in the Bi 4f spectra of BiO3 and BiOCl
are attributed to Bi*" species [17]. In the BiOCI-Ov sample, the peaks shift towards
lower binding energies. Additionally, a signal attributable to partially reduced Bi
species was observed [17]. For BiOCI-Ov, the O 1s signals at approximately 530.0,
531.7, and 533.2 eV were assigned to lattice oxygen, oxygen-vacancy-related species,
and surface hydroxyl groups, respectively [17]. The oxygen-vacancy-related signal
does not_appear (in~either BiOCI or Bi,0O3. Meanwhile, the oxygen-vacancy-related
component-does not appear in either BiOCl or Bi,03. Also, a small shift can be seen in
the Cl 2p spectrum of BiOCIl-Ov relative to BiOCI. These findings support the presence

of oxygen vacancy sites and the change in the electronic state of BiIOCI-Ov.
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Figure 6. (a) UV—visible absorption spectra of Bi,O3, BiOCl, and BiOCI-Ov. (b) Kubelka—Munk plots

used to estimate their band gaps.

The optical characteristics of these catalysts are displayed in Figure 6. The optical
absorption edge of BiOCIl-Ov shifts toward longer wavelengths compared with that of
BiOCl, as displayed in Figure 6a. Based on Figure 6b, which displays the Kubelka-
Munk plots, the band gaps of Bi,03, BiOCI, and BiOCI-Ov are around 2.89 eV, 3.41
eV, and 3.29 eV, respectively. The band gap for BiOCI-Ov is lower than that of BiOCI

[17]. This indicates that oxygen vacancies have altered the optical behavior of BiOCIl.
3.2 Effects of Catalyst and Atmosphere

Figure 7a shows'the product distributions of the three catalysts in NaCl solution
under air after-3-h. For BiOCI-Ov, lactic acid was the dominant liquid product (2670.8
umol g-1), whereas the corresponding yield with BIOCI was 911.4 umol g”'. In contrast,
the acetic acid yield-was 1046.6 umol g"! with BiOCI and 220.0 pmol g™ with BiOCI-
Ov. The yields of CO,, an overoxidation product, were 1055.7 umol g™! for Bi,O3, 594.9
umol g for BiOCI-Ov, and 1538.6 umol g for BiOCl. Among the three catalysts,
BiOCl-Ov showed the lowest CO; yield.

The higher lactic acid yield and lower acetic acid and CO> yields suggest that
BiOCI-Ov favored lactic acid accumulation under these conditions. We next considered

whether this difference in product distribution remained under Ar.
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Figure 7. Yield of products from PLA conversion using Bi»O3, BiOCI, and BiOCI-Ov in 0.5 M NaCl
solution after 3 h under (a) air and (b) Ar.

Comparing Figures 7a and 7b shows the change in the product distribution as the
atmosphere was varied from air to Ar. When using BiOCIl-Ov, the lactic acid yield was
higher under Ar, reaching 4426.3 pmol g'—it was only 2670.8 umol g under air.
BiOCI showed a similar trend, with a lactic acid-yield of 4201.1 umol g under Ar,
compared with 911.4 pmol g™ under air. Although BiOCI-Ov still gave the higher lactic
acid yield, the difference in lactic acid-yield between the two catalysts was much
smaller under Ar.

The narrowing of this difference becomes more apparent when each catalyst is
examined separately. For BiIOCI under Ar, the lactic acid yield was approximately 4.61
times its value under air, while the corresponding ratio for BiOCI-Ov was 1.66. Both
catalysts gave higher lactic acid yields under Ar than under air, but the increase was
larger for BiOCl.-Still, the close values under Ar do not mean that the two catalysts
performed equally well.

Meanwhile, all three catalysts showed lower CO; yields under Ar. For BiOCI-Ov,
the yield was 194.0 umol g under Ar and 594.9 umol g™ under air. BiOCI and Bi»Os
gave CO; yields of 555.7 and 458.0 umol g™ under Ar, respectively. These observations
show that air did not improve the formation of every product. Under the tested
conditions, Ar was associated with higher lactic acid yields for BiOCl and BiOCI-Ov;
air was associated with higher CO; yields. Therefore, the gas and liquid results need to

be considered together when comparing the two atmospheres. However, these

11



measurements do not identify which reaction steps account for the differences between

air and Ar.

3.3 Effect of Electrolyte Composition

Figure 8 shows the product yields from BiOCI-Ov in NaCl and Na>SOj4 solutions
after 3 h under air and Ar. Under Ar, as shown in Figure 8b, the lactic acid yield was
4426.3 pmol g in NaCl solution, compared with 457.0 pmol g!' in Na,SOx solution.
The yield in NaCl was therefore approximately 9.69 times that in Na>SOs. However,

the CO> yield showed the opposite trend: 194.0 umol g™ in NaCl and’559.7 pmol g in

NaxSOs.
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Figure 8. Yield of products from PLA conversion using BiOCI-Ov in 0.5 M NaCl and Na,SO; solutions
after 3 h under (a) air and (b) Ar.

Under air, as shown in Figure 8a, the lactic acid yield is 2670.8 pmol g™ in NaCl
solution, but no lactic acid was detected in the Na>SO4 solution. On the other hand, the
amount of CO; produced is 1482.9 pmol g in Na,SO4 solution and 594.9 umol g! in
NaCl solution. The acetaldehyde yield was also higher in Na;SOs, at 1083.1 pmol g,
compared with 547.5 pmol g! in NaCl. NaCl was replaced with Na,SO4 to examine the
effect of chloride ions supplied by the electrolyte solution. According to the theory
reported by Wang et al., the availability of chloride ions within the reaction medium
helps restore lattice chloride ions that are lost due to irradiation [17]. The observed

variations in product yield in the case of PLA indicate that the electrolyte also

12



influenced this system, but they do not establish whether the same replenishment

process occurred.

3.4 Effect of Irradiation Time

Figure 9 compares the product yields obtained using BiOCI-Ov in NaCl solution
under air after 3 and 12 h to examine the catalyst system during prolonged irradiation.
The 12 h experiment was performed under continuous irradiation without intermediate
sampling. The lactic acid yield decreased from 2670.8 umol g! at 3 h't02110.9 pmol
gl at 12 h. In contrast, the acetic acid yield increased from 220.0'to 1730.5 pmol g’
over the same period. After 12 h, the yields of acetaldehyde-and CO> reached 1325.7
and 1457.6 umol g, respectively, and both values were higher than those measured at

3 h.
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Figure 9. Yield of products from PLA conversion using BiOCI-Ov in 0.5 M NaCl solution under air
after 3 and 12 h.

As shown in Figure 9, the lactic acid and acetic acid yields changed in opposite
directions. The yield of lactic acid at 12 h was about 21% lower than that at 3 h, while

the acetic acid yield at 12 h was about 7.87 times its value at 3 h. At 12 h, the lactic acid

13



yield was still higher than the acetic acid yield, but the difference between them was
much smaller.

A longer irradiation period failed to increase all the measured yields in the tested
system. The lower lactic acid yield, together with higher yields of acetic acid,
acetaldehyde, and CO,, may reflect further reactions during irradiation. The higher
yields of several products after 12 h provide an initial indication that the BiOCl-Ov
system remained active during prolonged irradiation. However, we still cannot

conclude that lactic acid was converted into those products.
3.5 Overall Discussion

The PLA experiments show that the performance! of-BiOCI-Ov needs to be
considered in terms of both reaction conditions and. product formation. Under air,
BiOCI-Ov gave a higher lactic acid yield than BiOCl, together with lower acetic acid
and CO; yields. Moreover, the difference in lactic acid yield between BiOCl and BiOCI-
Ov was smaller when the reaction proceeded under Ar conditions.

The electrolyte experiment -was aimed at investigating the effect of CI™ ions
provided by the solution. In the-case of BiOCI-Ov under an Ar atmosphere, the
replacement of NaCl with Na>SOj4 resulted in less lactic acid and more CO» production.
However, this information does not show the exact function of Cl" in PLA product

formation.

4 Conclusion

This'work examined product formation from PLA under photocatalytic conditions
and the influences of the catalyst, atmosphere, electrolyte, and irradiation time. In NaCl
solution under air for 3 h, BiOCI-Ov produced more lactic acid but less acetic acid and
CO; than BiOCI, showing that it favored lactic acid accumulation under these
conditions.

Gas and liquid products also behaved differently with respect to changing

conditions during the reaction. A higher CO> yield was not always accompanied by a

14



higher lactic acid yield. Product distribution should therefore be considered explicitly,
rather than evaluating the system on the basis of a single product. Furthermore, the
comparisons among photocatalysts need to be interpreted together with the atmosphere
and electrolyte conditions.

In conclusion, the current studies reveal that the catalyst, atmosphere, electrolyte,
and irradiation period affect the products formed from PLA. The findings provide
conditions that promote lactic acid formation and provide a basis for future research on

the role of chlorides and the catalyst under prolonged irradiation.
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