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ARTICLE INFO ABSTRACT

Editor: Dr. G. Palmisano Photocatalysis is a well-known and extensively investigated field within advanced oxidation processes.

Numerous papers have been reported that the semiconductors applied were photostable and potentially reusable

Keywords: based on the degradation efficiencies observed. However, researchers did not attach enough importance to
B:m“th‘]??sed semiconductors investigate the residual catalysts in most cases. Here, we report on some important alterations that occurred
Photostability

during photocatalytic experiments, such as acid-induced and light-assisted structure break-down and complete
transformation of catalysts, which could place their photostability into a new perspective. In this work, the
photostability of five, increasingly popular bismuth-based oxides (Bi;WOg, BiVOy, BiOI, BiOCl, and BiOBr) were
investigated in the presence of various carboxylic acids (oxalic acid, formic acid, salicylic acid, malonic acid, and
ascorbic acid), focusing on the crystallographic and morphological alterations of the residual photocatalysts.
When investigating the resistance of the photocatalysts to oxalic acid, the formation of bismuth oxalate hy-
droxide was observed in all cases. At the same time, most components of the catalysts appeared in the liquid
phase in high amounts. Similar transformations occurred to a lesser extent for the other acids, which was
deduced to be related to the acidic strength and proton concentration. We also highlighted that in some in-
stances, during photocatalytic processes, the occurrence of light-assisted acid-induced reactions must be
considered as well.

Compositional stability
Metal ion leaching
Surface corrosion

1. Introduction due to their beneficial properties, like excitability with visible light

(narrow band gap energy), mild preparation conditions (ambient tem-

Photocatalysis is one of the most dynamically developing advanced
oxidation processes. Many works focus on the modification of the
commonly used, UV-active titanium dioxide [1-4] to create a visible
light active material via methods such as doping [5], dye sensitization
[6], or composite preparation [7]. On the other hand, visible-light-active
photocatalysts have recently received greater attention all over the
world, as potentially perfect alternatives for TiO,, for instance, for the
last 15-20 years, WO3 [8], AgsPO4 [9], COFs [10] or bismuth-based
materials (Bi;WOg, BiVOy4, BiOX, X = Cl, Br, I) [11] have been thor-
oughly investigated. Bismuth-based photocatalysts became very popular
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perature, atmospheric pressure, intermediate pH, etc.), environmental
compatibility, low toxicity, low cost, and last but not least, high chem-
ical stability which was often mentioned [11-13]. However, this pub-
lication attempts to prove that bismuth-based materials are not resistant
to all model pollutants, especially the carbonyl group contained
materials.

Bismuth-based photocatalysts are widely used for photocatalytic
water and wastewater treatment processes, gas purification, and
hydrogen production resulting from water splitting [14,15]. Moreover,
they show outstanding performance in degrading aqueous solutions of
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organic pollutants, such as pharmaceuticals [16-19], dyes [20-22], or
phenols [23]. Unfortunately, only a few of these publications reported
the degradation of carboxyl-containing organic materials [24-28];
however, they play an important role not only in the industry but also in
everyday life.

The reusability of bismuth-based materials has been investigated in
the literature, and differences in photocatalytic activities have been
observed several times [29-31]. Arumugam et al. studied the photo-
catalytic activity of modified BiOI toward tetracycline as a pollutant.
After three cycles, the samples showed only 90% removal efficiency
compared to the first run; however, the XRD patterns showed no change
of the nanocomposites [32] . Zhu et al. investigated the photostability of
modified BiOBr catalysts in Rhodamine B solution, and a minor catalytic
deactivation to about 8% was experienced after the 4th run [33]. Guo
et al. also reported a moderate decrease in the efficiency of the modified
BiOBr, 88% of sulfamethoxazole degradation in the 5th run. The
possible cause of this process can be the accumulation of the degradation
intermediates on the surface of the samples, hence, blocking the active
centers of the photocatalysts, stated the authors [34]. Liang et al.
investigated the reusability of Agl/BioMoOg catalyst in four consecutive
cycles, and the activity slightly decreased toward E. coli cells; moreover,
XRD and XPS measurements also showed vanishing differences between
the samples before and after the runs [35]. Kaur and Kansal also expe-
rienced a 9% efficiency degradation of a bismuth-based catalyst, namely
BioWOg nanocuboids, against levofloxacin after three cycles [27].

In these articles the reduction of photoactivity was observed and in
some studies partly discussed; however, there is no uniform explanation
for this phenomenon in the literature [36,37]. Furthermore, for carboxyl
group containing model pollutants, the reusability of remaining photo-
catalysts were not investigated at all [38,39]. There are no detailed
experiments regarding the reusability and characterization of remaining
photocatalyst to the authors’ knowledge, where carboxyl group con-
taining materials were used as model pollutants. The question may arise,
that this is a deficiency of knowledge, or bismuth-based photocatalysts
are incompatible with carboxyl-containing pollutants.

In this work, the applicability of bismuth-based photocatalysts was
investigated, focusing on the degradation of carboxyl-containing com-
pounds such as oxalic acid, ascorbic acid, salicylic acid, malonic acid,
and formic acid. In addition to determining the decomposition mecha-
nisms of different acids, the possible causes of the poor reusability were
also mapped. Although this study is not focus on the photocatalytic
activity itself, it can give a more comprehensive picture of the stability
and reusability of bismuth-based photocatalysts (BiaWOg, BiVO4, BiOX,
X = Cl, Br, 1), hence, contributing to the determination of the real-life
applicability in both industry and academics [40,41].

2. Experimental section

The used chemicals for the synthesis and photocatalytic experiments
were analytical grade from Sigma-Aldrich (minimum purity: 98%) and
were used without further purification. All bismuth-containing mixed
oxides were synthesized by a one-step solvothermal method under
similar reaction conditions. Bismuth tungstate and bismuth vanadate
were crystallized in acidic media (acetic acid and nitric acid respec-
tively) at 180 °C for 15 h according to our previous works [42,43]. For
this purpose, 0.5 mM thiourea and 0.5 mM Triton X-100 were used as
bismuth tungstate crystallization agents, while the pH was set to 3 with
NaOH solutions in case of bismuth vanadate [43] (The molar ratios were
Bi:W 2:1; Bi:V 1:1).

The BiOX-based photocatalysts were prepared as follows: bismuth
nitrate pentahydrate (Bi(NO3)3e5 HoO) was dissolved in ethylene glycol,
then the necessary amounts of potassium-halides (KBr, KCl, and KI) were
added to the solution (molar ratio of Bi:X = 1:1). The reaction time and
temperature was 120 °C and 3 h, respectively, because using milder
reaction conditions result in bismuth oxyhalides with better photo-
catalytic properties based on our previous work [44].
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The obtained photocatalysts were characterized using X-ray
diffraction (XRD; Rigaku MiniFlex Type II, Cu-Ka radiation A = 0.15406
nm) between 20 and 80 20 degree with a speed of 3 (26°) min’l, and
scanning electron microscopy (SEM; Hitachi 4700 Type II cold field
emission electronmicroscope, accelerating voltage: 10-15 kV) to
investigate morphological and crystal phase/material changes. The
structure of the used materials was investigated by FT-IR spectroscopy
(JASCO FT/IR-4700 spectrophotometer) equipped with a DTGS detector
and ZnSe ATR accessories. The spectra were recorded in the 4000-500
cm ™! wavenumber range with 4 cm™! resolution, and 256 scan was
collected for each spectrum.

The concentration of elements in the liquid phase was measured by
an Agilent 7900 inductive coupled mass spectroscope (ICP-MS), using
Aristar® multielement calibration standard. High purity argon (5.5) was
used as carrier gas with 15 mL-s~! flow, while high purity helium (5.9)
was the collision gas in the octopole reaction system (ORS). The pH of
the acids was measured by a Jenway 3510 pH meter and a combined
glass electrode after the electrode calibration. The photocatalytic per-
formances of the different catalysts were tested under UV light irradia-
tion (6 X6 W, Apax= 365 nm, T = 25 °C) due to test the durability. Five
carboxyl-group containing organic acids, that is, oxalic acid, formic
acid, malonic acid, salicylic acid, and ascorbic acid were chosen as
model pollutants with 0.05 mol-L™! initial concentration. The used
catalyst was centrifuged and washed with Milli-Q water and absolute
ethanol several times after each photocatalytic run to remove all
remaining acids. The used and purified catalysts were dried at 40 °C for
24 h before the characterizations and reusability tests.

3. Results and discussion
3.1. Initial approach on the subject

BiVO4 was investigated in the photocatalytic degradation of oxalic
acid using the procedure described in our previous publication [43]. It
was found that the sample degraded 35% of oxalic acid (Fig. 1), but a
bluish solution was obtained at the end of the degradation procedure
while the powder turned pale yellow. Then, the same powder was reused
for another oxalic acid degradation experiment. Interestingly, the
catalyst turned whiteish, while the solution turned pale blue once again,
and the activity dropped to 10%. After carrying out the third reusability
experiment, the powder was nearly white, while the degradation effi-
ciency decreased to ~0%, confirming that the catalyst underwent major
changes (Fig. 1).
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Fig. 1. Photocatalytic oxidation of oxalic acid with BiVO,4 and corresponding
color changes. UV light irradiation was applied during the photocatalytic
experiment (6 x6 W, Apax= 365 nm, T = 25 °C), while the initial concentration
of oxalic acid was 0.05 M-L™! in each run.
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To elucidate the nature of the inactivation, the following blank ex-
periments were carried out:

e The effect of oxalic acid was investigated in the dark, without irra-
diation, and it did not have any influence on the sample.

e The effect of light source in the absence of oxalic acid was also
investigated, and the structure and morphology of the samples were
unchanged.

Knowing the results of the blank experiments it was ascertained that
the simultaneous presence of light source and oxalic acid was needed for
the transformation to occur. Thus, the crystallographic properties of the
powder were investigated after the photocatalytic experiments via XRD,
and it was found that it contained several new diffraction peaks (Fig. 2/
A).

Due to the intense XRD reflections, the new material was successfully
identified as bismuth oxalate hydroxide (ICDD 010-77-6175) [45],
which was confirmed by HRTEM images and the calculated p-spacing
parameter of the pure bismuth vanadate, and the as-prepared bismuth
oxalate hydroxide (Fig. S1. in the electronic supporting information).

The photocatalytic reaction was repeated with different initial oxalic
acid concentrations due to examine the effect of the pH. (Fig. 2/B). The
minor reflections of the bismuth oxalate hydroxide have appeared at
pH= 4.15 (5 mM oxalic acid), but decreasing absolute intensity and
variable crystal facet ratio of BiVO4; were observed at pH= 5.68
(0.5 mM), especially the ratio of the [040] crystal facet, which indicates
that this crystal facet may be the main reaction site. Both crystal phases
were detected when the initial concentration was 50 mM (pH=2.30),
while the higher pH caused complete transformation after the photo-
catalytic experiment.

Hence, stability experiments were also carried out for the other
photocatalysts to establish a pattern or a more general phenomenology.

3.2. Photocatalytic experiments using other bismuth-based photocatalysts
with oxalic acid

The XRD patterns of the original photocatalysts, that is, before car-
rying out the photocatalytic experiments, can be seen in Fig. 3 (at the
top). Bi;WOg was orthorhombic (JCPDS 39-0256), BiVO4 was mono-
clinic (JCPDS 83-1699), and the BiOX catalysts were tetragonal (BiOCl -
JCPDS 82-0482; BiOBr — JCPDS 78-0348; BiOI — JCPDS 73-2062) in
accordance with their respective JCPDS diffraction cards. Furthermore,
the average primer crystallite size was calculated by the Scherrer
equation (Table S1 in Electronic supporting information).

The micromorphological properties were also investigated before
and after the photocatalytic reactions via SEM. The morphology was
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diverse: for most samples, 3D flower-like microsphere shapes were
observed with an average particle diameter of 2-4 um. The only
exception was BiVOy4, which consisted of plates with 1.5 um average
particle size (detailed in our previous publications [42-44]).

After testing with oxalic acid, most of these structures changed
drastically; seemingly, only the morphology of BisWOg remained intact.
The hierarchical microsphere shape of the bismuth oxyhalides became a
rod-like structure, which arranged into a star-like shape. The bismuth
vanadate transformed from a plate-like structure to rod-like particles
similar to the previous one, while the original flower-like morphology of
bismuth tungstate did not change, but a few rod-like particles appeared.

The new diffraction peaks, which were detected at the exact loca-
tions in all cases at 20.7 and 22.1 20 degree, suggest that all samples
underwent structural transformations after the photocatalytic experi-
ments. Furthermore, the transformations of bismuth oxyhalides were
nearly complete, because of the original diffraction peaks were not
clearly detectable. The formed new materials were identified as the
same orthorhombic bismuth oxalate hydroxide (Bi(C204)OH: ICDD
010-77-6175) as it was previously mentioned for bismuth vanadate. It
is important to highlight that bismuth oxalate hydroxide also could
possess photocatalytic activity, as Xiao and co-workers have already
published [46].

3.3. Infrared spectroscopy studies

The transformation was monitored by infrared spectroscopy. The
bismuth vanadate was suspended in oxalic acid solution with different
concentrations (0.05-100 mM), and 3 h of UV light irradiation was
applied. For BiVOy4 (Fig. 4/A), a characteristic peak of the V-O bond was
detected at 610 cm ™, but with increasing oxalic acid quantity, this peak
intensity decreased, while a Bi-O band intensity at 512 cm™! got to be
more pronounced [47]. Simultaneously, the envelope curve of the
symmetric and asymmetric carboxylate vibrations arises between
1380 cm ™! to 1694 cm ™! after adding more than 5 mM oxalic acid to the
suspensions. The differences (Av= 121 em ™) between Vsym, and Vyg,
suggests, that the carboxylate group is present as a bidentate ligand.
Moreover, the signal at 791 cm™! corresponds to the planar bending
vibrations of carboxylate groups 8(coo.), while at 1294 cm™! and
1355 cm’l, the stretching vibrations v(c_o) of bismuth oxalate are
visible. The stretching vibrations of the C=0 at 1712 cm ™! indicate of
hydrogen bonds between the oxalate groups. It is also confirmed by
shifting the stretching vibration bands v(o_y at 1086 cm™! [45].

The infrared spectra of the other photocatalysts (BioWOg, BiOX) were
also recorded after the photocatalytic reaction with 50 mM oxalic acid
(Fig. 4/B). The IR spectra were very similar to the photocatalytically
used bismuth vanadate (signal position, Av etc.). However, a weak
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Fig. 2. XRD patterns of bismuth vanadate before the photocatalytic experiments and its transformation after the third run (A). The completely transformed material
was identified as bismuth oxalate hydroxide (ICDD 010-77-6175). The effect of the pH on the XRD pattern of the end-product (B).
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Fig. 3. Scanning electron microscope images and X-ray diffraction patterns of the catalysts before and after 3 h of photoreactions with oxalic acid.

additional adsorption band was detected at 699 cm ™! is assigned to the
asymmetrical stretching vibrations of Bi-O bonds and may originated to
the BiOX [48]. This is a clear confirmation that the same kind of bismuth
oxalate hydroxide was formed after the photocatalytic reactions.

3.4. Photocatalytic reactions of bismuth-based photocatalysts with
different carboxylic acids

After the interesting outcome of the tests using oxalic acid, the sta-
bilities of bismuth-based photocatalysts were further investigated. For
this purpose, two simple (the malonic acid, which is an oxalic acid
analogue, the formic acid as a hard-to-deal acid) and two more complex
(ascorbic acid as radical scavenger and salicylic acid as a well-known
model pollutant and complexing agent) carboxylic acids were used.
The goal of these experiments was to reveal whether the transformation
mentioned before is an individual case, or whether it also occurs with
other acids.

As it can be seen in Fig. 5, the simple acids did not significantly in-
fluence the morphology of the particles. Only one exception was
observed: malonic acid changed the morphology of Bi;WOg from 3D
hierarchical spheres to the distorted cluster of nanoplates. For BiOI, the
original structure remained intact in most cases, but formic acid and
salicylic acid caused significant morphological changes: some sharp
thorn-like crystals appeared after the photocatalytic reaction. The

morphology of the other BiOX photocatalysts did not change, but the
surface became very smooth; no individual crystals were detectable.
Furthermore, malonic acid and ascorbic acid caused the aggregation of
particles. Based on the photographs (Fig. 5 insets), a significant trans-
formation occurred during the photocatalytic experiments, namely, the
color of the catalysts was changed. BiOCl and BiOBr turned to greyish or
blackish, while BiOI faded in color significantly.

These observations may suggest that only surface-related changes
occurred while the crystal structure remained intact. Based on Fig. S2,
the XRD patterns of the end-products did not show significant differ-
ences compared to that of the original ones. New reflections did not
appear as in the case of oxalic acid, only a slight decrease in intensity
was observed, and some diffraction peaks merged. Interestingly, the
XRD patterns of bismuth tungstate and vanadate remained unchanged.
This may suggest that the structures of BiOX are less stable against
organic acids (and against light) than those of BiaWOg and BiVO4. The
calculated primer crystallite sizes (Table S1) were not changed signifi-
cantly or decreased slightly after the photocatalytic reaction, which
confirmed that the investigated carboxylic acid in this concentration
could not disintegrate the crystal structure.

3.5. Elemental analysis of residual solutions

Due to the blue color of the supernatant observed for BiVOj4, the
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Fig. 4. Infrared spectra from the bismuth-based materials after the photocatalytic reactions with oxalic acid. A: BiVO, + different concentrations of oxalic acid, B:

bismuth-based photocatalysts + 50 mM oxalic acid.

liquid phase of each sample was investigated. After the photocatalytic
reactions, the liquids were centrifuged, filtered (0.45 um), diluted, and
all possible atoms (Bi, V, W, Cl, Br, I) were monitored directly by ICP-MS
to find out which acid could break down the structure of the catalysts.

First, bismuth vanadate and its photocatalytic reaction with oxalic
acid was examined (Fig. 6), while monitoring the V and Bi elements. The
measured element concentrations were converted to weight percentages
to determine the proportion of the dissolved elements. During the first
run, the concentration of vanadium ions was increasing, which
continued to increase during the second and third runs. By the end of the
third run, all of the vanadium ions entered the liquid phase. Interest-
ingly, the bismuth content also increased slightly, but only for the first
measured points each run. This may indicate an equilibrium process,
where the bismuth ions were reduced to the surface of the catalysts,
thereby enabling electron transfer to the vanadyl ions. This suggests that
the transformation of bismuth oxalate hydroxide was a multi-step pro-
cess, where the decay of structure was the first step.

The resistance of the other photocatalysts to oxalic acid was also
investigated. The ICP-MS results in Table 1 and Table 2 corroborated our
previous assumption that BiOX photocatalysts were less stable against
oxalic acid. This is because more than 90% of the halides (I: 93.2%, Cl:
98.7%, Br: 99.9%) entered the liquid phase, while the concentration of
tungsten was lower (10.8%). Interestingly, the bismuth content was
relatively high for bismuth tungstate (9.8%).

The resistance of the photocatalysts against the other model pollut-
ants (i.e., formic acid, malonic acid, salicylic acid, and ascorbic acid)
was also investigated. The concentrations of elements were measured
after 3 h of UV light irradiation (Tables 1 and 2). It was ascertained that
they did not change significantly; even so, iodine appeared in large
quantities in the presence of each model pollutant. These results could
also mean that the resistance of bismuth-based catalysts is greater to the

other carboxylic acids than to oxalic acid, which may be related to the
proton concentration. Consequently, the pH values of the acids were also
measured before and after the photocatalytic experiments (Table S2).
Increasing pH values were observed only for BiVO4 and Bio,WOg in oxalic
acid after 3 h (2.35-2.71 and 2.68 respectively), which means that these
reactions consumed protons.

3.6. Possible transformation mechanism

Based on the results obtained, a plausible explanation was provided
regarding the possible transformations and potential mechanisms.
Summarizing the results for BiVOy, the pH increased, and vanadium ions
appeared in the liquid phase after 3 h of photocatalytic oxidation.
Consequently, the authors propose the following simplified reactions:

BiVO, + HC,04 — Bi(C,04)OH + VO3~ (@D)]
VO;™ + 4 HY 4 (photogenerated) ¢~ — VO** +2 H,0 (2)

where the oxalic acid was in single deprotonated form in this pH
range [49], the photogenerated electron originating from the excitation
of BiVO4 and the Bi(C204)OH formed during this process jointly caused
the reduction of vanadate and formation of water at the same time. This
process went on until one of the limiting components ran out. If we
consider the pH values before and after the reaction, the proton con-
centration defines the reaction rate and the endpoint of the reduction.
When the proton content was restored with additional oxalic acid
(second and third run) the rate of vanadate reduction increased again.
Consequently, the formation of bismuth oxalate hydroxide from bismuth
vanadate is a light-assisted, acid-induced reaction, where the proton
concentration is the limiting factor. The key to the reaction may be the
adsorption of singly deprotonated oxalic acid on the surface. The
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Fig. 5. SEM micrographs and photographs (insets) of the bismuth-based photocatalysts before and after photocatalytic treatment in the presence of different

organic acids.

proposed light-assisted acid-induced transformation mechanism is as
follows:

(1) Adsorption of singly deprotonated oxalic acid, and surface
complexation of oxalate with Bi®* ;

(2) Light excitation, electron-hole separation;

(3) Reduction of vanadate ions and disintegration of structure;

(4) Formation of bismuth oxalate hydroxide.

For bismuth oxyhalides, the following photoreduction reaction (Eq.
3) is already known in the literature [50]:

BiOX + 2 H' + 3e” »Bi’ + X + H,0 3
BiOX + 2 HY + 3¢™ + H(C20,) ~ = Bi(C,0,)0H + X + 2 H™ + 3¢™ (4)

e + 0, - 0" 5)

In our system, the deprotonation of oxalic acid could ensure the
proton concentration, while the photogenerated electron could
contribute to the disintegrate of the structure. After the BiOX layers
came apart alongside of the van der Waals bonds, the Bi-oxalate complex
could form on the surface (Eq. 4), and prevent the reduction of bismuth.
Thereby, the photogenerated electron could facilitate radical formation
and degrade the remaining oxalic acid because the dissolved oxygen
could be an effective electron acceptor (Eq. 5) [51]. This may explain
that the pH of the oxalic acid solution was not changed after the pho-
tocatalytic run. However, due to the disintegrated structure and
Bi-oxalate complex and hydroxide, the halides remained in the solution.
Consequently, this transformation could be considered a light-assisted,
acid-induced ion exchange process.

The reaction of oxalic acid with bismuth tungsten may be very
similar to that with BiOX, but presumably WO4%" receives a proton and
forms HWO4 (Eq. 6) or may form a single protonated polytungstate
anion, such as HW;2039°, HW12041°", or HWgO20(OH)* [52,53].
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Table 1
The element content of the aqueous phase compared to the element content of
the solid phase after 3 h of photocatalytic reaction with oxalic acid.

Organic BiVO, Bi,WOg BiOI BiOCl BiOBr
acid
Vaq/Vior. Waq/Wiot. Lag/Tror. Claq/ Clio. Brag/Brior.
(%) (%) (%) (%) (%)
Oxalic acid 44.4 10.8 93.2 98.7 99.9
Salicylic 0.8 0.1 44.9 1.1 2.8
acid
Ascorbic 2.6 1.2 17.7 3.2 4.5
acid
Formic acid 0.6 0.5 9.2 1.0 2.5
Malonic 0.9 0.5 5.6 0.9 1.2
acid
Table 2

Bismuth content of the aqueous phase compared to the element content of the
solid phase after 3 h photocatalytic reaction of different organic acid.

Organic acid BiVO,4 BiaWOg BiOI BiOCl BiOBr

Biag/Bicor. (%)

Oxalic acid 1.3 9.8 0.5 0.5 0.3
Salicylic acid 0.1 0.4 1.4 0.2 0.2
Ascorbic acid 2.2 2.7 2.0 1.3 0.8
Formic acid 0.1 1.3 0.4 0.2 0.3
Malonic acid 0.2 1.1 0.3 0.1 0.1

Furthermore, tungsten can coordinate to two oxalate ions; consequently,
the process of metal-oxalate complexation may compete with that of
precipitation, which explains the higher bismuth content in the liquid
phase (Table 2).

Bi;WOg + 2HC,04 — 2Bi(C,04)OH + WO427 (6)

The other acids had higher pH values, thus lower proton concen-
trations, which did not change after 3 h of light irradiation (Table S2).
Consequently, the analogues of the acid-induced reactions described
above occurred only to a lesser extent, because of the lack of critical
proton concentration. Nonetheless, surface reactions may occur during
photocatalytic reactions.

4. Conclusions

In this work, the photostability of different bismuth-based photo-
catalysts was investigated in the presence of different carboxylic acids. It
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was ascertained that the acids reacted with the semiconductors and
broke down their structure to different extents. Consequently, the con-
stituents making up the catalysts (such as vanadate, tungstate, iodine,
chlorine, bromine, and bismuth) entered the liquid phase, which was
proven by ICP-MS measurements. According to the ICP-MS and XRD
results, this transformation is especially typical for oxalic acid, while the
other acid caused only moderate transformations. It was proposed that
this transformation could be caused by the photogenerated electron, the
proton concentration, and the potential of bismuth to form stable
complexes with carbonyl group containing acids. In the light of our re-
sults, the authors suggest that more comprehensive investigations are
required in all cases where the goal is to examine reusability. Moreover,
close attention should be paid to the investigation of liquid phases for
any bismuth-based photocatalysts. Investigating other carbonyl group
containing model pollutants in terms of pH can also raise exciting
question about whether bismuth-based semiconductors can really be
used as photocatalysts.
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