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Abstract: Bismuth oxyhalides have recently gained attention for their promise as photocatalysts. Due
to their layered structure, these materials present fascinating and highly desirable physicochemical
properties including visible light photocatalytic capability and improved charge separation. While
bismuth oxyhalides have been rigorously evaluated for the photocatalytic degradation of dyes and
many synthesis strategies have been employed to enhance this property, relatively little work has
been done to test them against pharmaceuticals and pesticides. These persistent organic pollutants
are identified as emerging concerns by the EPA and effective strategies must be developed to combat
them. Here, we review recent work directed at characterizing the nature of the interactions between
bismuth oxyhalides and persistent organic pollutants using techniques including LC-MS/MS for
the determination of photocatalytic degradation intermediates and radical scavenging to determine
active species during photocatalytic degradation. The reported investigations indicate that the high
activity of bismuth oxyhalides for the breakdown of persistent organic pollutants from water can
be largely attributed to the strong oxidizing power of electron holes in the valence band. Unlike
conventional catalysts like TiO2, these catalysts can also function in ambient solar conditions. This
suggests a much wider potential use for these materials as green catalysts for industrial photocatalytic
transformation, particularly in flow chemistry applications.

Keywords: photocatalysis; BiOX; LC-MS/MS; persistent organic pollutants

1. Introduction

As a result of modern industrial development, nearly 9000 compounds are currently in use
worldwide for pharmaceutical applications [1]. In addition to pharmaceuticals, many other biologically
active chemicals including Persistent Organic Pollutants (POPs) have well-established routes of entry
to water supplies and can cause long-term contamination [2–5]. Since these molecules do not interact
appreciably with water, their rate of hydrolysis and subsequent removal proceeds very slowly, meaning
that these compounds have long half-lives and will slowly build up in water supplies [6,7].

Current wastewater treatment processes have been shown to be insufficient in removing POPs
from drinking water [2]. Additionally, traditional techniques such as chlorination, while efficient
at removing bacteria, have shown the potential to chemically generate more toxic versions of POPs
including trihalomethanes [8]. Alternative options to traditional methods must be explored to combat
this emerging issue. Photocatalysis was first demonstrated by Fujishimi and Honda in 1972 where
they showed that irradiating single crystal rutile titanium dioxide (TiO2) with ultraviolet light enabled
the production of H2 and O2 via photolysis of water [9]. This landmark study was followed in 1976 by
Carey et al., who showed that aqueous suspensions of TiO2 in the presence of organic pollutants was
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able to photocatalytically degrade the organic compounds [10]. These studies have sparked intense
interest in the development of photocatalysts for environmental remediation applications.

Heterogeneous photocatalytic semiconductors work by absorbing light of an appropriate
wavelength to promote electrons from its valence band to its conduction band. This process generates
excited electrons in the conduction band and effective “electron holes” in the valence band. The
electron-hole pairs are then able to move to the surface of the semiconductor where reactions can occur,
or thermally recombine. Recombination is detrimental to the overall activity of a catalytic system
since recombined electron-hole pairs are not able to participate in the intended reaction. The surface
reactions that take place in semiconductor photocatalysis consist of either oxidation by electron holes
in the valence band, or reduction by excited electrons in the conduction band.

TiO2 has received the most attention in photocatalysis research as it was the first photocatalyst
discovered and is still one of the most widely-utilized materials [9]. TiO2 has been applied in such
diverse applications as self-cleaning surfaces and dye-sensitized solar cells [11]. However, TiO2

has the drawback of possessing a large band gap of 3.2 eV which prevents it from being applied
in solar photocatalytic applications [12]. Using ambient solar light in an outdoor treatment facility
can reduce the cost of photocatalysis-based water treatment vs. using lamps over tanks at a typical
indoor water treatment plant. Various strategies have been employed to develop robust photocatalysts
capable of functioning under ambient solar light. Investigators have tried to imbue visible-light
activity to TiO2, including metal and non-metal doping including nanoparticles and heterojunction
formation [13–15]. However, these systems are inherently more complicated to synthesize and more
expensive to produce [13–15]. A novel semiconductor system is required that is capable of utilizing
visible light, while also maintaining low rates of recombination. Bismuth oxyhalides are an alternative
to TiO2 with high photocatalytic degradation rates for organic compounds in water and potential
functionality in ambient conditions [12].

In this review, the unique properties of BiOX compounds that allow for their high photocatalytic
activity are discussed in detail. Previous research focusing on synthesis strategies and applications
of BiOX as photocatalysts with elucidation of structure-activity relationships is briefly summarized.
Finally, we focus on recent applications of BiOX to the degradation of persistent organic pollutants
and implications of the mechanistic aspects of these reactions for both photocatalytic degradation.

2. Properties of Bismuth Oxyhalide Compounds and Development of Their Use as Photocatalysts
for Water Remediation

Compounds of the bismuth oxyhalide series (BiOX) exhibit interesting optical and semiconducting
properties. The tetragonal structure of BiOX was first determined by Bannister in 1935 [16] and consists
of covalently bonded layers of [X-Bi-O-Bi-X]. These layers are stacked on top of each other and are
held together by Van der Waals interactions between the halides. This structure results in the presence
of an internal electric field which can be modulated by carefully controlling which facets of the crystal
are exposed. The general crystal structure for BiOX is given in Figure 1.
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Bismuth oxychloride (BiOCl) was the first BiOX compound to be tested for photocatalytic
properties by Zhang et al. in 2006 [18]. After this initial study, many other reports have followed further
establishing the capabilities and potential of BiOX compounds as photocatalysts. Many researchers
have undertaken attempts to improve the photocatalytic activity of BiOX compounds in order to enable
their use in industrial applications. Two primary approaches have been undertaken toward this goal:
(1) the development of synthetic methods directed at novel BiOX structures, and (2) the modulation
of BiOX using various dopants. Since the properties of a material are derived from structure,
synthetic methods such as crystal facet engineering [19–32], production of ultrathin nanosheets [33–35],
and synthesizing hollow and porous nanostructures [36–42] have been developed to access novel
morphologies. Doping strategies include metal-doping [43–48], nonmetal-doping [49,50], introduction
of structural defects [25,26,31,51–54], use of dye-sensitizers [55,56], and inclusion in heterojunctions
with other semiconductors [47,48,54,57–67]. For in-depth discussion of the diverse approaches to BiOX
synthesis see reviews by Di et al. [68] and Yang et al. [69].

Bismuth oxyhalide compounds are not as widely used in industry as TiO2. While BiOX
compounds are relatively affordable [12]. BiOX compounds can become the preferred option of
photocatalytic degradation of water-borne organic contaminants. This is due largely to the fact
bismuth oxyhalide compounds such as BiOI (Eg = 1.7 eV) possess narrow bandgaps compared to
TiO2 (Eg = 3.2 eV) [12] and therefore can function under lower-energy irradiation including visible
light [12,70]. Numerous other groups have also shown BiOX catalysts present high photocatalytic
activity under visible light irradiation [71–74]. This is a tremendous advantage of using BiOX catalysts
since water can be treated in outdoor facilities vs. storing it in tanks or channels at a wastewater
treatment facility with continuously running UV lights. Being able to treat water with ambient sunlight
reduces logistical difficulties with treating the water and saves the cost of additional wastewater
treatment plant space and electricity for operating UV lamps.

BiOX photocatalysts have been previously used in applications including water splitting [19,62,65],
solar cells [75], photoreduction of CO2 [21,31,76], N2 fixation [77,78], bacterial disinfection [79],
removal of air contaminants [80–84], oxidation of heavy metal pollutants [85–90], and photodynamic
therapy [44]. As mentioned in the introduction, this review will highlight studies of BiOX
photocatalytic degradation of persistent organic pollutants. Previous studies on application of BiOX to
the degradation of organic pollutants have focused on pollutants such as dyes, pharmaceuticals,
and industrial effluents [47,53,58,91–97]. The primary active species responsible for the high
photocatalytic degradation properties of BiOX have been identified to be electron holes and superoxide
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radicals [47,95,96]. However, the mechanism of photocatalytic degradation of persistent organic
pollutants have not been studied in detail. The following sections will particularly focus on the
mechanisms through which BiOX reacts directly with pollutants to break them down.

3. Characterization of BiOX Compounds Used for the Photocatalytic Degradation of Water-Borne
Endocrine Disrupting Compounds

Patterson et al. previously reported the use of BiOX catalysts for the photocatalysis of synthetic
estrogen 17 α-ethinyl estradiol (EE2) and the estrogen estriol in water [12]. This was the first report of
photodecomposition of estrogenic materials using such catalysts. The BiOX catalysts exhibited greater
photodecomposition of the chosen POPs than the tested TiO2 alternative here.

EE2 and estriol were chosen as model endocrine disrupting compounds (EDCs). EE2 was chosen
since it is used by millions of women as a contraceptive every day in the U.S. alone [98]. EE2 and
other synthetic estrogens are designed to mimic natural estrogens and are able to bind to estrogen
receptors. EDCs such as EE2 have an adverse effect on organisms at even low concentrations [98,99].
Aquatic species including fish and amphibians are especially at risk to such EDCs, in part because
these compounds bioaccumulate in tissues and biomagnify up the food chain [99–101]. Food chains
for aquatic environments tend to have more trophic levels than their terrestrial counterparts, so
there is more opportunity for biomagnification of pollutants in aquatic environments. The problem
is compounded further since these compounds and their metabolites are persistent enough in
waterways to survive transport across thousands of miles and can be detected in nearly any major
waterway [102–105]. Certain aquatic species can experience infertility after exposure to ng-level doses
of EE2 [98]. EE2 and related EDCs have been identified as contaminants of emerging concern by the
EPA and other environmental protection agencies [98,106–111].

The BiOCl and BiOI catalysts were compared against TiO2 by dispersing each catalyst type in
separate quartz flasks filled with mg/L EDC-doped deionized water under continuous stirring [12].
These flasks were placed one-at-a-time in a chamber ringed with either 254 nm or 350 nm bulbs.
Aliquots were taken from the flasks at given time intervals. These aliquots were each examined via
luminescence spectroscopy and LC-MS/MS for EDC concentration. Catalysts were ranked based on
the concentration of EDC remaining in the tested aliquots, where the less EDC there was left, the
better the photocatalyst. BiOI was the most effective catalyst tested using the 350 nm light source and
BiOCl was the preferred catalyst using the 254 nm light source. The difference between BiOX and
TiO2 in degrading EE2 and estriol was most pronounced when using a lower-energy light source (350
nm) as seen in Table 1 and Figure 2. This lends credence to the idea that these catalysts can function
in natural-light conditions where much of the spectrum is in the visible or low-energy UV range.
Using a catalyst capable of working in natural solar-light can reduce the cost of pollution remediation
in wastewater treatment facilities since the water can be treated in outdoor facilities versus being
processed in tanks with UV lamps.

Table 1. Percent of EE2 remaining in solution after treatment with different catalysts and 350 nm
light as determined via luminescence spectroscopy. Initial concentration of EE2 was 10.000 mg/L.
Experiments were conducted three times and the results were averaged to generate the table below.
Reused with permission from reference [12]. Copyright Elsevier 2015.

Catalyst 0 min UV (Pre-Ads.) 0 min UV (Post Ads.) 20 min UV 30 min UV

BiOCl 100 46.0 18.9 0 *
BiOI 100 38.1 0.607 0 *
TiO2 100 68.1 28.7 3.85

No catalyst 100 100 84.1 82.4

* Signal intensity was zero but the concentrations could not be discriminated below 7.00 µg/L.
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Figure 2. Percent estriol remaining in solution vs. time for estriol in the presence of catalysts under
350 nm light. The readings at time zero do not account for adsorption before exposure to the light
source. Reused with permission from reference [12]. Copyright Elsevier 2015.

Ionized fragments identified by LC-MS/MS were also used to derive mechanisms for degradation
of both EE2 and estriol as pictured in Figure 3. There was no apparent difference in mechanism based
on catalyst type [12].
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The catalysts were tested for re-use capability and showed effective degradation of the EDCs
for at least 8 uses without any post-treatment. This reusability is superior to TiO2-based catalysts
which could only be used twice before fouling of the surface rendered the TiO2 ineffective. The useful
lifespan of the BiOX catalysts could be further increased if the fouling was removed from the catalyst
surfaces by recycling methods such as washing and/or heat treatment. The catalysts were also tested
for their physical and photophysical properties via scanning Electron Microscopy Energy Dispersive
X-ray Spectroscopy (SEM-EDS), X-ray Diffraction (XRD), Brunauer Emmet Teller (BET) analysis and
Dynamic Light Scattering Spectroscopy (DLS). Figure 4 shows the SEM images of the BiOCl and
BiOI catalysts. The EDS results confirmed the elemental compositions of the samples as BiOCl and
BiOI. The narrow peaks in the XRD spectra of Figure 5 indicate a single phase and were in agreement
with previously published works on BiOX compounds [112,113]. BET analysis revealed that the BiOX
catalysts had lower surface area than TiO2 as pictured in Table 2. The higher photocatalytic activity
of the BiOX catalysts despite their lower surface area lends credence to the argument that the lower
band gap of the BiOX catalysts allows for superior activity vs. TiO2, especially given the lower-energy
350 nm irradiation. DLS analysis showed no significant difference in particle size distribution before
vs. after UV exposure.
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Table 2. Properties of Various Catalysts. Reused with permission from reference [12]. Copyright
Elsevier 2015.

Catalyst Type Surface Area

BiOCl 2.677
BiOI 11.07
TiO2 50.00

Solid-state luminescence provided further evidence of photoactivation in the UV range similar to
the lamps used in the photocatalysis chamber as seen in Figures 6 and 7. The excitation peaks were
matched with their corresponding emission peaks as indicated by the arrow annotations above the
spectra. The BiOI had a single excitation peak at 381 nm corresponding with a broad emission band
centered at 419 nm. The BiOCl had an emission peak at 422 nm and another at 456 nm corresponding
with excitations of 344 nm and 360 nm, respectively [32,114]. These electronic transitions for both
BiOX catalysts are thought to be from photo-excitation of the lattice and subsequent relaxation via
phonon-phonon interactions resulting in the observed emissions [32,114]. These solid-state studies
support the notion that electron holes are generated by the photo-excited Bi. These electron holes can
then degrade the organics directly or react with OH− or O2 in aqueous solution to form highly reactive
radicals which can likewise degrade the organics [115].

Catalysts 2018, 8, x FOR PEER REVIEW  7 of 25 

 

Table 2. Properties of Various Catalysts. Reused with permission from reference [12]. Copyright 
Elsevier 2015. 

Catalyst Type Surface Area 
BiOCl 2.677 
BiOI 11.07 
TiO2 50.00 

Solid-state luminescence provided further evidence of photoactivation in the UV range similar 
to the lamps used in the photocatalysis chamber as seen in Figures 6 and 7. The excitation peaks were 
matched with their corresponding emission peaks as indicated by the arrow annotations above the 
spectra. The BiOI had a single excitation peak at 381 nm corresponding with a broad emission band 
centered at 419 nm. The BiOCl had an emission peak at 422 nm and another at 456 nm corresponding 
with excitations of 344 nm and 360 nm, respectively [32,114]. These electronic transitions for both 
BiOX catalysts are thought to be from photo-excitation of the lattice and subsequent relaxation via 
phonon-phonon interactions resulting in the observed emissions [32,114]. These solid-state studies 
support the notion that electron holes are generated by the photo-excited Bi. These electron holes can 
then degrade the organics directly or react with OH− or O2 in aqueous solution to form highly reactive 
radicals which can likewise degrade the organics [115].  

 
Figure 6. Solid-state luminescence spectra for BiOI at 77 K. The excitation peak is matched with its 
corresponding emission peak as indicated by the arrows. Reused with permission from reference [12]. 
Copyright Elsevier 2015. 

 
Figure 7. Solid-state luminescence spectra for BiOCl at 77 K. The excitation peaks are is matched with 
their corresponding emission peaks as indicated by the arrows. Reused with permission from 
reference [12]. Copyright Elsevier 2015. 

  

Figure 6. Solid-state luminescence spectra for BiOI at 77 K. The excitation peak is matched with its
corresponding emission peak as indicated by the arrows. Reused with permission from reference [12].
Copyright Elsevier 2015.

Catalysts 2018, 8, x FOR PEER REVIEW  7 of 25 

 

Table 2. Properties of Various Catalysts. Reused with permission from reference [12]. Copyright 
Elsevier 2015. 

Catalyst Type Surface Area 
BiOCl 2.677 
BiOI 11.07 
TiO2 50.00 

Solid-state luminescence provided further evidence of photoactivation in the UV range similar 
to the lamps used in the photocatalysis chamber as seen in Figures 6 and 7. The excitation peaks were 
matched with their corresponding emission peaks as indicated by the arrow annotations above the 
spectra. The BiOI had a single excitation peak at 381 nm corresponding with a broad emission band 
centered at 419 nm. The BiOCl had an emission peak at 422 nm and another at 456 nm corresponding 
with excitations of 344 nm and 360 nm, respectively [32,114]. These electronic transitions for both 
BiOX catalysts are thought to be from photo-excitation of the lattice and subsequent relaxation via 
phonon-phonon interactions resulting in the observed emissions [32,114]. These solid-state studies 
support the notion that electron holes are generated by the photo-excited Bi. These electron holes can 
then degrade the organics directly or react with OH− or O2 in aqueous solution to form highly reactive 
radicals which can likewise degrade the organics [115].  

 
Figure 6. Solid-state luminescence spectra for BiOI at 77 K. The excitation peak is matched with its 
corresponding emission peak as indicated by the arrows. Reused with permission from reference [12]. 
Copyright Elsevier 2015. 

 
Figure 7. Solid-state luminescence spectra for BiOCl at 77 K. The excitation peaks are is matched with 
their corresponding emission peaks as indicated by the arrows. Reused with permission from 
reference [12]. Copyright Elsevier 2015. 

  

Figure 7. Solid-state luminescence spectra for BiOCl at 77 K. The excitation peaks are is matched
with their corresponding emission peaks as indicated by the arrows. Reused with permission from
reference [12]. Copyright Elsevier 2015.



Catalysts 2018, 8, 604 8 of 25

4. Investigation of BiOX-Based Catalysts for Degradation of Phenolic Compounds under Visible
Light Conditions

One of the major advantages of BiOX and select other bismuth-based catalysts are their
narrow bandgaps relative to TiO2 [12,54,116]. Sun et al. recently reported the visible-light
degradation of phenolic compounds using bismuth oxybromide/oxyiodide compounds of the
form (Bi4O5BrxI2−x) [116]. The photocatalytic degradation mechanism of resorcinol under these
conditions was further investigated through radical trapping experiments as well as via identification
of intermediates by LC-MS analysis. The activity of these catalysts in visible light conditions shows
potential for BiOX-based catalysts to be used as commercial photocatalysts.

These catalysts were easily synthesized by adding Bi(NO3)3·5H2O to a solution of ethylene glycol
and then adding different ratios of KBr and KI [116]. The solution was then combined with an ammonia
solution and the solid catalysts were allowed to precipitate out. The surface chemical composition and
state were confirmed via SEM-EDS and X-ray photoelectron spectroscopy (XPS) [116]. The catalysts
were confirmed to be of a single phase via XRD [116]. The catalysts were then separated from the
solution and dried at 80 ◦C. UV-Vis diffuse reflectance spectroscopy (DRS) conducted on these catalysts
showed that the band gap could be tuned based on the Br:I ratio [116]. In general, the band absorption
edge of Bi4O5BrxI2−x samples redshifted as x decreased, with Bi4O5I2 absorption extending to 560
nm. This indicates the visible-light-active photocatalytic potential of these materials. The collected
DRS spectra and calculated band-gap energies are shown in Figure 8A,B respectively. The bandgap
energies were calculated using the following formula: αhv = A(hv − Eg)n/2 where A = absorbance and
n = 4 [116].
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The photocatalytic potential under visible light for these catalysts was evaluated by exposing
them to an aqueous solution of 30 mg/L phenolic compounds under a 500 W halogen lamp with a filter
that cut-off wavelengths below 420 nm. The catalyst Bi4O5Br0.6I1.4 was the most effective at degrading
the selected phenolic compounds including resorcinol, o-phenylphenol (OPP) and 4-tert-butylphenol
(PTBP) [116]. These trials established the high degradation potential for phenolic pollutants under
these conditions and the results are summarized in Figure 9. The reusability of Bi4O5Br0.6I1.4 was
studied over four trials and minimal loss in photocatalytic activity was observed (Figure 10A) [116].
This indicates that the degradation of phenolic pollutants under visible light by Bi4O5Br0.6I1.4 does not
deactivate the photocatalyst. Further analysis of Bi4O5Br0.6I1.4 using XRD before and after exposure to
phenolic pollutants and visible light revealed no observable changes in the structure (Figure 10B) [116].
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resorcinol using additional catalysts. (c) Degradation constants calculated for resorcinol given treatment
with various catalysts. (d) Plot of TOC vs. irradiation time for 30 mg/L solutions of resorcinol with
Bi4O5Br0.6I1.4 [116]. Copyright Elsevier 2018.
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exposure to the visible light source and resorcinol solution [116]. Copyright 2018 Elsevier.

After initial experiments directed at characterizing the synthesized Bi4O5BrxI2−x samples and
their potential for visible light photocatalytic activity, the researchers turned their attention toward
investigating the pathways responsible for the degradation of resorcinol. The band potentials for
Bi4O5Br0.6I1.4 were first calculated using the Mott-Schottky equation. The calculated values suggest
that the conduction band potential (ECB = −0.64 eV) is sufficient to activate molecular O2, while the
valence band potential (EVB = 1.49 eV) is not expected to be able to generate hydroxyl radicals [116].
This information was used to propose the photocatalytic mechanism for Bi4O5Br0.6I1.4 and is shown in
Figure 11. Radical scavenging experiments were then performed to further confirm the major active
species during visible light photocatalytic degradation of resorcinol. These results are displayed in
Figure 12 and show that when tert-butanol (•OH scavenger) is added to the solution, minimal change
in degradation rate is observed. However, p-benzoquinone (•O2

− scavenger) or ammonium oxalate
(h+ scavenger) present significate attenuation of the degradation rate when added to solution [116].
These results agree with the photocatalytic mechanism developed based on band position calculations.

Finally, the mechanistic results were combined with LC-MS data to propose a possible
photocatalytic degradation pathway for resorcinol in the presence of Bi4O5Br0.6I1.4 under visible
light irradiation. In mass spectra collected for degradation samples, fragment ions with m/z = 89, 109,
147, and 239 were detected. The m/z = 109 fragment was identified as resorcinol, while the remaining
fragments were attributed to the production of degradation intermediates [116]. The identified
intermediates were used to propose the degradation pathway for resorcinol shown in Figure 13.
Compounds 1–4 were identified as the intermediates by LC-MS and compounds 5 and 6 were included
based on previous work on resorcinol degradation [117]. The proposed degradation pathway suggests
that •OH plays an important role in initiating the removal of resorcinol, while the more prevalent
•O2

− and h+ species in this system act primarily to further break down degradation intermediates.
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5. Investigation of BiOCl Photocatalytic Degradation Mechanism via Identification of
Intermediates by LC-MS/MS

Further investigation of BiOX photocatalysts for degradation of POPs was undertaken using
ibuprofen as a model aqueous pharmaceutical pollutant [118]. While the photocatalytic degradation of
ibuprofen (IBP) has been previously investigated, this was the first study to determine the mechanism
of its removal by BiOX degradation using LC-MS/MS to characterize the production of intermediates
throughout the process. Previous studies indicated that both BiOCl and BiOBr dramatically reduced
observable IBP levels, and that this reduction consisted primarily of IBP adsorption to BiOCl or
BiOBr [119,120]. However, several photodegradation products were identified via LC-MS/MS analysis
of IBP samples photodegraded by BiOCl [118].

IBP was chosen as a model pollutant for this study due to its widespread availability as an
over-the-counter Non-Steroidal Anti-inflammatory Drug (NSAID). IBP has been established as a
potential public health risk [121] which has led to concern over the photochemical fate of the drug [6,7].
Removal of these and similar pollutants in low concentrations from water supplies is a vital challenge
to maintaining high public health standards. The degradation of IBP in aqueous solutions has been
studied under a wide variety of photolytic [7,122–128] and photocatalytic [129–131] conditions, with
the general conclusion that complete mineralization is not achieved, and that the photoproducts have
similar toxicity to IBP. This establishes a clear need to develop advanced photocatalytic materials
capable of complete removal of IBP from aqueous solutions.

IBP photodegradation trials were conducted by first dissolving IBP in a minimal amount of
methanol, before diluting with water to form a 100 ppm (100 mg/L) IBP stock solution. This stock
solution was transferred into a quartz flask and diluted 1:10 with water to form a 10 ppm sample
solution. To this solution, 25 mg of BiOCl was added and the mixture was allowed to stir for
15 min in the dark to achieve adsorption/desorption equilibrium. Aliquots taken from the reaction
mixture were subjected to High Performance Liquid Chromatography with Diode-Array Detection
(HPLC-DAD) in order to quantify IBP removal as well as LC-MS/MS to characterize the evolution
of intermediates throughout the photocatalytic process. HPLC-DAD results indicate that two
primary processes contribute to the complete photocatalytic degradation of IBP: (1) the “primary”
degradation process in which IBP is decarboxylated and converted to 4-isobutylacetophenone (IBAP)
and 1-(4-isobutylphenyl)ethanol (IBPE); and (2) the “secondary” degradation process where IBAP
reacts further with hydroxyl radicals. Figure 14A shows the progression of the primary degradation
process as monitored by HPLC-DAD. IBP is shown to be completely removed from the solution within
20 min, while IBPE and IBAP are produced at similar rates. After initial production, both IBPE and
IBAP are found to slowly degrade as well, with IBAP degradation proceeding at a faster rate than IBPE.
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Figure 14. (a) Zeroth-order degradation plot for IBP, IBPE, and IBAP treated with BiOCl. This was
derived via HPLC-DAD at 210-nm. (b) Integrated areas for signals corresponding with proposed
intermediates. Said intermediates are identified in Table 3. Reused with permission from reference [118].
Copyright Elsevier 2018.

HPLC-DAD was used to detect 11 total secondary photoproducts 4–14 (Figure 14B). In order to
structurally characterize these photoproducts, samples from photocatalytic degradation trials of IBP
using BiOCl as a photocatalyst were analyzed via reversed-phase, positive-ion nanoelectrospray
ionization LC-MS/MS. This analysis allows for determination of molecular formulas of the
photocatalytic degradation products. These results including ions detected and molecular formula are
summarized in Table 3.
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Table 3. Compounds identified by HPLC-DAD and LC-MS/MS. Reused with permission from reference [118]. Copyright Elsevier 2018.

Compound
Number a

Retention Time
(HPLC; min)

Retention Time
(LCMS; min)

Wavelength
Max (nm) c

Molecular
Formula

Exact Mass
(Predicted) d

Ions Detected,
MS Product Ions Detected, MS/MS i

1 (IBP) 19.29 25.87 220, 264 C13H18O2 206.131 224.165 f;
207.138 e

224.16; 161.13 (-CO2H); 119.08 (-C3H6);
105.07 (C8H9

+); 91.05 (C7H7
+); 57.07

(C4H9
+); 43.06 (C3H7

+); 41.04 (C3H5
+)

2 (IBPE) 18.01 24.43 220, 264 C12H18O 178.136 161.132 g
161.13; 119.08 (-C3H6); 117.07 (-C3H8);
105.07 (C8H9

+); 91.05 (C7H7
+); 57.07

(C4H9
+); 43.06 (C3H7

+); 41.04 (C3H5
+)

3 (IBAP) 20.93 26.97 255 C12H16O 176.120 177.127 e 177.12; 121.06 (-C4H8); 57.07 (C4H9
+);

43.02 (CH3CO+)

4 4.64 11.06 310 C12H18O3 210.126 193.123 g,
233.116 h — j

5 5.58 — b 254, 300 (w) — b — b — b — b

6 7.25 — b 320 — b — b — b — b

7 7.97 14.40 258 C12H18O3 210.126 193.123 g,
233.116 h

193.123; 175.10 (-H2O); 137.06 (-C4H8);
57.07 (C4H9

+); 43.02 (CH3CO+)

8 10.68 17.31 254 C12H16O2 192.115 193.119 e

9 11.54 17.83 296 C12H16O3 208.1099 209.117 c
209.12; 191.09 (-H2O); 125.06 (-C6H8O);
85.07 (C5H9O+); 57.07 (C4H9

+); 43.02
(CH3CO+)

10 14.37 — b 260, 300 (w) — b — b — b — b

11 16.61 23.22 220, 264, 315 C12H16O2 192.115 193.119 e 193.12; 57.07 (C4H9
+); 43.02 (CH3CO+)

12 17.00 23.42 312 C11H16O 164.120 165.127 e 165.13; 147.12 (-H2O); 43.02 (CH3CO+)

13 17.85 24.18 305 C11H16O 164.120 165.127 e — j

14 22.63 28.49 215, 263, 327 C12H16O2 192.115 193.122 e 193.12; 175.11 (-H2O); 137.07 (-C4H8);
57.07 (C4H9

+); 43.02 (CH3CO+)
a IBP = ibuprofen; IBPE = 1-(4-isobutylphenyl)ethanol; IBAP = 4-Isopropylacetophenone (IBAP); b No peak detected by (+)nanoESI-LCMS to correlate with HPLC data; c Full UV/Vis
DAD spectra; solvent varied based upon gradient composition for peak elution; (w) signifies a weak absorption band; d monoisotopic mass; e [M + H]+; f [M + NH4]+; g [MH − H2O]+;
h [M + Na]+; i precursor ion is underlined; base peak in spectrum appears in bold; collision energy = 15 eV; j no MS/MS data collected.
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Isomeric hydroxylated forms of IBP have been reported in previous studies (pathway a, Figure 15)
under IBP degradation conditions including direct photolysis [125], TiO2 photocatalysis [123,132],
sonophotocatalysis [133], and pulse radiolysis [134]. Patterson et al. reported that after treatment with
BiOCl and limited light exposure the signals for hydroxylated IBP isomers were very low in intensity
(pathway a, Figure 15) [118]. In contrast, strong evidence was found that TiO2 photocatalysis and direct
photolysis are responsible for the production of these hydroxylated IBPs [118]. Thus, the researchers
determined that pathway a (Figure 15) does not play a major role in BiOCl photocatalytic degradation
of IBP. It was proposed that this observation is a potential consequence of relatively low rates of
hydroxyl radical production typically observed for BiOCl, combined with rapid decarboxylation of
IBP [135,136].
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This report showed that BiOCl presents high activity for photocatalytic degradation and
removal of IBP from aqueous solutions. This also demonstrates that adsorption is not the primary
mechanism through which BiOCl nanosheets employed in this study remove IBP from water [118].
The photodegradation pathway proposed is initiated through decarboxylation of IBP via oxidation
by electron holes (h+) in the valence band of BiOCl. This decarboxylation leads to formation of
benzyl radicals (pathway b, Figure 15), which are converted to both IBPE (pathway c, Figure 15) as
well as IBAP (pathway d, Figure 15). Further photocatalytic degradation experiments indicated that
only IBAP reacts further under these conditions to yield 11 secondary photocatalytic degradation
products. Photodegradation of IBAP was proposed to be initiated by the hydroxyl radicals attacking
IBAP on the aromatic ring via pathways d–f (Figure 15). This attack results in the production of
the observed hydroxyl-substituted IBAP derivatives [118]. Overall the results support that initially,
IBAP is formed via decarbaoxylation by BiOCl before subsequent degradation of IBAP by radical
oxidation on the aromatic ring of IBAP. Structurally similar pharmaceuticals, such as naproxen,
benoxaprofen and ketoprofen may also be activated by BiOCl photocatalysis and should be targeted
for future work. The structural alterations to pollutants during photocatalytic are shown to impact
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photocatalytic degradation rates and should be taken under consideration when designing any
photodegradation process.

6. Cu(II)-Doped BiOCl for Photocatalytic Degradation of Atrazine with Radical Scavenging

A recently published study demonstrates how Cu-doped BiOCl compounds interact with atrazine
to facilitate photodegradation, with an emphasis on identification of key radical species produced
during the process [137]. Doping of photocatalysts has been a popular method to increase light
utilization and efficiency. Effective use of photocatalysts relies on increased degradation of pollutants
and photochemical reactivity to a variety of wavelengths. One way that improvement of photocatalytic
activity is approached is through photocatalyst doping with metal ions that act as electron traps
thereby preventing the recombination of electron holes (h+) and excited-state electrons (e−) [14,138].
Previous reports have shown that photocatalytic degradation rates of metal-doped photocatalysts can
increase compared to the unaltered material. In particular, the addition of copper (II) ions have shown
significant improvement in photocatalytic degradation rates as a result of reduced recombination [139].
Excited-state transfer of electrons to the metal dopant from the conduction band of bismuth oxyhalide
facilitates the prevention of recombination and extends the lifetime of excited state electrons, allowing
more photocatalytic reactions to occur [50,140].

Cu-BiOCl has been used to photocatalytically degrade atrazine [137]. Active species trapping
experiments demonstrate the pathways through which Cu-BiOCl acts to remove organic pollutants
from water. Dark adsorption trials indicated that atrazine was not significantly adsorbed onto
the surface of either BiOCl nor Cu-BiOCl. This shows that reactive species are active during the
photocatalytic process and that atrazine removal is not due to adsorption. UV-Vis analysis of aliquots
from photocatalytic degradation trials indicate that 65% of the original atrazine concentration remain
after 30 min. of BiOCl photocatalysis, while 71% of atrazine remains after Cu-BiOCl photocatalysis.
The photocatalytic degradation rates of Cu-BiOCl and BiOCl are qualitatively similar, suggesting that
prevention of recombination is not the only factor affecting the rate. To further probe this observation,
trials were performed with radical scavengers present to determine the origin of photocatalytic
reactivity for this system.

The results of radical scavenging experiments for Cu-BiOCl and BiOCl are shown in Figures 16
and 17, respectively [137]. Based on these results, it is clear that for BiOCl, hydroxyl radicals and h+

feature prominently in photocatalytic degradation of atrazine, while superoxide radicals play only
a minor role. Interestingly, radical scavenging experiments with Cu-BiOCl exhibit a similar trend,
with normal degradation behavior observed upon addition of IPA or BQ, while atrazine removal is
completely quenched by the addition of KI [137]. Atrazine removal percentages The major difference
noted for these trials was that hydroxyl radical activity was more pronounced for BiOCl than for
Cu-BiOCl, suggesting that production of hydroxyl radicals may have been reduced through the
addition of copper ions.
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Results from radical scavenging and photocatalytic degradation trials were used to formulate a
proposed mechanistic pathway for photodegradation of atrazine with Cu-BiOCl. Initially, absorption
of irradiation (hν) by BiOCl results in the excitation of an electron to the conduction band from the
valence band of BiOCl (Equation (1)). This process leads to the generation of an electron hole (h+)
and an excited electron (e−). Equations (2) and (3) show that photo-induced separation of e− and h+

occur in Cu-BiOCl occur upon photoirradiation through electron-transfer reducuction of Cu(II) species
on the surface of BiOCl to Cu(I) and subsequent oxidation by molecular oxygen. It is proposed that
the introduction of a source of molecular oxygen to this system would result in greater production of
superoxide radicals, as well as reduced rates of electron-hole recombination. This electron transfer has
been previously shown to be assisted by the presence of Cu(II) ions aligned with the conduction band
of BiOCl [141].

BiOCl + hν→ e− + h+ (1)

Cu2+ + e− → Cu+ (2)

Cu+ +O2 → Cu2+ + O2
− (3)
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O2
− + ATZ→ Degradation Products (4)

ATZ + h+ → ATZ+ (5)

ATZ+ → Degradation Products (6)

Since radical scavenging trials indicate that hydroxyl radicals do not play a significant role in
photocatalytic degradation of atrazine with BiOCl, this is not suggested as a primary reactive pathway.
Production of hydroxyl radicals is even less emphasized during photocatalytic degradation of atrazine
with Cu-BiOCl. The formation of degradation products is proposed to originate through two major
mechanisms. First, the reaction of superoxide radicals generated at the conduction band of BiOCl
during the photocatalytic process react with atrazine forming degradation products (Equation (4)).
This pathway may be suppressed in our results due to the transfer of excited state electrons from
the conduction band of BiOCl to the copper ions. More importantly, direct interaction of atrazine
with electron holes in the valence band of BiOCl were the major degradation pathway indicated for
photocatalytic degradation of atrazine. It is proposed that this reaction proceeds via electron transfer to
the valence band of BiOCl directly from atrazine thereby generating electron-deficent ATZ+ (Equation
(5)) [137]. Subsequent degradation reactions of ATZ+ occur due to this species’ inherent instability
forming further degradation products (Equation (6)).

7. Summary and Conclusions

Photocatalysis is an important emerging technology that has seen intense interest in recent years.
It has been used in applications including generation of solar fuels and remediation of environmental
pollutants. Bismuth oxyhalides are a new class of photocatalysts that possess unique properties that
have been shown to result in improved photocatalytic activity compared to traditional photocatalysts.
Numerous articles have been published that focus on synthesis and doping strategies of BiOX to further
improve their photocatalytic activity. While BiOX compounds have been previously shown to be useful
in degradation of persistent organic pollutants, detailed studies of the photocatalytic degradation
mechanism have been largely neglected. This review discusses the high activity that bismuth
oxyhalide photocatalysts present for the degradation of pharmaceuticals and pesticides as well as the
photocatalytic degradation mechanisms associated with them. The degradation mechanisms discussed
are investigated through LC-MS/MS characterization of photocatalytic degradation intermediates as
well as through radical scavenging experiments. These studies demonstrate that bismuth oxyhalides
do not simply act to adsorb persistent organic pollutants, but that they directly react with pollutant
molecules to initiate the photodegradation process. It has been shown that bismuth oxyhalides can
react quickly, directly, and selectively with organic moieties such as sterols, carboxylic acids, and
amines. In future work, these properties should be further investigated and exploited in order to
expand the application of these materials to photocatalytic remediation of additional organic pollutants
as well as the synthesis of fine chemicals.
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Fatta-Kassinos, D. Proposed transformation pathway and evolution profile of diclofenac and ibuprofen
transformation products during (sono)photocatalysis. Appl. Catal. B 2014, 147, 1015–1027. [CrossRef]

134. Illés, E.; Takács, E.; Dombi, A.; Gajda-Schrantz, K.; Rácz, G.; Gonter, K.; Wojnárovits, L. Hydroxyl radical
induced degradation of ibuprofen. Sci. Total Environ. 2013, 447, 286–292. [CrossRef] [PubMed]

135. Tobergte, D.R.; Curtis, S. Environmentally Benign Photocatalysts Applications of Titanium Oxide-Based Materials;
Springer: Berlin/Heidelberg, Germany, 2010; ISBN 9788578110796.

136. Song, Z.; Dong, X.; Wang, N.; Zhu, L.; Luo, Z.; Fang, J.; Xiong, C. Efficient photocatalytic defluorination of
perfluorooctanoic acid over BiOCl nanosheets via a hole direct oxidation mechanism. Chem. Eng. J. 2017,
317, 925–934. [CrossRef]

137. Moyet, M.A.; Arthur, R.B.; Lueders, E.E.; Breeding, W.P.; Patterson, H.H. The role of Copper (II) ions in
Cu-BiOCl for Use in the Photocatalytic Degradation of Atrazine. J. Environ. Chem. Eng. 2018, 6, 5595–5601.
[CrossRef]

138. Granados-Oliveros, G.; Páez-Mozo, E.A.; Ortega, F.M.; Ferronato, C.; Chovelon, J.M. Degradation of atrazine
using metalloporphyrins supported on TiO2 under visible light irradiation. Appl. Catal. B 2009, 89, 448–454.
[CrossRef]

139. Libanori, R.; Giraldi, T.R.; Longo, E.; Leite, E.R.; Ribeiro, C. Effect of TiO2 surface modification in Rhodamine
B photodegradation. J. Sol-Gel Sci. Technol. 2009, 49, 95–100. [CrossRef]

140. Wen, X.J.; Niu, C.G.; Guo, H.; Zhang, L.; Liang, C.; Zeng, G.M. Photocatalytic degradation of levofloxacin
by ternary Ag2CO3/CeO2/AgBr photocatalyst under visible-light irradiation: Degradation pathways,
mineralization ability, and an accelerated interfacial charge transfer process study. J. Catal. 2018, 358, 211–223.
[CrossRef]

141. Sudrajat, H.; Sujaridworakun, P. Insights into structural properties of Cu species loaded on Bi2O3 hierarchical
structures for highly enhanced photocatalysis. J. Catal. 2017, 352, 394–400. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.chemosphere.2011.05.012
http://www.ncbi.nlm.nih.gov/pubmed/21624632
http://dx.doi.org/10.1080/01496395.2010.487463
http://dx.doi.org/10.4236/jep.2014.57063
http://dx.doi.org/10.1016/j.apcatb.2012.09.053
http://dx.doi.org/10.1016/j.watres.2008.05.033
http://dx.doi.org/10.1016/j.apcatb.2013.10.035
http://dx.doi.org/10.1016/j.scitotenv.2013.01.007
http://www.ncbi.nlm.nih.gov/pubmed/23410856
http://dx.doi.org/10.1016/j.cej.2017.02.126
http://dx.doi.org/10.1016/j.jece.2018.08.057
http://dx.doi.org/10.1016/j.apcatb.2009.01.001
http://dx.doi.org/10.1007/s10971-008-1821-1
http://dx.doi.org/10.1016/j.jcat.2017.12.005
http://dx.doi.org/10.1016/j.jcat.2017.05.027
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Properties of Bismuth Oxyhalide Compounds and Development of Their Use as Photocatalysts for Water Remediation 
	Characterization of BiOX Compounds Used for the Photocatalytic Degradation of Water-Borne Endocrine Disrupting Compounds 
	Investigation of BiOX-Based Catalysts for Degradation of Phenolic Compounds under Visible Light Conditions 
	Investigation of BiOCl Photocatalytic Degradation Mechanism via Identification of Intermediates by LC-MS/MS 
	Cu(II)-Doped BiOCl for Photocatalytic Degradation of Atrazine with Radical Scavenging 
	Summary and Conclusions 
	References

