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Abstract: The solar-induced semiconductor photocatalytic process is one of the greenest and most
promising technologies for the elimination of pharmaceuticals in aqueous media. In the context
of this study, a bismuth oxychloride (BiOCl) photocatalyst was fabricated and characterized by its
morphology, crystallographic structure, and optical properties. Its photocatalytic efficiency was
tested towards the degradation of Losartan (LOS), a medication used to treat high blood pressure, in
water using a solar simulator. The as-prepared BiOCl exhibited significant photocatalytic efficiency,
achieving complete degradation of 0.3 mg/L LOS in short periods of irradiation (15–30 min). The
examined system showed optimal efficiency using 500 mg/L of BiOCL (kapp = 0.21 min−1) and pH
3 (kapp = 0.32 min−1). However, LOS removal significantly decreased in environmentally relevant
water matrices, including wastewater (kapp = 0.006 min−1) and bottled water (kapp = 0.023 min−1).
Additional tests carried out in synthetic water matrices showed that the LOS degradation rate was
reduced by more than 40% in the presence of humic acid (kapp = 0.016 min−1) and bicarbonates
(kapp = 0.029 min−1), while chlorides did not affect the overall efficiency. Moreover, photogenerated
holes and singlet oxygen were the dominant oxidative species. The efficiency of the BiOCl photocata-
lyst towards LOS degradation was further studied using a flat plate pilot-plant scale photoreactor.
It was found that more than 75% of LOS was removed after 100 kJ/L of accumulated solar irradi-
ation. The results obtained in the pilot-plant unit confirmed the suitability of BiOCl as a potential
photocatalytic material.

Keywords: photocatalysis; advanced oxidation processes (AOPs); losartan; pilot-scale demonstration;
bismuth oxychloride

1. Introduction

The insufficiency of conventional water treatment methods to eliminate a large number
of chemical substances classified as emerging contaminants (ECs) has led to their detection
not only in the effluents of wastewater treatment but also in surface water [1]. Their
presence poses severe risks not only to the ecosystem but also to public health, thus
leading many scientists to focus their efforts on developing new, more effective water
treatment techniques [2]. In this context, advanced oxidation processes (AOPs) have shown
very promising results. AOPs constitute a group of technologies based primarily but not
exclusively on hydroxyl radicals (•OH) with a high oxidation potential for ECs degradation
in water [3]. Hydroxyl radicals are characterized by non-selectivity and can be produced
by various methods, enhancing AOPs’ versatility and making them suitable for many
wastewater treatment applications. Ozone, Fenton reagent, photocatalysis, and activated
persulfate are some characteristic examples widely studied in ECs degradation systems [4].
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In addition, hybrid systems, such as persulfate/photocatalysis [5] or a combination of
cavitation with advanced oxidation processes [6], have enhanced oxidation efficiency.

If one had to choose the greenest technology among AOPs, photocatalysis would
undoubtedly be the answer. This is because sunlight energy is used to activate the photo-
catalyst, usually a semiconductor, producing charge carriers that initiate chemical reactions
for ECs degradation. As a result, water treatment by photocatalysis has been a topic of
extensive research over the past three decades, resulting in an impressive number of papers
in the area [7,8]. Especially nowadays, with sustainability gaining a prime position on the
agenda of governments, highly efficient photocatalytic systems for wastewater treatment
seem more necessary than ever. However, one of the main challenges in photocatalysis
is translating fundamental research into practical applications. To increase the reported
photocatalytic efficiencies, further research is needed towards both process optimization
and photocatalyst development.

Undoubtedly, the lion’s share among photocatalytic materials belongs to titanium
dioxide (TiO2) and its modifications [9–11]. However, in recent years, many researchers
have focused their efforts on the development of non-TiO2-based semiconductors. Among
the many photocatalytic materials tested so far, bismuth-based photocatalysts such as
BiVO4 [12], Bi2WO [13], Bi2O3 [14,15], BiOBr [16], and BiOCl [17] possess many desirable
characteristics such as low cost and toxicity, high stability, and high photocatalytic activity.
Bismuth oxychloride (BiOCl) belongs to the group of p-type semiconductors and has a
band gap between 2.8 and 3.4 eV. It has demonstrated high efficiency in numerous energy
and environmental applications [18]. This is primarily attributed to its layered structure
and the suitable position of its energy bands. Numerous studies have reported its photo-
catalytic properties either in its pristine form or by doping it with metals/non-metals [19].
For instance, Gao et al. [20] presented the fabrication of BiOCl ultrathin nanosheets for
carbamazepine photocatalytic degradation. They reported 91.1% carbamazepine removal
after 30 min of simulated solar irradiation. Cobalt-doped BiOCl [21] was synthesized
using a hydrothermal route and possessed significantly higher efficiency for Bisphenol A
removal than pure BiOCl. Moreover, Shahid et al. [22] synthesized a Fe-modified BiOCl
ultra-thin nanosheet with excellent efficiency for Cr (VI) and Rhodamine B photocat-
alytic degradation in water. In 2021, our group investigated sulfamethoxazole removal
using BiOCl under simulated solar irradiation, emphasizing the water matrix effect on
the overall efficiency [23]. In addition, valsartan removal was studied using MoS2/BiOCl
MoS2 (0.1–10.0 wt.%) composite photocatalysts [24]. The results showed that 0.25 wt.%
MoS2/BiOCl was the best-performing photocatalytic material.

Although BiOCl has been used in many photocatalytic systems dealing with water
remediation, no study has been carried out at the pilot-plant scale. Indeed, the majority
of investigations in the heterogeneous photocatalysis area are in small laboratory setups
irradiated with artificial light. However, the results obtained in lab installations are not
very useful for practical applications as the experimental conditions are far from industrial
ones.

In light of this, in the current work, BiOCl’s efficiency was studied in (i) a batch reactor
under simulated solar irradiation and (ii) in a pilot-plant demonstration using a stainless
steel (SS) flat plate reflector (FPR), under solar radiation. For this, Losartan (LOS) removal
was investigated. LOS is an angiotensin II receptor used for hypertension treatment. Among
ECs, pharmaceuticals are receiving the greatest concern as their accumulation in water is
linked to severe problems in public health. Unfortunately, the problem will continuously be
magnified as pharmaceutical consumption shows an increasing trend worldwide. Indeed, a
large amount of research during the COVID-19 pandemic revealed a significant increase in
antibiotics and pharmaceutical consumption in general [25]. LOS degradation in aqueous
media has rarely been studied using AOPs, resulting in promising results. Salazar et al. [26]
reported LOS mineralization by electro-oxidation, while Ioannidi et al. [27] studied LOS
removal utilizing heat-activated persulfate. Moreover, another study reported N-doped
porous carbon as a peroxymonosulfate activator for LOS oxidation [28]. Considering LOS
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removal in photocatalytic systems, only Guateque-Londoño et al. reported data considering
LOS degradation using TiO2-photocatalysis and UVC/persulfate (UVC/PS) [29].

In this context, the effect of BiOCl concentration and pH on LOS degradation was
studied. The impact of the water matrix is highlighted with experiments in real (bottled
water and wastewater) and synthetic (humic acid, bicarbonates, and chlorides) water
matrices presented. Additional experiments were conducted by varying the irradiation
type or by adding suitable radical scavengers. Finally, in order to collect data on the
feasibility of BiOCl photocatalyst in practical applications, LOS degradation was tested in a
stainless-steel (SS) flat-plate reflector (FPR).

2. Results and Discussion
2.1. BiOCl Characterization

XRD analyses (Figure 1) confirmed the successful preparation of the tetragonal BiOCl
phase (JCPDS No 6-249) without impurities. In addition, the structural properties of the
as-prepared BiOCl powder, as estimated by equations 1–4, are summarized in Table 1. The
values of a and c were determined for planes <1 1 0> and <0 0 1>, respectively.
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Figure 1. X-ray diffraction pattern of BiOCl.

Table 1. Structural properties of BiOCl.

Parameters Values (Unit)

Lattice constant (a = b) 2.75
(

Å
)

Lattice constant (c) 7.39
(

Å
)

Unit cell volume (V) 55. 9 (Å3)

Average crystallite size (D) 32.2 nm

Strain (ε) × 10−3 4.8

Moreover, the specific surface area of BiOCl was determined to ~16 m2·g−1 (Figure S1),
in agreement with previous studies [30], while the total pore volume from the N2 isotherms
was found to be equal to 6.25 cm3·g. In general, the specific surface area of BiOCl varies a
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great deal from 3–50 m2·g−1, varying in the synthesis method. For example, Gao et al. [31]
prepared BiOCl microspheres with a 13 m2·g−1 surface area, while hydrothermally pre-
pared BiOCl exhibited a ~7 m2·g−1 surface area [32].

The optical characteristics of BiOCl were investigated utilizing diffuse reflectance
spectroscopy (DRS). The inset in Figure 2 illustrates that the as-prepared BiOCl can absorb
light with a wavelength of 450 nm or less. The sample’s ability to absorb ultraviolet and
visible light demonstrates the positive impact of thiourea alteration on the material’s optical
properties. Considering its band gap, it was found to be 2.5 eV using the Tauc diagram
(Figure 2).

Catalysts 2023, 13, 1175 4 of 18 
 

 

light with a wavelength of 450 nm or less. The sample’s ability to absorb ultraviolet and 
visible light demonstrates the positive impact of thiourea alteration on the material’s op-
tical properties. Considering its band gap, it was found to be 2.5 eV using the Tauc dia-
gram (Figure 2). 

 
Figure 2. Tauc plot of BiOCl. Inset: Corresponding UV-vis diffuse reflectance spectrum. 

Considering TEM analysis, Figure 3a,b shows that BiOCl comprises nanoplates with 
a thickness approximately equal to 12 nm. Notably, the margins of the nanoplates are 
composed of incredibly tiny spheres (Figure 3c). In addition, Figure 3d,e display typical 
SEM images with the energy-dispersive X-ray spectra, confirming the presence of Bi, O, 
and Cl alone. 

 
 

2.1 2.8 3.5 4.2

300 350 400 450 500 550

 

 

F(
R

)

wavelength (nm)

Ebg=2.5 eV

 

Energy (eV)

(F
(R

)*
hv

)1/
2

Figure 2. Tauc plot of BiOCl. Inset: Corresponding UV-vis diffuse reflectance spectrum.

Considering TEM analysis, Figure 3a,b shows that BiOCl comprises nanoplates with
a thickness approximately equal to 12 nm. Notably, the margins of the nanoplates are
composed of incredibly tiny spheres (Figure 3c). In addition, Figure 3d,e display typical
SEM images with the energy-dispersive X-ray spectra, confirming the presence of Bi, O,
and Cl alone.
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The photocatalytic properties of BiOCl were investigated by assessing the transient
photocurrent response of the as-prepared powder. In this regard, the fabricated FTO@BiOCl
electrode was immersed in a 0.1 M Na2SO4 aqueous solution serving as the electrolyte.
The experimental setup consisted of consecutive light on/off intervals, each lasting for
50 s. During these intervals, a constant external potential of 0.3 V was applied to the
two-electrode system. According to Figure 4, photocurrent density values obtained under
illumination equaled 0.18 µA/cm2. Conversely, when the light source was switched
off, the current value rapidly dropped to 0.08 µA/cm2. This observation confirms the
photocatalytic properties of the as-prepared material.
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2.2. Effect of Operating Parameters on LOS Degradation

At the outset of the study, a methodical evaluation of the photocatalytic activity of
BiOCl was undertaken to determine its efficacy in removing Losartan (LOS) from various
aqueous matrices under solar irradiation. The primary aim was to identify the specific
impact of various experimental parameters, including catalyst loading, the pollutant con-
centration, the pH level, and the complexity of the aqueous matrix, on photocatalytic
efficiency. Additionally, we aimed to reveal the dominant reactive species of the system.
The photocatalytic performance of BiOCl appears highly promising, leading to the com-
plete removal of LOS within short experimental time frames, which is consistent with the
findings of previous reports [23].

According to the literature, this type of photocatalytic system is adequately described
by pseudo-first-order kinetics [33]. Specifically, the photocatalytic degradation rate can be
expressed by the following equation,

dC
dt

= −kappC→ ln
(

C
C0

)
= kappt→ C

C0
= e−kappt (1)

where C and C0 represent the LOS concentration (mg/L) at t = t and t = 0, respectively.
The apparent kinetic constant (kapp) was calculated as the slope of the linear plot

ln(C/C0) vs. t (min), with kapp expressed in units of min−1. The value of kapp is indicated
in parentheses on each graph. The experimental data showed a strong fit to the previ-
ous kinetic model, with the coefficient of determination (R2) values exceeding 0.98. The
degradation percentage was estimated using the equation:

Efficiency (%) =
C0 − C

C0
× 100 (2)

The effect of BiOCl concentration was identified by a set of experiments carried
out, varying BiOCl loading between 125 and 500 mg/L in ultra-pure water (UPW). The
obtained results are shown in Figure 5. As anticipated, increasing photocatalyst loading
favors process efficiency by increasing the number of available active sites [34]. Specifically,
the data collected at BiOCl loading levels of 250 and 500 mg/L were quite similar, and
complete degradation of LOS was achieved under 30 min of irradiation. Conversely, with
125 mg/L BiOCl, the reaction rate was relatively low, as indicated by the significantly lower
values of kapp (0.08 min−1).
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To quantify the impact of photolysis, additional tests were carried out in the absence
of BiOCl. As shown in Figure 5, photolysis can be considered negligible since LOS removal
did not exceed 5% under solar irradiation alone. This finding agrees with Kollipara
et al., who highlighted the notable stability of LOS under photolytic stress conditions [35].
Additionally, a control experiment conducted in the dark for 30 min revealed that LOS
removal due to adsorption phenomena was less than 20%, in line with previous results [16].

Maintaining an appropriate pH level in the dispersion is critical for the success of a
photocatalytic process. The surface charge of the photocatalyst is strongly dependent on
the pH level of the solution and influences the interactions with the pollutant molecules.
Moreover, pH can alter the nature of the organic compound (LOS) and the elimination
mechanism [36].

The role of pH in photocatalytic efficacy was elucidated by adjusting the solution pH at
three distinct values: Acidic (pH 3), neutral (inherent pH), and alkaline (pH 9). The results
of these experiments are demonstrated in Figure 6a. Remarkably, optimal degradation
efficiencies were observed at pH 3, where complete elimination of LOS was achieved
within 10 min of irradiation. Conversely, at pH 9, the degradation rate significantly slowed,
resulting in a five-fold decrease in kapp. A possible explanation for the observed results
is the variation in the surface charge of BiOCl, as a function of pH, in conjunction with
the prevailing form of LOS. Specifically, LOS has a reported pKa value of 5.5 [37]. At pH
3, LOS exists in a cationic form and likely attracts the negatively charged BiOCl surface,
facilitating LOS transfer to the catalyst surface. In contrast, at pH 9, slight deprotonation of
LOS molecules may occur, leading to potential repulsive interactions between the organic
compound and the photocatalyst.
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Figure 6. (a) Influence of initial solution pH (3, inherent, 9) on LOS photodegradation with 250 mg/L
BiOCl in UPW. (b) Adsorption of 0.3 mg/L LOS with 250 mg/L BiOCl in three distinct pH levels (3,
inherent, 9).

To acquire a more comprehensive understanding of the interactions at the LOS–BiOCl
interface, additional experiments were conducted in the dark at the aforementioned pH
values. The results are displayed in Figure 6b. Consistent with previous results, the
highest LOS removal is achieved at pH 3, confirming the favorable interactions between
the photocatalyst and the pollutant under these conditions. Conversely, at pH 9, adsorption
was practically zero, highlighting the limitations of the LOS molecule’s ability to reach the
BiOCl surface.

Despite the extensive study of photocatalysis for the degradation of organic pollutants,
its efficiency under realistic conditions remains mediocre. These limitations largely arise
from the complexity of water environments, which include a variety of inorganic salts and
organic matter [38].
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Therefore, the impact of the water matrix was assessed by performing a series of tests
using representative samples of BW and WW. The results are shown in Figure 7a. It is
evident that the degradation rate of LOS was significantly reduced in BW, with the apparent
rate constant decreasing nearly tenfold (0.023 min−1) compared to UPW. These retarding
phenomena are further amplified in the case of WW, resulting in a decomposition of LOS
below 20%.
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Figure 7. (a) Effect of water matrix complexity on the degradation of 0.3 mg/L LOS using 250 mg/L
BiOCl in UPW. (b) Effect of HA (10 mg/L), HCO3

− (250 mg/L), and Cl− (250 mg/L) on the removal
of 0.3 mg/L LOS employing 250 mg/L BiOCl.

The decreased removal efficiencies in BW and WW can be directly associated with
the presence of diverse ions. These ions can act as quenchers of the photogenerated hy-
droxyl radicals (•OH) and/or may even instantly capture holes from the photocatalyst’s
surface [39,40]. Furthermore, in the case of WW, light penetration through the suspension is
quite limited, leading to the adsorption of an insufficient number of photons on the photo-
catalyst surface [38]. At the same time, since photocatalytic degradation is a heterogeneous
process in which most oxidation reactions occur on or near the solid/liquid interface, com-
petition also exists between the pollutant, natural or effluent organic matter, and inorganic
ions for adsorption on the catalyst surface. As already discussed in the section concerning
the impact of pH, LOS adsorption was not favored under alkaline conditions, thus slowing
down the performance in the real matrices evaluated where the pH ranged from 7.5 to 9.

In conclusion, the previous experiments revealed the presence of retarding phenomena
attributed to the presence of ions and organic matter in aqueous media of environmen-
tal concern. These findings highlight the detrimental effect of increased water matrix
complexity on the photocatalytic process.

To gain deeper insight into the influence of the water matrix, the efficiency of the
present system was tested in synthetic matrices obtained by adding humic acid (HA,
10 mg/L), bicarbonates (BIC, NaHCO3, 250 mg/L), and sodium chloride (NaCl, 250 mg/L)
to UPW. Specifically, HA was selected as a typical agent of the organic matter found
in environmental samples, while BIC and NaCl are the prevalent anions in BW. The
experimental results, summarized in Figure 7b, revealed the hindering role of HA in
the photocatalytic process, as the photocatalytic degradation efficiency was reduced by
approximately 40%. HA can compete with the target pollutants for adsorption onto the
photocatalyst surface and act as a barrier, obstructing light penetration [38,41]. Similar
results were observed using 250 mg/L NaHCO3, where a significant sixfold reduction of
the kapp (compared to UPW) was observed. This adverse impact is likely related to BIC’s
potential quenching of the reactive species, leading to the formation of radicals with lower
oxidation potential (CO3

•−) [42,43]. In contrast, the presence of NaCl had negligible effects
on the process, as it did not induce any noticeable changes in the kapp value.
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2.3. Effect of Type of Irradiation on the Degradation of LOS

One of the primary challenges in photocatalysis is to develop suitable photocatalytic
materials capable of harnessing the visible section of the solar spectrum. The majority
of conventional photocatalysts utilize only ultraviolet (UV) light, which constitutes only
5% of the total solar radiation; as a result, a significant fraction of solar energy remains
unexploited [44,45].

To specifically assess the contribution of visible light, a 420 nm cut-off filter was
utilized, which selectively blocks wavelengths below 420 nm. As depicted in Figure 8, the
results indicate that nearly 60% of the LOS degradation can be attributed to visible light
alone, compared to the complete degradation achieved utilizing the full solar spectrum.
Notably, the calculated kapp value shows a tenfold decrease under visible light conditions
(0.017 min−1), confirming the limited response of BiOCl to visible light [46].

Catalysts 2023, 13, 1175 10 of 18 
 

 

 
Figure 8. Degradation of 0.3 mg/L LOS using a 420 nm cut–off filter to isolate visible light. Experi-
mental conditions: [BiOCl] = 250 mg/L, inherent pH, UPW. 

2.4. Photocatalytic Mechanism 
Subsequently, the dominant oxidizing species present in the solution was identified 

by trapping experiments. In this regard, tert-butanol (t-BuOH, 9.24 mM) was employed 
as a scavenger of •OH [47], sodium azide (NaN3, 9.24 mM) was used to quench singlet 
oxygen (1O2) [48], and oxalic acid (C2H2O4) was utilized to capture photo-induced holes 
(h+) [49]. It was observed that the addition of 9.24 mM t-BuOH did not affect LOS degra-
dation, indicating the possible absence of •OH in the solution (Figure 9). In contrast, in the 
presence of 9.24 mM NaN3 or C2H2O4, the degradation rate was completely inhibited, and 
the LOS concentration remained constant even after 30 min of irradiation. These findings 
strongly support the existence of both 1O2 and h+, suggesting their substantial contribution 
to the efficient elimination of 0.3 mg/L LOS. 

 
Figure 9. Effect of radical scavengers on the degradation of 0.3 mg/L LOS in UPW. Experimental 
condition: [BiOCl] = 250 mg/L, [Scavengers] = 9.24 mM. 

Based on the above findings, the LOS degradation mechanism can be reported as 
follows: Photo-generated holes have the ability to directly oxidize the organic compounds 

0 10 20 30 40 50 60
0

0.2

0.4

0.6

0.8

1.0

C
/C

0

Time (min)

 Solar (0.16)
 Visible (0.017)

0 5 10 15 20 25 30
0

0.2

0.4

0.6

0.8

1.0

C
/C

0

Time (min)

 UPW (0.16)
 [t - BuOH] = 9.24 mM (0.11)
 [NaN3] = 9.24 mM (0.002)
 [C2H2O4] = 9.24 mM (0.002)

Figure 8. Degradation of 0.3 mg/L LOS using a 420 nm cut–off filter to isolate visible light. Experi-
mental conditions: [BiOCl] = 250 mg/L, inherent pH, UPW.

2.4. Photocatalytic Mechanism

Subsequently, the dominant oxidizing species present in the solution was identified by
trapping experiments. In this regard, tert-butanol (t-BuOH, 9.24 mM) was employed as a
scavenger of •OH [47], sodium azide (NaN3, 9.24 mM) was used to quench singlet oxygen
(1O2) [48], and oxalic acid (C2H2O4) was utilized to capture photo-induced holes (h+) [49].
It was observed that the addition of 9.24 mM t-BuOH did not affect LOS degradation,
indicating the possible absence of •OH in the solution (Figure 9). In contrast, in the
presence of 9.24 mM NaN3 or C2H2O4, the degradation rate was completely inhibited, and
the LOS concentration remained constant even after 30 min of irradiation. These findings
strongly support the existence of both 1O2 and h+, suggesting their substantial contribution
to the efficient elimination of 0.3 mg/L LOS.



Catalysts 2023, 13, 1175 10 of 17

Catalysts 2023, 13, 1175 10 of 18 
 

 

 
Figure 8. Degradation of 0.3 mg/L LOS using a 420 nm cut–off filter to isolate visible light. Experi-
mental conditions: [BiOCl] = 250 mg/L, inherent pH, UPW. 

2.4. Photocatalytic Mechanism 
Subsequently, the dominant oxidizing species present in the solution was identified 

by trapping experiments. In this regard, tert-butanol (t-BuOH, 9.24 mM) was employed 
as a scavenger of •OH [47], sodium azide (NaN3, 9.24 mM) was used to quench singlet 
oxygen (1O2) [48], and oxalic acid (C2H2O4) was utilized to capture photo-induced holes 
(h+) [49]. It was observed that the addition of 9.24 mM t-BuOH did not affect LOS degra-
dation, indicating the possible absence of •OH in the solution (Figure 9). In contrast, in the 
presence of 9.24 mM NaN3 or C2H2O4, the degradation rate was completely inhibited, and 
the LOS concentration remained constant even after 30 min of irradiation. These findings 
strongly support the existence of both 1O2 and h+, suggesting their substantial contribution 
to the efficient elimination of 0.3 mg/L LOS. 

 
Figure 9. Effect of radical scavengers on the degradation of 0.3 mg/L LOS in UPW. Experimental 
condition: [BiOCl] = 250 mg/L, [Scavengers] = 9.24 mM. 

Based on the above findings, the LOS degradation mechanism can be reported as 
follows: Photo-generated holes have the ability to directly oxidize the organic compounds 

0 10 20 30 40 50 60
0

0.2

0.4

0.6

0.8

1.0

C
/C

0

Time (min)

 Solar (0.16)
 Visible (0.017)

0 5 10 15 20 25 30
0

0.2

0.4

0.6

0.8

1.0

C
/C

0

Time (min)

 UPW (0.16)
 [t - BuOH] = 9.24 mM (0.11)
 [NaN3] = 9.24 mM (0.002)
 [C2H2O4] = 9.24 mM (0.002)

Figure 9. Effect of radical scavengers on the degradation of 0.3 mg/L LOS in UPW. Experimental
condition: [BiOCl] = 250 mg/L, [Scavengers] = 9.24 mM.

Based on the above findings, the LOS degradation mechanism can be reported as
follows: Photo-generated holes have the ability to directly oxidize the organic compounds
(LOS) into smaller molecules, while the excited electrons (e−) in the conduction band
(CB) of BiOCl can reduce the adsorbed oxygen, thus forming superoxide radicals (O2

•−).).
Subsequently, O2

•− can undergo further oxidation to generate 1O2. Alternatively, adsorbed
oxygen can be directly excited to 1O2 [50]. 1O2 exhibits strong oxidizing properties and is
capable of oxidizing unsaturated organic compounds, including LOS and its intermedi-
ates [51]. Although the identification of LOS degradation by-products was not within the
scope of this work, an additional experiment was performed at a higher LOS concentra-
tion, and the total organic carbon was monitored, as depicted in Figure S2. It is evident
that the TOC removal only reached 40% after 180 min, which is significantly lower than
the LOS removal measured by liquid chromatography, indicating the generation of LOS
transformation products.

2.5. Photocatalyst Reusability

In the final phase of the study, the stability and reusability of BiOCl were assessed
through a series of five consecutive tests. In each test, a dosage of 250 mg/L BiOCl
was utilized for 0.3 mg/L LOS degradation in UPW. After each run, BiOCl powder was
recovered through vacuum filtration and dried at 60 ◦C overnight to remove residual
moisture.

Remarkably, BiOCl revealed notable stability throughout the consecutive tests, con-
sistently maintaining its efficacy in achieving 100% elimination of LOS after 30 min of
irradiation, as can be noted in Figure 10. These findings highlight the durability and
reusability of BiOCl, affirming its potential application under realistic conditions.
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Figure 10. Reuse efficiency of BiOCl employing 250 mg/L and an initial concentration of 0.3 mg/L
LOS in UPW.

2.6. Pilot-Plant Scale Photoreactor

In the second stage, we decided to examine the scaling up of the BiOCl photocatalyst,
employing a stainless-steel (SS) flat-plate reflector (FPR). The photoreactor configuration
consisted of eight borosilicate tubes with an outer diameter of 32 mm, complemented by a
tank with a working volume of 35 L and a centrifugal pump. A comprehensive description
of the installation can be found elsewhere [52].

In particular, considering the results obtained from lab-scale batch reactors and the
literature regarding photocatalytic oxidation experiments in solar-light pilot-plants, suitable
experimental parameters were selected (250 mg/L BiOCl and 0.3 mg/L LOS) [53]. It is
worth noting that increasing photocatalyst (BiOCl in this case) loading beyond a certain
limit might lead to light obstruction phenomena due to the development of turbidity [53].

Concerning the experimental process, the reactor was covered and kept in the dark for
15 min to allow adsorption–desorption reactions to reach equilibrium. Subsequently, the
reactor was exposed to sunlight, thereby initiating the photocatalytic process. To account
for variations in the UV intensity on different days, the photodegradation of the pollutant in
the SS pilot-scale photoreactor was expressed as a function of the accumulated UV energy
Quv (kJ/L). As shown in Figure 11, there was a significant (almost 60%) removal of LOS
after 50 kJ/L of irradiation. However, the degradation rate gradually decreased, and an
almost complete elimination of LOS was eventually achieved near 200 kJ/L of accumulated
irradiation. Additionally, photolysis accounted for less than 30% of total LOS degradation
during the same solar energy.

In summary, this was an important first step towards upscaling the photocatalytic
process using an easy-to-implement installation. The results were promising, as the organic
compound was completely decomposed. Further research should focus on determining the
optimal photoreactor geometry, aiming to ensure sufficient light distribution and harness a
larger fraction of the incident radiation. Additionally, the optimization of the operational
parameters, including the flow rate and catalyst loading, is crucial for enhancing treatment
performance.
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3. Materials and Methods
3.1. Chemical and Water Matrices

Bismuth (III) nitrate pentahydrate (Bi(NO3)3·5H2O, CAS No:10035-06-0), acetic acid
(CH3COOH, CAS No:64-19-7), and potassium chloride (KCl, CAS No:7447-40-7) used for the
photocatalyst’s synthesis were supplied by Sigma-Aldrich. Ethylene glycol (HOCH2CH2OH,
CAS No:107-21-1) and thiourea (CH4N2S, CAS No:62-56-6) were supplied by Alfa Aesar.

The pharmaceutical Department of the University of Patras supplied us with Losartan
(LOS, C22H23ClN6O, CAS No:114798-26-4)

The primary characteristics of the water samples utilized in this study are as follows:
(a) Bottled water (BW): conductivity = 0.39 mS/cm, alkalinity = 152 mg/L, pH = 7.5,
10 mg/L Cl−, 5 mg/L SO2−

4 , 6.5 mg/L NO3
−, 300 mg/L HCO3

−; (b) secondary treated
wastewater (WW): Conductivity = 0.33 mg/L, total suspended solids = 2 mg/L, alkalin-
ity = 190 mg/L, pH = 8, chemical oxygen demand = 23 mg/L, total organic carbon = 8 mg/L,
total suspended solids = 2 mg/L; (c) ultrapure water (UPW): Conductivity: 0.012 mS/cm,
pH = 6.

3.2. Photocatalyst Synthesis and Characterization

For the synthesis of BiOCl, 100 mL of an ethylene glycol/water solution (1:1 v/v ratio)
was first prepared. The aforementioned solution was subjected to stirring with the addition
of Bi (NO3)3·5H2O (4.85 g). After 1 h, the addition of 10 mL of a thiourea solution (CH4N2S
1.0 mol/L) and 0.01 mol KCl took place. The final step included the dropwise addition of a
2% (v/v) CH3COOH solution (100 mL) and stirring for another 1 h. Vacuum filtration was
used to separate the as obtained material, which was then dried at 70 ◦C for 12 h. More
details can be found elsewhere [23,54].

XRD analysis was carried out with a Brucker D8 Advance (Cu Kα) device (Billerica,
MA, USA), and crystallographic phases were identified using JCPDS cards. For the deter-
mination of the specific surface area of BiOCl, the Brunaueur–Emmett–Teller (BET) method
(N2 physisorption at the temperature of liquid nitrogen (77 K)) was adapted (Micromeritics,
Gemini III 2375, Norcross, GA, USA). SEM images were recorded with a JEOL 6300 (JEOL
USA, Inc., Peabody, MA, USA) microscope, while TEM images were obtained with an
Erlangshen CCD Camera (Gatan Model 782 ES500 W, Pleasanton, CA, USA). Details can be
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found elsewhere [54]. The diffuse reflectance spectrum (DRS) of BiOCl was obtained with
a Varian Cary 3 UV-vis spectrophotometer. Its optical band gap was evaluated based on
the following expression [55,56]:

(αhν)1/n = B
(

hν− Ebg

)
(3)

where α is the absorption coefficient, hν is the incident photon energy, Ebg is the band
gap energy, B is a constant related to the effective masses of charge carriers associated
with valance and conduction bands, and n is a factor that depends on the kind of optical
transition induced by photon absorption.

The average size of crystallites, denoted by D, was estimated utilizing Debye–Scherrer’s
formula. The formula is expressed as follows [45]:

D =
0.9 λ

β cosθ
(4)

where:

D represents the average crystallite size.
λ corresponds to the wavelength of the X-rays used.
β indicates the full width at half maximum (FWHM) of the diffraction peak.
θ represents the diffraction angle.

The lattice constants (a = b, c) of the tetragonal system, unit cell volume (V), and strain
(ε) were all determined according to Equations (3)–(5) [57,58]:

1
d2 =

h2

a2 +
k2

b2 +
l2

c2 (5)

where:

d represents the interplanar spacing.
h, k, and l are the Miller indices.

V = a2c (6)

ε =
β

4tanθ
(7)

3.3. Photoanode Fabrication

Thin BiOCl films were deposited on fluorine–doped tin oxide (FTO)-coated glass for
the chronoamperometry experiments. FTO substrates were chosen for their high conduc-
tivity, rendering them suitable for electrochemical experiments. Moreover, the optical
transparency of FTO allows the illumination of the sample, which is essential in photocur-
rent response experiments. Initially, a mixture was prepared by combining 100 mg/L BiOCl,
1.2 mL of ethanol, and 0.4 mL of Nafion. The mixture was then ultrasonicated (ultrasonic
bath Bandelin Sonorex RK 100 operated at 35 kHz, Bandelin electronic GmbH & Co. KG
(Berlin, Germany)) for 30 min similar to the work of Wang J. et al. 2019 [59]. Nafion was
employed to enhance the stability of the electrode and improve the uniformity of the thin
film. The resulting yellowish suspension was drop-casted onto the FTO glass surface and
then dried overnight at 75 ◦C. The electrode had a surface area of 1 × 1 cm2 with an areal
density of 3 mg/cm2.

3.4. Photocatalytic Degradation Experiments

In a typical experiment, an appropriate quantity of photocatalyst (250 mg/L) was
introduced into 120 mL of ultrapure water (UPW) containing 0.3 mg/L of LOS. The mixture
was then stirred in the dark for 15 min to attain the adsorption–desorption equilibrium. A
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solar simulator (Oriel, model LCS-100) equipped with a 100 W xenon ozone-free lamp was
utilized as the light source, providing an incident intensity of 1.3× 10−4 einstein/(m2·s). At
predetermined time intervals, a 1.2 mL sample was withdrawn. Subsequently, the samples
were filtered through a PVDF Whatman Uniflo Syringe Filter featuring a polypropylene
overmold housing (0.22 µm, Whatman, UK), and the resulting filtrate was analyzed using
liquid chromatography.

In the recycle/reusability experiments, after each cycle, the catalyst was gathered,
filtered, and rinsed multiple times with deionized water. Subsequently, it was dried
overnight at a temperature of 60 ◦C and utilized in the subsequent cycle.

3.5. Chronoamperometric Measurements

The transient photocurrent measurements were performed in a two-electrode system
using a rectangular quartz beaker as a reactor. The prepared FTO@BiOCl electrode was
used as a photoanode in the system, while a platinum wire served as the counter electrode.
The quartz reactor was filled with a 0.1 M Na2SO4 aqueous solution as the electrolyte. The
electrochemical measurements were conducted with an Autolab Potentiostat PGSTAT128N
(Utrecht, Netherlands). A 100 W xenon-ozone lamp was employed as the solar simulator.

3.6. Chemical Analysis

The determination of LOS was conducted using high-performance liquid chromatog-
raphy (HPLC) with a photodiode array detector (PDA) (Waters Alliance 2695, Milford, MA,
USA). The HPLC system was equipped with a C18 reverse-phase column (Kinetex XB-C18,
2100 µm; 2.6 mm internal diameter × 50 mm length) (Milford, MA, USA). An isocratic
elution program involving 0.1% H3PO4 (60%) and acetonitrile (40%) with a flow rate equal
to 0.2 mL/min was employed. Samples were filtered and injected into the column using a
full-loop injection of 100 µL, and the PDA was set at a wavelength of 220 nm. TOC was
measured using a TOC analyzer (TOC-L, Company: Shimadzu, JAPAN).

4. Conclusions

This work focused on the synthesis, characterization, and application of BiOCl to de-
compose Losartan under laboratory or pilot-plant conditions using simulated and natural
solar light. BiOCl was synthesized using a relatively simple technique, and according to the
results, demonstrated response and photocatalytic activity expressed as LOS removal in the
visible part of the solar spectrum. The examined system was capable of eliminating LOS in
short treatment times (less than 30 min). The material exhibited high stability regarding
produced photocurrent and retained 100% LOS removal after five sequential experiments.
Photogenerated holes, superoxide radicals produced from photogenerated electrons, and
singlet oxygen were the main reactive species dictating Losartan’s decomposition. The
process performance was strongly affected by pH, with significant retardation observed in
alkaline conditions and in real matrices due to competition for both reactive species and ad-
sorption on the catalyst, highlighting the need for the evaluation of photocatalytic systems
in representative conditions. Experiments conducted in a stainless-steel flat-plate reactor
demonstrated the efficiency of the process at the pilot- scale; however, additional research
is needed for the implementation of photocatalytic pilot-plants for specific purposes such
as tertiary treatment or the treatment of hospital or pharmaceutical wastewaters, and the
optimization of pilot-plants under actual conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13081175/s1, Figure S1: BET analysis;. Figure S2: TOC and LOS
removal efficiency. 4.8 mg/L LOS, 500 mg/L BiOCl under simulated solar irradiation.
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