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A B S T R A C T   

Acetaminophen is an analgesic used as a first-choice treatment for pain and fever. When individuals consume 
acetaminophen, a portion of the drug is excreted through urine and can end up in wastewater. Water remediation 
from pharmaceuticals, such as acetaminophen, is required before reaching the environment. This work dem-
onstrates that Fe–BiOBr using the solar photo-Fenton process eliminates acetaminophen at mild pH in aqueous 
media. Fe-BiOBr is produced using microwave-assisted solvothermal synthesis, and the formation of the BiOBr 
phase is confirmed with XRD. SEM and TEM demonstrated the flower-like morphology, in which crystallite size 
reduces as a function of the Fe loading. The chemical environment at the surface of Fe–BiOBr is investigated with 
XPS. The results are connected with Raman analysis, which suggests the presence of oxygen vacancies in 
Fe–BiOBr. Furthermore, the effect of Fe in BiOBr is assessed by determining the optical band gap with UV–Vis. 
The Fe-BiOBr functionality is assessed during acetaminophen degradation. Fe-BiOBr revealed excellent perfor-
mance in degrading acetaminophen in the first minutes (Q = 10 kJ m− 2) under natural sunlight. Results reveal 
that 1% Fe content in BiOBr can degrade acetaminophen and its main byproduct (30 min, Q = 50 kJ m− 2) at pH 5 
and using 0.25 gL-1 of catalyst. A synergistic mechanism between heterogeneous photocatalysis and Fenton 
processes with primary superoxide (•O2

–) radical, followed by hydroxyl (•OH) radical and photogenerated holes 
(h+), is proposed. Our research contributes to the degradation of pharmaceuticals under mild conditions and 
sunlight irradiation.   

1. Introduction 

Acetaminophen (ACP) is an analgesic used as a first-choice treatment 
for pain and fever [1]; an average of 4% can be excreted by humans 
through the urinary tract after intake [2], yielding high concentrations 
of ACP residues in wastewater [3]. The environmental impact of ACP is 
worrisome due to its high consumption during the COVID outbreak, 
which nearly tripled between 2019 and 2021 [4]. Some studies reported 
ACP concentrations in wastewater up to 22.8 μg/L in North Scotland, 
51.22 μg/L in North Mexico, 105.8 μg/L in Singapore, and 667 μg/L in 

Colombia [5–8]. In response to pharmaceutic discharges in wastewater, 
the European Union has implemented measures through the Water 
Framework Directive (WFD) to monitor and evaluate health risks asso-
ciated with emerging contaminants. The Watch List (WL) is updated 
every two years to track the presence of contaminants and issue legal 
regulations, if necessary, to limit their environmental impact. Since 
2020, the WL has included antibiotics like amoxicillin, ciprofloxacin, 
sulfamethoxazole, and trimethoprim, among others, to evaluate bacte-
rial resistance. However, until now, ACP (Fig. 1) is not in the WL despite 
its high consumption and discharge [9], probably because it is not used 
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as an antibiotic, although similar painkillers have been demonstrated to 
have antimicrobial properties [10,11], which might lead to creating 
resistance in microorganisms [12]. Like European countries, other 
countries like Mexico have not defined a permissible limit for the ACP in 
water. Other organizations, such as the Minnesota Department of Health 
(MDH) in the U.S.A., have established permitted levels of drinking water 
(200 μg/L) [13]. Similar guidelines, like in the U.S.A., should be fol-
lowed since large concentrations of APC in water (4.46 μg/L) can lead to 
ecotoxicological risk in aquatic ecosystems, e.g., Daphnia magna has a 
half maximal effective concentration (EC50) of 2.04 mg/L [14]. From 
this view, pharmaceuticals-free water is vital since it can lead to plant 
and animal genotoxic, mutagenic, and ecotoxicological effects [15]. 

Advanced oxidation processes (AOPs) can remove pharmaceuticals 
from water. The process involves the generation of radical species that 
oxidize organic molecules, such as ACP, until mineralization, i.e., the 
formation of innocuous products such as CO2, H2O, and inorganic salts. 
Among the AOPs, the photo-Fenton process produces hydroxyl radical 
•OH, a very reactive and highly oxidizing species. Homogeneous photo- 
Fenton uses iron salts to catalyze the decomposition of hydrogen 
peroxide to •OH. Nevertheless, it requires highly acidic conditions (pH 
2–3) to avoid the formation of hydroxides, which leads to iron deacti-
vation and limits photocatalytic activity. This is the case of photo-Fenton 
degradation of ACP, which has been studied to its finest detail [16–18]. 
Other photo-Fenton approaches require chelation and/or immobiliza-
tion of iron (Fe) on solid surfaces, which are attractive options to 
overcome deactivation [19]. The approaches are known as heteroge-
neous Fenton or photo-Fenton if the light is involved in the degradation 
process [20]. The heterogeneous photo-Fenton degradation mechanism 
is a synergistic combination of photocatalysis like Fe and a semi-
conductor. When the light reaches the semiconductor, the photo-
generated electrons in the conduction band are used to accelerate the 
Fenton redox reaction on the photocatalyst surface (∋ Fe) by increasing 
the cycle rate of Fe3+/Fe2+, which promotes the decomposition of H2O2, 
yielding strongly oxidizing •OH [21]. For example, in Eq (1) to (6): 

Catalyst+ hv→h+ + e− (1)  

∋ Fe3+ + e− → ∋ Fe2+ (2)  

∋ Fe2+ + H2O2→ ∋ Fe3+ + OH− + •OH (3)  

H2O2 + e− →•OH + OH− (4)  

h+ + OH − →•OH (5)  

H2O + h+→•OH + H+ (6) 

Among the heterogeneous photo-Fenton catalysts to degrade ACP 
under controlled UV or visible light include Fe3O4, Fe2O3, Fe2O3-TiO2- 
clay, αFe2O3/g-C3N4, F-C3N4/NiFe2O4 and zero-valent Fe [22–26]. 
Recently, BiOBr, a p-type semiconductor, has received attention because 
of its narrow band gap (2.62–2.90 eV) that allows degradation under 
visible light [27,28]. Photo-Fenton activity can increase further with the 
incorporation of Fe. Diverse approaches have been used to synthesize 
Fe-BiOBr, including solvothermal and microwave-assisted solvothermal. 

A benefit of microwave-assisted solvothermal is that it is less time- 
consuming (~a few minutes to 1 h) [29–31] than conventional sol-
vothermal (8 h) [32–34]. Time reduction can be related to uniform 
heating by electromagnetic waves and ease photocatalyst synthesis 
[34,35]. Applications of solvothermal synthesized Fe-BiOBr include the 
degradation of rhodamine B and bisphenol A [20], phenol [31], and 
atrazine [36], achieving complete degradation within 30 and 120 min. 
The main degradation mechanism has been suggested to be related to 
•OH and h+ as the main oxidizing species [31], of great similitude to the 
described chemical mechanism in Eq (1) to (6). 

This work demonstrates that ACP can be degraded under solar illu-
mination and mild conditions using low Fe loadings in Fe-BiOBr photo- 
Fenton catalyst synthesized using a less time-consuming microwave- 
assisted solvothermal method. The BiOBr phase in Fe-BiOBr is confirmed 
with XRD. SEM and TEM demonstrated the flower-like morphology, in 
which crystallite size reduces as a function of the Fe loading. The 
chemical environment at the surface of Fe–BiOBr is investigated with 
XPS. The results are connected with Raman analysis, which suggests the 
presence of oxygen vacancies in Fe–BiOBr. Furthermore, the effect of Fe 
in BiOBr is assessed by determining the optical band with UV–Vis. The 
Fe-BiOBr functionality is assessed during ACP photo-Fenton catalytic 
activity, carried out for 0.25 mg L-1 of catalyst load and pH 5. The latest 
conditions are most favorable since most international regulations allow 
wastewater discharges to surface water with a pH of 5.5 to 9.5 [37,38]. 
The Fe-BiOBr catalyst showed excellent performance in degrading ACP 
in less than 10 min (Q = 10 kJ m− 2) under natural sunlight. Our results 
can contribute to developing a Fenton photocatalyst to degrade phar-
maceuticals under natural sunlight and mild conditions. 

2. Experimental section 

2.1. Materials 

Bismuth nitrate pentahydrate (Bi(NO3)3⋅5H2O, 98%), hexadecyl 
trimethyl ammonium bromide (CTAB, 99%), ferric nitrate nonahydrate 
(Fe(NO3)3⋅9H2O, 99%) and ACP (>99%) were purchased from Sigma- 
Aldrich. Ethylene glycol (EG, 99%) was purchased from DEQ, Mon-
terrey, Mexico. Methanol and HPLC water were purchased from Tedia 
Company. 

2.2. Photocatalysts synthesis 

The photocatalysts xFe-BiOBr (x = 1 and 3 wt% Fe) were synthesized 
as follows: 3 mmol of Bi(NO3)3⋅5H2O and appropriate amounts of Fe 
(NO3)3⋅9H2O (0.19 and 0.56 mmol) were dissolved in 30 mL of ethylene 
glycol by sonication; similarly, 3 mmol of CTAB were also dissolved in 
EG (30 mL). Subsequently, both clear dissolutions were mixed and 
stirred vigorously for 20 min and transferred to Teflon vessels of MARS 6 
equipment (CEM Corp. USA) which was operated at 160 ◦C, 20 min, and 
450 W. Later, the microwave vessels were cooled to room temperature, 
and solids were recuperated by centrifugation. The prepared materials 
were naturally cooled to room temperature, repeatedly washed with 
ethanol and distilled water, and dried in an oven at 80 ◦C for 12 h. As a 
reference, pristine BiOBr was prepared using the same procedure 
without the addition of Fe precursor. 

2.3. Structural and morphological characterization 

The photocatalysts xFe-BiOBr (x = 1 and 3 wt% Fe) morphology was 
analyzed using scanning electron microscopy (SEM, JEOL JSM6510-LV) 
equipped with an energy-dispersive X-ray detector (EDX) and high- 
resolution transmission electron microscope (HR-TEM), using FEI 
TITAN G2 80––300 (operated at 300 keV). X-ray diffraction (XRD) 
determined the catalysts’ crystalline phase and crystallite size. XRD was 
carried out using a Bruker AXS Model D2 PHASER diffractometer (Cu Kα 
radiation, λ = 1.5406 Å) at a scan rate of 0.1◦/s over a diffraction angle 

Fig. 1. ACP chemical structure.  
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2θ from 5 to 80◦. The average crystallite sizes of the photocatalysts have 
been calculated according to the classical Scherrer’s equation: 

D =
Kλ

βcosθB
(7)  

where D is crystallite size (nm), K is a constant equal to 0.9, λ is X-ray 
wavelength (1.5406 Å), β is a half-high width of the diffraction peak 
(110), and θB is the 2θ diffraction angle [39]. 

2.4. Chemical composition and band gap determination 

Chemical species in Fe-BiOBr were obtained using a Raman Thermo 
Scientific microscope with a laser diode as a radiation source (780 nm). 
Chemical species present at the surface of BiOBr and Fe-BiOBr were 
investigated with X-ray photoelectron spectroscopy (XPS). The spectra 
were recorded using a Thermofisher Nexsa G2 (Al-Kα, 1486.6 eV, 120 
W). The amounts of Fe in the prepared photocatalysts were determined 
using atomic absorption spectroscopy (AAS, SpectrAA 220FS, Varian); 
before the AAS analysis, 0.015 g of each powder was digested in a 
mixture of HNO3 and HCl (4:1) by microwave heating (MARS 6, CEM) 
for 20 min at 180 ◦C and 800 W. UV–Vis diffuse reflectance spectroscopy 
(UV–Vis/DRS) was recorded using a spectrophotometer Lambda 365 
(Perkin Elmer) equipped with an integrating sphere using BaSO4 as 
reference material. From the acquired spectra, the band gap (Eg) of the 
prepared catalysts was estimated by extrapolation from the plot of [F(R) 
hν]1/n vs. hν, where F(R) is the Kubelka-Munk function obtained from 
the UV–Vis diffuse reflectance data, hν is the photon energy described by 
the Planck constant (h = 4.135 × 10-15 eV·s), and the light frequency (ν) 
given by the ratio of the speed of light (3 × 108 m/s) and the wavelength 
(m); n depends on transition characteristics of the semiconductor, a 
value of n = 2 was used due to BiOBr have indirect transitions [40]. 

2.5. Textural analysis 

The specific surface area (SSA) of the catalysts was estimated by the 
Brunauer-Emmett-Teller method (BET), and pore sizes by the Barret- 
Joyner-Halenda method (BJH) using an N2 adsorption–desorption 
equipment (TriStar II Plus, Micromeritics). 

2.6. Photocatalytic activity 

The experiments were carried out under natural sunlight in Apodaca 
City in Nuevo Leon, Mexico (25◦ 45′ N, 100◦ 7′ O). The photocatalytic 
activity of the catalysts was evaluated on the degradation of ACP solu-
tion (15 mgL-1) (ACP, p-acetaminophen, C8H9NO2) prepared using local 
drugs tablets (Medimart, 500 mg) in distilled water. The experiments 
were carried out in 100 mL of ACP solution on a Pyrex reactor, the pH 
was adjusted at 3 or 5 using HCl 0.1 M, and the catalyst added (0.25 gL-1) 
was stirred for 30 min in darkness to allow the adsorption–desorption 
equilibrium between ACP and catalyst. After that, 102 μL of H2O2 (30% 
Fisherbrand, 10 mM) was added, and the reaction was conducted out-
doors using natural sunlight. At regular intervals, samples were 
collected and filtered through a 0.45 μm nylon syringe filter to remove 
the photocatalyst. In solar degradation, once the light exposition started, 
the accumulated solar radiation was measured with a Delta OHM 
HD2102.2 radiometer (range: 315–400 nm), and samples were collected 
as needed, reaching a total of 300 kJ m− 2 for each experiment. ACP 
quantification was performed by liquid chromatography on HPLC Agi-
lent Technologies 1260 Infinity equipment with diode array detector 
using a column Thermo Scientific Accucore C18 (150 × 4.6 mm). The 
mobile phase was a mixture of 25:75 v/v methanol (HPLC grade, Tedia) 
and 4% (v/v) acetic acid prepared in water, and the flow rate was 1.5 
mL min− 1. The injection volume was 25 μL, and the detection wave-
length (λ) was 242 nm. Similar tests were carried out under simulated 
solar radiation until reaching an accumulated energy of 300 kJ m− 2 

(Solar simulator Suntest, XLS + Model Atlas, Germany, equipped with a 
daylight filter that emits radiation from 300 to 800 nm). The minerali-
zation degree was determined by the total organic carbon (TOC) 
diminished on a Shimadzu TOC-V CSH analyzer with an ASI-V model 
autosampler. Finally, to determine the main reactive species involved in 
ACP degradation, different scavengers of radicals were added in 
degradation tests under the same studied conditions. For this, ter- 
butanol (TBA, 5 mM), p-benzoquinone (BQ, 0.5 mM), and sodium oxa-
late (OXA, 5 mM) were added as •OH, •O2

– and h+ quenchers. All ex-
periments were carried out in duplicates. The experiments have been 
carried out in duplicates. The difference between each pair of experi-
ments was less than 10%; in the end, all reached total ACP degradation. 

3. Results and discussions 

A BiOBr photocatalyst with Fe is synthesized via the microwave- 
assisted solvothermal method. The synergy between Fe and BiOBr is 
investigated morphologically, structurally, chemically, and optically. 
Fe-BiOBr functionality is assessed during the photocatalytic degradation 
of ACP under solar irradiation. Finally, a photocatalytic action mecha-
nism is proposed. 

3.1. Morphological and structural characteristics of Fe-BiOBr 

The morphology of the synthesized BiOBr and BiOBr loaded with 1 
wt% (1Fe-BiOBr) and 3 wt% (3Fe-BiOBr) of Fe is investigated with SEM, 
as shown in Fig. 2. In Fig. 2 (a), BiOBr has spherical flower-like 
morphology, which is assembled by nanosheets in the form of inter-
locking petals, with interstitial spaces between them [32]. No apparent 
morphological differences exist between BiOBr and 1Fe-BiOBr and 3Fe- 
BiOBr in Fig. 2 (b) and 2 (c), showing the same morphology and 
behavior as BiOBr and Fe-BiOBr materials reported by others 
[31,41,42]. Fig. 2 (d) shows an SEM- EDX map of the 1Fe-BiOBr image 
to compare with (d1) Bi, (d2) Br, and (d3) Fe elemental composition. 
This analysis reveals that the elements present in the samples are ho-
mogeneously distributed, confirming that the microwave-assisted sol-
vothermal synthesis method is suitable for this material. 

The morphological and structural properties are further investigated 
with TEM. Fig. 3 shows TEM, STEM-HAADF, and HR-TEM images for (a, 
b, c) BiOBr, (d, e, f) 1Fe-BiOBr, and (g, h, i) 3Fe-BiOBr. TEM images (a, 
d, and g) reveal that the structure retained a flower-like shape with a 
size of approximately 1.5 µm and did not show morphological changes 
as the Fe content increased. However, it seems that the 3Fe-BiOBr is less 
dense than BiOBr and 1Fe-BiOBr. STEM-HAADF images (b, e, and h) 
confirm the intercalated sheet-like morphology characteristics of BiOBr. 
Nevertheless, 3Fe-BiOBr has a bright core and darker spike-like features 
in a different sample area; bright dark regions can be associated with 
regions with heavier atoms, most probably from Bi. HR-TEM images (c, 
f, and i) show the presence of crystals with sizes around 10 nm. The 
crystal size decreases with increasing iron content, which is consistent 
with the XRD results in Fig. 4a. In Fig. 3, high crystallinity and lattice 
fringes with an interplanar lattice spacing of 0.36, 0.23 and 0.27 nm are 
estimated and assigned to BiOBr (101), (112), and (110) crystallo-
graphic planes. 1Fe-BiOBr and 3Fe-BiOBr exhibit slightly smaller crys-
tallites compared to BiOBr. 

The XRD diffraction pattern, displayed on Fig. 4a, for BiOBr matches 
with the tetragonal phase (JCPDS 00–001-1004), in which the promi-
nent peaks at angles 11.0◦, 25.1◦, 31.9◦, 32.3◦, 39.4◦, 46.3◦, and 57.2◦

are assigned to (001), (101), (102), (110), (112), (200) and (212) 
planes [43,44]. The XRD patterns for 1Fe-BiOBr and 3Fe-BiOBr show 
similar diffraction peaks but broadened. This can be related to the 
presence of Fe, which decreases the diffraction peaks’ relative intensity, 
indicating that Fe ions hinder grain growth [32]. These results are 
consistent with TEM observations in Fig. 3. Small crystallites will tend to 
increase the specific surface area as Fe content increases [32,45]. This 
has been confirmed with BET and discussed in detail in Supporting 
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Information, see Fig. S1. The results are presented in Table 1. The crystal 
size of the photocatalysts is calculated, and BiOBr, 1Fe-BiOBr, and 
BiOBr, 3Fe-BiOBr have crystallite size of 12.9, 7.8, and 6.4 nm. 

The optical properties of BiOBr, 1Fe-BiOBr, and 3Fe-BiOBr are 
measured using UV–Vis DRS in Fig. 4b to estimate and compare the 

bandgap. BiOBr has a steep increase of absorption at wavelengths 
shorter than 413 nm, which can be assigned to the intrinsic band gap of 
pure BiOBr (~3.00 eV) [45]. The spectra of 1Fe-BiOBr, and 3Fe-BiOBr 
exhibit a redshift and increased photoabsorption in the visible light 
range and near-infrared region [31,32], which can indicate the Fe 

Fig. 2. SEM images of a) BiOBr, b) 1Fe-BiOBr, c) 3Fe-BiOBr, d) SEM image of 1Fe-BiOBr, followed by the EDX mapping for d1) Bi, d2) Br, d3) Fe. The scale bar 
represents 1 µm. 

Fig. 3. TEM images for (a, b, c) BiOBr, (d, e, f) 1Fe-BiOBr, and (g, h, i) 3Fe-BiOBr. TEM, STEM-HAADF, and HR-TEM (in the first, second, and third columns, 
respectively). 
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loading. This observation is also reflected in the color change of these 
materials from white to reddish yellow. A possible mechanism for such 
redshift may be related to the transition of electrons between the con-
duction band or valence band of BiOBr and Fe ions or the internal 
transfer charge between Fe ions (Fe3+ + Fe3+ → Fe4+ + Fe2+) 
[32,46,47]. The band gap (Eg) for 1Fe-BiOBr and 3Fe-BiOBr are in the 
order of 2.73 and 2.75 eV (Table 1). 

Raman analysis in Fig. 4c shows the characteristic bands of BiOBr 
observed at 56.8, 95.0, 112.4, and 163.0 cm− 1 [48], which are assigned 
to the internal Bi-Br stretching modes [49]. Likewise, a weak and broad 
signal corresponding to the motion of oxygen atoms is observed at 385 
cm− 1 [50], and the signal at 86 cm− 1 is ascribed to the formation of 
oxygen vacancies (OVs) [51]. It should be noted that the Raman signal 

for BiOBr is the most intense, indicating its higher crystallinity than the 
1Fe-BiOBr and 3Fe-BiOBr. Furthermore, the decrease in the intensity of 
the Raman signal is attributed to the formation of oxygen vacancies 
[52]. These results are coherent with TEM (Fig. 3) and XRD (Fig. 4a) 
analyses. Compared to BiOBr, a blue shift for 1Fe-BiOBr and 3Fe-BiOBr 
is observed. These variations could be associated with changes in the 
structural and chemical environment in BiOBr due to the incorporation 
of Fe. 

3.2. Chemical species at the surface of Fe-BiOBr 

XPS analysis confirmed the elemental compositions of BiOBr, 1Fe- 
BiOBr, and 3Fe-BiOBr. The XPS spectra are shown in Fig. 5; the sig-
nals present in samples are Br 3d (a), Bi 4f (b), O 1 s (c), and Fe 2p (d). 
The high-resolution XPS Fe 2p core level spectra illustrate the increasing 
iron concentration in BiOBr, 1Fe-BiOBr, and 3Fe-BiOBr (Fig. 5d). The Fe 
2p3/2 and Fe 2p1/2 contributions located at ca. 711.5 eV and ca. 725.1 
eV suggest the insertion of Fe3+ in BiOBr [31,53,54]. The presence of Fe 
in 1Fe-BiOBr before and after the reaction is shown in Fig. S2; no major 
differences in Bi, O, Br, and Fe content have been found. However, in 
Table S1, a slight reduction in the Fe content in the used catalyst is 
observed, which can be explained by an increase in the carbon content 
due to the pollutant adsorption or a low iron leaching [55,56]. For all 
studied samples, the high-resolution XPS spectra of the Br 3d (Fig. 5a) 

Fig. 4. Structural and optical properties of BiOBr (black line), 1Fe-BiOBr (magenta line), and 3Fe-BiOBr (blue line), (a) XRD patterns, (b) UV–Vis DRS spectra and (c) 
Raman spectra. 

Table 1 
Displays the estimated band gap, crystallite size, specific surface area, and Fe 
content in BiOBr, 1Fe-BiOBr, and 3Fe-BiOBr.  

Catalyst Eg (eV) Crystallite size 
(nm) 

Specific surface area 
(m2/g) 

Incorporated Fe 
(wt%)     
aEDX bAAS 

BiOBr  3.00  12.9  7.09  –  – 
1Fe-BiOBr  2.73  7.8  16.26  1.0  0.96 
3Fe-BiOBr  2.75  6.7  21.86  3.01  2.78  

Fig. 5. XPS spectra (Br 3d, Bi 4f, O 1 s and Fe 2p) of pure BiOBr, 1Fe-BiOBr, and 3Fe-BiOBr.  
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and Bi 4f core levels (Fig. 5b) revealed the contribution of doublet pairs, 
i.e., Br 3d5/2 at ca. 68.7 eV and Br 3d3/2 at ca. 69.7 eV and Bi 4f7/2 at 
ca. 159.4 eV and Bi 4f5/2 at ca. 164.8 eV (indicating the presence of Bi3+

in the materials) [57,58]. The high-resolution XPS O 1 s core level 
spectra all exhibit a dominant contribution at ca. 530.5 eV attributed to 
O in BiOBr (Fig. 5c). Additional contributions, ascribed to surface- 
adsorbed oxygen, H2O, and –OH groups [54,57,59], are also detected 
at higher binding energies (ca. 532.0–534.0 eV). 

3.3. Photocatalytic activity of Fe-BiOBr 

The solar photo-Fenton is conducted under natural sunlight to oxi-
date ACP using Fe-BiOBr is showcased. Fig. 6 shows the degradation of 
ACP [mg/L] as a function of the solar accumulated energy Q [kJ/m2]. 
For 1Fe-BiOBr and 3Fe-BiOBr in Fig. 6a and 6b, ACP is degraded in the 
first minutes (Q = 10 kJ m− 2) (closed circles and squares). Concurrently, 
the ACP byproduct is formed (open circles and squares) and progres-
sively degraded. For BiOBr, ACP degradation is not achieved until 240 
kJ/m2 (i.e., 2.5 h) in Fig. S3. Fig. 6a and 6b show that 15 mg/L of ACP 
and its main byproduct is fully degraded in 30 min under natural solar 
light and 10 mM of H2O2. It is important to highlight that under solar 
irradiation, 1Fe-BiOBr and 3Fe-BiOBr degrade ACP at mild pH condi-
tions, i.e., close to pH 5. At pH 5, more byproduct (Bypr) is produced 
(Fig. 6a and 6b), similar to the obtained by homogeneous solar photo- 
Fenton, where hydroxylated species are initially formed as in-
termediates, improving the degradation of ACP. Such species can lead to 
an improvement in the reduction of Fe3+ to Fe2+ in comparison to more 
recalcitrant intermediates produced, such as acetamide, hydroquinone, 
or benzoquinone (Fig. S4) [17,60]. Regarding the mineralization per-
centage, this has been measured using TOC (Fig. 6c). The 1Fe-BiOBr 
achieved the highest mineralization of ACP ca. 58% at pH 5, similar to 
what was reported for atrazine and bisphenol A, under visible light, but 
at pH 3 using similar catalysts [31,36]. The results represent a great 
advantage of our system under natural solar light and pH 5, considered 
mild conditions. 

The results demonstrate that 1Fe-BiOBr promotes the degradation of 
ACP. Since the estimated Eg are similar (Fig. 4b), variation in the 
product degradation can be related to the higher degree of crystallinity 
of 1Fe-BiOBr shown in Fig. 3f and Fig. 4a. Higher degree of crystallinity 
of 1Fe-BiOBr can promote the necessary pathway to charge carriers to be 
readily available, possibly degrading ACP side-products more efficiently 
[61]. Moreover, the effect of OVs in 1Fe-BiOBr should not be 
disregarded. 

We further essay APC degradation under controlled solar irradiance 
(i.e., solar simulator), using 1Fe-BiOBr at pH 3 and pH 5. The results 
compare with ACP photo-oxidation without H2O2 (photocatalysis) and 
with H2O2 (photo-Fenton) in Fig. 7. The photocatalytic degradation of 
ACP shows a significantly better performance in the presence of H2O2 

(Fig. 7a). At pH 5 ACP oxidation without H2O2 is slightly better; the 
results are in accordance with other studies and relate to the surface 
interaction between ACP and the catalyst [62]. The results of the het-
erogeneous photo-Fenton process (with H2O2) show that the pH has a 
low effect since similar outcomes are obtained at pH 3 and 5 (Fig. 7a). 
Nevertheless, pH 5 is attractive for the process because it is well-known 
that the limitation of the Fenton reaction often needs more acidic con-
ditions (near pH 3) to achieve maximum performance and avoid iron 
precipitation at higher values. On the other hand, iron leaching in an 
acidic medium has been widely reported and depends on the catalyst’s 
stability. However, it has been observed that low iron leaching and the 
presence of chelating agents (such as organic acids or byproducts) could 
contribute to contaminant elimination through the homogeneous Fen-
ton reaction [55,56]. This phenomenon could explain the slight degra-
dation increase at pH 3 in Fig. 7c compared to these observed at pH 5. 

The effectiveness of natural solar illumination is contrasted with 
controlled solar irradiance. Compared with solar irradiation (Fig. 6), 
results in Fig. 7a show longer times for ACP degradation, close to 2 h (Q 
= 150 kJ m− 2). Furthermore, for the byproducts, a longer time is needed 
for degradation, ca. 4 h (Fig. 7b). The main difference between the 
photocatalytic experiments under solar light and controlled solar irra-
diance is the solar energy contribution, thus affecting the degradation 
times. In other words, the solar spectrum has UV, Vis, and IR contri-
butions, while controlled solar irradiance might not fully include UV 
contributions (Fig. S5). The results explain the benefit of natural solar 
light-induced reactions, which use a significant portion of the solar 
spectrum. 

It is well known that heterogeneous photo-Fenton results from a 
synergistic combination of photocatalysis and Fenton reaction pro-
cesses. Therefore, it is important to compare the mineralization with and 
without H2O2 (Fig. 7c). Here, higher mineralization is observed in het-
erogeneous photo-Fenton than in photocatalysis. In the latest, the •OH is 
mainly produced by splitting water in the valence band, while in het-
erogeneous photo-Fenton, the possibility of producing –OH is greatly 
increased, and other oxidizing species may also play an important role. 
To clarify the main species involved in ACP degradation by the syner-
gistic combination of photocatalytic and Fenton processes using 1Fe- 
BiOBr, p-benzoquinone (BQ), sodium oxalate (OXA), and tert-butanol 
(TBA) are used as radical scavengers of superoxide radicals (•O2

–), h+ and 
•OH, respectively [30]. As seen in Fig. 8, total ACP degradation is ach-
ieved using 1Fe-BiOBr + H2O2 without adding any quencher. In 
contrast, when TBA and OXA are added during degradation, diminishes 
20% and 30% of ACP, which proved that •OH and h+ play a significant 
role in the heterogeneous photo-Fenton process. However, the ACP 
degradation dropped abruptly (60 %) in the presence of BQ, indicating 
that •O–

2 is the most important active species in the synergistic degra-
dation process. The results demonstrate that •O2

–, followed by h+, and 
•OH contribute to the degradation of ACP, prominently produced under 

Fig. 6. ACP degradation by heterogeneous solar photo-Fenton using (a) 1Fe-BiOBr and (b) 3Fe-BiOBr and (c) TOC reduction as mineralization percentage (C0 ACP =

15 mg/L, Catalyst load = 0.25 g/L, H2O2 = 10 mM). The experiments have been carried out in duplicates. 
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natural solar light irradiation. 

3.4. Proposed mechanism for the photo–Fenton system 

From our results, the proposed reaction mechanism for ACP degra-
dation by heterogeneous photo–Fenton using Fe–BiOBr considers the 
synergy between photocatalysis and Fenton processes. The mechanism 
from Fig. 9 considers solar irradiation, which promotes photoelectrons 
(e-) generation at the CB and holes (h+) at the VB; the e- is moved to the 
surface of BiOBr and is used to reduce Fe3+ (Fe(III)) to Fe2+ (Fe(II)). This 
leads the Fe(III)/Fe(II) cycle over the BiOBr surface and promotes the 
active generation of •OH in the presence of H2O2. Within this cycle, Fe 
(II) can react with oxygen O2 in the presence of protons (H+) to generate 
Fe (III), which can then be reduced and participate in further cycles of 
the photo-Fenton reaction. In addition, the e- available in the OVs can 
react with the H2O2 to form •OH. On the other hand, the h+ in the VB 
contributes to the •OH generation by splitting the H2O molecule. Also, 
h+ can degrade ACP by direct oxidation. It is worth highlighting the 
importance of OVs in the process. OVs involve releasing two electrons 
per removed oxygen on the surface [63] that can act as an electron 
pump, leading to the formation of •O2

– radicals. It is proposed that •O2
– is 

the most important oxidant species for this system, in which the 

generation takes place in three ways: i) traditionally, the dissolved ox-
ygen reacts with e- photogenerated or those in the OV to form •O2

– (8), ii) 
H2O2 can reduce Fe3+ to Fe2+ and produce •O2

– and H+ (9) and iii) 
adsorbed O2 can oxidize Fe2+ to produce Fe3+ and •O2

– radical (10). 

O 2(disol) + e− →•O−
2 (8)  

Fe3+ + H2O2→Fe2+ + •O−
2 + H+ (9)  

Fe2+ + O2(ads)→Fe3+ + •O−
2 (10) 

These mechanisms inhibit the recombination of photogenerated h+/ 
e- pairs and favor the Fenton degradation process. The proposed mech-
anism can explain the observed effect for 1Fe-BiOBr, which shows a 
higher ACP degradation. 

3.5. Conclusions 

Fe–BiOBr has been successfully synthesized by microwave-assisted 
solvothermal method and exhibited excellent degradation activity in 
the solar photo-Fenton system, which allowed the total and almost im-
mediate ACP removal at mild conditions. The results highlight that 1% 
Fe content in BiOBr is enough to degrade ACP and its main byproduct 
(30 min, Q = 50 kJ m− 2) at pH 5 and using 0.25 gL-1 of catalyst loading. 
The incorporated Fe in the BiOBr with a spherical flower-like shape 
decreased the recombination of photocarriers e-/h+ and favored the 

Fig. 7. (a) ACP degradation, (b) Byproduct generation, and (c) TOC expressed as mineralization percentage using 1Fe-BiOBr (without H2O2) and photo-Fenton (with 
H2O2) under simulated solar light. (C0 ACP = 15 mg/L, Catalyst load = 0.25 g/L, H2O2 = 10 mM). The experiments have been carried out in duplicates. 

Fig. 8. ACP degradation with scavengers using 1Fe–BiOBr. (C0 ACP = 15 mg/L, 
Catalyst load = 0.25 g/L, H2O2 = 10 mM, pH = 5). 

Fig. 9. Proposed reactions mechanism by heterogeneous photo-Fenton for ACP 
degradation under solar light. 
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generation of OVs. The solar photo–Fenton yield for ACP degradation is 
attributed to the synergistic combination of heterogeneous photo-
catalysis and Fenton reaction processes. This leads the Fe(III)/Fe(II) 
cycle over the surface catalyst in the presence of light and H2O2. The 
main active species involved in this process were confirmed to be su-
peroxide radicals (•O2

–), followed by photogenerated holes (h+) and 
hydroxyl radicals (•OH). Our research reliably contributes to the 
development of Fenton photocatalysts for degrading pharmaceuticals 
under mild conditions and natural sunlight irradiation. 
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Investigation. Khirbet López-Velázquez: Methodology, Investigation, 
Formal analysis. Christos Englezos: Validation, Investigation. Minerva 
Villanueva-Rodríguez: Validation, Resources, Methodology. Miguel 
A. Gracia-Pinilla: Writing – original draft, Resources, Investigation, 
Formal analysis. Nicolas D. Boscher: Resources, Formal analysis. Han 
J.G.E. Gardeniers: Project administration, Funding acquisition. Arturo 
Susarrey-Arce: Writing – review & editing, Visualization, Resources, 
Project administration. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

Norma A. Ramos-Delgado acknowledges to CONACyT-Mexico the 
support for a sabbatical stay. Han Gardeniers and Arturo Susarrey-Arce 
acknowledge the funding for their research received from the European 
Research Council (ERC) under the European Union’s Horizon 2020 
Research and Innovation Program (Grant agreement No. 742004). 
Minerva Villanueva-Rodríguez acknowledge the funding of the project 
PAICyT-UANL (CE1296-20) received from the Universidad Autónoma 
de Nuevo León, México. 
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