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Multiple pollutants, especially antibiotics, are polluting water systems, prompting the development of novel
photocatalysts with synergistic activity for mineralizing these pollutants. In this study, we synthesized three-
dimensional BiOl microspheres, supported by noble metal-free LaCoOs co-catalysts, to construct an
enhanced hybrid photocatalyst featuring superior charge separation properties. Various techniques were used
to characterize the samples, including FTIR, SEM-EDX, XRD, and UV-Vis DRS (diffuse reflectance
spectroscopy). Based on the Williamson—Hall equation, the BiOl/LaCoO3z sample had an average crystallite
size of 50.70 nm. BiOl, LaCoOs, and BiOl/LaCoO3z have band gaps of 1.80, 1.56, and 1.57 eV, relating to
absorption edge wavelengths of 684, 790, and 789, respectively. For BiOl, LaCoOs, and BiOl/LaCoOs, the
pHpzc (point of zero charge pH) values were 5.8, 10.5, and 8.9, respectively. In this coupled system, the
moles of LaCoOs oxide are four times greater than those of another component, resulting in boosted activity.
According to the response surface methodology (RSM) study, the suggested model shows a F-value of
50.26 > Fp 51415 iN the model, as well as a LOF F-value of 3.44 < Fq 5105 and high R?-values (R? = 0.9908,
pred-R? = 0.9989, and adj-R? = 0.9996). The proposed binary catalyst of BiOl/LaCoOQs, the direct Z-scheme,
is the preferred method of illustrating Cefixime photodegradation. Using chemical oxygen demand (COD)
data, we could derive the rate constants of 0.053 min~ and 0.061 min~* for photodegrading solutions.
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1. Introduction

Among the most important categories of pharmaceutical com-
pounds are antibiotics, used in animal and plant breeding and
human health care.’ However, these compounds are increas-
ingly overused and can be found in the environment, particu-
larly in aquatic environments.” Among the most commonly
used antibiotics is Cefixime (CEF). Following its FDA approval
in 1980, it has become one of the most widely used antibiotics
on the planet. CEF is an antibiotic classified as a cephalosporin
of the third generation and is widely used. There are many
antibiotics containing active pharmaceutical ingredients (API).
These antibiotics are intended to treat various human and

“ Department of Chemistry, Shah. C., Islamic Azad University, Shahreza,
P.O. Box 311-86145, Islamic Republic of Iran. E-mail: r.ahesteh@iau.ir,
arnezamzadeh@iau.ac.ir, arnezamzadeh@iaush.ac.ir, arnezami1346@gmail.com,
Alireza_nezamzadeh@yahoo.com

b Department of Chemistry, Institute of Agriculture, Water, Food, and
Nutraceuticals, Isf. C., Islamic Azad University, Isfahan, Islamic Republic of Iran.
E-mail: n.mirsattari@iau.ac.ir

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5ma00279f

4046 | Mater. Adv,, 2025, 6, 4046-4061

During photodegradation, CEF molecules degrade at a ty/, of 13.07 and mineralize at a t;, of 11.36.

animal illnesses. Still, due to their extensive use and persistence
in water sources, soils, and sediments, they have a negative
environmental impact. Despite their non-biodegradability, many
antibiotics make conventional chemical and biological treatments
ineffective, resulting in increased levels of the original drugs and
their intermediates on both land and water. Thus, methods for
decomposing and removing antibiotic compounds from water
sources (surface water, groundwater, or wastewater) are essential.
AOPs (advanced oxidation processes, including photochemical,
electrochemical, and catalytic oxidation, ozonation, Fenton and
photo-Fenton, and Sonolysis) are among the various wastewater
treatment methods that have attracted increasing attention to
remove organic pollutants in wastewater.”” Most of these methods
employ in situ formation of highly reactive species (e.g:, hydroxyl
radicals) that degrade and oxidize many organic pollutants and/or
increase their biodegradability. The AOP systems still face several
difficulties, such as inefficient energy use, reliance on specific
materials, and/or introduction of additional chemicals.® In water
and wastewater systems, heterogeneous photocatalysis is widely
used to eliminate pharmaceutical and organic contaminants.’™*

This technique involves irradiating semiconductors with
enough energy through photons (in the UV-Vis region).'*"?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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With the photoinduced electron-hole (e /h") pairs, superoxide
radicals and hydroxyl radicals are immediately produced in the
presence of dissolved oxygen and water/hydroxyl.'***> In this
process, these strong oxidants can break organic pollutants
into smaller fragments, eventually breaking into H,O and CO,,
and other inorganic ions depending on the structural
heteroatoms.'®*® The e /h* recombination, the critical hetero-
geneous photocatalysis’ drawback, causes a significant reduction
in overall process activity.'”>> The number of techniques for
decreasing e~ /h" recombination has increased over the past few
decades. Semiconductor coupling creates a novel heterostructure
to transport the photogenerated electrons from one semiconduc-
tor’s negative CB to another’s more positive CB.>*® There is an
opposite trend between the holes between VB positions. Transi-
tions of this kind reduce e /h* recombination while decreasing
photodegradation.*®*° In general, heterogeneous photocatalysis
has a wide application range.***!

BiOX is a VVI-VII ternary oxide semiconductor with an
individual structure and a low band gap energy (Ey: 1.77-1.92 eV),
capable of absorbing most visible light.*>** Although it has been
regarded for sensitizing broadband semiconductors, it is highly
recombinant in single semiconductors, resulting in poor activity
since it cannot produce sufficient *O,” and °*OH, which are
conducive to photocatalysis. Thus, many researchers have attemp-
ted to combine BiO-halides with other semiconductors to increase
their separation efficiency.**™*” 1t has been widely reported that
bismuth oxide (BiOI) has a very narrow E, of about 1.8 eV.***

It has been discovered that lanthanum cobaltite (LaCoO53) is
a highly efficient and reliable co-catalyst that is noble metal-free.
LaCoO; is an essential member of the perovskite family of cobalt
oxides, a vital semiconductor compound. Its excellent charac-
teristics (excellent visible light absorption capacity and electronic
conductivity, high charge carrier mobility, and low-cost, nontoxic
compound) make it an excellent choice for CO, reduction and
organic pollutant degradation.*>**° The photocatalytic activity of
a similar compound, LaFeQ;, has been well-reviewed.>*

During the development of this study, nano-dimensioned BiOI
and LaCoO; were synthesized, and their binary BiOI/LaCoO;
catalyst was mechanically prepared. After confirming the syner-
gistic effect of the binary system concerning the individual system
in the photodegradation of cefixime (CEF), we investigated the
impact of influencing variables on the degradation process by
designing the experiment via an RSM approach. Finally, by
performing the photodegradation tests against the scavengers
(chloride, nitrate, ascorbic acid, and isopropanol act as scavengers
of hydroxyl, electron, superoxide, and hole radicals, respectively),
the relative roles of the reactive species in the overall photocata-
lytic activity were estimated.

2. Experimental
2.1. Materials and preparations

Cobalt nitrate hexahydrate (99.99%), lanthanum nitrate hexa-
hydrate (99.99%), citric acid (99%), urea (99%), KI (AR), HNO;
(AR), Bi(NO;);-5H,0 (AR), and other chemicals were purchased
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from Sigma/Aldrich Co., Ltd, and used as received. All experi-
ments were conducted with deionized water.

By modifying a published procedure, BiOI microspheres
were produced by a facile solvothermal method.>®> An amount
of 1.9400 g (4 mmol) Bi(NO3);-5H,0 and 0.6640 g (4 mmol) KI is
typically dissolved over 10 minutes in 40 mL ethylene glycol
under critical stirring. The Bi(NO3);-5H,0 solution was then
added dropwise to the KI solution while vigorously stirring it.
Vigorous stirring of the mixture was then performed for
another hour at room temperature. A 100 mL Teflon-lined
stainless-steel autoclave was used to heat the mixture at
160 °C for 12 hours after mixing. Centrifugation was used to
collect the product after cooling naturally to room temperature,
several washes with distilled water and ethanol, followed by
24 hours of drying at 80 °C.

Using a modified procedure, LaCoO; nanoparticles were
prepared using sol-gel and citrate complexation. A 30 mL La
(NO3)3-6H,0 solution (2.1650 g, 5 mmol) was added dropwise to
a 30 mL aqueous solution containing 1.4552 g (5 mmol) of
Co(NOj3),-6H,0 and 2.1014 g (10 mmol) of citric acid under
stirring, and vigorous stirring continued at room temperature
for 5 hours. The solution was then heated to 80 °C for 2 hours,
and a xerogel-like precursor was formed. Then, it was dried in
an oven at 100 °C for 12 hours. The precursor was powdered
over the milling in an agate mortar, transferred to an alumi-
num crucible, and air calcined at 700 °C for four hours (rising
temperature rate: 20 °C min™~'). After careful washing with water
and ethanol, the black powder was dried at 80 °C for 12 h.>?

To fabricate the binary system (BiOI/LaCo0Oj3), depending on
the BiOI:LaCoO; molar ratio requested, the adequate weight of
BiOI and LaCoO; NPs was added to an agate mortar and
completely hand-mixed for 30 min.

Cefixime solution: a Cefixime tablet (400 mg) was weighed.
To obtain an analytical sample, 3 cefixime tablets were com-
pletely turned into powder in an agate mortar, and 6.25 mg of
the powder was completely dissolved in water and filtered
in a 250 mL volumetric flask, reaching the mark to achieve a
100 mg L~ stock CEF solution. This stock solution was used to
prepare diluter solutions via the serial dilution pathway.

2.2. Characterization techniques

In this study, different analyses were conducted on the synthe-
sized nanoparticles. Analyzing the samples’ powder X-ray dif-
fraction patterns (XRD) identified their crystal structure
(PW1730, Philips Company, Netherlands). A Fourier Transform
Infrared (FTIR) spectrophotometer (Agilent PerkinElmer Spec-
trum 65) was used to identify functional groups in the samples.
Nanoparticle size and morphological and structural informa-
tion were achieved with a field emission scanning electron
microscope (FESEM), coated with gold (Tescan Company,
Czech Republic). An elemental composition of photocatalysts
was determined using energy-dispersive X-ray spectroscopy
(EDX) (Quantum 200, USA). A UV-Vis diffuse reflection spectrum
(DRS: Biomate5, Thermo Company USA) was used to obtain the
optical features of catalysts. A UV-Vis spectrophotometer (PG-
Instrument T80, Australia) was used to record absorption spectra
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of cefixime solutions before and after the photodegradation
process. The NPs were separated using a centrifuge instrument
(Sigma).

2.3. Photodegradation tests

During the preliminary photodegradation tests of CEF, 3 mg of
the alone and binary systems (BiOI or LaCoOj; or BiOI/LaCo03)
was added to 10 mL 10 mg L~ " CEF solution and homogenized
in the dark for 10 min under magnetic stirring. Under this
circumstance, an equilibrated surface adsorption/desorption
was achieved, and the catalyst species were well-separated
and dispersed. We irradiated the suspensions with three
40 W W-lamps for a specific time, centrifuged the suspension
(at rpm ~13000), and acquired the absorption spectrum of the
supernatant (4). All experiments were done at room tempera-
ture. The reaction efficiency was compared with the absorbance
of a blank CEF solution (4,) to calculate the photocatalytic
degradation efficiency. The formula was applied to calculate the
CEF degradation percentage, in which C, is the initial CEF
concentration and A is the CEF concentration at time ¢ after
photodegradation, according to Beer-Lamberts’ law.

CEF Deg. (%) = [(A0 — A)/Aq] x 100 =[(Co — C)/Cy] x 100
(1)

The effect of the direct photolysis in the absence of the
catalysts and the effect of the surface adsorption on the CEF
removal by the individual and binary catalysts (under the
dark condition) were also studied under the same conditions
mentioned above.

3. Results and discussion

3.1. Characterization studies

3.1.1. XRD analysis. Many of XRD’s applications are to
identify phases and characterize crystallographic structures.>
Fig. 1 shows the X-ray diffraction patterns of BiOI, LaCoO3, and
LaCoO3/BiOI hybrid materials. In agreement with the literature,
all diffraction peaks are correctly assigned to tetragonal phase
BiOI (JCPDS no. 73-2062). These reflect well-resolved (002),
(102), (110), (112), (004), (104), (114), (212) and (115) reflec-
tions.>® Observations on LaCoO; showed six characteristic
diffraction peaks located at 23.23°, 32.88°, 33.30°, 40.65°,
47.50°, and 58.95°. The crystal planes (012), (110), (104),
(202), (024), and (214) of the rhombohedral LaCoO; can be
readily assigned according to the JCPDS Card No. 48-0123.°%°7

A striking aspect of the findings was the similarity in XRD
patterns between the obtained LaCoO;/BiOlI hybrids and pure
BiOl. Furthermore, in the XRD patterns of the LaCoO;/BiOIl
hybrid, a visible peak showing LaCoO; (20 = 32.88°) content
emerged as the content of LaCoO; increased, providing evi-
dence that LaCoO;/BiOI composites were successfully synthe-
sized. Furthermore, no additional peaks associated with
possible impurities were detected, indicating that the samples
were of high purity as prepared. The average size of the sample
crystallites was calculated using the Debye-Scherrer formula,
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Fig. 1 XRD patterns (A), W—H plot (for the binary catalyst) (B), and FTIR
spectra (B) of BiOl and LaCoOs NPs and the related binary BiOl/LaCoOs
compound.

eqn (2),°® and the Williamson-Hall (W-H) eqn (3).>° The W-H
model shows how the size (the Scherrer component) and the
strain (g, at ¢ = 0, W-H gives the Scherrer equation) simulta-
neously affect the peak broadening (D is the average size, D, f§ is
the FWHM, the full width at half maximum, 0 is the Bragg
angle, k is the Scherrer constant (0.9), and Z is the X-ray source
wavelength (Cu-Ka: 0.154 nm).*°

D = (KA)/(p cos 0) 2)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pcos(0) = (0.9//d) + (&sin(0)) (3)

Averagely, the sizes of 23.06 nm, 31.87 nm, and 27.11 nm
were respectively obtained for crystallites of BiOI, LaCoOj3, and
the coupled photocatalyst, while the values for these crystallites
were obtained by the W-H plot (see the ESI,;¥ Fig. 1A and
Fig. S1) were 195.41, 31.08, and 50.70 nm, respectively.
A complete set of data, information, and results is also sum-
marized in Tables S1-S3 (ESIt).

3.1.2. FT-IR spectra. The as-synthesized solid samples
(BiOI, LaCoO3, and BiOI/LaCoOj3) were analyzed and compared
for their structural-functional groups by FT-IR. The Fourier
transform infrared (FTIR) spectra of the resultant hybrid
LaCoO3/BiOlI are illustrated in Fig. 1C as a further indication
of the interaction between BiOI and LaCoOj;. LaCoOjs’s spec-
trum clearly shows that the prominent absorption peak at
601 cm ' is attributed to the Co-O stretching mode.** Regard-
ing pristine BiOI, the peak at roughly 523 cm ™" can be assigned
to the Bi-O stretching mode.®” Interestingly, with increasing
LaCoO; content, the absorption peak of the Bi-O bond gradu-
ally shifted towards higher wavenumbers compared to the bare
BiOI. This could be attributed to decreased electron concen-
tration in LaCoQy;, as reported in the literature.®®

3.1.3. UV-Vis-DRS and VB/CB potential positions. We have
investigated the optical absorption features of BiOI and LaCoO;
NPs alone and BiOI/LaCoOj; binary systems using UV-Vis diffuse
reflectance spectroscopy (DRS). Fig. 2A shows that the indivi-
dual BiOI NPs exhibited a strong visible light response with an
absorption edge wavelength (lag) of 684 nm. For pristine
LaCoO3;, a broad and strong light absorption was observed at
wavelengths ranging from 200 to above 800 nm and the IR range.
After attaching the LaCoOj; co-catalyst onto the surface of BiOI, it
was evident that the light absorption edges and absorption
intensities of the BiOI/LaCoOj; system was slightly redshifted.
Co-catalysts containing LaCoO; can improve visible light utiliza-
tion, but superfluous LaCoO; is detrimental to light absorption
due to its shielding ability. In addition, LaCoO3/BiOI hybrids
exhibited strong, broad visible light absorption from 700
extended to the UV region with a A, value of 787 nm, suggesting
that the resultant hybrids would be an effective photocatalyst for
purifying the environment in response to visible light, especially
by using the solar spectrum as a cheap natural radiation source.

In addition, the band gap energy (E,) of a typical semicon-
ductor could be determined by a Kubelka-Munk equation®*°°
by using a typical Tauc formula of ahv = A(hv — Eg)"?, where 4,
o, v, and h are respectively the proportionality constant, absorp-
tion coefficient, frequency, and Planck constant. Typical semicon-
ductor’s optical transitions are indicated by n (n = 1 for direct
transition, and n = 4 for indirect transition).>****” Various Tauc
formula formats for different electronic transitions have been well
illustrated and compared in the literature.®®

Various Tauc formats have been used in the literature, all
summarized in Table 1.°® Another Tauc formula format is
written as follows:

()" = k(hv — Ey) (4)

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

1.2 4
L
<9
=
<
2
et
2 08 .
< a: BiOI
b: BiOI/LaCoO,
0.4 4 ¢: LaCoO,
\ \
0.0 \ \
200 300 400 500 600 700 800
Wavelength (nm)
B 2500 -
a: BiOl c
2000 | bt BiOV/LaCoO,
¢: LaCoO,
. 1500 A
-
=)
=
3
1000
500 -
0
1.5
C
/
7
e
60 ¢ 7
g
s’
s
s
s
o s
=_ 40 e
2 Ve
= s
3 s
, a: BiOl
e b: BiOV/LaCoO,
20 4 e ;
e c: LaCoO,
s’
s
s
o7 021ev
0 T T T
0 1 2 3
hv (eV)
Fig. 2 (A) UV-Vis DRS absorption spectra of BiOl, LaCoOs, and LaCoOs/

BiOl samples. (B) and (C) Tauc plots for Eq estimation forn = 2 and n = 1/12.

The exponent n is subjected to different values depending
on the electronic transition type.”*®' Typical Tauc plots for
n =2 and n = 1/2 can be seen in Fig. 2B and C (others are
summarized in the ESI,} Fig. S2). Calculating E, requires
extrapolating the rising slope of curves toward the x-axis or
photon energy. As a result of crossing the x-axis, the E, is
calculated for the definite electronic transition considered.
A summary of all the values obtained is presented in Table 1.

The composite showed a considerable red shift concerning
the bismuth oxycarbonate, indicating its ability to transfer
electrons more efficiently. Using the following formulas (5)

Mater. Adv,, 2025, 6, 4046-4061 | 4049
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Table 1 Optical and electrical features of the applied catalysts

Band gap energies

Tauc plots (eV) Absorption edge

Catalysts 1/2 2 3/2 3 A (nm) Eq (eV)
BiOI 1.95 2.11 2.22 2.23 684 1.81
LaCoO; 1.67 1.91 1.95 2.00 — —
BiOI/LaCoO3; 1.90 2.00 2.05 2.10 789 1.57

The elemental electron affinity and ionization potentials

Element E, (eV) E; (eV) 1/2(E, + E;) (eV)
Bi 0.94 7.24 4.09
1 3.04 10.45 6.75
La —0.46 5.57 2.55
Co —0.66 7.78 3.56
(0] —1.46 13.62 6.08
Potential positions and Mulliken’s electronegativities
Catalyst 1 (eV) Eg (eV) Eyg (eV) Ecg (eV)
BiOI 5.92 2.11 +2.47 +0.36
LaCoO3 4.62 1.91 +1.07 —0.84
Different formats of Tauc formula

n-value for:
Formula IF 1A DF DA Ref.
F(R) hv = A(hv — Eg)" 3 2 3/2 1/2 70
(F(R) hv)* = A(hv — Eg) 1/3 1/2 2/3 2 71
(2hw)™ = A(v — Ey) 3 2 3/2 1/3 72-74
(oehv) = A(hv — Eg)'"™ 1/3 1/2 2/3 2 75,76
(ahv) = A(hw — Eg)™* 6 4 3 1 77
(cchv)?™ = A — Eg) 6 4 3 1 77

and (6) we calculated the valence (VB) and conduction band
potentials (Evg and Ecg) of BiOI and LaCoO; based on the E,
values for n = 2, the electron free energy (E; 4.5 eV versus SHE),
and the electronegativity of semiconductors (%).%>

Eyg = ) — Ee + 0.5E, (5)
Ecp = Eyg — Eg (6)

The y value is the geometric mean of the semiconductor’s
atoms’ electronegativity. In addition, it is possible to calculate
the atom’s electronegativity from its first ionization and elec-
tron affinity (E; and E,), both of which can be calculated using
the formula presented in Table 1.

3.1.4. SEM-EDX study analysis. SEM imaging (Fig. 3) of the
surface nanostructures and surface morphologies of the BiOI,
LaCoO;, and the LaCoO3/BiOI hybrid was performed using
field-emission scanning electron microscopy (FESEM). An
SEM image of pure BiOl, illustrated in Fig. 3A, shows pristine
flower-like structures formed by numerous ultrathin nano-
sheets with a relatively smooth surface. In addition, the unique
flower-like structure of BiOI nanosheets allowed exposure of
sufficient anchor sites for LaCoO3 nanoparticles (NPs),
enabling intimate contact with the NPs. LaCoO; exhibited a
particle-like structure comprised of numerous irregular and
agglomerated NPs, as shown in Fig. 3B. The SEM images taken
at high magnification confirm that LaCoO; NPs adhered tightly

4050 | Mater. Adv., 2025, 6, 4046-4061
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SEM HV: 300 KV
View field: 277 ym  Det: InBeam + SE 500 nm
SEM MAG: 100.0 kx _Date(m/dly): 02112724

WD: 5.80 mm SEM HV: 300 KV WD: 5.49 mm
View field: 1.85ym  Det: InBeam

SEM MAG: 150 kx _ Date(midly): 02/13/24

SEM HV: 300 KV WD: 5.43 mm
View field: 184 m  Det: InBeam
SEM MAG: 151 kx _ Date(midly): 02/13/24

Fig. 3 SEM images of BiOl (A), LaCoOs (B) and LaCoOs3 (4.0 wt%)/BiOl
hybrid (C) and (D).

SEM HV: 300 KV
View field: 5.54 ym
SEM MAG: 50.0 kx _ Date(midly): 02/13/24

WD: 5.43 mm

to BiOI nanosheet surfaces with intimate contact, as shown in
Fig. 3C and D. It is worth mentioning that the intimate contact
in the binary system could be due to heterojunctions. The
images show the dispersing of LaCoO; NPs onto the BiOI
plate-like nanosheets.

Furthermore, energy dispersive X-ray spectrum analysis
(EDS) and corresponding elemental mapping were performed
to confirm the elemental composition and distribution in the
hybrid LaCoO3/BiOl. As confirmed by a homogeneous distribu-
tion of La, Co, O, Bi, and I elements in the hybrid, LaCoO; NPs
were successfully immobilized on BiOI plate-like surfaces.
It can be rationally inferred, based on the XRD, FTIR, SEM,
EDS, and elemental mapping results described above, that the
LaCoO;/BiOI hybrid was not only well-fabricated but also that
a uniform 0D/3D heterojunction exists between LaCoO; and
BiOI that exhibits a strong interfacial interaction. There was
a significant amount of contact area between LaCoO; NPs and
BiOI nanosheets in this heterojunction, which increased the
rate of interfacial charge transfer, ultimately allowing for
increased photocatalytic activity.

3.1.5. The surface charge of the catalysts. We determined
the pHp, of the prepared samples by fixing the pH (pH: initial
pH) of 5 mL suspensions containing 0.01 g catalyst/0.01 M NaCl
(as an adjuster for ionic strength) at values between 2 and 11.
The final pH values (pHy) were measured after 24 h stirring and
applied for the drawing plots presented in Fig. 4. According to
the first plot (Fig. 4A), pH;-pH; was used as the bisector. pHp,
represents the pH value for each sample in which the environment
solution has neutralized all the external charges, as determined by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the crossing point of pH-pHy with the bisector. pHp,. on the
second plot (Fig. 4B) indicates the point where pHjpitar and pHenal
are equal, so ApH = pHjnitia1 — PHfinal = 0. In its native state before
PHpye, the solid sample’s surface (each catalyst investigated here)
has an inherent negative (basic) feature capable of adsorbing
protons of the aqueous solution, raising the solution pH and
accumulating a net positive charge on the surface. The opposite
is true, so when the solution pH exceeds the pHpzc, the surface
positive (acidic) property causes the hydroxyl anions to adsorb from
the aqueous solution, decreasing the solution pH and accumulat-
ing a net negative charge on the surface.®*%*

3.2. Photodegradation experiments

3.2.1. Initial photodegradation experiments. The CEF UV-Vis
absorption spectra in Fig. 5A show the decreased CEF maximum
absorbance during different processes applied for its removal. The
low removal efficiency of the direct photolysis (about 6%) reveals
the high stability of CEF molecules over the illuminated photons.
Comparing the photocatalytic degradation with the surface
adsorption removal process proves the higher role of CEF photo-
degradation in each case. A boosted photocatalytic effect of the
coupled catalyst concerning the single catalysts provides evidence
for the higher e/h separation in this system (for better visibility of
the compared absorption spectra, please see the ESL Fig. S3).

Fig. 5B shows the effects of the change in the components’
moles in the coupled catalyst on the photocatalytic activity, and
the highest activity was reached when the moles of BiOI were
two times greater than that of another component. In this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) UV-Vis CEF absorption spectra over the applied removal

processes (0.3 g L™ of each catalyst in 10 mL of 10 mg L™ CEF solution,
time: 40 min, the mole ratio of BiOl: LaCoOz was 1:1); (B) the effect of the
variation in the BiOl:LaCoO3z molar ratio of the coupled catalyst on the CEF
photodegradation.

optimized value, the largest e/h pairs with the highest isolation
extent were reached, which was used in the following steps (see
Table S4, ESIY).

3.2.2. Designing experiments and analyzing the data.
Based on the synergistic activity demonstrated above for the
LaCoO,/BiOI catalyst, we used the influencing factors, includ-
ing pH (X;), CEF concentration (X,), catalyst dose (X;), and
illumination time (X,) for designing the experiments by using
an RSM approach and a central composite design (CCD). A
summary of the selected ranges for these numerical factors can
be found in Table 2. Corresponding 30 RSM run conditions are
also summarized in Table S5 (ESIt). Randomization was used
to minimize the impact of external variables on the response.®®
A response variable, y (the CEF photocatalytic degradation
percentage), was determined for every run and used to obtain
the following quadratic equation coefficients (using the DOE
software version 11),%¢ as shown by the second equation.

Y =p+ Zﬂixi + Zﬁ,—,-xiz + Zﬁinin +e )

Y = +78.28 — 3.644 + 7.01B — 10.06C + 1.98D — 0.5425AB
+ 2.45AC — 9.49AD + 6.39BC — 0.2800BD + 4.89CD
— 1.084> — 0.91678> — 1.66C> — 1.61D” (8)
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Table 2 The influencing variables selected to design the experiments via
the RSM approach and ANOVA results obtained in CEF photodegradation
by the BiOl/LaCoOs catalyst

Chosen variables

Code Unite —o —1 level +1 level +ot
A: pH — 4 10 1 13
B: catal. dose gL 0.6 1 0.4 1.2
C: Copr mg L' 6 16 1 21
D: time min 30 80 5 105
ANOVA results

Source Sum squares df Mean sq. Fvalue p-values
Model 6741.9 14 481.6 5026.3 <0.0001
A: pH 317.6 1 317.6 3314.5 <0.0001
B: catal. dose 1180 1 1180 12315.5 0.0005
C: 2425 1 2425 25326.5 <0.0001
D: time 95 1 95 987 <0.0001
AB 4.7 1 4.7 49.2 <0.0001
AC 96.2 1 96.2 1004.5 <0.0001
AD 1440 1 1440 15028.2 <0.0001
BC 652.6 1 652.6 6811 <0.0001
BD 1.3 1 1.3 13.1 0.0025
CD 382 1 382 3989.2 <0.0001
A? 32 1 32 331.9 <0.0001
B 23 1 23 240.6 <0.0001
c> 76 1 76 790.5 0.0001
D? 711 1 71.1 790.5 <0.0001
Residual 1.44 15 75.7

Lack of fit 1.25 10 0.0958 3.44 0.0925
Pure error 0.1823 5 0.1255

Cor total 6743.3 29

Adj. R*: 0.9989 Pred. R*: 0.9996  R*: 0.9998

The results were statistically analyzed (ANOVA) at a 95%
confidence level to validate the model’s goodness. According to
Table 2, the model is significant at a 95% confidence interval
for the data processing compared to its F-value of 5026 with
F0.05,14,15) = 2.29. To provide further evidence of the soundness
of the model, we also analyze the non-significant lake of fit
(LOF) term based on an F-value of 3.44 < Fg g5 10,5 = 4.74.%

The regression coefficient (R®) value of 0.9998 confirms the
model’s total efficiency, indicating less than 1% of the total
variations cannot be handled. There is a good degree of
agreement in light of the close relationship between the experi-
mental and predicted data. All variables selected significantly
affected the response, as evidenced by the near value of R* and
adjusted R> (0.9996). The predicted R*> considers the model’s
ability to recognize new responses, which was achieved at a
value close to the model’s merit (0.9998) and predicted R*
(0.9989). Furthermore, the closely predicted R* and the
adjusted R* also agreed that additional variables had no effect
on the response variable. A precision of greater than 4 (288.143)
was also achieved, measuring the predicted response versus its
standard deviation. The Pareto formula was used to predict the
relative importance of each model’s term. For the quadratic
equation discussed above, f3; is the coefficient. A summary of
the results is shown in Fig. S4 (ESIY).

P, = (B3 B2) x 100 = 0) ©)
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3.2.3. Diagnostic and influencing plots. RSM recommended
some diagnostic and influencing plots to evaluate the model’s
goodness. As a result of the plots, it became evident that the model
is valid for experimental data processing. The plot in Fig. S4A
(ESIT) illustrates the compliance of residuals from the normal
distribution. A diagonal line should connect the data points if the
model is correct. Otherwise, it is not correct. Accumulating all the
data in one place should not have been possible. The graph should
not have an S-shaped state, but converting the answer is a better
way to provide a better analysis if this state is observed. Other
diagnostic and influencing plots are collected in Fig. S4 (ESIT), all
confirming the model’s goodness.

3.2.4. 3D response surface plots. An illustration of the
effect of time and catalyst amount on the degradation rate is
shown in Fig. 6A. To achieve the highest degradation efficiency,
a higher amount of photocatalyst must be irradiated for a
longer time. In general, high concentrations of photocatalysts
produce a significant scattering of incoming photons due to
their negative effects. As a result of the accumulation of
photocatalyst particles, the effective surface is reduced, and
the destruction of cefixime is also reduced. Thus, a relatively
smaller CEF degradation efficiency for 30 min can be compen-
sated at longer illumination times.

A high catalytic amount, about 1 g L™, combined with pH 4
resulted in the greatest amount of degradation of cefixime in
the study of the simultaneous effects of catalytic amount and
PH on cefixime photodegradation (Fig. 6B). The binary catalyst
has a pHp,. about 8.9. At pH 4, its surface is expected to be
positive. For CEF molecules, two carboxylic acid functional
groups have pK, values of 2.1 and 3.9, and most of the second
carboxylic acid group will be in carboxylate form. Furthermore,
its structure has two sulfur and five nitrogen heteroatoms and
many oxygen atoms. Thus, the presence of anionic carboxylate
and free electron pairs of these hetero atoms attract the CEF
molecules by the catalyst’s surface at pH 4, resulting in higher
degradation efficiency. It would be expected that CEF anionic
species at higher alkaline pHs critically repelled because of the
repulsive force between both carboxylic functional groups (are
in carboxylate anions) and high amounts of free electron pairs
of the structural heteroatoms and the negatively charged
catalyst surface. Thus, the lower degradation efficiency at pH
10 relatively compensated by increasing the catalyst dose that
available more active sites for the degradation process.

Fig. 6C shows that the adverse effects of alkaline pH cannot
be compensated at longer irradiation times. The results gen-
erally show lower CEF degradation at alkaline pH values,
showing high stability of the anionic CEF because of the
probable involvement of the free electrons in resonance effects.
Higher CEF degradation efficiency at pH 4 and longer illumina-
tion times confirm the formation of relatively stable degrada-
tion intermediates that can be degraded at longer times.

Fig. 6D shows how pH and pollutant concentration affect the
degradation, with a pH of about 4 and pollutant concentration
of 6 mg L™ " giving the best degradation. At the mentioned pH, the
catalyst is positively charged and protonated. Consequently, a
repulsive force can cause degradation to decrease. These protonated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 3D response surface plot for CEF degradation by the coupled catalyst.

groups may, on the other hand, result in significant destabilization
of the cefixime molecules, which allows for maximum degradation.
In another way, in moderate concentrations, the collision probability
between CEF molecules and the catalyst surface is high enough to
reach the highest degradation efficiency. At higher CEF concentra-
tions, H-bonding formation between CEF molecules may be high,
resulting in lower interaction of CEF molecules with the catalyst
surface. In the high CEF concentration, absorption of a significant
part of the arrived photons by CEF molecules may result in the
catalyst’s lower photo-excitation and lower production of the reactive
species.

According to the reasons mentioned above for the effects of
the catalyst dose and CEF concentration, higher CEF efficiency

© 2025 The Author(s). Published by the Royal Society of Chemistry

can be reached at a lower CEF concentration of about 6 ppm
and a higher catalyst dose of about 1 g L™, as shown in Fig. 6E.
Finally, Fig. 6E shows the CEF molecules can be photodegraded
at shorter times at a CEF concentration of 6 ppm. From the
results, it can be concluded that some intermediate degrada-
tion radicles may react at longer times, forming larger species
with harder degradation probabilities.

3.2.5. CEF photodegradation and photo mineralization
kinetics. The next step was to do a kinetic study of CEF photo-
degradation. Eqn (10) shows that incident and transmitted
intensities can be quantified using absorbed photons at specific
wavelengths. Intensity symbols I, and I indicate incident and
transmitted intensities, respectively. The Beer-Lambert law,

Mater. Adv., 2025, 6, 4046-4061 | 4053
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eqn (11), can be used to determine the I-value. C, b, and ¢ are
the analyte concentration, cell diameter and molar absorption
coefficient, calculated as follows.

A, =1y — I (10)

(11)

It has been proven by Grotthus-Draper’s law that absorbed
photons have a significant effect on photodegradation rates.
Using eqn (12), you can calculate the rate of time-dependent
photodegradation under constant irradiance (k, is a constant).
By using a polychromatic beam, the equation above becomes
eqn (13)

I = Iyexp(—ebC)

—dc/dt = kyIo(1 — exp(—bC) (12)

—dC/dt = ko-Io(1 — exp(—bC)) (13)

A solution based on eqn (14) can be used when photo-
degradation intermediates cannot absorb the arrived photons.
Based on these formulas, we know that k; and ¢, are the
reactants’ reaction rate constants and absorption coefficients,
respectively.

dc/dt = k,(1 — exp(20)) (14)

Throughout the photodegradation process, photons are
absorbed by degradation products, decreasing the number of
photons absorbed. Thus, the solution absorbed a large amount
of light related to the reactant. You can calculate degradation
rates using eqn (15) (&3 is the degradation fragments’ absorp-
tion coefficient).

—dcC/dt = ky[1 — exp(—(2C + 3(Cy, — O)))](2C)/[(2C) + (Cy — Q)]
(15)

According to the formula below (k;: the pseudo-rate con-
stant), photodegradation can be predicted if the degradation
fragments and reactants have similar absorption spectra (or ¢, = &3).

Szl = ep=all G (16)

A fourth type of photodegradation process involves high
concentrations of reactants, in which the exponential term
(exp(—(e2C + €3(Co — C€))) in eqn (16) reaches zero (e.g., a zero-
order rate process).

—dc/dt = K, (17)

In terms of reaction kinetics, we can obtain a pseudo-first-
order equation by using eqn (17) as an integral format of eqn (18).
In consequence, this holds for most photocatalytic degradations
including photon-absorbing reactants and intermediates.®***

In(C/C,) = —Kt(or C, = Coe ) (18)

A series of photodegradation runs were done at various times
to examine the kinetics of the CEF photodegradation using the
LaCoO3/BiOl catalyst.

Over time, the final CEF solution’s absorbance was decreased,
as shown in Fig. 7A. The C/C, value is calculated according to the
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maximum wavelength absorbance. Fig. 7B shows the results with
the slope (0.053 min ") representing the CEF photodegradation
rate constant as calculated using the Hinshelwood equation
Y = —0.0530X — 0.3590 (r* = 0.9743). The 0.693/k equation can
calculate the k-value for a t;, time of 13.07 min. A photode-
gradation reaction takes about 13 min to degrade half of the
CEF molecules under the applied conditions.

Chemical oxygen demand (COD) experiments were used to
measure the mineralization values of CEF molecules during
photocatalytic degradation. COD is the extent of the amount of
oxygen needed to convert organic substances to inorganic sub-
stances, such as H,O and CO,. Other inorganic species can be
formed by pollutant molecules depending on the nature of the
heteroatom. This means that water or wastewater with a high COD
content has a high pollution level. An extensive mineralization
extent indicates that a more significant initial pollutant and its
degradation fragments will be mineralized during photodegrada-
tion. One would expect a low COD value if a COD run was was
carried out with such a solution. The results in Fig. 7D illustrate
that parent CEF and its degradation fragments were mineralized,
resulting in a lower oxygen consumption over the COD process.

As a result of the elongated photodegradation of CEF, the
COD remaining in the solution decreased. Based on the COD
data, Hinshelwood plots were created. A Hinshelwood equation
is derived using Fig. 7C (inset), ¥ = —0.0610X + 0.1660 (r* =
0.9957) and a k-value of 0.061 min~"' (¢, = 11.36). During
photodegradation, k-values were used to determine how fast the
mineralized CEF molecules degraded. Based on the k-values, CEF
photodegradation and CEF mineralization rates are comparable,
and CEF degradation intermediates can be well mineralized
during the photocatalytic process.

3.2.6. A study of the effects of scavenging agents. The
degradative action of organic pollutants is achieved in a typical
heterogeneous photocatalytic process by producing reactive spe-
cies such as e, *0*7, h', and *OH.”® A study was conducted to
determine the relative roles of the scavengers in the degradation
rate of the proposed catalyst in the presence of K,S,0g, KHCO3,
C,HgN,0, and ascorbic acid (AA) (Fig. 8A). Photogenerated e,
*OH, h*, and *O*" can be trapped through the proposed trapping
agents, respectively. As a result, their scavenging must reduce the
overall photodegradation activity, demonstrating the critical role
played by these reactive species in photodegradation.

In heterogeneous photocatalysis, peroxydisulfate (PDS), per-
omonosulfate, and hydrogen peroxide are electron scavengers.
As a result of this scavenging process, PDS is produced as
sulfate anion radicals (SO4* ). There have been reported values
of rate constants for PDS and sulfate radical reactions in the pH
range of 3-8 involving acidic radicals.”®

S,04°" + heat —» 280,°~ (k2 5.7 x 10 °s7)
SO,°" +85,08" = S,04° +50,> (k6.1 x 10 °M 's77)
SO,*” +H,0 —» *OH+H"+S0,>~ (k3[H,0] <2x107*M ‘s

SO, +80,°" — 805> (k5 x 10°M s

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) and (B) CEF photodegradation results versus time, and (C) COD

results of the solutions obtained in case A (inset: the corresponding
Hinshelwood plot).

It is possible to produce powerful *OH for photochemical
decontamination of freshwater by exposing it to nitrates,
nitrites, and dissolved organic matter (DOM).

Some solutes can also scavenge the radicals, including DOM
itself, carbonate, and bicarbonate salts derived from inorganic
carbon. Regarding kinetics, the scavenging reaction between
*OH and carbonate or bicarbonate follows a second-order
model (k: 3.9 x 10° M' s7' and 85 x 10° M ' s,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ascorbic acid KHCO, C,HyN,0,

Fig. 8 (A) Results of scavenging agents in CEF photodegradation; (B) and
(C) suggest mechanisms based on the results in case A.

respectively). There is less reactivity in CO3*~ produced com-
pared to *OH.”” As a hole scavenger, C,HgN,O,4 has excellent
performance.’® Through the one or two electron steps redox
reactions, ascorbic acid forms semi-dehydroascorbic acid
and dehydroascorbic acid (DHA +2H' + 2e~ — ASC + H,0,
E° (pH 7) = 60 mV).”®

Ascorbic acid can scavenge superoxide radicals. In the
presence of acetaldehyde and xanthine oxidase (as the super-
oxide radical sources), scavenging of superoxide by AA has been
reported to have a second-order rate constant of 8.2 X
10” M~ ' s~ . Scavenging reactions of this type have also been
reported to have a rate constant of 2.7 x 10> M ' s™* (in the
presence of the xanthine oxidase system).’® Fig. 8A shows the
inhibition trend as ascorbic acid > ammonium oxalate >
KHCO; =~ K,S,0g, demonstrating the critical role played by

Mater. Adv,, 2025, 6, 4046-4061 | 4055
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the photogenerated *O,” followed by the *OH in the photo-
degradation, based on the following trend.

Superoxide radicals > photogenerated h* > photogenerated
e~ ~ hydroxyl radicals

This study shows that superoxide radicals and photoinduced
holes play a relatively higher role in CEF photodegradation. The
following section will discuss a photodegradation mechanism
based on the results obtained here and the Vi/Cy positions
obtained in the DRS section.

Several mechanisms have been described that illustrate
photodegradation pathways (the charge carriers transfer) in
heterogeneous photocatalysis up to this point. In addition,
these mechanisms use direct Z-scheme photocatalysts,'%° tradi-
tional Z-scheme photocatalysts, S-scheme,'°**°* and Z-scheme
types II heterojunctions, among others."*>'°® These mechan-
isms have been well-reviewed in the literature.’®”*'? Usually,
type-1II photocatalytic mechanisms are used in heterojunction
systems. When the semiconductors are considered to be suc-
cessive binary heterojunctions, this mechanism is illustrated in
Fig. 8B. In the fabricated binary catalyst, LaCoO; and BiOI also
exhibit narrow band gaps, so they are appropriate for Vis light
applications due to their ability to produce photo-induced
e /h" pairs after illumination.

For the type-II heterojunction mechanism, photoinduced
electrons must be transferred from the LaCoO;-CB position
(—0.84 V) to the BiOI-CB position (36 V). Alternatively, photo-
induced holes should simultaneously migrate from BiOI-VB
(2.47 V) to LaCoO5-VB (1.07 V). Consequently, photo-induced
electrons accumulate in the BiOI-CB position while the holes
are in the LaCoO;-VB position. The potential positions in this
pathway show that the accumulated electrons in the BiOI-CB
position, cannot reduce dissolved oxygen to superoxide species
(E° = —0.28 V).

Fig. 8C shows a schematic depiction of the direct Z-Scheme
mechanism. In this mechanism, BiOI-CB has a more negative
potential (0.36 V) than LaCo0O3-VB (1.07 V). Thus, photoinduced
electrons in BiOI-CB can be transferred to the LaCoO;-VB
position after being photoinduced. These electrons’ photoexci-
tation finally results in e-accumulation in the LaCoO3-CB posi-
tion, as more potent than those accumulated in the BiOI-CB
position (see the type II heterojunction mechanism). In other
trends, hole-accumulation happened in the BiOI-VB position,
as more potent than those accumulated in the LaCoOj3-VB (see
the type II heterojunction mechanism). This description states
that the photo-accumulated electrons in the LaCoO3-CB posi-
tion can only produce enough superoxide radicals (not by the
photoinduced electrons in the BiOI-CB position). In another
trend, the accumulated holes in the BiOI-VB position are strong
enough to oxidize CEF molecules concerning the accumulated
holes in the LaCoO;-VB. Thus, the direct Z-scheme mechanism
can describe the CEF photodegradation by the constructed
binary catalyst.

3.2.7. Reusability of the catalyst. In order to accomplish
repeatable runs, photodegradations were done in the optimal

4056 | Mater. Adv, 2025, 6, 4046-4061
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RSM run conditions (dose of BiOI/LaCoO;: 1 g L™, pH 4, Ccgy:
6 ppm) at varied irradiation times. During photodegradation,
the catalyst was separated, rinsed with water, dried at 80 °C for
10 min, and reused for the following photodegradation. Fig. 9A
illustrates the results. In Fig. 9B, typical Hinshelwood plots are
depicted based on the results. Linear plots displaying slopes
are the rate constants of photodegradation, which were 0.0348,
0.0298, 0.0222, and 0.0158 min~* for the first, second, third,
and fourth reusing tests. It was confirmed that the proposed
catalyst holds its activity under a relatively acidic pH of 4 over 4
reusing runs.

3.2.8. Comparison with other studies. As far as we know,
compared with the photocatalytic research on various antibio-
tics and pharmaceutics, there are a few published papers on
cefixime photodegradation. Some published papers in this regard
are cefixime photodegradation by N-TiO,/graphene oxide/titan
grid sheets for visible light assisted photocatalytic ozonation,"**
cold atmospheric plasma/visible-light/N-TiO,,'** atmospheric air
dielectric barrier discharge,'*® Fe;0,@GO nanocomposite,'*® and
adsorption by activated sludge in the sequencing batch reactor.'"”
It is worth mentioning that all of the techniques and catalysts
used have their unique advantages. TiO, has UV band gaps, and it
is hard to separate its particles, especially on a nano-scale, from
the suspension at the end of the photodegradation process.
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Fig. 9 Recycling runs of BiOl/LaCoOs for CEF photodegradation (dose:
1g L% pH 4, Ccer: 6 ppm).
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Fe-contained species activity depends on the pH, and if acidic pH
is applied, it may dissolve and decompose catalysts. In the Fenton
process, iron hydroxide precipitation decreases the activity and
requires a second separation step to remove the precipitate. Some
techniques need special techniques, as well as conditions and
equipment. Here, the catalyst preparation is easy with catalytic
activity under visible light.

Conclusions

This study reports the successful synthesis of a binary LaCoO3/
BiOI composite photocatalyst using a facile solvothermal approach.
LaCoO; nanoparticles were immobilized onto the surface of flower-
like BiOI species, resulting in a composite with better interface
contact. As confirmed by the relative change in band gap energies
of 2.32, 2.21, and 2.30 eV for BiOI, LaCoO;, and BiOI/LaCoO;
catalysts, the coupled catalyst experienced a small redshift relative
to BiOI alone, but decreased the e/h recombination via the
charge carrier transfer between two components. pHp,. values
of 5.8 and 10.5 were found for the BiOI and LaCoO; samples
and 10.5 for the coupling sample, confirming the relative
difference in native accumulated charges of the catalysts. The
relative differences in average crystallite sizes obtained by
the Scherrer and W-H formulas confirm the relative role of
the strain effect in peak broadening. The LaCoO3/BiOI compo-
site exhibited significantly increased photocatalytic activity to
degrade cefixime (CEF) under visible light illumination com-
pared to single BiOI and LaCoOj;. A significant part of the
improved activity can be attributed to the efficient charge
transfer across the heterojunction interface created by the
largely conductive LaCoO; co-catalyst as the acceptor of the
photo-excited electrons in the CB-BiOl. Under visible light
illumination, the reactive species scavenging runs indicated
that superoxide radicals acted as the primary reactive agent for
CEF degradation. Over time, the decreased COD impact of the
photodegraded CEF solutions confirmed that the CEF degrada-
tion intermediates have relatively mineralized into water,
carbon dioxide, etc.
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