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Abstract

Background: Reactive dyes are persistent water contaminants that can be difficult to remove by conventional treatment. Herein, we
report La,03/BaO composites for the ultraviolet (UV)-assisted degradation of a model dye—Reactive Blue 194 (RB 194)—and exam-
ine the influence of the La:Ba precursor ratio on their physicochemical properties. Methods: La,03/BaO composites were synthesized
by coprecipitation using La:Ba precursor ratios of 1:1, 1:2, and 2:1 (mol/mol) and characterized by X-ray diffraction, Fourier trans-
form infrared spectroscopy, field-emission scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy, X-ray
photoelectron spectroscopy, thermogravimetric analysis—differential thermal analysis, UV—visible spectroscopy, and photoluminescence
(PL) spectroscopy. Based on the results of this characterization, the composite prepared at a La:Ba precursor ratio of 1:2 (La;/B,) was
selected for RB 194 degradation. We assessed the effects of catalyst dosage, initial dye concentration, pH, and temperature on photocat-
alytic performance, as well as degradation kinetics, reactive-species scavenging, electrochemical behavior, transformation products, and
reusability. Results: The composites featured coexisting La- and Ba-containing crystalline phases and composition-dependent optical
and PL responses. La;/B, exhibited an apparent indirect band gap of ~4.25 eV and a point of zero charge of 8.92, achieving ~99%
apparent decolorization within 120 min under the selected conditions (20 mg L™' RB 194, 70 mg catalyst per 100 mL, pH 6, 20 °C, and
UV irradiation at 450 W). Given that the decolorization extent was calculated from absorbance loss at 600 nm and Total Organic Carbon
(TOC)/Chemical Oxygen Demand (COD) analyses were not performed, the value of 99% does not represent complete mineralization.
Among the evaluated kinetic models, the pseudo-first-order model provided the best fit (apparent rate constant = 0.04103 min™" at 20
mg L™"). The charge-transfer resistance decreased from 32.6 Q for pristine La,O3 to 23.2 Q for La;/B,, consistent with improved in-
terfacial electrochemical transport. Scavenging experiments indicated an important contribution from hole-associated surface reactions.
Conclusions: La;/B; outperformed pristine La;Os in terms of RB 194 decolorization efficiency and electrochemical charge transport,
thus holding promise for dye removal. However, direct band-position measurements, mineralization analysis, and long-term stability
assessment are required to elucidate the charge transfer mechanism and practical applicability of this composite.

Keywords: La;03/BaO; binary oxide composite; Reactive Blue 194; photocatalytic degradation; interfacial charge transport; UV irra-
diation

1. Introduction generating reactive species capable of transforming persis-
tent organic molecules under irradiation [9,10,11].

Population growth, urbanization and industrial expan-
sion have increased the release of dyes, pesticides, solvents
and other persistent organic contaminants into aquatic en-
vironments [1,2]. Textile dyes are of particular concern be-
cause their complex aromatic structures can impart intense
colour, reduce light penetration, interfere with aquatic pho-
tosynthesis, and resist conventional biodegradation. Reac-
tive dyes are widely used owing to their strong affinity for
textile fibers; however, the unfixed fraction may enter in-
dustrial effluents and persist in receiving water bodies un-
less adequately treated [3,4,5,6]. Conventional physical,
chemical and biological treatment methods can reduce pol-
lutant concentrations, but their effectiveness may be limited
by incomplete removal, secondary-waste production, sensi-
tivity to operating conditions, or treatment cost [7,8]. Ad-
vanced oxidation processes, including heterogeneous pho-
tocatalysis, offer a complementary treatment approach by

Semiconductor photocatalysts have therefore received
considerable attention for wastewater treatment because
their composition, surface chemistry, morphology and op-
tical properties can be adjusted through material design
[12,13,14,15]. Nevertheless, the performance of an indi-
vidual semiconductor may be limited by restricted light ab-
sorption, rapid recombination of photogenerated electron—
hole pairs, slow interfacial charge transport and insufficient
availability of reactive surface sites. Several modification
strategies, including elemental doping, cocatalyst deposi-
tion, surface-defect engineering and heterojunction forma-
tion, have been investigated to address these limitations
[14,16]. In particular, coupling two semiconductor phases
can modify the interfacial electronic environment and pro-
vide additional pathways for charge migration. However,
improved charge separation cannot be inferred solely from
the coexistence of two crystalline phases and should be
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supported by complementary optical, electrochemical and
mechanistic evidence.

Rare-earth oxides have attracted interest as compo-
nents of photocatalytic heterostructures because of their dis-
tinctive electronic configurations, surface basicity, defect
chemistry and interactions with oxygen-containing species.
Among them, La,0O3; is a wide-band-gap rare-earth ox-
ide used in catalysis, adsorption, dielectric materials, op-
tical devices and composite photocatalysts. Reported opti-
cal band-gap values vary with crystalline phase, morphol-
ogy, defect concentration, synthesis conditions and mea-
surement method. For example, band-gap values of 5.18 +
0.20 eV for La,0; films and approximately 5.8-5.9 eV for
La,0; microplates have been reported [17,18]. La** has
an [Xe]4f® electronic configuration, which distinguishes
La, O3 from lanthanide oxides containing occupied 4f states
[19]. La-containing surfaces can also interact with oxy-
genated and anionic species, although their adsorption and
catalytic behaviour depend strongly on surface hydroxy-
lation, carbonation, crystallinity and solution conditions
[20,21].

Several La,;Os3-containing heterostructures have been
investigated for photocatalytic and photoelectrochemical
applications. La;03/g-C3Ny4 and TiO,/La,O3 composites
have been evaluated for pharmaceutical or dye degrada-
tion [21,22], whereas a Lay,03/(Bi0),CO3/Ag;PO4 p—n—
p heterojunction has been used for visible-light-assisted
doxycycline removal [23]. More recently, La,O3/AgCl,
Nb,Os/La, 03 and CdS/La, O3 systems have been described
as S-scheme photocatalysts based on the experimental ev-
idence presented in their respective studies [24,25,26].
These reports demonstrate the potential of La,O3; as an
interfacial component, but most reported systems contain
carbon nitride, transition-metal oxides, silver-containing
phases, or metal sulfides. The compositions, proposed
charge-transfer mechanisms, applications and remaining
research gaps of representative La,Os-based heterojunc-
tions are summarized in Table 1 (Ref. [22,23,24,25,26,27]).

Barium oxide is a strongly basic, wide-band-gap
alkaline-earth oxide that has been investigated as a hetero-
geneous catalyst and as a component of electrochemical and
photocatalytic composites [28,29,30,31]. BaO-containing
materials may provide useful surface and interfacial proper-
ties, but these characteristics depend on the coupled phase,
precursor composition, morphology and chemical state of
the Ba-containing species. Therefore, favorable electro-
chemical behaviour reported for BaO-based composites
should not be attributed to high intrinsic BaO conductiv-
ity without direct supporting evidence. BaO is also hy-
groscopic and can undergo hydration and carbonation dur-
ing storage, atmospheric exposure, or contact with water.
These characteristics require cautious phase assignment and
consideration of chemical stability when BaO-containing
materials are proposed for aqueous photocatalytic applica-
tions [31].

BaO nanoparticles and nanostructures have been stud-
ied as base catalysts and for the degradation of model dyes
such as malachite green and Rhodamine B [30,31]. In
addition, the previously reported ternary system demon-
strated that Ba-containing oxide phases can be incorpo-
rated into multicomponent photocatalysts [32]. Neverthe-
less, limited information is available concerning direct cou-
pling of La, O3 with a Ba-containing oxide phase for photo-
catalytic wastewater treatment. In particular, the effects of
the La precursor ratio on phase formation, morphology, op-
tical response, surface chemistry, interfacial electrochem-
ical transport and photocatalytic behaviour have not been
systematically established for Reactive Blue 194 (RB 194)
degradation.

The novelty of the present study therefore lies in the
systematic investigation of a comparatively underexplored,
silver-free and sulfide-free La,03/BaO binary oxide sys-
tem rather than merely the preparation of another oxide
composite. Unlike previously reported La,O3 heterojunc-
tions containing g-C3Ny, TiO,, AgCl, AgzPO4, Nb,Os, or
CdS [21,22,23,24,25,26], the present system combines a
rare-earth oxide with an alkaline-earth oxide and evalu-
ates how changing the La precursor ratio affects the result-
ing physicochemical and interfacial properties. The binary
composition also avoids introducing a third semiconduc-
tor phase, thereby allowing the relationship between pre-
cursor composition and material behaviour to be examined
more directly. However, because BaO-containing materi-
als may undergo surface hydration and carbonation and be-
cause direct band-edge and in sifu charge-migration mea-
surements were not performed, the exact interfacial charge-
transfer pathway is treated as a proposed mechanism rather
than conclusively assigned as an S-scheme or another spe-
cific heterojunction type. The hypothesis of this study was
that coupling La, O3 with a Ba-containing oxide phase and
adjusting the La precursor ratio would modify phase de-
velopment, optical response, radiative recombination be-
haviour and interfacial electrochemical transport relative to
the corresponding individual oxide phases. These changes
were expected to influence the utilization of photogener-
ated charge carriers and the photocatalytic degradation of
RB 194 under ultraviolet (UV) irradiation. Importantly, the
potential contribution of the heterointerface was evaluated
through the combined interpretation of structural, optical,
photoluminescence, electrochemical, scavenging, kinetic
and reuse results rather than being inferred from degrada-
tion efficiency alone.

This study aims to prepare pristine La,O;, a Ba-
containing oxide sample and La,03;/BaO composites with
La precursor ratios of 1:1, 1:2 and 2:1 using a co-
precipitation method; (ii) determine how precursor compo-
sition influences their crystalline, morphological, surface-
chemical, thermal, optical, and photoluminescence prop-
erties. The RB 194 dye degradation under UV irradia-
tion as a function of catalyst dosage, initial dye concen-
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Table 1. Recent progress in La;Osz-based heterojunction photocatalysts.

La,O3-based Mechanism reported Target/ Major finding Research gap relevant to the Ref.
system application present study
La, O3/ Semiconductor Tetracycline Coupling Lay O3 with g-C3Ny Uses a metal-free [27]
g-C3Ny heterojunction hydrochloride improved light utilization and semiconductor;
degradation inhibited electron—hole alkaline-earth-oxide coupling
recombination was not investigated
TiO,/Lay 05 Binary oxide MB and crystal The composite displayed Relies on TiO; as the principal [22]
heterojunction violet composition- and photocatalytic phase and does
degradation irradiation-dependent not examine BaO-La, 03
under UV and photocatalytic performance interfacial behavior
visible light
La, O3/ p—n—p ternary Visible-light Multiple interfaces promoted Requires three semiconductor [23]
(Bi0),CO3/ nanoheterojunction degradation of  carrier transfer and doxycycline  phases, including Ag;POy; a
AgzPOy doxycycline removal; degradation pathways simpler rare-earth/
and intermediate toxicity were  alkaline-earth binary oxide was
evaluated not considered
La,03/AgCl S-scheme heterojunction Bisphenol-A Interfacial chemical bonding Contains a silver halide and [24]
containing interfacial degradation facilitated charge migration and was prepared through
La—C1 bonding S-scheme photocatalysis high-energy ball milling; it
differs compositionally from an
all-oxide La,03/BaO system
NbyOs/La,O3  S-scheme heterojunction  Photocatalytic The optimized composite Focused on solar-fuel [25]
verified using in situ H; production  produced 2175 pumol H g! h™!,  production rather than aqueous
XPS substantially exceeding the dye degradation and did not
individual oxides involve an alkaline-earth oxide
CdS/La, 04 S-scheme heterojunction ~ H; evolution The optimized material Incorporates CdS, with [26]

supported by interfacial
and
photoelectrochemical

analyses

under simulated

sunlight

generated 18.50 mmol H, g
h™!, attributed to improved
charge separation and preserved
redox ability

potential stability and toxicity
concerns; an entirely
oxide-based La,O3/BaO
interface was not examined

tration, solution pH, temperature, and irradiation time was
evaluated. X-ray diffraction (XRD), Fourier-transform in-
frared spectroscopy (FTIR), field-emission scanning elec-
tron microscopy coupled with energy-dispersive X-ray
spectroscopy (FE-SEM—EDX), X-ray photoelectron spec-
troscopy (XPS), thermogravimetric analysis—differential
thermal analysis (TGA-DTA), UV-visible spectroscopy
and photoluminescence analyses were used for material
characterization.

2. Materials and Methods
2.1 Chemical and Reagents

Lanthanum(III) nitrate hexahydrate [La(NO3)3-6H,O,
>99%], barium nitrate [Ba(NOj3),, =99%], potassium
hydroxide pellets (KOH, >85%), sodium chloride
(NaCl, 299%), ethylenediaminetetraacetic acid (EDTA),
dimethyl sulfoxide (DMSO, >99%), potassium dichromate
(K5Cr07, =299%) and ascorbic acid (AA, =99%) were
purchased from Sigma-Aldrich. Reactive Blue 194 (RB
194) was obtained from Sandal Dyestuff Industries, Faisal-
abad, Pakistan. All chemicals were of analytical grade
and were used as received without further purification.
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Deionized water was used to prepare all solutions and to
wash the synthesized precipitates.

2.2 Synthesis of La,03 and BaO and Composites

Pristine La, 03, BaO and La;03/BaO composites were
prepared by co-precipitation [33]. For the pristine sam-
ples, 0.1 M precursor solutions were prepared by dissolv-
ing 8.660 g of La(NO3);-6H,0 or 5.227 g of Ba(NO3); in
deionized water and adjusting the final volume to 200 mL.
Each solution was stirred for 1 h, followed by the dropwise
addition of 0.1 M KOH at approximately 5 mL min~! until
pH 12 was attained. The resulting suspensions were stirred
separately at 50 rpm and 60 °C for 4 h. For the compos-
ites, 0.1 M La(NOs3);-6H,0 and Ba(NOs3), stock solutions
were prepared using 4.330 and 2.613 g per 100 mL, respec-
tively. La;/B; was prepared by mixing 100 mL of each
stock solution, corresponding to 0.010 mol each of La**
and Ba®". La;/B, was prepared using 100 mL of the La
solution and 200 mL of the Ba solution, corresponding to
0.010 and 0.020 mol, respectively. La,/B; was prepared
using 200 mL of the La solution and 100 mL of the Ba so-
lution, corresponding to 0.020 and 0.010 mol, respectively.
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Fig. 1. Synthesis and photocatalytic degradation. Schematic illustration of the synthesis of La,O3/BaO composites and UV-assisted

degradation of Reactive Blue 194 using the selected La /B, composition. This figure was created using 3D Max software.

Each mixture was stirred for 1 h, after which 0.1 M KOH
was added dropwise at approximately 5 mL min~! until pH
12 was reached. The resulting suspensions were stirred at
50 rpm and 60 °C for 4 h. All precipitates were recov-
ered by filtration, washed repeatedly with deionized water,
dried at 60 °C and ground into fine powders. The pow-
ders were calcined at 500 °C for 3 h using heating and cool-
ing rates of 5 °C min!' and stored in sealed containers to
minimize atmospheric hydration and carbonation [33,34].
The labels La;/B;, La;/B, and La,/B; denote nominal La
cationic precursor molar ratios of 1:1, 1:2 and 2:1, respec-
tively; they do not represent the quantitative phase ratios in
the final products. The schematic illustration of the synthe-
sis of La;O3/Ba0 composites and UV-assisted degradation
of Reactive Blue 194 using the selected La, /B, composition
is depicted in Fig. 1.

2.3 Characterization

The crystalline structures and phase compositions of
the pristine oxides and La,;03/BaO heterojunctions were in-
vestigated using powder XRD (Bruker D8 Advance). The
diffraction patterns were recorded over a 26 range of 10—
80° using Cu Ko radiation (A = 1.5406 A) at an operating
voltage of 40 kV and a current of 40 mA and a scanning
rate of 2° min~!. The crystalline phases were identified
by comparison with standard reference diffraction patterns.

The surface functional groups and metal-oxygen bonding
environments were examined using FTIR (Thermo Nico-
let). The spectra were recorded over 4000—400 cm™' at a
spectral resolution of 4 cm~! using the KBr-pellet mode.
The morphology, particle distribution and surface features
of the synthesized materials were investigated using field-
emission scanning electron microscopy (FE-SEM; Hitachi
SU-1500). Elemental composition and spatial elemental
distribution were evaluated using an energy-dispersive X-
ray detector coupled to the FE-SEM instrument. Before
imaging, the powdered samples were mounted on conduc-
tive carbon tape and coated with gold. The thermal be-
haviour of the synthesized materials was investigated us-
ing simultaneous thermogravimetric and differential ther-
mal analysis (TGA-DTA; NETZSCH). Approximately 10
mg of each sample was heated from 50 to 800 °C at a rate
of 10 °C min~' under an argon atmosphere flowing at 40—
60 mL min~!. The optical absorption properties were mea-
sured using a UV—Vis spectrophotometer (Shimadzu UV-
2450) over the wavelength range of 200-800 nm. The
powdered samples were dispersed in ethanol before mea-
surement and ethanol was used as the reference. The opti-
cal band-gap energies were estimated from the absorption
data using both the photon-energy relationship and Tauc
analysis. The photoluminescence spectra of pristine BaO,
pristine La,O3; and the La,;03;/BaO heterojunctions were
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Table 2. RB 194 dye properties used for photocatalytic activity evaluation.

Molecular formula

C33H2,CIN 9O19S¢Nas

Chemical Abstracts Service
Molecular mass (g/mol)

kmax

LD50 (oral)

Chemical structure

NaO,S. NaO,S
Qe J Fiel
. S H
NaO,S SO;Na Z

93050-78-3
1205.37523
600 nm
2000 mg/kg

S0,CCH,CH,S0;Na

recorded using Shimadzu RF-6000 over the emission range
of 300-850 nm. The surface elemental composition and
chemical states were analysed using X-ray photoelectron
spectroscopy (Thermo Fisher Scientific K-Alpha). Survey
spectra and high-resolution spectra of the La 3d, Ba3d, O 1s
and C 1s regions were acquired. Electrochemical measure-
ments were performed using an SP-240 potentiostat. Cyclic
voltammetry was conducted over the potential range of 0.0—
0.8 V at a scan rate of 5 mV s~

2.4 Dye Solution Preparation and Properties

Reactive Blue 194 (RB 194), an anionic textile dye,
was obtained from Sandal Dyestuff Industries, Faisalabad,
Pakistan. Its principal properties and chemical structure are
presented in Table 2. A 1000 mg L' stock solution was pre-
pared by dissolving 1.0 g of RB 194 in deionized water and
adjusting the final volume to 1.0 L. Working solutions with
concentrations of 10-50 mg L™! were prepared by appropri-
ate dilution of the stock solution. The UV-visible absorp-
tion spectrum was recorded using a UH5300 spectropho-
tometer and the principal visible absorption maximum used
for quantitative analysis was identified at 600 nm.

Photocatalytic Activity

The photocatalytic performance of the selected La;/B;
composite was evaluated using the degradation of Reactive
Blue 194 (RB 194) under UV irradiation. In a typical exper-
iment, 25 mg of the photocatalyst was dispersed in 100 mL
ofa20 mg L' RB 194 solution. Before irradiation, the sus-
pension was stirred in the dark at 250 rpm for 30 min to ap-
proach adsorption—desorption equilibrium between the dye
and catalyst surface. The reaction vessel was positioned
10 cm below a 450 W UV lamp and the suspension was
irradiated for 120 min under continuous stirring. At 10
min intervals, 5 mL aliquots were withdrawn and filtered
through 0.22 pm syringe filters to remove suspended cata-
lyst particles. The absorbance of each filtrate was measured
at the analytical wavelength of 600 nm using a UV—visible
spectrophotometer. After measurement, the filtrate was re-
turned to the reaction vessel to minimize changes in the re-
action volume. The apparent RB 194 removal, expressed
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as decolourization efficiency, was calculated from the de-
crease in absorbance at 600 nm using Eqn. 1, where Cy and
C; represent the corresponding initial and time-dependent
absorbance values. This spectrophotometric measurement
reflects loss or alteration of the RB 194 chromophore and
does not independently demonstrate complete degradation
or mineralization.

Apparent decolourization efficiency (%) =

Co— C (D
—— x 100
o

3. Results and Discussions
3.1 X-ray Diffraction

The XRD patterns of the pristine La-containing and
Ba-containing samples and the La,;03/BaO composites pre-
pared using different La precursor ratios are presented in
Fig. 2a. The Ba-containing sample exhibited prominent
reflections at 20 values of approximately 19.20°, 23.67°,
28.55°, 34.35°, 39.40°, 44.56°, and 46.52°. These reflec-
tions were indexed approximately to the (200), (201), (102),
(212), (111), (112), and (103) planes, respectively, based
on comparison with PDF/JCPDS No. 26-0178 [29]. Mi-
nor reflections observed at approximately 24.2°, 25.70°,
41.82°, and 42.80° could not be assigned unambiguously
to this reference pattern and may originate from secondary
Ba-containing phases formed through hydration or car-
bonation. Therefore, these peaks were not indexed as
pure BaO without further phase analysis [29]. The La-
containing sample displayed reflections at approximately
13.06°, 22.74°, 29.54°, 30.64°, 41.27°, 44.34°, and 46.52°
and comparison with JCPDS card No: 05-0602 [35]. How-
ever, several of these reflections are consistent with pre-
viously reported La-containing oxide patterns [36]. The
presence of low-angle reflections and closely spaced peaks
indicates that contributions from hydroxide- or carbonate-
containing surface phases cannot be excluded.

The composite samples contained reflections associ-
ated with both La- and Ba-containing phases, confirming
their coexistence in the prepared materials. Changes in peak
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Fig. 2. Structural, vibrational, and optical characterization. (a) X-ray diffraction (XRD) patterns showing the crystalline phases

of pristine oxides and La;03/BaO nanocomposites. (b) FTIR spectra identifying the characteristic functional groups and metal-oxygen

bonding in pristine oxides and La,O3/BaO nanocomposites, (¢) Photoluminescence (PL) spectra illustrating charge-carrier recombination

behavior in pristine oxides and La,03/BaO nanocomposites, (d) UV—visible absorption spectra and maximum absorption wavelengths

(Amax) recorded using a UV—visible spectrophotometer, (¢) Tauc plots used to estimate the optical band gap energies of pristine oxides

and La,03/Ba0 nanocomposites, (f) variation in optical band-gap energy for the pristine oxides and La,O3/BaO nanocomposites with

varying La and Ba composition.

positions, relative intensities and broadening were observed
among La;/B;, La;/B, and La,/B, indicating that the La
precursor ratio influenced the relative phase contribution,
crystallinity and crystal-growth behaviour. However, the
coexistence of diffraction peaks alone does not conclusively
demonstrate electronic heterojunction formation or interfa-
cial charge transfer. These interpretations therefore require

support from the complementary spectroscopic, optical and
electrochemical results.

The apparent crystallite size of each sample was esti-
mated from its most intense, sufficiently isolated diffrac-
tion peak. After background subtraction, the selected
peaks were fitted using a pseudo-Voigt function to deter-
mine the peak position and full width at half maximum
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(FWHM). The FWHM values of the peaks for La,0s,

BaO, La;/B;, La;/B, and La,/B; were 0.44269, 0.31217,

0.70346, 0.27127, and 0.42269, respectively. Instrumen-
2

tal broadening was corrected according to 8. = (82,, —

fnst)% and the corrected FWHM was converted from de-
grees to radians before applying the Scherrer equation (Eqn.

2).

kx A\

- Bcos(6) @

Where (D) is the apparent crystallite size, (k) is the Scher-
rer shape factor (0.90), (1) is the wavelength of the Cu Ka
radiation (1.5406 A), () is the instrument-corrected full
width at half maximum expressed in radians and (0) is the
Bragg diffraction angle. The calculated crystallite sizes of
BaO, L21203, Lal/Bl 5 Lal/Bz and Laz/Bl Were 2545, 2790,
12.54, 31.94 and 20.07 nm, respectively. The compos-
ite diffraction patterns contained reflections associated with
both La- and Ba-containing crystalline phases, while no ad-
ditional crystalline phases were detected within the detec-
tion capability of the XRD measurements.

The variation in crystallite size among the pristine ox-
ides and composite samples indicates that the La precursor
ratio influenced nucleation and crystal growth during pre-
cipitation and calcination. La;/B; exhibited the smallest
apparent crystallite size, whereas La;/B, showed a larger
value than the other composite compositions. These dif-
ferences may influence the density of crystallite boundaries
and the distances over which photogenerated charge car-
riers migrate to surface reaction sites. Together with the
observed changes in peak intensities and broadening, the
crystallite-size results demonstrate that precursor composi-
tion affected the structural development of the La,03/BaO
composites. The possible contribution of these structural
changes to photocatalytic performance was interpreted in
conjunction with the optical, photoluminescence, morpho-
logical and electrochemical results.

3.2 Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was employed to identify the sur-
face functional groups and characteristic bonding environ-
ments of pristine La;03, BaO and the La,03/BaO binary
heterostructures prepared at La:Ba ratios of 1:1, 1:2 and
2:1, as shown in Fig. 2b. The absence of a broad absorp-
tion band within 3500-3000 cm™' suggests that adsorbed
moisture and surface hydroxyl groups were present only
in negligible amounts after drying and calcination. The
weak bands observed at approximately 2972.6 and 2974.4
cm! can be assigned to C—H stretching vibrations, possi-
bly arising from trace surface-bound organic species or ad-
ventitious carbon contamination [37]. In the corresponding
sample, the weak band at 1751.76 cm™' is attributed to the
stretching vibration of carbonyl (C=0) groups [36]. The
feature observed at 2449.97 cm™' may arise from the asym-
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metric stretching of adsorbed CO, [28]. Bands appearing
within 1407.79-1454.27 cm™ are associated with the asym-
metric and symmetric stretching modes of surface carbon-
ate species, respectively [38]. In addition, the absorption
band near 855.4 cm™ is assigned to the out-of-plane bend-
ing vibration of carbonate groups. These carbonate-related
features are likely caused by the adsorption of atmospheric
CO; on the surfaces of the basic metal oxides [28].

The bands appearing within 1359.56-1413.79 cm™
are attributed to surface carbonate-related C—O vibrations.
Additional features at 1032.78, 1053.56 and 1059.22 cm™
are assigned to C—O stretching modes. In the FTIR spec-
tra of the La,03/BaO heterostructures, the band near 693.3
em! is associated with Ba—O stretching [31]. Whereas the
feature at approximately 727.6 cm™! is attributed to La-O
vibrations [37]. The Ba—O-related band becomes less in-
tense in LayO3 and the La-rich La,/B; sample because of
the lower relative BaO contribution and partial coverage of
BaO domains by La, O3 [31]. Variations in the relative pro-
portion of the two oxides, together with interfacial interac-
tions, can also produce small shifts in band position and
intensity. The simultaneous presence of La—O- and Ba—
O-related vibrations, without the appearance of prominent
new absorption bands, supports the coexistence of the con-
stituent oxides and the successful formation of La,O3/BaO
binary heterostructures. However, FTIR evidence alone
cannot establish the precise nature of the interfacial chemi-
cal bonding.

3.3 Photoluminescence Spectroscopy (PL)

Photoluminescence spectroscopy was used to com-
pare the radiative recombination and trapping behaviour
of photogenerated charge carriers in pristine BaO, pristine
La,0; and the La,03/BaO composites, as shown in Fig. 2c.
Under identical measurement conditions, a lower steady-
state PL intensity is generally associated with reduced ra-
diative electron—hole recombination and/or increased car-
rier trapping. Nevertheless, PL intensity can also be in-
fluenced by light absorption, excitation conditions, particle
scattering and nonradiative relaxation; therefore, the spec-
tra were interpreted comparatively [27,39].

The PL spectra were recorded over the range of 300—
850 nm and displayed emission features in the near-UV, vis-
ible and near-infrared regions. The principal near-UV emis-
sion maxima of BaO, La,0s, La;/B, La;/B, and La,/B,
occurred at approximately 381.56, 377.21, 374.97, 371.17
and 377.76 nm, with corresponding intensities of 2577.25,
1374.36, 1634.13, 1618.85 and 1374.36 a.u., respectively.
The observed shifts in emission position and intensity in-
dicate that variation in the La precursor ratio modified the
local electronic and radiative-transition environments of the
materials.

Pristine La,0; exhibited visible-emission bands at
approximately 415.97 and 438.32 nm, with intensities of
2311.54 and 2269.10 a.u., respectively. These emissions
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occur at photon energies below the measured optical band
gap and are therefore attributed to sub-band-gap transitions.
Similar visible emissions from La,O3; have been associ-
ated with deep trap states, structural disorder and oxygen-
vacancy-related centres [19,40,41]. Contributions from
surface hydroxyl groups, carbonate species and other lat-
tice defects may also influence these broad emission bands.

BaO and the Lay,03/BaO composites showed
composition-dependent visible emissions. The principal
visible maxima were observed at approximately 466.13
nm for BaO, 455.74 nm for La;/B;, 413.96 nm for La,/B,
and 469.93 nm for La,/B;, with respective intensities of
4669.93, 4016.13, 1403.22 and 622.24 au. Compared
with pristine BaO and La,/B;, the lower visible-emission
intensities of La;/B, and La,/B; are consistent with
reduced radiative recombination and/or increased trapping
of photogenerated carriers. La,/B; exhibited the lowest
visible PL intensity, demonstrating that the effect was
dependent on composite composition rather than following
a uniform trend with increasing La or Ba content.

Weak near-infrared features were also detected at
approximately 824-825 nm, with intensities of 989.81,
564.52, 631.52, 637.52 and 608.66 a.u. for BaO, La,0s,
La,;/By, La;/B; and La,/B, respectively. These weak emis-
sions are provisionally associated with deep defect states
and surface-related trapping processes. The formation of
the La,03/BaO composites modified the PL response rel-
ative to the pristine materials. Although La,/B; showed
the lowest visible-emission intensity, selection of La;/B;
for detailed photocatalytic testing was based on its com-
bined structural, optical, morphological and electrochem-
ical characteristics rather than PL intensity alone. The
reduced PL intensity of La,/B,, together with its lower
charge-transfer resistance measured by EIS, is consistent
with modified carrier dynamics and improved interfacial
electrochemical transport after composite formation.

3.4 UV-Vis Spectroscopy

UV-visible absorption spectroscopy was used to in-
vestigate the optical responses of pristine BaO, pristine
La,03, and the Lay,03/BaO composites prepared using
La:Ba precursor ratios of 1:1, 1:2, and 2:1 as presented in
Fig. 2d-f. Fig. 2d presents the UV—visible absorption spec-
tra of pristine oxides and the La,O3/BaO composites. The
absorption spectra and corresponding Tauc plots are pre-
sented in Fig. 2e. The samples exhibited their principal
absorption responses within approximately 250-450 nm,
although the positions and shapes of the absorption edges
varied with precursor composition. The apparent optical
band-gap energies were estimated using the Tauc relation-
ship shown in Eqn. 3 [42].

(ahv)? = A(hv — Eg) 3)

where a is the absorption coefficient, hv is the incident pho-
ton energy, A is a proportionality constant, and Eg is the
apparent optical band-gap energy. An indirect allowed-
transition model was applied. For each sample, the most
linear portion of the principal absorption edge in the (athv)'’?
versus hv plot was fitted and extrapolated to the energy axis.
The low-energy absorption-tail and high-energy saturation
regions were excluded from the linear fitting.

The apparent Tauc-derived band-gap energies were
approximately 4.04, 4.14, 4.23,4.25, and 4.24 eV for BaO,
La,0s;, La;/By, La;/B,, and La,/By, respectively. Thus, the
composite samples exhibited slightly higher apparent band-
gap energies than the pristine materials, with La;/B; show-
ing the highest value of approximately 4.25 eV. The rela-
tively small differences among the composites indicate that
variation in the La:Ba precursor ratio modified their optical
absorption behaviour, although increasing the La precur-
sor fraction did not produce a substantial additional change.
La;/B and La,/B; exhibited more than one optical absorp-
tion feature, which may arise from overlapping contribu-
tions from the La- and Ba-containing phases. These ob-
servations suggest that distinguishable optical responses of
the constituent phases were retained following composite
formation. However, because the composites contain mul-
tiple phases with potentially overlapping absorption contri-
butions, these values are reported as apparent optical band-
gap estimates rather than definitive intrinsic band-gap en-
ergies. The estimated values also depend on the assumed
indirect-transition model and the selection of the linear ex-
trapolation region. Under the applied UV irradiation, the
incident photons possessed sufficient energy to excite the
pristine and composite materials. Their photocatalytic be-
haviour was therefore interpreted by considering the optical
results together with photoluminescence, interfacial charge
transport, surface interactions, and the availability of pho-
togenerated charge carriers for surface redox reactions. Fig.
2frepresents the variation in optical band-gap energy for the
pristine oxides and La,03/BaO nanocomposites with vary-
ing La and Ba composition. The observed changes in Eg
with varying La and Ba compositions can be attributed to
interactions between the two oxide phases and the forma-
tion of an interfacial heterostructure. Such variation may
arise due to defect states, interfacial charge transfer inter-
actions, and the electronic environment introduced by both
oxides. The overall trend indicates that optical properties of
the synthesized heterostructures can be tuned by both oxide
phases.

3.5 Thermal Properties

The thermogravimetric and differential thermal pro-
files of pristine BaO, pristine La,O3; and the La,03/BaO
composites are presented in Fig. 3a—e. The observed ther-
mal events are attributed mainly to atmospheric hydration
and carbonation, removal of adsorbed water, dehydroxyla-
tion and decomposition of residual nitrate- and carbonate-
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Fig. 3. Thermal analysis of the synthesized samples. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA)

curves showing the thermal stability and decomposition behavior of (a) BaO, (b) La,0s, (c) La;/By, (d) La;/B,, and (e) La,/B; samples.

containing species. The sample exhibited a substantial mass
increase upon heating to approximately 300—400 °C, con-
sistent with the strong tendency of BaO to undergo hy-
dration and carbonation during atmospheric exposure and
form Ba(OH), and BaCOj;-related surface species. Two
subsequent local mass-loss steps of approximately 1.21%
and 2.24% were observed and are attributed to the release
or decomposition of adsorbed, hydroxide-containing and
carbonate-containing species. Because the final mass re-
mained higher than the initial value, the thermal profile rep-
resents an initial mass gain followed by partial mass loss.
The comparatively featureless DTA curve indicates the ab-
sence of a single dominant, sharply resolved thermal event.

The thermal profile of La, O3 is presented in Fig. 3b.
An initial mass loss of approximately 1.14% below 285
°C is attributed primarily to the removal of physically ad-
sorbed water and weakly bound surface hydroxyl groups.
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A major mass loss of approximately 6.66% occurred be-
tween approximately 285 and 450 °C and was accompanied
by a thermal feature near 405 °C. This event is associated
with the decomposition of residual La(OH); and carbonate-
containing species. Further losses of approximately 2.56%
and 2.30% at higher temperatures are attributed to con-
tinued dehydroxylation and decomposition of residual lan-
thanum oxycarbonate species. The cumulative labelled
mass loss was approximately 12.66%. The La;/B; compos-
ite exhibited an initial mass loss of approximately 10.07%
below 200 °C, corresponding mainly to the removal of ad-
sorbed water and weakly bound volatile species (Fig. 3c).
A second loss of approximately 7.39% between 200 and
350 °C was accompanied by a pronounced thermal feature
near 335 °C and is attributed to the decomposition of resid-
ual hydroxide-, nitrate- and carbonate-containing species.
A further loss of approximately 5.73% occurred between
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approximately 500 and 730 °C, indicating continued re-
moval of more strongly bound residual species and ther-
mal stabilization of the composite. The cumulative labelled
mass loss was approximately 23.19%.

The TGA-DTA profile of La;/B; is shown in Fig.
3d. Successive mass-loss steps of approximately 4.57%,
5.92%, 1.44%, 5.19%, 2.46% and 4.99% were observed.
The initial losses below approximately 250 °C are attributed
mainly to the removal of adsorbed moisture, surface hy-
droxyl groups and weakly bound volatile species. The rel-
atively sharp 1.44% mass change near 265.60 °C, accom-
panied by a pronounced thermal signal, is associated with
decomposition of residual precursor-derived species. Sub-
sequent losses and thermal features near approximately 332
and 465 °C indicate continued decomposition of hydroxide-
, nitrate- and carbonate-containing residues and progres-
sive thermal stabilization. The cumulative labelled mass
loss was approximately 24.57%. Fig. 3e presents the
thermal behaviour of La,/B;. An initial mass loss of ap-
proximately 10.53% below 100 °C is assigned primarily
to the release of physically adsorbed water and weakly
bound volatile species. A second loss of approximately
6.61% occurred between approximately 100 and 350 °C
and was accompanied by a strong thermal feature near
326.18 °C. This event is associated with the decomposition
of residual hydroxide-, nitrate- and carbonate-containing
species. A smaller mass loss of approximately 2.49% was
observed between approximately 350 and 500 °C, after
which only minor changes were detected. The cumulative
labelled mass loss was approximately 19.63%. The princi-
pal precursor-decomposition events occurred mainly below
approximately 500 °C, although smaller mass changes con-
tinued at higher temperatures for some compositions. Ac-
cordingly, a calcination temperature of 500 °C for 3 h, with
heating and cooling rates of 5 °C min~', was used to pro-
mote precursor decomposition and oxide formation while
limiting excessive thermal growth of the particles. The cu-
mulative labelled mass losses were approximately 12.66%,
23.19%, 24.57% and 19.63% for La,0O5, La;/B;, La;/B,
and La,/Bj, respectively. For BaO, the two local mass-
loss steps totalled approximately 3.45%, although its over-
all thermal response was dominated by the initial mass-gain
process.

3.6 Surface Morphology and Element Composition

FE-SEM was used to examine the surface morphology
of pristine BaO, pristine La,O3 and the La,03/BaO com-
posites prepared using different La:Ba precursor ratios. The
corresponding micrographs are presented in Fig. 4. Pris-
tine BaO exhibited a heterogeneous, highly agglomerated
morphology dominated by elongated rod- and needle-like
structures, as shown in Fig. 4a. In contrast, pristine La,;O3
consisted predominantly of irregular granular and approx-
imately quasi-spherical particles assembled into compact
aggregates, as shown in Fig. 4b.
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The morphologies of the composite samples differed
with precursor composition. La;/B; displayed irregular
clusters composed of fine granular particles together with
larger agglomerates as shown in Fig. 4c. La;/B, exhib-
ited a more compact, finely aggregated and comparatively
uniform granular morphology at the displayed magnifica-
tion as shown in Fig. 4d. La,/B; showed a more hetero-
geneous surface containing large irregular aggregates and
some elongated or block-like structures as shown in Fig. 4e.
These observations indicate that changing the La:Ba pre-
cursor ratio influenced particle growth and agglomeration
during precipitation and calcination. However, because the
images were recorded at different magnifications and scale
bars, quantitative comparison of particle size and surface
roughness among the samples cannot be made directly from
these micrographs. Moreover, FE-SEM images alone can-
not confirm an increase in specific surface area or porosity;
BET surface-area and pore-size measurements would be re-
quired to support such conclusions. The FE-SEM images
were interpreted qualitatively because extensive agglomer-
ation, particle overlap, and indistinct boundaries prevented
reliable segmentation and measurement of individual par-
ticles. In addition, the images were recorded at different
magnifications for morphological comparison. Therefore,
a defensible particle-size distribution, number of analyzed
particles, mean size, and standard deviation could not be ob-
tained from the available micrographs. Higher-resolution
imaging of well-dispersed particles, preferably using TEM,
would be required for reliable quantitative size analysis.

The EDX spectra of BaO, La,03, La;/B;, La;/B; and
La,/B are presented in Fig. 5a—e. The spectra of the com-
posite samples show signals attributable to La, Ba and O,
confirming the presence of the constituent elements within
the regions selected for analysis. The relative intensities
and semiquantitative weight percentages of La and Ba var-
ied among the composite samples, which is consistent with
the different precursor ratios used during synthesis. The
carbon signal is primarily attributed to the conductive car-
bon tape and/or adventitious surface carbon. EDX confirms
elemental presence but does not determine oxidation states,
chemical bonding or phase identity. It therefore cannot in-
dependently establish that La and Ba are present exclusively
as La; O3 and BaO, respectively, or conclusively prove for-
mation of an interfacial heterojunction.

The chemical states of La, Ba and O are evaluated
more appropriately using XPS, while direct visualization
of the interface would require high-resolution TEM, SAED
and STEM—-EDS or EELS line-profile analysis.

3.7 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy was used to qual-
itatively examine the surface elemental composition and
chemical environments of the pristine Ba-containing sam-
ple, pristine La, O3, and the selected La; /B, composite. The
survey spectra in Fig. 6a show Ba-, La-, O-, and C-related
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Fig. 4. Morphological characterization by FE-SEM. Energy-dispersive X-ray (EDX) spectra confirming the elemental composition of
(a) pristine BaO, (b) pristine La,03, and the La,03/BaO heterostructures with La:Ba precursor ratios of (¢) 1:1 (Lai/By), (d) 1:2 (Lai/B,),
and (e) 2:1 (Laz/By). 10 um in (a), 10 pm in (b), 2 pum in (c), 500 nm in (d), and 200 nm in (e).

signals, while the simultaneous detection of La and Ba in
La;/B; confirms the presence of both elements within the
surface region examined by XPS. The carbon signal is at-
tributed mainly to adventitious surface carbon and possible
carbonate-containing species.

The Ba 3d spectrum of the pristine Ba-containing sam-
ple exhibited envelope maxima at approximately 778.54
and 793.85 eV, corresponding to the Ba 3ds/, and Ba 3ds/,
regions, respectively (Fig. 6b). In La;/B;, the correspond-
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ing maxima occurred at approximately 779.74 and 795.08
eV (Fig. 6d), representing positive shifts of approximately
1.20 and 1.23 eV, respectively. These positions are gener-
ally consistent with Ba?"-containing surface species. How-
ever, because BaO is hygroscopic and readily reacts with
atmospheric moisture and CO,, contributions from BaO-,
Ba(OH);-, and BaCOs-related surface environments cannot
be distinguished using the present spectra.
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Fig. 5. Elemental composition analysis by EDX. Energy-dispersive X-ray (EDX) spectra of (a) pristine BaO, (b) pristine La,O3, and
the La,O3/BaO heterostructures with La:Ba precursor ratios of (c) 1:1 (La;/B1), (d) 1:2 (Lai/B3), and (e) 2:1 (La,/B;).

The La 3d spectrum of pristine La, O3 displayed broad
envelope maxima at approximately 837.21 and 853.50 eV,
associated with the La 3ds/, and La 3d;/, regions, respec-
tively (Fig. 6c). In La;/B,, these maxima shifted to ap-
proximately 837.96 and 854.78 eV (Fig. 6e), correspond-
ing to positive shifts of approximately 0.75 and 0.98 eV.
The overall positions are consistent with predominantly
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La**-containing surface species. Nevertheless, La 3d spec-
tra commonly contain overlapping multiplet and ligand-to-
metal charge-transfer satellite features; therefore, the broad
envelopes cannot be assigned to individual La-containing
surface species without appropriately constrained peak fit-
ting.
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Fig. 6. Surface elemental composition and chemical states by
XPS. X-ray photoelectron spectroscopy (XPS) analysis of pris-
tine BaO, La,03, and the La,03/BaO nanocomposites showing
(a) survey spectra; high-resolution spectra of (b) Ba 3d in BaO,
(c) La3d in LayOs3, (d) Ba 3d and (e) La 3d in La,03/BaO; and (f)
O 1s and (g-i) C 1s spectra.

The O 1s envelope maxima occurred at approximately
531.08 eV for the Ba-containing sample, 531.5 eV for pris-
tine La, 03, and 532.9 eV for La;/B, (Fig. 6f). These broad
envelopes may contain overlapping contributions from lat-
tice oxygen, surface hydroxyl groups, adsorbed water, and
carbonate-containing species. Consequently, the shift ob-
served for La;/B; is interpreted only as evidence of a modi-
fied overall surface oxygen environment relative to the pris-
tine samples; it does not permit quantitative separation of
the individual oxygen species.
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The principal C 1s signal at approximately 284.6—
284.7 eV was assigned to adventitious C—C/C—H species
and used as the binding-energy reference. Signals at higher
binding energies may arise from oxygenated carbon and
carbonate-containing surface species resulting from expo-
sure of the La- and Ba-containing oxides to atmospheric
moisture and CO,. Accordingly, the feature at approxi-
mately 287.40 eV in La;/B; is assigned generally to oxy-
genated carbon species and not specifically to C—N bonding
(Fig. 6g—i).

Quantitative peak deconvolution was not performed
because the available spectra were acquired and used pri-
marily for qualitative elemental identification and com-
parison of the overall envelope positions. Their resolu-
tion and signal quality were insufficient to support reli-
able separation of the strongly overlapping multiplet, satel-
lite, hydroxide, oxide, and carbonate contributions using
defensible fitting constraints. Consequently, fitted compo-
nents, FWHM values, component peak areas, and species-
specific atomic percentages are not reported. The observed
binding-energy shifts should therefore be interpreted quali-
tatively and do not, by themselves, establish specific chem-
ical bonds, quantify individual surface species, or conclu-
sively demonstrate interfacial charge transfer. The XPS re-
sults provide only supporting evidence that composite for-
mation altered the surface chemical environments of the
La-, Ba-, and O-containing species and were interpreted to-
gether with the structural, optical, photoluminescence, and
electrochemical findings.

3.8 Photocatalysis Activity

The maximum absorption wavelength (An.x) of RB
194 was determined, as shown in Fig. 7. For the pho-
tocatalytic experiments, 100 mL of a 20 mg L' RB 194
solution was used. Photolysis in the absence of the cat-
alyst resulted in only minor dye removal compared with
the approximately 99% removal achieved in the presence
of the catalyst under UV-light irradiation. Therefore, sub-
sequent photocatalytic experiments were performed using
the catalyst under UV-light irradiation. Under the selected
experimental conditions, the absorbance of RB 194 at 600
nm decreased by approximately 99% after 120 min of UV
irradiation. This value is therefore reported as apparent
decolourization efficiency rather than mineralization effi-
ciency. Loss of visible absorbance may result from cleav-
age or modification of the dye chromophore, while colour-
less or weakly absorbing organic intermediates may remain
in solution. Because Total Organic Carbon (TOC), Chemi-
cal Oxygen Demand (COD) and inorganic-product analyses
were not performed, the extent of organic-carbon removal
and complete mineralization could not be determined.

3.8.1 Effect of Catalytic Dose

Among the prepared La,03/BaO composites, La;/B,
was selected for detailed photocatalytic evaluation based
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Fig. 7. Maximum wavelength of RB 194 dye determined by
UV-vis spectrophotometer.

on its combined structural, morphological, optical, photo-
luminescence and electrochemical characteristics. The ef-
fect of catalyst dosage on RB 194 removal is presented in
Fig. 8, with the corresponding data (C/Cy) presented in
Supplementary Table 1. The La;/B, dosage was varied
from 7 to 200 mg per 100 mL of a 20 mg L' RB 194 so-
lution. Increasing the catalyst loading produced a marked
improvement in the initial removal rate. After 10 min of
irradiation, 7 mg of the catalyst achieved 34.18% removal,
whereas 70 mg achieved 84.85%. This rapid initial removal
is attributed to the greater availability of surface-active sites
and increased interaction between the incident radiation and
the photocatalyst. The comparison of photocatalysis, ad-
sorption and photolysis (catalyst dose 70 mg) is shown in
Supplementary Fig. 1. The photocatalytic removal was
99% at optimum conditions, including 2.5 and 0.8% contri-
butions from adsorption of dye on the catalyst surface and
photolysis.

After 120 min, removal efficiencies of 99.05%,
99.76% and 99.73% were obtained using catalyst dosages
of 70, 100 and 200 mg per 100 mL, respectively. Although
100 and 200 mg produced marginally higher numerical ef-
ficiencies, the improvement relative to 70 mg was small.
Therefore, 70 mg per 100 mL was selected as the practical
operating dosage because it achieved approximately 99%
removal while using a lower quantity of photocatalyst. The
limited improvement above 70 mg per 100 mL may result
from the competing effects of increased active-site avail-
ability and reduced light penetration at higher solid load-
ings. Excessive catalyst concentrations can increase parti-
cle agglomeration, light scattering and shielding within the
suspension, thereby restricting the effective utilization of
incident photons. Thus, 70 mg per 100 mL provided an ap-
propriate balance between photocatalytic performance and
catalyst consumption under the investigated conditions.
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3.8.2 Effect of Dye Concentration

The effect of initial RB 194 concentration on the pho-
tocatalytic performance of La;/B, was evaluated over the
range of 20-80 ppm using a catalyst dosage of 70 mg per
100 mL and a fixed irradiation time. The results presented
in Fig. 9 show that the removal efficiency progressively
decreased as the initial dye concentration increased (C/Cyp)
data are given inSupplementary Table 2. with the highest
removal obtained at 20 mg L™!. At lower concentrations,
a greater proportion of the dye molecules can adsorb near
accessible surface-active sites and interact with photogen-
erated charge carriers. As the initial dye concentration in-
creases, the finite number of catalyst surface sites becomes
increasingly occupied by dye molecules and transformation
products, resulting in greater competition for reactive sites.
In addition, the stronger colour and optical absorption of
concentrated RB 194 solutions restrict UV-light penetration
and reduce the number of photons reaching the photocat-
alyst surface. Consequently, fewer reactive charge carri-
ers are generated relative to the number of dye molecules
present, leading to a lower apparent removal efficiency at
higher initial concentrations [43]. Based on these results,
an initial RB 194 concentration of 20 mg L~ was used for
the subsequent photocatalytic experiments.

3.8.3 Effect of Temperature

The effect of temperature on RB 194 removal was in-
vestigated over the range of 20-70 °C. As shown in Fig.
10, the removal efficiency decreased progressively with in-
creasing temperature and the highest removal was obtained
at 20 °C (Fig. 10, Supplementary Table 4). Therefore,
20 °C was selected as the preferred operating tempera-
ture within the investigated range. Temperature can influ-
ence heterogeneous photocatalysis indirectly by modifying
dye adsorption, molecular diffusion, desorption, dissolved-
oxygen concentration and surface-reaction kinetics. The
higher removal observed at 20 °C is consistent with com-
paratively favourable adsorption of RB 194 near the cata-
lyst’s surface-active sites. As the temperature increased, en-
hanced molecular motion and desorption may have reduced
the local concentration of dye molecules near photogener-
ated holes and other surface-reactive species. Elevated tem-
peratures may also decrease the concentration of dissolved
oxygen and alter charge-carrier relaxation and surface-
reaction pathways. The observed temperature dependence
is therefore attributed primarily to changes in adsorption—
desorption equilibrium and interfacial reaction conditions
rather than to a direct temperature-induced change in the
photocatalyst band gap.

3.8.4 Effect of pH

Fig. 11 illustrates the influence of the initial solution
pH on the photocatalytic removal of RB 194 dye. The ini-
tial pH was varied from 3 to 11 while maintaining all other
experimental conditions constant: catalyst dosage of 70
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Fig. 8. Effect of catalyst dosage (7-200 mg/100 mL) on the removal efficiency of RB 194 under UV irradiation using the La;/B,
photocatalyst.
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Fig. 9. Effect of initial dye concentration on photocatalytic degradation. Effect of initial RB 194 concentration (20—80 ppm) on
removal efficiency over 120 min of UV irradiation using the La;/B, photocatalyst.

mg/100 mL, initial dye concentration of 20 ppm and irradi- mined using the salt-addition method (Eqn. 4) [44]. The
ation time of 120 min (Supplementary Table 5). The solu- initial pH (pH;), equilibrium pH (pH¢) and calculated ApH
tion pH was adjusted using 0.1 M HCl or 0.1 M NaOH. Be- values are presented in Supplementary Table 6.

cause RB 194 is an anionic dye, its adsorption and photocat-

alytic removal are strongly influenced by the pH-dependent

surface charge of the photocatalyst. The point of zero

charge (pHpzc) of the La;/B, heterojunction was deter- ApH = pHy — pH; 4
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Fig. 10. Effect of temperature concentration on photocatalytic degradation. Effect of reaction temperature (20-70 °C) on RB 194

removal efficiency during 120 min of UV irradiation using the La;/B; photocatalyst.

The pHy,. was obtained from the zero crossing of the
ApH versus pH; plot presented in Fig. 12. Linear interpo-
lation between the nearest experimental points, pHi = 8.91
(ApH =+0.07) and pH; = 8.96 (ApH = —0.17), gave a pHp,¢
value of 8.92 as represented in Fig. 12. The highest RB
194 removal was obtained at pH 6. At this pH, the posi-
tively charged catalyst surface favours electrostatic interac-
tion with the anionic dye, while competition from excess H"
ions remains comparatively limited. Although the catalyst
is also positively charged at pH 3—4, removal was lower
under strongly acidic conditions. This behaviour may re-
sult from protonation of surface oxygen-containing groups,
competition of H* ions with dye molecules for accessible
surface sites and changes in the surface hydroxylation en-
vironment.

At pH values above the (pHp,), the catalyst surface
becomes negatively charged, increasing electrostatic re-
pulsion between La;/B, and anionic RB 194. Competi-
tion from OH- ions and changes in surface-reaction con-
ditions may also contribute to the lower removal observed
under alkaline conditions [45]. Therefore, the maximum
performance at pH 6 is attributed to a favourable balance
among electrostatic attraction, dye adsorption, accessible
surface sites and interfacial photocatalytic reactions rather
than to surface charge alone. The pH-dependent photocat-
alytic behaviour is consistent with the combined characteri-
zation results. XRD showed the coexistence of La- and Ba-
containing crystalline phases; UV—visible analysis demon-
strated composition-dependent modification of the optical
response and the reduced PL intensity of La;/B, was con-
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sistent with lower radiative recombination and/or increased
carrier trapping. In addition, EIS showed that the charge-
transfer resistance decreased from 32.6 Q for pristine La; O3
to 23.2 Q for La,/B,. Together, these findings indicate that
the photocatalytic performance of La;/B, arises from the
combined influence of its structural characteristics, optical
response, surface-charge behaviour and modified interfa-
cial electrochemical transport.

3.9 Decolourization Kinetics

The photocatalytic decolourization kinetics of RB 194
were evaluated using the pseudo-first-order kinetic model
expressed in Eqn. 5. The apparent rate constant, (k), was
determined from the slope of the linear plot of In(Cy/C;)
versus irradiation time, (t), while the goodness of fit was
assessed using the corresponding coefficient of determina-
tion (R?).

In(CO/Ct) = kt (5)

The kinetic data obtained at different initial RB 194
concentrations were analysed using Eqn. 5. The plots of
(In(Cy/Cy)) versus irradiation time were linear, with the cor-
responding data provided in Fig. 13. The apparent rate con-
stants calculated from the slopes of the fitted lines are sum-
marized in Table 3. The apparent removal rate decreased
as the initial RB 194 concentration increased. The high-
est (k) value of 0.04103 min~' (R> = 0.95) was obtained
at 20 mg L', whereas the lowest value of 0.00565 min™!
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ApH = pHf — pHi
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Fig. 12. Point of zero charge determination. Point of zero
charge of La,03/BaO (La;/B;) nanocomposite determined using
the salt addition method.

was recorded at 80 mg L™! (Fig. 13, Supplementary Table
3). The apparent rate constants calculated from the slopes
of the fitted lines are summarized in Table 3. The appar-
ent removal rate decreased as the initial RB 194 concen-
tration increased. The highest (k) value of 0.04103 min™'
(R? = 0.95) was obtained at 20 mg L', whereas the lowest
value of 0.00565 min~' was recorded at 80 mg L' (Fig. 13,
Supplementary Table 3). This decrease is consistent with
the reduced penetration of UV light and increased compe-
tition among dye molecules and transformation products
for the available surface-active sites at higher initial con-
centrations. The removal data were also evaluated using
zero-order, pseudo-first-order and pseudo-second-order ki-
netic models. Among the tested models, the pseudo-first-
order model provided the highest coefficient of determina-
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tion (R = 0.95), compared with the zero-order (R = 0.37)
and pseudo-second-order (R?= 0.71) models. Thus, the
pseudo-first-order expression provided the best representa-
tion of the RB 194 removal data among the kinetic models
examined under the investigated conditions.

Table 3. The rate constant values determined by analyzing
the data using the pseudo-first-order kinetic model at various
concentrations of RB 194.

Dye Concentration (ppm) K (min™') R?

20 0.04103  0.95
30 0.0295  0.92
40 0.02072  0.90
50 0.01165 0.89
60 0.01055 0.86
70 0.00668 0.92
80 0.00565  0.90

3.10 Scavenging Experiment

Reactive-species scavenging experiments were per-
formed under the same conditions as the photocatalytic
removal tests to examine the possible contributions of
different charge carriers and reactive species to RB 194
removal.  Ascorbic acid (AA), potassium dichromate
(K2Cr,07), dimethyl sulfoxide (DMSO), and ethylenedi-
aminetetraacetic acid (EDTA), each at a concentration of 1
mM, were used as scavengers for superoxide radicals (O,™),
photogenerated electrons (e”), hydroxyl radicals ("OH), and
photogenerated holes (h"), respectively [46,47]. These
scavengers were used as indirect mechanistic probes. Their
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Fig. 13. Pseudo-first-order Kinetic analysis. Pseudo-first-order
kinetic plots of In(Cy/C;) versus irradiation time for the removal
of RB 194 dye at different initial concentrations (2080 ppm).

effects on dye removal were interpreted qualitatively and
were not considered direct evidence for the generation of
the corresponding reactive species and are represented in
Fig. 14a,b.

In the absence of a scavenger, the apparent RB 194
removal efficiency was approximately 99%, whereas val-
ues of 100 %, 97.44 %, and 100% were obtained in
the presence of AA, K,Cr,07, and DMSO, respectively
(Supplementary Tables 7,8). The values equal to or
slightly higher than the scavenger-free control should not be
interpreted as evidence that these additives enhanced pho-
tocatalytic removal. Several non-mechanistic effects may
account for this behaviour. The additives may alter the
adsorption—desorption equilibrium of RB 194 on the cat-
alyst surface, solution pH, ionic strength, catalyst surface
charge, or interfacial interactions. K,;Cr,O7 may also par-
ticipate in secondary photochemical or electron-accepting
reactions, whereas DMSO may modify solvent proper-
ties or undergo reactions producing secondary species.
Moreover, the scavengers or their reaction products may
change the UV—visible absorption spectrum, baseline, or
absorbance at 600 nm, producing an apparent change in
dye concentration that does not necessarily represent ad-
ditional removal. Because scavenger-only, dye—scavenger,
catalyst—scavenger, and spectral-interference controls were
not performed, the small differences observed for AA,
K;Cr,07, and DMSO cannot be assigned conclusively to
specific reactive species. These results are therefore inter-
preted qualitatively and indicate only that the selected addi-
tives did not measurably suppress RB 194 decolourization
under the investigated conditions.

EDTA produced a markedly different time-dependent
response. The absorbance decreased sharply during the ini-
tial stage of irradiation, with a decolorization efficiency of
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44.19% achieved within approximately 10 min. Thereafter,
the absorbance progressively increased and approached that
of the untreated RB 194 solution after 120 min, correspond-
ing to an apparent removal efficiency of only 0.75% as
shown in Fig. 14b. The experiment was performed in trip-
licate, and the same general trend was observed. Never-
theless, because scavenger-only controls were not included
and substantial absorbance recovery occurred, this response
cannot be attributed exclusively to the trapping of photo-
generated holes. It indicates only that hole-associated sur-
face processes may contribute substantially to the observed
transformation behaviour of RB 194.

GC-MS analysis was performed on samples col-
lected after 10, 30, and 120 min to investigate the un-
usual EDTA-associated response represented in Fig. 15.
Transformation-related compounds were tentatively de-
tected in the 10-min sample, whereas the 120-min chro-
matographic profile contained signals corresponding to
compounds also observed in the untreated dye sample. A
signal tentatively assigned to 5-(2-morpholino-1-thiophen-
2-yl-vinyl)-1,2,4-thiadiazole (MW = 279 g mol™!) was de-
tected in the EDTA-containing samples collected after 10
and 120 min but was not observed in samples treated
without EDTA. These findings suggest that EDTA altered
the transformation behaviour of RB 194. The recovery
of absorbance may reflect a combination of EDTA-dye
or EDTA—catalyst interactions, competitive adsorption and
desorption, the formation of coloured transformation prod-
ucts with overlapping absorption bands, and reactions in-
volving initially generated intermediates. Therefore, the
scavenging results provide only qualitative evidence that
hole-mediated surface reactions may represent a major con-
tributing pathway; they do not establish photogenerated
holes as the dominant or exclusive reactive species. Defini-
tive identification of the dominant reactive species requires
appropriate scavenger-only and interaction controls, to-
gether with direct radical-detection techniques such as elec-
tron paramagnetic resonance spectroscopy. The GC-MS
profiles obtained during the EDTA-containing experiment
are presented in Fig. 15. Appropriate control experiments
would include: (i) RB 194 plus each scavenger under UV ir-
radiation without catalyst; (ii)) RB 194 plus each scavenger
in the dark; (iii) catalyst plus each scavenger without RB
194; (iv) complete reaction mixtures maintained in the dark;
and (v) UV—-visible spectra of each scavenger and its possi-
ble reaction products over the analytical wavelength range.
Measurements of pH before and after scavenger addition
and evaluation of dye adsorption in the presence of each
additive would further distinguish genuine photocatalytic
effects from changes in solution chemistry, adsorption, and
optical response. These controls were not included in the
present study and are therefore identified as necessary for
future mechanistic verification.
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3.11 Reusability and Recyclability

The reusability of the La;/B; composite for RB 194 re-
moval was evaluated over five consecutive reuse cycles, as
shown in Fig. 14c, with the corresponding data provided in
Supplementary Table 9. After each experiment, the pho-
tocatalyst was separated from the treated solution, washed
with deionized water, dried, and reused under the same con-
ditions with a fresh 20 mg L' RB 194 solution. Cycle 1 rep-
resents the first reuse of the catalyst following its initial pho-
tocatalytic application. The removal efficiency decreased
from 86.82% in Cycle 1 to 84.31% in Cycle 2 and 71.53%
in Cycle 5. Thus, the catalyst retained 82.39% of its Cycle
1 activity after the fifth reuse, corresponding to an absolute
decrease of 15.29 percentage points and a relative activity
loss of 17.61%. These results experimentally demonstrate
continued photocatalytic activity accompanied by progres-
sive partial deactivation; however, they do not establish the
mechanism responsible for the observed activity loss.
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Several processes may have contributed to the deac-
tivation, including physical catalyst loss during separation
and washing, surface fouling by RB 194 or its transfor-
mation products, incomplete desorption, blockage of ac-
tive sites, particle aggregation, and structural or surface-
chemical changes. The aqueous behaviour of the Ba-
containing phase presents an additional stability concern.
BaO is highly reactive toward water and may undergo hy-
dration to form Ba(OH),, followed by carbonation through
exposure to dissolved or atmospheric CO,. Consequently,
the Ba-containing phase in La;/B, may undergo hydration,
carbonation, dissolution, or surface reconstruction during
photocatalytic operation and subsequent washing. These
processes could alter the catalyst surface and reduce the
availability of active sites.

Nevertheless, catalyst-mass recovery, particle-size or
surface-area measurements, metal-leaching analysis, and
detailed post-reaction phase characterization were not per-
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Fig. 15. Proposed photocatalytic degradation pathways based
on GC-MS analysis of EDTA-treated samples. (a) Reactive
blue 194 (b) Methyl 4-(4-chlorophenyl)-3-(4-morpholinyl)-1H-
pyrrole-2-carboxylate (m.w. 320), (c¢) 3-(n-Propylamino)-2,1-
192) (d) 5-(2-Morpholino-1-thiophen-2-
yl-vinyl)-1,2,4-thiadiazole (m.w. 279), (¢) ammonia (m.w. 17),
(f) Water (m.w. 18) (g) Ammonium carbaminate (m.w. 78),
(h) Ether, bis(dichloromethyl) (m.w. 182) (i) Trichloromethane
(m.w. 118), (j) water (m.w. 18). (k) Methyl 4-(4-chlorophenyl)-
3-(4-morpholinyl)-1H-pyrrole-2-carboxylate (m.w. 320), (1) 3-
192), (m) 5-(2-
Morpholino-1-thiophen-2-yl-vinyl)-1,2,4-thiadiazole (m.w. 279),

benzisothiazole (m.w.

(n-Propylamino)-2,1-benzisothiazole (m.w.

(n) ammonia (m.w. 17), (o) Water (m.w. 18) Representative GC—
MS results for the untreated RB 194 solution and samples col-
lected during treatment in the presence of EDTA are the tentative
spectral-library assignments.

formed. Therefore, catalyst loss, surface fouling, aggrega-
tion, dissolution, and transformation of the Ba-containing
phase remain possible rather than experimentally estab-
lished deactivation mechanisms, and the observed activ-
ity loss cannot be quantitatively assigned to any individual
process. Quantitative catalyst-mass recovery would be re-
quired to determine physical material loss, while BET and
SEM analyses of the recovered material would help evalu-
ate surface fouling and aggregation. ICP—OES or ICP-MS
analysis of the treated solutions, together with comparative
XRD and XPS characterization of the fresh and reused cata-
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lysts, would be required to assess Ba and La leaching, phase
transformation, hydration, carbonation, and structural sta-
bility.

The FTIR spectra of the fresh and reused catalysts
are compared with those of RB 194 in Fig. 14d. Af-
ter reuse, the Ba—O-associated band shifted slightly from
693.3 to 695.1 cm™!, while the band at 1423.1 cm™! shifted
to 1420.1 cm™'. Additional spectral changes included a
shift of the 730.6 cm™' band to 723.1 cm™!, displacement
of the 756.6 cm™ band to 677.6 cm™! and replacement of
the 1360.5 cm™! band by shoulders at approximately 1459.3
and 1420.1 cm™!. These changes are consistent with modi-
fication of the catalyst surface after repeated photocatalytic
use and may be associated with residual adsorbed species
and changes in surface bonding. La;/B, remained photo-
catalytically active over five reuse cycles; however, the ob-
served activity retention alone does not confirm its struc-
tural or chemical stability. The gradual decrease in removal
efficiency may reflect catalyst loss, surface fouling, parti-
cle aggregation, or chemical changes in the Ba-containing
phase. In the absence of metal leaching and detailed post-
reaction characterization, the long-term stability and envi-
ronmental safety of the composite remain unresolved. Di-
lute HCI washing could be investigated in future studies as
a possible regeneration approach for removing strongly ad-
sorbed organic species. However, this procedure was not
evaluated in the present study and should not be considered
an established regeneration method for the La,/B, compos-
ite. Because acid treatment may alter or dissolve the Ba-
containing phase, its effects on catalyst composition, metal
leaching, structural stability and subsequent photocatalytic
activity must be carefully assessed before its suitability can
be established.

3.12 Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS analysis was used to examine changes in
the detectable organic composition during the UV-assisted
treatment of RB 194 is represented in Fig. 16. Sam-
ples collected after 10, 30, and 120 min exhibited dif-
ferent chromatographic profiles, indicating time-dependent
changes in the compounds detectable by the applied ana-
lytical procedure. The reported compound names were ob-
tained by comparing the acquired electron-ionization mass
spectra with reference spectra in the mass-spectral library
integrated into the Agilent MassHunter/ChemStation work-
station. However, library-match scores, retention indices,
diagnostic fragment-ion comparisons, authentic standards,
and quantitative calibration data were not available for inde-
pendent verification of the assignments. Therefore, the re-
ported structures are regarded as tentative library-based as-
signments rather than conclusively identified products. The
observed chromatographic changes support transformation
of RB 194 during treatment but do not establish a complete
degradation pathway or confirm the origin of every detected
signal. Some signals may also originate from solvents, lab-
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Fig. 16. Proposed photocatalytic degradation pathways of GC-MS analysis of RB 194 degradation products. GCMS results of
degradation process (a) Reactive blue 194 (b) Methyl 4-(4-chlorophenyl)-3-(4-morpholinyl)-1H-pyrrole-2-carboxylate (m.w. 320), (c)
3-(n-Propylamino)-2,1-benzisothiazole (m.w. 192) (d) ammonia (m.w. 17), (¢) Water (m.w. 18), (f) Ammonium carbaminate (m.w. 78),
(g) Ether, bis(dichloromethyl) (m.w. 182) (h) Trichloromethane (m.w. 118), (i) water (m.w. 18).

oratory background, column-related contamination, sam-
ple preparation, or other matrix components. In particular,
the signal assigned by library matching to trichloromethane
should be considered provisional and is not identified as
a predominant end product (Supplementary Table 10).
Confirmation of the proposed structures would require re-
porting the library-match factors and retention information,
comparison of major fragment ions with reference spec-
tra, analysis of procedural blanks, and preferably confir-
mation using authentic standards or high-resolution mass
spectrometry.

3.13 Photocatalytic Mechanism

The tentative photocatalytic mechanism of the
La;03/BaO composite is illustrated in Fig. 17. Under
UV irradiation, photoexcitation may generate electrons
(¢’) and holes (h") in the constituent oxide phases. The
comparatively weak PL response and lower charge-
transfer resistance of La;/B, relative to pristine La,O3
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are consistent with modified carrier recombination and
interfacial transport; however, these measurements do
not establish the direction of charge migration [43,48].
The scavenging experiments showed that EDTA produced
the most pronounced effect on the apparent removal of
RB 194, suggesting that hole-associated surface reactions
may contribute substantially to dye transformation. Nev-
ertheless, this response cannot be attributed exclusively
to h" because scavenger-only and interaction controls
were not performed and the unusual absorbance recovery
may have been influenced by adsorption—desorption
processes, solution chemistry, coloured intermediates, or
spectral interference. The comparatively small effects
of AA and DMSO do not confirm either the presence or
absence of O, ™ and "OH. These short-lived species were
not directly detected because EPR/ESR measurements
were not available within the scope of the present study.
Therefore, the formation of O, ~ through the reduction of
dissolved O, and "OH through reactions involving h* and
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H,;O/OH" is presented only as a possible secondary path-
way. Because direct band-position and radical-detection
measurements were not performed, Fig. 17 represents a
tentative mechanistic interpretation rather than conclusive
identification of the charge-transfer direction or reactive
species.  Further EPR/ESR spin-trapping experiments,
together with appropriate scavenger-only controls, are
required to verify the proposed reactive-species pathways
[49,50].

LayO3/BaO + hv — e, + hfy (©6)

hf, + Dye — Dye™® —
vb Yy Yy (7)

oxidation intermediates

h, + Intermediates —
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3.14 Electrochemical Response and Interfacial Charge
Transport

Cyclic voltammetry was used to compare the elec-
trochemical responses of pristine La,O3; and the selected
La;/B; composite. The CV curves were recorded over a
potential range of 0.0-0.8 V at a scan rate of 5 mV s
(Fig. 18a,b). Pristine LayO; exhibited a comparatively
low current response and a smaller enclosed CV area. In
comparison, La;/B, exhibited higher forward and reverse
current responses and a larger enclosed area, demonstrat-
ing that composite formation modified its electrochemical
behaviour. The increased current response may be associ-
ated with changes in electrical transport, the accessibility
of electrochemically active surface sites, and the local re-
dox environment following the incorporation of the La- and
Ba-containing phases. However, because corresponding
CV data for pristine BaO were unavailable, the individual
contribution of BaO to the electrochemical response can-
not be quantified. Therefore, the CV results demonstrate
improved electrochemical performance of La;/B, only rel-
ative to the measured pristine La, O3 reference and do not
independently confirm a synergistic effect between La,0;
and BaO.

The logarithmic current—potential curves of pristine
La,03 and La;/B, are presented in Fig. 18c,d. La;/B; ex-
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Fig. 18. Electrochemical characterization of La;O3; and La,/B,.

(a,b) Cyclic voltammograms recorded over 0.0-0.8 V at 5 mV s™!,

(c,d) logarithmic current—potential plots of pristine La,O3 and La;/B> and (e) EIS Nyquist plots for evaluating electrochemical behavior

and charge-transfer resistance.

hibited a higher current response than pristine La,; O3, indi-
cating modified interfacial electrochemical kinetics relative
to LayO;3. The fitted parameters previously expressed as n
=4 and n = 6 were not treated as conventional Tafel slopes
because Tafel slopes must be determined from an appropri-
ately selected linear Tafel region and reported in mV dec™'.
Accordingly, these current—potential curves were used only
for qualitative comparison of the electrochemical responses
of the two measured materials.

The EIS Nyquist plots of pristine La,O3; and La;/B;
are shown in Fig. 18e. The semicircle diameter in the high-
frequency region is associated with the interfacial charge-
transfer resistance (Rct) of the electrode material. Pristine
La, O3 exhibited a larger semicircle and an Rct value of 32.6
Q, indicating comparatively slower interfacial charge trans-
port. In contrast, La;/B, displayed a smaller semicircle and
a lower Rct value of 23.2 Q. This corresponds to an ap-
proximately 28.8% reduction in charge-transfer resistance
relative to pristine La,Os3.

32.6 —23.2
32.6

x 100 ©)

Reduction in R.; =

The lower Rct and higher CV current response of
La;/B, indicate improved interfacial electrochemical trans-
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port relative to pristine La;Os only. Together with the
reduced PL intensity, these observations are consistent
with altered charge-carrier recombination and transport be-
haviour following composite formation. Such changes may
increase the availability of photogenerated charge carriers
for surface reactions and may contribute to the enhanced
photocatalytic removal of RB 194 by La;/B,. Neverthe-
less, electrochemical measurements obtained using an elec-
trode configuration do not directly represent photocatalytic
charge-carrier dynamics under UV irradiation. More im-
portantly, because corresponding CV and EIS measure-
ments for pristine BaO were unavailable, the individual
electrochemical contribution of BaO cannot be quantified
and the improved response of La;/B, cannot be conclu-
sively attributed to heterojunction synergism. These results
also do not establish the absolute band-edge positions, di-
rection of photogenerated charge migration, or a specific
heterojunction mechanism. Therefore, the electrochemi-
cal findings are treated only as supporting evidence of im-
proved interfacial charge transport in La;/B, relative to
pristine La;0s3, rather than as confirmation of synergistic
coupling or a particular charge-transfer pathway.

3.15 Comparison of Photocatalytic Activities

Table 4 (Ref. [31,46,47,51,52]) compares the pho-
tocatalytic degradation of dyes using the selected La;/B;
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composite with previously reported La,O3- and BaO-
containing photocatalysts. The principal experimental con-
ditions are included because removal efficiency is influ-
enced by dye identity and concentration, catalyst dosage,
light source, irradiation time, solution pH, temperature and
reactor configuration. Consequently, the reported values
provide a contextual comparison and should not be inter-
preted as a direct ranking of photocatalyst performance.
The reported materials exhibited dye-degradation efficien-
cies ranging from 86.6% to approximately 100% under UV,
visible, or natural sunlight irradiation. CeO,/La,O3 binary
nanoplates achieved nearly complete degradation of Rho-
damine B within 270 min, whereas the ZnO/La,03/NiO
ternary system degraded 98% of methylene blue within 150
min under natural sunlight. For the BaO-based materials,
Nd doping increased the reported malachite green degra-
dation from 86.6% for pristine BaO to 96.4% under iden-
tical conditions. The Ag,WO4/BaO/NiO heterojunction
also achieved approximately 99% Congo red degradation
within 30 min under UV irradiation. These findings show
that compositional modification, doping and heterojunction
formation can substantially influence the photocatalytic re-
sponse of La;03- and BaO-containing materials. Under the
conditions used in the present study, La;/B, achieved ap-
proximately 99% removal of 20 mg L™' RB 194 within 120
min under UV irradiation. Its performance falls within the
range reported for the other La,O3- and BaO-containing
photocatalysts listed in Table 4. Nevertheless, direct nu-
merical comparison remains inappropriate because the in-
dividual studies employed different dyes, initial concen-
trations, catalyst dosages, light sources, irradiation inten-
sities, pH values, temperatures and reactor configurations.
The present study is distinguished by employing a compar-
atively simple, silver-free and sulfide-free La,O3/BaO bi-
nary composition prepared by co-precipitation and by ex-
amining the relationships among precursor composition,
physicochemical characteristics, operating conditions, in-
terfacial electrochemical transport and reuse performance.

The photocatalytic behaviour of La;/B; is consistent
with the combined influence of its structural, optical and
interfacial properties. XRD indicated the coexistence of
La- and Ba-containing crystalline phases, while UV—visible
analysis showed modification of the optical absorption re-
sponse after composite formation. The comparatively weak
PL emission of La;/B, was consistent with reduced ra-
diative recombination and/or increased charge-carrier trap-
ping. Moreover, the charge-transfer resistance decreased
from 32.6 Q for pristine La, O3 to 23.2 Q for La,/B;, cor-
responding to a reduction of approximately 28.8%. Col-
lectively, these results support improved interfacial elec-
trochemical transport relative to pristine La, O3 without re-
quiring assignment of a particular S-scheme, Z-scheme, or
type-11 charge-transfer pathway.

The La;/B; composite retained approximately 82.39%
of its Cycle 1 activity after five reuse cycles, with removal
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efficiency decreasing from 86.82% in Cycle 1 to 71.53% in
Cycle 5. This result demonstrates continued photocatalytic
activity during repeated operation, together with progres-
sive partial deactivation. Radical-scavenging experiments
indicated an important contribution from hole-associated
surface reactions, while GC-MS analysis revealed time-
dependent changes in the detectable organic composition
during treatment. Because the GC-MS assignments were
based on mass-spectral library matching, they are inter-
preted as tentative transformation products rather than ev-
idence of a complete degradation pathway or mineraliza-
tion. The La,/B; represents a potentially useful UV-active
oxide photocatalyst for RB 194 removal. Further studies
should compare all La precursor compositions under iden-
tical photocatalytic conditions, determine total organic car-
bon removal and metal leaching and characterize structural
and surface changes after repeated use. Evaluation under
visible and solar irradiation, together with time-resolved
spectroscopy, EPR/ESR analysis and direct band-position
measurements, would provide further insight into charge-
transfer and reactive-species pathways. Testing with real
textile effluent and continuous-flow systems would also
help establish performance under more representative treat-
ment conditions. Because the studies summarized in Table
4 employed different dyes, catalyst dosages, light sources,
pH values and irradiation times, the reported efficiencies
are presented only for contextual comparison and should
not be interpreted as evidence of superior performance.

4. Discussion

The results collectively indicate that the photocat-
alytic behaviour of La;/B, cannot be attributed to a sin-
gle material property. XRD confirmed the coexistence
of La- and Ba-containing crystalline phases, while XPS
showed changes in their surface chemical environments af-
ter composite formation. The composition-dependent op-
tical absorption and PL emission further demonstrate that
changing the La precursor ratio modified the electronic
and radiative-transition environments of the materials. For
La;/B;, the comparatively weak PL emission and reduc-
tion in charge-transfer resistance from 32.6 to 23.2 Q are
consistent with decreased radiative recombination and im-
proved interfacial electrochemical transport relative to pris-
tine La,O3. Similar improvements in charge utilization
following heterojunction formation have been reported for
La,0;-containing binary and multicomponent photocata-
lysts [22,23,24,25,26,27]. However, the present results
support interfacial interaction and modified charge trans-
port without requiring assignment of a specific S-scheme,
Z-scheme or type-II pathway.

The effects of catalyst dosage, dye concentration, pH
and temperature demonstrate the importance of both pho-
tophysical and surface-controlled processes. Increasing the
catalyst dosage to 70 mg per 100 mL increased the availabil-
ity of illuminated surface sites, whereas further increases
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Table 4. Comparison of reported photocatalytic performance using L.a,O3- and BaO-based photocatalysts under different

experimental conditions.

Photocatalyst Dye Initial dye Catalyst Light source pH/ Time Removal Ref.
concentration dosage temperature  (min) (%)
°C)
Ce0O,/La, 03 binary Rhodamine 10mgL™! 50 mg UV/visible light pH 7 270 100 [46]
nanoplates B
ZnO/(3 wt%)La,Os/ Methylene 2mgL! 15 mg Natural sunlight Optimized 150 98 [47]
NiO blue conditions
BaO nanoparticles Malachite 50 mg L! 20 mg/100 15 W UV lamp, pH 4; 50 120 86.6 [31]
green mL 254 nm
Nd-doped BaO Malachite 50 mg L™! 20 mg/100 15 W UV lamp, pH 4; 50 120 96.4 [31]
nanoparticles green mL 254 nm
AgryW0O,4/BaO/NiO Congo red NR* NR UV irradiation NR 30 99 [51]
heterojunction
Sn-doped La,03 Safranin/ 10mgL™! NR Visible Ambient 135 93.24/95.28 [52]
crystal violet

La;/B, composite Reactive 20 mg L! 70 mg/100 450 W UV lamp; pH 6; 20 120 99 Present

Blue 194 mL 10 cm distance study

*NR = not reported. The reported dye degradation values are given mainly for contextual comparison because studies are conducted under

different experimental conditions.

produced only marginal improvement, probably because of
light scattering, shielding and particle aggregation. The
decline in removal efficiency and apparent rate constant
with increasing RB 194 concentration can be attributed to
stronger absorption of incident UV light by the dye solu-
tion and increased competition for accessible surface sites.
The maximum removal at pH 6 is consistent with the mea-
sured pHp,. of approximately 8.92: under these conditions,
the positively charged catalyst surface favours interaction
with anionic RB 194, while competition from excess H* re-
mains lower than under strongly acidic conditions. Compa-
rable effects of catalyst loading, pollutant concentration and
surface charge on heterogeneous photocatalysis have been
widely reported [43,44,45]. Thus, the approximately 99%
removal obtained under the selected conditions reflects a
balance among photon utilization, dye adsorption, surface-
site availability and interfacial charge transport.

The scavenging results showed that EDTA produced
a markedly different time-dependent response, including
an initial decrease followed by substantial absorbance re-
covery, whereas AA, K,Cr,07, and DMSO produced com-
paratively small effects on the apparent removal efficiency.
This behaviour suggests that hole-associated surface reac-
tions may represent a major contributing pathway in RB
194 transformation. However, the EDTA response can-
not be attributed exclusively to hole scavenging because
it may also have been influenced by competitive adsorp-
tion and desorption, EDTA—dye or EDTA—catalyst interac-
tions, solution chemistry, the formation of coloured inter-
mediates, and spectral interference. Therefore, these scav-
enging results are interpreted only qualitatively and do not
establish photogenerated holes as the dominant or exclu-
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sive reactive species [46,47]. Moreover, EPR/ESR anal-
ysis was not performed to directly detect “OH, O,", or
other short-lived reactive species. Definitive identifica-
tion of the dominant reactive species would therefore re-
quire appropriate scavenger-only and interaction controls
together with direct radical-detection experiments. The
time-dependent changes observed by GC-MS support the
transformation of RB 194 into other detectable organic
species; however, the library-based assignments do not
demonstrate complete mineralization. Because TOC and
COD analyses were not performed, complete mineraliza-
tion of RB 194 is not claimed in this study. In addition,
the retention of 82.39% of cycle 1 activity after five reuse
cycles demonstrates continued photocatalytic function but
also reveals progressive deactivation. The underlying rea-
son for deactivation could not be conclusively established
because extended stability investigation, post-cycling char-
acterization and metal-leaching experiments were not per-
formed. On the basis of available data, we cannot discrim-
inate among the possible factors such as catalyst surface
modifications, active site loss, adsorption of reaction in-
termediates, or material loss during recovery. However,
barium oxide reacts with water to form barium hydroxide
and subsequently interacts with carbon dioxide to form bar-
um carbonate (BaCO3). Therefore, some surface changes
of barium oxide cannot be excluded during photocatalytic
experiments. Hence, long-term stability issues cannot be
claimed without leaching experiments. Compared with the
La,0;- and BaO-containing systems summarized in Table
4 [30,31,32], the present La;/B, composite offers a com-
paratively simple, silver-free and sulfide-free binary com-
position. Its main contribution is therefore the combined
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evaluation of precursor composition, operating conditions,
interfacial electrochemical transport, reactive-species be-
haviour and reuse performance for RB 194 removal, rather
than a claim of universally superior photocatalytic activ-
ity. Recent environmental photocatalysis studies reported
for contaminated-water treatment, further demonstrate the
potential of composite design for modifying photocatalytic
performance [53]. However, direct comparison remains in-
appropriate because catalyst composition, pollutant iden-
tity, irradiation conditions and analytical endpoints differ
among studies. Accordingly, the contribution of the present
La;/B; system lies in the combined evaluation of precursor
composition, operating conditions, electrochemical trans-
port, scavenger response and reuse behaviour rather than a
claim of universal superiority or a conclusively established
mechanism.

Limitations of the Study

The band positions and interfacial charge-transfer
pathway of La,O3/BaO were not directly determined be-
cause Mott—Schottky, valence-band XPS and ultraviolet
photoelectron spectroscopy measurements were unavail-
able. Although PL, CV and EIS indicated modified car-
rier recombination and improved interfacial transport, they
could not establish the direction of charge migration or con-
firm a specific heterojunction mechanism. Similarly, ‘OH
and O, " were not directly detected by EPR/ESR; therefore,
the proposed charge-transfer and reactive-species pathways
remain tentative. Comparative XRD and XPS analyses
of fresh and reused catalysts and metal-leaching measure-
ments were not performed. Consequently, the contribu-
tions of surface fouling, catalyst loss, particle aggregation
and structural or chemical changes to catalyst deactivation
could not be distinguished. Dilute-HCI regeneration also
remains a proposed strategy requiring experimental valida-
tion. Detailed photocatalytic testing was limited to La;/B;;
therefore, it cannot be identified conclusively as the opti-
mum La precursor ratio. Moreover, RB 194 removal was
evaluated primarily from absorbance loss at 600 nm with-
out TOC, COD or inorganic-product analysis. The GC-MS
assignments were based on spectral-library matching with-
out authentic standards or quantitative calibration. Thus,
the results demonstrate dye transformation and decolour-
ization but do not confirm complete mineralization or a
definitive degradation pathway. Metal-leaching analysis
was not performed; therefore, the possible release of Ba
species during aqueous photocatalysis could not be quan-
tified. Moreover, the tendency of Ba-containing oxides to
undergo hydration and carbonation means that the compo-
sition and surface state of the catalyst may change during
reaction, washing and reuse. Without comparative XRD,
XPS and FTIR analyses of the fresh and reused materials,
the structural and chemical stability of the Ba-containing
phase cannot be confirmed. Dilute-HCI regeneration was
not experimentally evaluated in the present study. It is men-
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tioned only as a possible direction for future investigation,
and its effectiveness and potential effects on the chemical
and structural stability of the La;/B; composite remain un-
known.

5. Conclusions

Lay,03/Ba0O composites with different La precur-
sor ratios were successfully prepared by co-precipitation
and their structural, morphological, thermal, optical and
surface-chemical characteristics were examined. XRD
showed the coexistence of La- and Ba-containing crys-
talline phases, while the differences in crystallite size, mor-
phology, optical absorption and PL emission demonstrated
that precursor composition influenced material develop-
ment. XPS further supported modification of the surface
chemical environments of La and Ba following composite
formation. Among the prepared compositions, La,/B, was
selected for detailed photocatalytic evaluation based on its
combined physicochemical characteristics. Under the se-
lected experimental conditions of 20 mg L' RB 194, 70
mg catalyst per 100 mL, pH 6 and 20 °C, La;/B; achieved
approximately 99% removal after 120 min of UV irradi-
ation. The apparent removal rate decreased with increas-
ing dye concentration and the pseudo-first-order model pro-
vided the best fit among the examined kinetic expressions,
with (k = 0.04103) min~! at 20 mg L™!. The measured
pHy.c of approximately 8.92 helped explain the favourable
performance at pH 6, where electrostatic interaction with
anionic RB 194 was promoted without excessive competi-
tion from H' ions. The comparatively weak PL response
and reduction in charge-transfer resistance from 32.6 Q for
pristine La, O3 to 23.2 Q for La;/B, were consistent with
modified carrier-recombination behaviour and improved
interfacial electrochemical transport. Scavenging experi-
ments qualitatively suggested the possible involvement of
hole-associated surface reactions in RB 194 transforma-
tion; however, the responsible reactive species were not
conclusively identified. La;/B, remained photocatalyti-
cally active over five reuse cycles, retaining approximately
82.39% of its Cycle 1 activity, although the decrease from
86.82% to 71.53% indicated progressive partial deactiva-
tion. GC-MS analysis revealed time-dependent changes in
the detectable organic composition during treatment, but
the library-based assignments represent tentative transfor-
mation products rather than confirmation of complete min-
eralization. Overall, the study demonstrates the poten-
tial of a comparatively simple, silver-free and sulfide-free
La,03/Ba0 binary composite for UV-assisted RB 194 re-
moval. Further work should compare all precursor compo-
sitions under identical photocatalytic conditions, verify the
band alignment and charge-transfer pathway, quantify min-
eralization and metal leaching and assess long-term perfor-
mance in real textile effluent and continuous-flow systems.
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