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One of the promising technologies for the treatment of dye-containing wastewater is
photocatalysis. Among the compounds reported to exhibit good photocatalytic activity
are Aurivillius compounds with plate-like morphology. In this study, the plate-like
ABi4Ti40:5 (4= Ba and Pb) compounds was synthesized using the molten salt method.
Diffractogram confirmed that the target compounds BaBi4Ti40:5 and PbBisTi4O15 were
successfully synthesized but still found the impurities compound. And also the
differences in the type of A-site cation (Ba and Pb) also affect the local structure,
meanwhile, the SEM image showed that the particle morphology of all samples is plate-
like, however, the particle size obtained is not uniform and agglomerated. The plot tauc
calculations showed that BaBi4Ti405 has a band gap energy of 3.28 eV (378 nm), while
that of PbBisTi4O15 is 3.03 eV (409.19 nm). Differences in the type of 4-site cation (Ba
and Pb) affect the band gap energy of the four-layer Aurivillius compound ABisTi4O;s.
Then the lower band gap energy of PbBiaTi4O15 results in a higher degradation capability
toward methylene blue compared to BaBiaTisO:s. It also related to higher reaction rate
constant of PbBisTi40;s. In addition, the another factor also influences the yield of
methylene blue degradation by PbBi4Ti4O5 is its higher adsorption ability.

Keywords: ABi;sTisOis (A= Ba and Pb), molten salt synthesis, methylene blue,
photocatalysis

1. INTRODUCTION

Methylene blue is a synthetic dye used by the
textile industry and produced waste that seriously
threatens the environmental ecosystem because
methylene blue is toxic, carcinogenic, and
environmentally persistent ' . Therefore, developing
methods for handling methylene blue waste has
become important. One potential method for removing
methylene blue is photocatalysis which can degrade
organic compounds into smaller molecules, with CO,
and H>O as the end products and also have many
advantages over other methods #¢ . The photocatalysis

method is a technique that utilizes light with energy
greater than the band gap, and causing electrons in the
valence band (VB) to be excited and transition to the
conduction band (CB). In VB, holes (4") are formed,
while electrons (e7) are exist in CB. The presence of
these 4" and e species leads to the formation of *O and
*OH radicals, which ultimately can degrade organic
compounds ’®. The advantages of photocatalytic
technology include: (a) it is environmentally friendly
because it does not produce new waste, and (b) it is
cost-effective since it can utilize sunlight as an energy
source and the catalyst material can be reused *'°.
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One class of compounds reported to have
potential as photocatalyst materials is the Aurivillius
family of compounds ''!2. Aurivillius compounds
have the general formula BixO2[4,-1B,03,+1],
consisting of alternating bismuth layers and pseudo-
perovskite layers along the c-axis. The 4 cation is +1,
+2, or +3 charged cation with dodecahedral
coordination, such as Na*, Mg?*, Sr**, Ba?*, and Bi*".
The B cation is a highly charged transition metal with
octahedral coordination such as Nb>*, Ti*", Ta®", V°7,
and W', meanwhile “n” is an integer (1 < n < 8) that
correlate to the number of octahedra in the perovskite
layer ). One interesting property of Aurivillius
compounds is their ferroelectric, which can inhibit the
recombination rate of e-/4" pairs, thereby enhancing
their photocatalytic activity '#!5. In addition,
compounds containing Bi atoms have been reported to
exhibit good photocatalytic activity '. It indicated that
Aurivillius compound family have the potential to be
used in photocatalysis technology. Several Aurivillius
compounds that have been used as photocatalyst
materials include Bi,WOs, BiM0Os, BisTi301,, and
SI’Bi4Ti4O]5 17720.

The compound 4ABisTi4O15 (A= Ba and Pb) is
classified as a member of the four-layer Aurivillius
compound family. Qi et a/ reported that the compound
BaBisTi4O15 has a band gap energy of 3.2 eV and can
degrade rhodamine B dye by 15% for 3.5 hours ?!. In
addition, the compound BaBisTisO15 possesses good
ferroelectric properties, which is advantageous when
used as a photocatalytic material *2. Kumar ef al has
reported that ferroelectric properties can enhance the
photocatalytic activity of BaBisTi4O;s in degrading
methylene blue ?2. Meanwhile, the compound
PbBisTisO15 has been reported to possess good
spontaneous polarization and ferroelectricity 2.
Therefore, it has potency to use on photocatalyst
technology. On other hand, the compound
PbBi4Ti4015 has been reported to have a band gap
energy of 3.15 eV 2. However, its photocatalytic
activity has not yet been reported. In addition, the type
of A-site cation in perovskite-structured compounds is
reported to influence photocatalytic properties due to
differences in the size of the A-site cation, which affect
the distortion of the octahedral structure 2%,
However, studies on the photocatalytic properties of
four-layer Aurivillius compounds with variations in A4-
site cations are still limited.

The Aurivillius compound particles with plate-
like morphology have been reported to exhibit good
photocatalytic activity '»*2°. Chen et al reported that
the plate-like BisTi3012 compound has high
photocatalytic activity. It relates to plate-like
BisTi30,2, which possesses many active sites on its
surface and can inhibit the recombination rate of e-h"
3. One of the synthesis methods for Aurivillius

compounds that has been reported to produce plate-
like/sheet Aurivillius particle morphology is the
molten salt method 3733, The synthesis of four-layer
Aurivillius compounds ABisTi4O15 (Ba and Pb) via
molten salt method has been reported by several
researchers, including (a) Nurcahyaningtyas and
Prasetyo (2024), who synthesized BaBisTi4O1s, ** and
(b) Zulhadjri et al, who synthesized PbBisTisO1s ». In
addition, they reported obtaining particles with plate-
like morphology ****. Therefore, in this study, we
investigate the photocatalytic properties of four-layer
Aurivillius compounds with different A-site cations
(4Bi4T1405 (4= Ba and Pb)) in degrading methylene
blue.

2. RESEARCH METHODS
Materials

Bi,O; (Himedia, 99% powder), TiO, (Sigma-
Aldrich, 99% powder), BaCO; (Merck, 99.9%
powder), PbO (Merck, 99% powder), NaCl (Merck,
99% powder), KCl (Merck, 99% powder), AgNO3
(Merck, 99% powder), acetone (Merck), and aquades.

Synthesis

The synthesis of 4Bi4Ti4015 (4 = Ba, and Pb)
compounds was carried out using the molten salt
method, and a mixture of NaCl/KCI salts with a molar
ratio of 1:1 was used. The required precursors and salts
were calculated stoichiometrically, based on a target
compound weight of 3 grams. The first step in the
synthesis involved mixing the precursors (Bi2O3, TiOs,
BaCOs, PbO) and calcined at 700°C for 8 hours. In the
next step, the sample was removed from the furnace
and mixed with the NaCl/KCl salts in a molar ratio of
target compound to salt of 1:7. The mixture of sample
and salts was then calcined at 750°C for 8 hours,
removed from the furnace, and ground again for 30
minutes. After that, the mixture of sample and salts
was calcined again at 800°C for 8 hours. The
calcination used a heating rate of 4 °C/min and
cooled naturally. The resulting sample was taken
from the furnace and washed with hot distilled water
to take out the NaCl and KCI salt. The presence of
residual NaCl and KCI salt in the sample was checked
using AgNOs. The salt-free product sample was then
dried in an oven at 110°C for 3 hours.

Characterization

In this research, we used several
characterization techniques: (a) X-ray diffraction
(XRD) was used to identify the crystalline phases in
the product sample. The analysis was carried out using
a diffractometer (Rigaku Miniflex) with Cu Ka
radiation (1= 1.540593 A), and measured at 26=3-90°.
(b) scanning electron microscopy (A JEOL JSM-
6360LA) examined the particle morphology. (c)
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ultraviolet-visible diffuse reflectance spectroscopy
(Thermo Scientific Evolution 220) was used to
determine the optical reflectance behavior of the
samples. Then the data obtained were further analyzed
using the Kubelka-Munk equation to determine the
band gap energy. These measurements were
performed using a Thermo Scientific Evolution 220
spectrometer over a 200-800 nm wavelength range.

Adsorption Test

The adsorption test was carried out at room
temperature. Firstly, 4 ppm methylene blue and 0.1
gram of ABi4Ti4015 (A= Ba and Pb) were added to 100
mL of methylene blue and stirred in the dark condition
for 30 minutes. Then, filtration was carried out to
separate the filtrate from the adsorbent. And finally the
remaining methylene blue in filtrate were measured
using UV-Vis spectroscopy (Thermo Scientific
Evolution 220).

Photocatalyst test

A 100 mL methylene blue with a concentration
of 4 ppm and 0.1 grams of ABi4Ti40:5 (4= Ba and Pb)
was mixed. The resulting mixture was stirred in the
dark condition for 30 minutes. Afterward, the
suspension was exposed to ultraviolet light in a
photoreactor equipped with eight Gaxindo T5 N093
UV lamps (Each lamp has an intensity of 119 lux),
each rated at 8 watts, for 30, 60, 90, and 120 minutes.
And then the remaining methylene blue concentration
was measured using a UV-Vis spectrophotometer
(Thermo Scientific Evolution 220)

3. RESULTS AND DISCUSSION

The diffractogram of the synthesized compound
AB14T14015 (A= Ba, and Pb) is shown in Figure 1 and
compared with standard data (Joint Committee on
Powder Diffraction Standards/JCPDS No. 35-0757 for
BaBisTisO15, and JCPDS No. 43-0972 for
PbBi4Ti4015). The comparison results showed that the
diffractogram of the target compounds matches the
standard data that indicated the target compounds
BaBisTisO1s and PbBisTisO1s were successfully
synthesized. However, additional peaks were
observed that indicated the impurity phases formed. In
the BaBisTi4O15 sample, an additional peak was found
at 26= 31.7°, which corresponds to BaTiO;, while in
the PbBi4Ti4015 sample, an additional peak appeared
at 20=28.8°, corresponding to Bi,Ti,O-. The very low
intensity of the impurity peaks indicates that the
concentration of these impurity compounds is very
small, possibly due to incomplete grinding of the
samples.
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Figure 1. Diffractogram of ABisTi4O15 (4= Ba, and Pb)

The phase identification and structural
refinement of BaBisTi4O15 and PbBisTi4O15 ceramics
were carried out using diffractogram processed with
the Rietica software employing the Le Bail refinement
method . This approach allows accurate extraction of
lattice parameters and profile fitting without requiring
a full structural model, making it suitable for complex
layered oxide systems. Figure 2 showed the
refinement plot of sample diffractogram.

The refinement results (Table 1) indicate that
BaBi4Ti4O5 crystallizes predominantly in an
orthorhombic structure with the space group A2am.
The refined lattice parameters (a = 5.4522 A, b =
5.4482 A, and ¢ = 41.733 A) are consistent with the
typical Aurivillius phase layered structure '®. The high
phase purity of BaBisTisOis is evidenced by its
dominant molar fraction of 98.71%, with only a minor
secondary phase of BaTiO; (1.29%) detected. The
relatively low R-factors (R, = 9.93% and R, = 8.34%)
confirm a good agreement between observed and
calculated diffraction patterns, indicating a reliable
refinement *°.
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Table 1. Refinement data output

Sample BaBisTisO15 PbBi4TisO15
Phase 1 Phase 2 Phase 1 Phase 2
Crystal BaBisTi4O15 BaTiO; PbBisTi4015 Bi, Ti,07
Space Group A21am P4dmm A21am Fd-3m
System Crystal Orthorhombic Tetragonal Orthorhombic Cubic
a(A) 5.4522(4) 3.997(2) 5.4296(5) 10.380(1)
b (A) 5.4482(6) 3.997(2) 5.4459(4) 10.380(1)
c(A) 41.733(5) 4.040(4) 41.344(4) 10.380(1)
V(A% 1239.7(2) 64.55(8) 1222.5(2) 1118.3(3)
V4 4 1 4 8
%molar 98.71(2) 1.29 35.34(1) 64.66(2)
R, (%) 9.93 9.66
Rup (%) 8.34 7.25
= In contrast, the PbBisTi4015 sample also adopts
(a) an orthorhombic structure with the same space group

Intensity (a.u.)

A & B AN £
NRT N TN OE
| n n ]
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Figure 2. Refinement plot of Aurivillius structure of (a)
BaBi4Ti4015 with secondary phase of BaTiOs and (b)
PbBi4T140,5 with secondary phase of Bi,Ti,0O7

(A21am), but shows significantly different phase
composition. The refined lattice parameters (a =
5.4296 A, b=5.4459 A, and ¢ = 41.344 A) are slightly
smaller than those of the Ba-based compound,
reflecting the substitution effect of Pb*" ions.
However, the presence of a substantial secondary
phase, identified as Bi,TiO; with a cubic structure
(space group Fd-3m), dominates the sample with a
molar fraction of 64.66%, while the main PbBi4Ti4O;s
phase constitutes only 35.34%. This suggests
incomplete phase formation or phase instability in the
Pb-containing system. Nevertheless, the refinement
quality remains acceptable, as indicated by R, =9.66%
and R,, = 7.25%. The refinement plots (Figure 2)
show good fitting between experimental and
calculated patterns, with minimal residuals, further
confirming the validity of the Le Bail fitting results.
Regarding crystallite size, the average crystallite size
was estimated from peak broadening analysis. The
BaBisTi4O5 sample exhibits a larger crystallite size of
43 £ 6 nm compared to PbBisTi4Oys, which has a
smaller crystallite size of 33 + 4 nm. This difference
can be attributed to variations in ionic radius and
diffusion behavior between Ba’*" (1.61 A) and Pb*"
(1.39 A) ions during the synthesis process. The smaller
crystallite size in PbBi4Ti4O15 may also be influenced
by the presence of a significant secondary phase,
which can hinder grain growth and promote structural
disorder ***’. Overall, the analysis demonstrates that
BaBisTi4O5 achieves higher phase purity and larger
crystallite size compared to PbBisTisOis. The
substitution of Ba with Pb significantly affects phase
formation, structural stability, and microstructural
characteristics, which are critical factors for tailoring
the functional properties of Aurivillius-type materials.
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Figure 3. SEM image of 4ABi4Ti40:5 (4= Ba, and Pb)

The SEM images of the ABi4Ti4015 compounds
(4 = Ba and Pb) are shown in Figure 3, and it can be
seen that the particles exhibit a plate-like morphology,
which is characteristic of Aurivillius-type structures
3138 Figure 3 also shows that the BaBisTisO1s and
PbBi4Ti40;5 particles are stacked and agglomerated. It
related to high synthesis temperatures used cause the
particle agglomeration, and the faster ramp rate (the
temperature increase from room temperature to the
target temperature) is too rapid **. Figure 3 also
showed that the morphology of the two particles is not
different. Figure 4 showed the particle size
distribution of 4Bi4Ti4015 (A= Ba and Pb) and can be
seen that the BaBisTi4O1s compound has a more
uniform size compared to the PbBisTi4O5s compound.
It related to differences in particle growth rates and
indicated that the PbBi4Ti4015 compound has a faster
nucleation growth rate produce more number of
particles 3241,

The Tauc plot based on the Kubelka-Munk
equation is shown in Figure 5, and the calculated band
gap energies of ABisTisO15 (4 = Ba, and Pb) are
summarized in Table 2. It shows that the band gap
energy of PbBisTi4Ois is smaller than that of
BaBi4Ti4015, which is related to the electronegativity
value of the A-site cation. Hur et al reported that the
A-site cation with higher electronegativity has a lower
electron density, which weakens the bonding and
decreases band gap energy (the Ba electronegativity is
smaller than Pb). Their study also reported that a larger

A-site cation decreases band gap energy due to the
steric effect 2. Meanwhile, the band gap energy of the
ABi4Ti4O15 (4 = Ba, and Pb) compound involved
electronic transitions from the Bi-6s and O-2p orbitals
in the VB to the Ti-3d orbitals in the CB **. If compared
with  previously reported band gap energy
measurements so it can be seen that the obtained value
is slightly different 2'**. This difference may be
attributed to the presence of small amounts of impurity
compounds.

18
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Figure 4. Particle size distribution of 4BisTi4O5 (4= Ba,
and Pb)

The adsorption ability test result of the
ABi14T14015 (A= Ba and Pb) compound is shown in
Figure 6, and it can be seen that there is a decrease in
absorbance value that correlates to reduction in
methylene blue concentration (the results were
summarized in Table 3). It showed that the ABi4Ti4O15
(4= Ba and Pb) compound has adsorption capability,
but it is not high. Table 3 also shows that the
adsorption ability of PbBisTi4O;s is higher. It relates
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to the particle size distribution calculation (Figure 4),
which showed that the PbBi4sTi40;5 material has many
smaller particles. The adsorption properties of the
four-layer Aurivillius compound has been reported by
al Abrar et al, who reported that the SrBisTi4O;s
compound is capable of adsorbing methylene blue,
although small '°. The reports on the adsorption
capability of Aurivillius compounds are still limited;
therefore, there is no detailed mechanism of
interaction between the adsorbate and Aurivillius
compounds has been reported. However, if we are
used to the model of Perovskite compounds, which
have a similar structure so it may be that the dominant
interaction is physisorption *. In addition, Huang et al
suggested that the interaction mechanism in the
methylene blue adsorption process with PbTiOs (one
of the Perovskite compound) involves electrostatic
interaction between the polarized property of the
surface and the positive charge on the methylene blue
molecules 4.
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BaBi,Ti,0 ‘

4774715

0.6 -

PbBi, Ti,O

Pk g T

0.5 ~
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Figure 5. Tauc plot of 4Bi4Ti4015 (4= Ba, and Pb)

Table 2. The band gap energy of ABisTi4O5 (4= Ba, and
Pb)

Compound Band gap energy
(eV)

BaBi4Ti4015 3.28

PbBisTi405 3.03

Table 3. The adsorption test results of 4BisTi4O5 (4= Ba,
and Pb)

Compound % Metylene blue concentration
decreases

BaBi4Ti4015 6.25

PbBisTisOs 8.96

1.0

: . (a) Adsorption test of BaBi Ti O,

0.8 -

0.7 0 minute

0.5 1
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Figure 6. Adsorption test of ABi4Ti4015 (4= Ba, and Pb)

The photocatalytic activity of the ABisTi4O1s
(A= Ba and Pb) compound in reducing the
concentration of methylene blue is shown in Figure 7
and the result was tabulated in Table 4. It can be seen
that the ABisTi4O15 (4= Ba, and Pb) compound can
decrease the concentration of methylene blue. It
indicated that the decrease in methylene blue
concentration also occurs through a photocatalysis
mechanism. If compared with the adsorption test
results for 30-minute, therefore methylene blue
concentration decreases by adsorption mechanism is
smaller. It showed that the role of the adsorption
process in the reduction of methylene blue is minor.
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Figure 7. Photocatalyst test of 4BisTi40;5 (4= Ba, and Pb)

Table 4. The photocatalyst test results of 4BisTi14015 (4=
Ba, and Pb)

Compound Time % Metylene blue
(minutes) concentration
decreases

BaBi4Ti4015 30 10.69

60 12.72

90 23.70

120 30.35
PbBi4Ti4015 30 9.33

60 20.41

90 30.61

120 46.65

It is well known that there are two main stages
in photocatalysis process, i.e, (1) the adsorption of
methylene blue on the surface of the catalyst
(ABi4Ti4O15 (4= Ba, and Pb)), and then (2) the
degradation of methylene blue through a
photocatalytic mechanism *¢#’. The degradation of the

methylene blue mechanism can be explained as
follows: the BisTi4O;s photocatalyst material absorbs
photon with energy equal to or greater than its band
gap energy, which excites ¢ from the VB to the CB and
this process creates 4 in VB. The e in the CB react
with O, to form <O radicals, while 4" in the VB react
with H,O to produce <OH radicals and can
react/degrade methylene blue to CO, and HO .
Table 4 also showed that PbBisTi4O15s can reduce
higher methylene blue concentration, which is likely
due to: (1) its lower band gap energy, allowing it to
operate across a wider light spectrum, and (2) its
higher adsorption ability, resulting in more methylene
blue adhering to the catalyst surface and thus more
being degraded *>*°. The degradation yield obtained is
still relatively low. This may be due to the relatively
high band gap energies of both tested compounds
(operating under UV light). Another possible reason is
that the particles of both compounds are agglomerated,
so the interaction between light and the catalyst
particles cannot occur optimally 3.

04| @ BaBiTLO.
0.3
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= 0.2
[ ] k= 0.00294 min!
0.1+ u R*=0.9425
T T T T T T T
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S .4
2
£ 03
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0.0 T T T T
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Time (minute)

Figure 8. Pseudo first order kinetic plot for the
photocatalytic degradation of metylene blue using (a)
BaBi4Ti4015, and (b) PbBi4Ti4015.
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The degradation kinetics of methylene blue
were evaluated using the pseudo first order Langmuir-
Hinshelwood model (equation 1) 2.

In2 =kt (1)

With Cy is the initial concentration of methylene blue,
C is the remaining concentration of methylene blue at
degradation time (#/minutes), and & is the reaction rate
constant. The plot of the pseudo-first-order reaction
rate for methylene blue degradation is shown in
Figure 8. The plotting results give R? values for the
ABIi4Ti14015 compounds (4 = Ba, and Pb) of 0.9425
and, 0.9667 respectively. Meanwhile, £ were obtained
from the slopes, with values of 0.00294 and 0.00567
min™!, respectively. It indicated that the degradation
rate of methylene blue by PbBisTi4O;s is higher than
that of BaBisTi4O;5 (it showed by the comparison of
the k). And it related to the comparison of the band gap
values, where PbBisTi4O1s has a lower band gap >°.

4. CONCLUSIONS

The plate-like ABi4Ti4sO15 (4 = Ba and Pb)
compounds were successfully synthesized via the
molten salt method. However, the minor impurities,
i.e, (a) BaTiOs; impurity was detected in the
BaBisTi4O15 sample, and (b) Bi,Ti,O; was detected in
the PbBisTi4O15 sample. The refinement results
indicate that differences in the A-site cations in the
ABi4Ti4015 compounds (4 = Ba, and Pb) affect their
structure. The particle morphology of the ABi4Ti4O5s
(4= Ba and Pb) compounds was found to be plate-like,
and agglomeration was still observed. Differences in
the type of A-site cation also affect the band gap
energy obtained, where PbBi4Ti40;5 has a lower band
gap energy. This results in a higher capability and
faster rate of methylene blue degradation by
PbBi4TisO1s.
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