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Photocatalytic properties of KBiO3 and LiBiO3 with tunnel structures
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Abstract. In the present study, KBiOs is synthesized by a standard oxidation technique while LiBiO3 is pre-
pared by hydrothermal method. The synthesized catalysts are characterized by X-ray diffraction (XRD), Scan-
ning Electron Microscopy (SEM), BET surface area analysis and Diffuse Reflectance Spectroscopy (DRS). The
XRD patterns suggest that KBiO; crystallizes in the cubic structure while LiBiO3 crystallizes in orthorhombic
structure and both of these adopt the tunnel structure. The SEM images reveal micron size polyhedral shaped
KBiOj particles and rod-like or prismatic shape particles for LiBiO3. The band gap is calculated from the dif-
fuse reflectance spectrum and is found to be 2.1 eV and 1.8 eV for KBiO; and LiBiOs, respectively. The band
gap and the crystal structure data suggest that these materials can be used as photocatalysts. The photocatalytic
activity of KBiO3 and LiBiOj are evaluated for the degradation of anionic and cationic dyes, respectively, under

UV and solar radiations.
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1. Introduction

Dyes find multifarious applications including textile,
paper, and plastic industries. The release of dye efflu-
ents without proper treatment is environmentally dele-
terious. Accordingly, there is a definite necessity for
degrading the dyes such that the final discharge con-
tains permissible limits of effluents. There are several
treatment methods and each has its own merits and
demerits. > However, the advanced oxidation processes
(AOPs) happen to be among the most promising treat-
ment methods. AOPs involve the formation of hydroxyl
radicals as powerful chemical oxidant. Among the var-
ious AOPs, photocatalysis is considered to be the most
efficient and popular remediation process.*>* In pho-
tocatalysis, when the light energy is greater than or
equal to the band gap of semiconductor, the electron-
hole pairs are generated and the hydroxyl and superox-
ide radicals are produced which help in oxidizing the
organic pollutants.’

TiO, is the most widely used photocatalytic material.
It has many advantages over the other semiconductors
such as high stability, resistance to photo corrosion,

*For correspondence

KBiOj3; LiBiOs; synthesis; crystal structure; photocatalysis.

low toxicity and low cost.®!® However, the wide band
gap of the TiO, (~3.2eV) limits its usage under vis-
ible light. To overcome this issue, studies are being
conducted to develop newer materials.'®!! Bismuth-
based compounds such as BiVO,, Bi,WOg¢, Bi,Mo0QOg,
CaBi,0,, BiNbO, and BiTaO, have been reported as
new photocatalytic materials.'>*° Many Bi*® contain-
ing oxides exhibit photocatalytic properties due to the
hybridized O(2p) and Bi (6s) valence bands. Recently,
BaBiO; a perovskite oxide, where Bi present in 43
and +5 mixed oxidation states, has been shown to be
an active visible-light-driven photocatalyst.?! Theoreti-
cal calculations have shown that both the valence band
(VB) and the conduction band (CB) of BaBiO; com-
prise hybridized orbitals. The higher activity of BaBiO;
for both acetaldehyde decomposition and methylene
blue (MB) degradation has been attributed to its special
band structure that facilitates transfer of photoelectrons
from 6s orbitals of Bi*? to the 6s orbitals of Bi*>. Apart
from Bi (III) containing compounds, Bi (V) contain-
ing compounds have also been reported as active pho-
tocatalysts.??2° NaBiO; exhibits much higher activity
compared to BiVO, and n-doped TiO, for the decompo-
sition of methylene blue (MB) under visible light. The
attractive performance of NaBiO; is ascribed to its band
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structure where the CB consists of hybridized Na (3s)
and O (2p) orbitals that exhibit large dispersion with
high mobility for photo-excited electrons.

KBiO;??* and LiBiO3;% are two other compounds
containing Bi*>. NaBiO; has IImenite structure, >’ while
KBiO; and LiBiO; exhibit tunnel structures®' akin to
KSbO;. Nevertheless, there are similarities between
Ilmenite and tunnel structure, as both are formed
by edge-sharing octahedra. Accordingly, KBiO; and
LiBiO; are also expected to exhibit photocatalytic
behaviour similar to NaBiOj;. In this study, we report
the synthesis and photocatalytic properties of KBiO;
and LiBiO;.
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2. Experimental
2.1 Materials

The dyes, orange G (OG), amido black 10B (AB10B),
rhodamine B (RhB) and methylene blue (MB) were
from S.D.Fine-Chem Ltd., India, alizarin cyanine green
(ACG) and indigo carmine (IC) were from Rolex
Chemical Industries, India and coomassie brilliant blue
R 250 (CBBr) was from Merck Ltd., India. Milli-Q
water was used for all the experiments. The structure of
the various dyes used in the present study is given in the
figure 1.

Structure of various dyes used in the study. (a) Coomassie brilliant blue R 250

(CBBY), (b) alizarin cyanine green (ACG), (¢) orange G (OG), (d) indigo carmine (IC),
(e) amido black 10B (AB10B), (f) methylene blue (MB), and (g) rhodamine B (RhB).
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2.2 Synthesis

KBiO; was prepared according to the method reported
by Brauer.*? KBiO; was synthesized by the oxidation
of 3.3g of Bi,O; in 30ml of 50% aqueous KOH by
4ml of Br, at the boiling point. The bright red pre-
cipitate of KBiO; so formed was filtered and washed
with 40% KOH and cold water. LiBiO; was pre-
pared by hydrothermal method.?’ The starting materi-
als, NaBiOs. 2H,0 and LiOH, were placed in a Teflon
lined autoclave (70 ml) with Li/Bi molar ratio of 4. The
autoclave with 50% water filling was heated at 120°C
for 2 days. The brown product obtained was filtered and
washed with water several times and dried.

2.3 Characterization

The powder X-ray diffraction data (XRD) were
obtained on a Philips (Xpert PRO) machine using
CuK, source. The XRD patterns were matched with
the related JCPDS pattern using X’Pert HighScore
plus software program.** The morphology and particle
size were analysed using scanning electron microscope
(JEOL-JSM-5600LV, 20kV). The surface area of pow-
der samples were determined by nitrogen adsorption
BET technique (Belsorp, Japan). The UV-visible dif-
fuse reflectance spectra (DRS) for the powder samples
were recorded using UV-Visible spectrometer (Lambda
32, PerkinElmer). The K and Li contents in KBiO5 and
LiBiO; samples were obtained using a Perkin-Elmer
Atomic Absorption Spectrometer.

2.4 Photocatalytic degradation

The photoreactor comprised of a jacketed quartz tube
(3.8cm i.d., 4.5cm o.d. and 21 cm length) and a Pyrex
reactor (5.2cm i.d. and 16 cm length). The high pres-
sure mercury vapor lamp (125 W) was placed inside the
quartz tube and 100 ml of the dye solution was taken in
the Pyrex reactor. Both the quartz tube and Pyrex reac-
tor were cooled by the circulation of water to maintain
the temperature of the dye solution at 25°C.

The degradation experiments were carried out under
UV radiation with initial concentration of 50 mg/1 for
OG, IC, AB10B, ACG, RhB, 15mg/l (CBBr) and
20 mg/l (MB) and the catalyst loading was kept at 1 g/l
for all the experiments. Prior to the photocatalysis,
the suspension was left in dark for 2h for the attain-
ment of adsorption—desorption equilibrium. The sam-
ples were collected in vials at regular intervals of time
and centrifuged so as to remove the catalyst.
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The degradation experiments were also carried out
under solar radiation. All the solar experiments were
carried out in a crystallizing dish having inner diame-
ter of 100 mm and a height of 50 mm with same ini-
tial concentrations of dyes and the catalyst loadings as
for UV radiation experiments. In brief, 50 ml of dye
solution along with the catalyst was taken in the crys-
tallizing dish. The solution was then exposed to sun-
light with a perfectly transparent glass plate to cover
the top to ensure high solar exposure while ensuring lit-
tle evaporation. The intensity of the solar radiation was
measured on all experimental days so as to ensure that
the reactions were carried out under similar conditions.
The average solar intensity was ~ 975 W/m?. The solu-
tion was stirred continuously for two hours during the
degradation. Samples were taken at regular intervals,
centrifuged to remove the catalyst and analysed by UV
spectrophotometer.

The samples were analysed and the decrease in
absorbance of the dye solution at the characteristic
wavelength over the entire period of time was moni-
tored on a Shimadzu 1700 UV-vis spectrometer. The
absorbance corresponding to the A,,,x were converted to
the concentration using the predetermined calibration
curves for each dye.

3. Results and discussion
3.1 Characterization of the catalysts

Figure 2 shows the XRD patterns for KBiO5 and LiBiO3
samples that match well with the reported patterns
for KBiO; (ICDD PDF Card No.00-047-0879) and
LiBiO; (ICDD PDF Card No. 01-086-1187). Lattice
parameters obtained are close to the reported values
for these oxides. KBiOj crystallizes in cubic KSbO;
type structure (space group Im 3) with lattice parame-
ter a = 10.0198(3) A. LiBiO; has orthorhombic struc-
ture (space group Pccn) similar to LiSbO; and the
lattice parameters obtained are: a = 8.8272(2), b =
4.9138(2), and ¢ = 10.6919(3) A. The structures of
KBiO; and LiBiOj; are based on pairs of edge-shared
BiO¢ octahedra to form Bi,O,q clusters. These clusters
share corners to form tunnel structures, as shown in
figure 3. Alkali ions are located in the tunnels. More
details about the crystal structures of KBiO3/LiBiO;
could be found elsewhere.?*3! The adoption of a tunnel
structure by KBiO; and LiBiO; ascribed to a large cova-
lency of Bi—O bonds. Goodenough and Kafalas have
argued that in the absence of Bi—O r—bonding interac-
tions, strong covalency favours edge sharing and inhibit
linear Bi-O-Bi bonds. 3"
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Figure 2. XRD patterns of (a) KBiO3 and (b) LiBiOs.

The scanning electron micrographs for KBiO; and
LiBiO; samples taken at higher magnifications are
shown in figure 4. It is clearly seen from the micro-
graphs that the particle morphology depends on the
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method of synthesis. As seen in the micrograph
(figure 4a), KBiO; phase comprises micron size par-
ticles having polyhedral appearance. For LiBiO;, two
distinct particle morphologies, namely rod-like or pris-
matic particles, are observed. The surface areas for the
catalysts were found to be ~1m?/g. The K and Li
content in KBiO; and LiBiO; samples, estimated from
Atomic Absorption Spectroscopy, are found to be close
to the nominal stoichiometry.

UV-vis diffused-reflectance spectra (DRS) for KBiOj3
and LiBiO; powder samples are shown in figure 5. The
band gap (E,) from UV-vis diffused-reflectance spectra
(DRS) of powder samples is estimated by plotting first
derivative of absorbance with respect to photon energy
(eV) and finding the maxima in the derivative spectra
at the lower energy side. The maximum in the deriva-
tive spectra, i.e., where the absorbance has a maximum
increase with respect to photon energy, is assigned as
E,. Accordingly, the calculated band gaps from absorp-
tion spectra for KBiO; and LiBiO; are estimated to be
2.1eV and 1.8¢eV, respectively. The absorption spec-
tra are consistent with the colours of the compounds;
KBiO;j; is bright red while LiBiOs is brown indicating
considerable visible light absorption by these oxides. In
Bi-oxides the chemical nature of spectator cation (Li™,
K*, Na*, Agt, Ba*?) plays an important role in tailor-
ing the band structure *>3 as also in stabilizing different
oxidation states (+3 to +5) for Bi.

3.2 Photocatalytic degradation

The photolysis was carried out for all the dyes to ensure
that there is negligible effect with the lamp alone.
Accordingly, the decrease in the concentration of dye is

(b)

Figure 3. Crystal structure of (a) KBiO3 and (b) LiBiO3. Oxygen atoms are
at the corner of the octahedron around Bit> while K*/Lit cations reside within

the tunnels.
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Figure 5. Diffuse reflectance spectra for (a) LiBiO3; and
(b) KBiOs.

due to the effect of both the catalyst and the UV light.
The concentration of the dye after the 2h of adsorp-
tion is taken as the initial concentration (Cy). LiBiO3
shows a significant adsorption of anionic dyes while
cationic dyes are adsorbed significantly on KBiOs. The
adsorption of the dye on a material is due to the surface
charge of the material and the ionic state of the dyes,
and is independent of the size of the dye and surface
area of the material. Accordingly, the difference in the
adsorption of the dyes can be attributed to the differ-
ence of the surface charge on the catalysts. The nega-
tively charged sulfonic acid groups of the anionic dyes
are attracted to the positively charged LiBiO;. Due to
the strong adsorption, photocatalysis could not be inves-
tigated for the anionic dyes on LiBiO; and the cationic
dyes on KBiOs. Therefore, photocatalytic degradation
of anionic and cationic dyes is carried out in presence
of KBiO; and LiBiO;, respectively.

KBiO; was used to carry out the photocatalytic
degradation of the anionic dyes of five classes, namely
mono-azoic (OG), di-azoic (AB10B), anthroquinonic
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SEM images for (a) KBiO; and (b) LiBiOs.

(ACG), Indigo (IC) and triaryl methane (CBBr).
Figures 6a and b show the degradation profiles, i.e.,
normalized concentration (C/C,) with time, for the
degradation of anionic dyes with KBiO; under UV and
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Figure 6. Degradation profiles of anionic dyes with KBiO3
under (a) UV and (b) solar radiation.
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Figure 7. Degradation profiles of cationic dyes with
LiBiOj under (a) UV and (b) solar radiation.
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solar radiations, respectively. The photocatalytic activ-
ity of LiBiOj; is evaluated by carrying out degradation
of two cationic dyes, RhB (Xanthene fluorine rho-
damine) and MB (Quinone imine thiazine). Figures 7a
and b show the variation in normalized concentration
with time for MB and RhB in presence of LiBiO; under
UV and solar radiations, respectively. The initial degra-
dation of the dyes is found to follow the first order kinet-
ics for both the UV and solar radiations. The initial rate
constants are determined from the slope of In (C/Cy)
with time as shown in the inset to figures 6a, b, 7a and
b. The rate constants and the initial rates are given in
table 1. The initial rates are found to be higher for solar
radiation than that for the UV radiation but a direct
comparison could not be made because the intensities
happen to be different.

The degradation of the dye can be attributed to
the catalytic effect, which results in the generation of
charge carriers, namely the valence band holes and con-
duction band electrons, when the materials are irra-
diated by UV or solar light. The holes and electrons
participate in the photocatalysis pathway generating
hydroxyl (OH-) radicals, which are the precursors for
decomposition of any organic substrate. These hydroxyl
species oxidize the dye through the formation of inter-
mediates, which on prolonged exposure to UV miner-
alize the dye to smaller fragments like carbon dioxide,
water and other inorganic ions.

The initial rate constant, k, calculated from the slope
of In (C/Cy) versus time (inset of figure 6a, table 1), for
the degradation of dyes follows the trend ACG < OG <
AB10B < IC < CBBr. However, because the initial
concentration of the dyes are different, the initial rates
(table 1) are calculated based on k C,, follow the
trend ACG < OG < AB10B < CBBr < IC. The same
trend was observed for the degradation of dyes with
DP-25 TiO,, as reported by Vinu et al.’” However, the

Table 1. Rate constants for the photocatalytic degradation of various dyes.
Dyes Class Under UV radiation Under solar radiation

Rate constants Initial rate ro Rate constants Initial rate ro

k (min—1) (mg L' min~") k (min~") (mg L~! min~")

KBiO;
IC Indigo 0.00326 0.15399 0.02319 1.15950
CBBr Triaryl methane 0.01043 0.14827 0.01585 0.23775
AB10B  Diazoic 0.00170 0.08416 0.00345 0.1725
oG Monoazoic 0.00144 0.0692 0.0 0.0
ACG Anthraquinonic 0.00102 0.04785 0.00958 0.47900
LiBiO;
RhB Xanthene Fluorene Rhodamine 0.00513 0.20255 0.00240 0.12000
MB Quinone imine Thiazin 0.00102 0.01712 0.01473 0.29460
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overall degradation at the end of 2h follows a trend:
ABIOB ~ OG < ACG < IC < CBBr under UV expo-
sure (figure 6a). Under solar radiation the overall degra-
dation and the initial rate constant follows the trend:
IC > CBBr > ACG > ABIOB while the initial rate
follows the trend: IC > ACG > CBBr > ABI0B
(figure 6b). The structure of the dye plays a crucial role
as it determines the effectiveness with which the pho-
tocatalytic material can attack the functional groups in
order to disrupt the aromatic ring of the dye. Therefore,
the rate of degradation of the dye is very much depen-
dent on the structure of the dye. We now attempt to
explain the trend observed in this study for the rates of
degradation of various dyes.

The initial rates are higher for the degradation of IC
both under UV and solar radiation. A thorough study
on the photocatalytic degradation of IC and their inter-
mediates by Vautier er al.*® suggests that the C—S bond
cleavage is observed as the initial step during the degra-
dation of IC followed by the formation of nitrate and
ammonium ions. The central -C=C- bond has been
found to be very reactive and favours the rapid degra-
dation of the IC. In polar solvents, such as water, the
intermolecular hydrogen bonds in the solvent disrupt
the planarity®’ and result in the cleavage of the central
—C=C-bond. This leads to the rapid degradation of IC,
both under UV and solar radiation.

The overall degradation of CBBr and ACG are higher
than that of OG and AB10B. Sulfonate ions play a
major role in the photodegradation of dyes. The ease of
generation of these ions primarily depends on the loca-
tion of the sulfonyl group in the dye molecule.* Sul-
fonyl group is attached to the benzene ring in CBBr
and ACG which makes it more reactive, whereas it is
attached to the less reactive naphthalene in the case of
OG and AB10B.

AB10B, a diazo dye, shows a higher initial rate than
that of monazo dye OG. During the degradation of the
azodye, the -N=N- bond breaks.*’ Ammonium ions
are formed in AB10B having a primary amine group,
which over a period of time forms the nitrate ions.
AB10B has two azo groups, an amino group and a nitro
group, which is highly reactive, and, therefore, degrade
faster than OG, which contains only one azo group. OG
does not undergo significant degradation under solar
radiation, which might be due to its lower characteris-
tic wavelength (A,,x = 480nm), when compared to the
other dyes. Therefore, the amount of electron hole pairs
generated on solar exposure, which has a characteristic
peak at 550 nm, will be smaller. Accordingly, this leads
to lower degradation rate of OG compared to other dyes,
especially under solar radiation.
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In case of the degradation of the cationic dyes, the
overall degradation of the methylene blue is higher than
Rhodamine B under both UV and solar radiations. The
presence of two dimethylamino group in MB results
in the generation of methyl radicals which further oxi-
dize during the reaction.* In case of the degradation of
Rhodamine B, de-ethylation is followed by further reac-
tions. Since the primary step in the degradation of the
dyes are different and the rate of de-ethylation is slower
than the generation of the methyl radicals, the overall
degradation of methylene blue is higher than that for the
degradation of Rhodamine B, both under UV and solar
radiation.

4. Conclusions

In this study, the catalyst KBiO; and LiBiO; were syn-
thesized and characterized by XRD, SEM and diffuse
reflectance spectroscopy. Unlike the NaBiO;, which
has Ilmenite structure, these compounds possess the
tunnel structure. The diffuse reflectance spectroscopy
showed that the catalysts have a broad absorbance
around 600 nm with band gap of ~2eV. Due to the
low band gap, the catalysts were tested for the photo-
catalytic activity under solar light and UV light expo-
sure. The photocatalytic studies were carried out for
the degradation of anionic dyes and cationic dyes with
KBiOj; and LiBiOj; respectively.
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