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Abstract. Solid-state reaction method was opted for the preparation of bismuth tungstates (Bi,WOg) in the stoichio-
metric ratio. The structural characterization related that the material has got orthorhombic symmetry. The high-energy ball
milling did not show any structural change, but a reduction in grain size was observed from 100 to 34 nm after 5 h. The
higher activity for the decolourization of rhodamine B (RHB) and methylene blue (MB) in the presence of UV light has
been studied by employing Bi,WOQg as a catalyst. The dye degradation was observed by a decrease in the absorption
spectrum and decolourization in the presence of UV irradiation. The degradation efficiency was found to be dependent on
the size of the catalyst added in the dye solution, which may be due to increased surface area that increased the number of
active sites for the reaction. The degradation efficiency of the unmilled and 5-h ball milled (Bi;WOg) catalyst was
observed to be 32 and 90% in RHB, respectively. While in MB, 24 and 49% degradation efficiency was achieved by
unmilled and 5-h ball milled (Bi;WOg) catalyst. The degradation rate coefficient was found to be in the decreasing order
of RHB > MB, which pursued the first-order kinetic mechanism. Therefore, Bi,WOg can act as a catalyst for the treatment

of noxious and imperishable organic pollutants in water.
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1. Introduction

Textile industries cause the most precarious problem of
water pollution due to the dumping or discharging of dye
wastewater into water bodies. In India, river pollution has
crossed the mark of crisis due to improper arrangement for
disposal of wastewater or due to the non-availability of
advanced technological material for dye degradation. Non-
biodegradable materials and toxic dyes are continuously
disposed in the river, thus rendering toxic water and making
it unfit for further use. The organic dyes cause severe
environmental and biological problems, also induces irri-
tation to human eyes and skin. It has been reported that
rhodamine B (RHB) causes DNA damage [1], methylene
blue (MB) causes sperm motility leading to infertility issues
[2], and methyl orange shows mutagenic properties [3].
Transition metal tungstates are inorganic materials that
have significant applications in fluorescent lamps [4,5],
microwave [6], as scintillators [7,8], as laser host materials
[9,10], magnetic materials [11], oxide ion conductors [12],
humidity sensors [13] and as a catalyst [14—17]. Bismuth
tungstates belong to the family of cation-deficient aurivillus
phases, which act as a heterogeneous photocatalyst for
degrading azo dyes. It gives rise to an electron-hole pair
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that participates in the redox reaction in photocatalysis, thus
ultimately leading to the decomposition of persistent
organic pollutants under visible and UV light irradiation
[18-20].

It is reported that nanocomposites of Bi,WOg prepared
through hydrothermal technique could degrade RHB up to
9.68% and MB up to 10.77% in 75 min [21]. Another lit-
erature reported that Bi,WOg mixed with Cg, degraded MB
up to 80% in 2 h [22]. Whereas nanosheets of Bi,WOgq
prepared through the hydrothermal method maintained at
pH 8 degraded 37% of MB in 22 h and 28% of RHB in 280
min [23]. The uncalcined flower-like Bi,WOq superstruc-
ture prepared by hydrothermal method degraded 84% of
RHB in 60 min and flower-like calcined Bi,WOg degraded
97% of RHB in 60 min [24]. Bi,WOg, prepared by above
techniques have got the limitations to produce the photo-
catalyst in bulk and thus may not be suitable for industries
where large amount of photocatalyst are required. These
techniques involve various chemicals that are not eco-
friendly and cost-effective. In this study, Bi,WOg has been
prepared through solid-state reaction route, and the size
reduction is made through the ball milling technique, thus
making the overall experiment cost-effective, toxic-free and
appropriate for mass production of the photocatalyst.
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2. Experimental

2.1 Synthesis of Bi,WOg

The cost-effective solid-state reaction technique was opted
for the synthesis of Bi,WOgq ceramics. The stoichiometri-
cally calculated Bi,O3; and WO3; were thoroughly ground in
the liquid medium using an agate mortar for 6 h. The
powder mixture then calcined at 800°C for 6 h and 900°C
for 4 h with an intermediate grinding in a wet medium.
Phase purity was checked using a standard X-ray diffrac-
tometer (XRD; Smart Lab, Rigaku, Japan). The monophasic
Bi,WOg¢ ceramic was grounded for 5 h in liquid medium
using a planetary ball milling unit. Powder to ball ratio was
kept to be 1:10. The milling speed was maintained at 200
rpm. The ball-milled sample was dried using an infrared
lamp. Phase stability after ball milling was re-examined
using an XRD and Fourier transform infrared (FTIR)
spectrometer. FTIR spectra were examined in the frequency
range 400 to 4000 cm™' in the presence of KBr, as a
diluting agent. The surface area was calculated using a
standard BET (Nova touch-LX1, Quantachrome). The
photocatalytic test was performed in a self-designed pho-
toreactor chamber, which was installed with UV lamps. The
degradation rate of dyes (RHB and MB) was calculated
from the absorption graph, which was recorded by a Ultra
violet and visible spectrometer (Lambda 35, Perkin-Elmer,
USA). For the photocatalytic test, 5 ppm of dye solution
was prepared using de-ionized water. A quantity of 100 ml
of dye solution was taken in a Pyrex glass beaker, and
20 mg of Bi,WOg catalyst was added. The dye-catalyst
mixture was continuously stirred for 1 h using a magnetic
stirrer, heated at 40°C rotating at a speed of 250 rpm in the
dark so that dye molecule gets perfectly adsorbed on the
photocatalyst’s surface. The absorption spectra of the pho-
tocatalyst in dye solution for 1 h without UV irradiation
showed negligible change after 1 h, suggesting that there is
no change in dye concentration. The beaker with dye and
photocatalyst was kept in the photocatalytic chamber with
UV irradiation of power 72 watts. The distance between the
sample and the UV lamps was maintained to be 13 cm.
After every 1 h interval, 3—5 ml of aliquots were taken out
and centrifuged (Remi PR-24) and examined under UV-vis
spectrometer.

3. Results and discussion

3.1 Structural analysis

Figure 1 shows the XRD pattern of bismuth tungstate
powder obtained before and after ball milling for 5 h. The
X-ray diffractograph shows the orthorhombic symmetry of
the ceramic and matches with the JCPDS card no-79-2381)
very well. The monophasic nature of Bi,WOg before and
after ball milling can be seen from the diffractogram. The
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Figure 1. XRD diffractograph of Bi;WO¢ unmilled and 5 h ball-

milled samples.

diffraction peaks became gradually broader with ball mil-
ling, thus showing that ball milling decreases the average
crystallite size. The average crystallite size of the unmilled
Bi,WO¢ was 100 nm, while 5 h ball milling reduced its
crystallite size to 34 nm as calculated by using Scherrer’s
formula.

Figure 2a shows the FTIR spectra of Bi,WO¢ before
and after ball milling within the frequency range of
1000—400 cm™"'. The leading absorption bands at 501 and
709.5 cm™ ' represent the stretching vibration mode of Bi-O
and W-O bond, respectively [25-30]. These band positions
remain unchanged after 5 h ball milling suggesting no
change in crystal symmetry.

The experimental Raman spectra of unmilled and 5 h ball-
milled Bi,WOg at room temperature are shown in figure 2b.
Both the spectra exhibit a similar profile, suggesting no
changes associated with the decrease in the size of Bi;WOg
due to ball milling. All the characteristic peaks of Bi,WOg
were identified as being in the range of 200 to 1000 cm ™" [31].
The active modes at 792.94 and 828.58 cm ™' are an indica-
tion of bismuth tungstate and may be credited to the
antisymmetric modes and symmetric modes of the O-W-0O
bonds [32]. The peak at 721.83 cm™ ' explicates the linking
mode of tungstates [33,34]. The vibration at 334.46 cm ! was
allocated to WO, mode [35,36]. The peak at 307.23 cm s
associated with the simultaneous motion of Bi’'T and
WO~ along the crystal lattice [31,32].

3.2 Optical properties

The optical bandgap was calculated by Kubelka—Munk
equation and presented in figure 3a. The Kubelka—Munk
function is represented by the equation [F(R)hv]'™ =
C\(Egap — hv), where F(R) is the Kubelka-Munk function,
hv the energy of a photon and C; the proportionality con-

stant [37-40]. The optical energy bandgap of Bi,WOg
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Figure 2. (a) FTIR and (b) Raman spectra of Bi,WO¢ (un-
milled) and 5 h ball-milled samples.
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Figure 3. (a) The optical bandgap of unmilled and 5 h ball-

milled Bi,WOg powder at room temperature. Inset (b) shows the
fluorescence spectra of the respective powders.

unmilled and Bi,WOg 5 h ball-milled was found to be 3.05
and 3.16 eV, respectively, determined by tauc plot, as
shown in figure 3a.
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The photoluminescence (PL) emission spectra were
carried to investigate the recombination rate of photoexcited
charge carriers. Figure 3 (inset) shows PL spectra of Bi,.
WOg unmilled and 5 h ball-milled powders. The weaker PL
intensity of Bi;WOg 5 h ball-milled indicates a lower
recombination rate of photogenerated electron-hole pairs
[41]. The photocatalytic result discussed subsequently is
also in accordance with PL result, indicating higher pho-
tocatalytic effect in Bi,WOg 5 h ball-milled sample allow-
ing the lower rate of holes and electrons recombination.

3.3 Degradation of RHB

The photocatalytic activity of an unmilled and 5 h ball-
milled Bi,WOgq catalyst was performed by degrading RHB
under ultraviolet light. RHB has maximum absorption at
554 nm. It does not show stability under UV irradiation and
is degraded by 27% in 15 h of UV irradiation. The
absorption spectra of RHB under 15 h of UV-vis irradiation
is shown in figure 4a. RHB is more easily adsorbed by 5 h
ball-milled Bi;WOg4 than by unmilled Bi; WOy, illustrated in
figure 4b and c. The higher removal efficiency (>90%) has
been observed in 5 h ball-milled Bi,WOg in comparison
with the efficiency of unmilled Bi,WOg¢ (34%) under 15 h
UV light irradiation. This may be because ball milling
reduced the size and increased the surface area of Bi,WOsg.
The adsorption and the active site of the reaction increases
due to ball milling, which enhanced the performance of
photocatalyst by degrading RHB (up to 90% in 15 h). After
every 2 h, the absorption intensity decreased, showing the
change in concentration of the dye molecule. As time
increased, the blue shift in the graph was observed. Blue
shift observed in the spectra was because of N-de-ethylation
of RHB [42,43]. This led to the colour change of RHB from
pink to pale green. The temporal evolution of RHB
absorption spectra in the presence of 5 h ball-milled
Bi,WOg represents the pathway of degradation of RHB; (a)
RHB, (b) N,N-diethyl-N-ethyl rhodamine, (c) N-ethyl-N-
ethyl rhodamine, (d) N-ethyl rhodamine and (e) rhodamine.
The hypsochromic shift in RHB has already been reported
in the literature [44,45], where TiO,/SiO, composite was
used as photocatalyst for RHB. The degradation efficiency
shown in figure 4d was calculated from the formula:

A() _At
= 100.
1 ( Ag )X

The reaction rate constant was calculated and presented
in figure 4e, considering the reaction to be first order. To get
a better understanding of kinetic reaction, the experimental
data were fitted by pseudo-first-order model. The equation
for calculation is as follows:

Ag
In (A—t) = —Kappt,

where K, is the apparent first-order rate constant.
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Figure 4. The photocatalytic activity of (a) RHB in the absence of photocatalyst, (b) unmilled, (¢) 5 h milled, (d) degradation
efficiency and (e) reaction rate constant of Bi,WOg on RHB up to 15 h UV irradiation.

3.4 Degradation of MB

The photocatalytic performance of Bi;WOq catalysts was
evaluated by the degradation of MB exposed to UV light.
There was minimal degradation of MB observed in 8 h of
UV irradiation in the absence of catalyst due to its higher

stability. The photocatalytic activity of unmilled Bi,WOg
and 5 h ball-milled Bi,WOg¢ against MB is shown in fig-
ure 5a and b, net UV irradiating time was 8 h, and the
absorption intensity was measured. The observed absor-
bance peak positioned at 664 nm was monitored after every
1-h interval. The results show that the unmilled Bi,WOg
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shows low activity (23%) against degradation of MB after 8
h, whereas 5 h ball-milled Bi,WO¢ gave relatively higher
efficiency (49%). The degradation activity of MB did not
improve increasing the irradiation time beyond 8 h of
irradiation time. Ball milling of Bi;WOg enhanced its
photocatalytic activity. The difference in photocatalytic
activity may relate to UV light absorption properties, the
separation efficiency of photogenerated electrons and holes,
and efficient charge transfer. The degradation efficiency and
rate constant of the photocatalyst is displayed in figure Sc
and d.

3.5 Proposed mechanism

From the literature we know that ethanol and BQ are used
as the scavenger of OH® and superoxide (*0*") respectively,
whereas KI is an efficient scavenger to both *OH and
photoexcited ht [46,47]. The investigation report of etha-
nol, KI and BQ is done by Wang et al [48], which showed
that ethanol does not have any effect on the photocatalytic
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degradation of RHB, whereas KI and BQ reduce the
photocatalytic degradation of dye. This result shows the
dominance of h* and *O*" and negligible role of *OH in the
dye degradation. Under the UV light irradiation, Bi,WOg¢ was
excited and produced the photogenerated charge carriers. The
photogenerated holes at the valence band then react with
water to produce OH" radical. The formed OH® on the surface
of semiconductors is a powerful oxidizing agent. The anionic
superoxide radical (O,") is produced due to the reaction
between electron in conduction band and oxygen. The
superoxide radical gets protonated, forming hydroperoxyl
radical (HOO®). Both oxidation and reduction process takes
place on the surface of the photoexcited photocatalyst
[49-51]. Primarily, all the four established species with a
photogenerated hole (h), hydroxyl (OH®) radical, superox-
ide anion radical (*O®") and electron (e”) are active during
the photocatalytic processes, shown in figure 6.

The conduction band and the valence band potential
plays a vital role in the explanation of photocatalytic
reaction. The hybridized O 2p and Bi 6s states form the top
of valence band and the W 5d states form the bottom of
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Figure 5. Photocatalytic activity of (a) unmilled Bi,WOg, (b) 5 h milled Bi,WOy, (c) degradation efficiency and (d) reaction rate

constant of Bi,WOg on MB up to 7 h UV irradiation.
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Figure 6. Pictorial representation of photocatalytic degradation
of dye by Bi;WO¢ powder.

conduction band in Bi;,WQOg [52]. The conduction band and
valence band have been calculated by Mullikan’s equation
[53], which is written as

E X—E -
CB — (¢ 7

where X is defined as the arithmetic mean of electron
affinity and ionization potential and is also called absolute
electro-negativity of the catalyst and is reported to be 6.2
eV in the literature [54]. The E. is the kinetic energy of free
electrons of the hydrogen scale (4.5 eV), and E, the optical
energy bandgap of Bi;WOg (ball milled) was calculated to
be 3.16 eV [52]. The conduction band and valence band
potential of ball-milled Bi,WOg vs. normal hydrogen elec-
trode was calculated to be 0.12 and 3.28 eV. The reaction
between e and O, cannot proceed, as conduction band
potential of Bi,WQg is less negative than O,/°0,~ (-0.13 V
vs. normal hydrogen electrode). However, the conduction
band potential might change in the solution as it changes
with pH. In our photocatalytic reaction, the pH of the
reaction was 7.5. This probably might have shifted the
conduction band potential of Bi,WOgq towards negative
compared to the calculated value. The increasing trend of
conduction band with increase in pH has already been
reported in the literature [55]. Thus, allowing the reaction
between e~ and O, possible, with the production of *O,".
However, the valence band potential of ball-milled Bi,WOg
is higher compared to the redox potential of OH/*OH and
H,>O/°OH (1.89 and 2.72 V vs. normal hydrogen electrode)
[56]. Thus, the photoexcited h* can readily react with OH~
and H,O to produce *OH radicals. However, there is no
*OH found to be evolved. The possible reason for pho-
toexcited h™ cannot react with OH/H,O to produce *OH is
that the photoexcited h* forms as Bi’" oxidation state, and
the redox potential of Bi**/Bi’", being 4+1.59 V vs. normal
hydrogen electrode [57], is negative to those of OH/°OH
and H,O/*OH, as reported in the literature [57]. Based on
the results, we conclude that h™ and *O* are the dominant
active species causing the RHB dye degradation, and *OH
plays a negligible role in the photocatalysis.

Bull Mater Sci (2021)44:2

4. Conclusion

Bi,WOg¢ was successfully synthesized by using the solid-
state reaction route followed by 5 h ball milling. The ball-
milling technique reduced the crystallite size of the pre-
pared sample from 100 to 34 nm. The prepared Bi,WOgq
was employed as a catalyst in degrading RHB and MB. The
5 h ball-milled Bi,WO¢ showed a remarkable degradation
efficiency than unmilled Bi,WOg. Thus the experimental
result confirmed that there exists a relationship between
electron mobility and surface area. This had a significant
effect on the catalyst’s photocatalytic activity. The prepared
catalyst is effective in degrading toxic dyes and cleaning
wastewater from dye industries.
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