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Faculty of Technology, University of Niš, Bulevar Oslobod̄enja 124, 16000 Leskovac, Serbia
*Author for correspondence (mk484475@gmail.com)
2

MS received 26 February 2021; accepted 20 May 2021
Abstract. Bismuth tartrate (BiT) is successfully synthesized by the sol–gel method. The photocatalytic performance
was evaluated by decolourization of anthraquinone-based Reactive Blue 19 (RB19) dye that represents a model of organic
pollutant. The X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy and energydispersive X-ray spectroscopy were used to determine the properties and structures of the BiT. The BiT has a smooth
surface without pores, which is confirmed by BET analysis. The specific surface area is not large for BiT, with value of
23.7 m2 g-1. BiT shows very high decolourization efficiency at optimal conditions: the photocatalyst dose of
0.50 g dm-3 at pH 2.0 and the stirring rate of 250 rpm. Increasing of UV light intensity leads to increase of decolourization rate. The decolourization of RB19 follows the Langmuir-Hinshelwood and pseudo-first-order kinetics. The
chemical oxygen demand analysis shows the ability of catalyst to completely mineralize RB19. Also, BiT photocatalyst
exhibits remarkable stability and recyclability under applied conditions in five consecutive catalytic cycles. The
decolourization efficiency remains around 93%, which means that BiT has good potential to be applied as a very efficient
catalyst.
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Introduction

The development of synthetic dyes has increased sharply in
recent years due to their extensive use in industries. The
widespread use of these dyes leads to soil and water pollution around the world. When dyes are found in water, the
dissolved oxygen content may decrease. In addition to
reduction of the dissolved oxygen content, the passage of
sunlight into the water depth can also be reduced. Examination of surface, groundwater, sewage and drinking water
revealed various azo dyes, including anthraquinone based
Reactive Blue 19 (RB19). These azo and anthraquinone
dyes can be of great risk to the environment. RB19 dye is
used in most of the industries, such as textile and leather
industries. The presence of electrophilic vinyl sulphone
groups makes RB19 mutagenic and toxic [1]. The dyes
present in water environment are stable and because of this,
removal of dyes from water and wastewater is of crucial
importance. In the past, many treatments for removal of
dyes from water have been developed, such as sorption [2],
electrocoagulation [3], microbial degradation [4] and photocatalysis. Heterogeneous photocatalysis is environment
friendly, cost-effective and green process for efficient
degradation of various dyes [5,6]. The usage of solar or

artificial light illumination (most commonly UV radiation)
in heterogeneous photocatalytic processes generates •OH
and other oxidative radicals. During the photocatalytic
process, complete mineralization takes place from the
organic dyes to mineral acids, CO2 and H2O, without
leaving any waste. Also, during heterogeneous photocatalysis no other chemical is needed except photocatalyst,
which can be recovered and re-used. In order to make the
photocatalytic treatment of dye degradation successful, the
photocatalyst should have high efficiency. Developing a
new efficient photocatalyst can lead to the formation of the
photocatalyst which have low activity or low catalytic stability. Therefore, the development of the new catalyst is a
big challenge. Recently, bismuth compounds as photocatalysts for the degradation of organic pollutants were investigated, such as Bi2O3 [7,8], BiVO4 [9], Bi2WO6TiO2 [10],
BiOBr [11], Bi6O6(OH)3(NO3)31.5H2O [12], Bi2O2CO3
[13,14] and Bi2MoO6 [15,16]. Bismuth-based materials
(composed of metallic, (oxy) hydroxide and oxide structures) obtained from the bismuth-tartrate complex intermediates were used for direct electrosynthesis of hydrogen
peroxide from oxygen [17]. Our recent research has identified the bismuth oxo citrate as efficient catalyst to
decolourize the RB19 solution [18]. The bismuth-based
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compounds are excellent photocatalysts, non-toxic, easily
regenerate and can be reused. Bismuth compounds with
photocatalytic properties that are discussed in the scientific
literature are most often inorganic compounds. Until now,
photocatalytic properties of organic bismuth compounds
have not been investigated, except for bismuth oxo citrate
[18]. Therefore, it is very important to examine the photocatalytic activity of organic bismuth compounds, such as
bismuth tartrate.
In this investigation, completely new photocatalyst will
be examined based on bismuth, concretely bismuth tartrate
(BiT) for decolourization anthraquinone-based RB19 from
water. It is very important to highlight that the method of
BiT synthesis used in this study has not been published in
any literature so far. Also, BiT was applied for the first time
for photocatalytic degradation of dye, i.e., organic pollutants in water, so the focus will be on the synthesis and
application of this photocatalyst. In this study, BiT has been
obtained by the sol–gel method and characterization was
done by X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy
(EDX), N2 sorptometry, Fourier transform infrared spectroscopy (FTIR), elemental analysis (CHNS/O) and inductively coupled plasma-optical emission spectrometry (ICPOES). The photocatalytic performances were investigated
by photocatalytic decolourization of RB19 solution.
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24 h. Finally, the obtained solid aggregates of the BiT were
powdered by using a ball mill and stored in hermetic plastic
container.

2.3

Analysis and characterization

The chemicals used in experiments for the purpose of this
study were of analytical grade. Bi(NO3)35H2O was procured from Merck (Germany). C22H16N2Na2O11S3, HNO3,
NaOH, NaNO3, C2H6O2 and C4H6O6 were purchased from
Sigma Aldrich (Germany). Deionized water was of 18 MX
purity.

The samples were filtrated through 0.45 lm membrane filter
(Agilent Technologies, Germany). UV–Vis technique was
used to determine the RB19 concentration in the samples by
measuring absorbance at 592 nm using spectrophotometer
Shimadzu UV–Vis 1650 PC (Shimadzu, Japan). Fourier
transform infrared spectrometer (Bomem Hartman & Braun
MB-100 spectrometer, Canada) was used to determine the
BiT surface functional groups. The bandgap of BiT was
determined by using Shimadzu UV-3600 spectrophotometer
(Shimadzu, Japan) according to the Tauc extrapolation
method [19]. The analysis of structure, morphology, and
composition of the photocatalyst surface was observed by
using scanning electron microscopy (SEM, Hitachi
SU8030, Japan) with energy-dispersive X-ray spectroscopy
(Thermo Scientific NORAN system 7, USA). The specific
surface area of the BiT was determined by nitrogen
adsorption (Micromeritics Gemini 5 surface area analyzer,
USA). Elemental CHNS/O analysis of bismuth tartrate was
done using a Perkin-Elmer CHNS/O analyzer (Series II,
2400, USA). The concentration of bismuth in BiT was
determined by using ICP-OES, model iCAP 6500 Duo
(Thermo Scientific, USA) equipped with a CID86 chip
detector. The precipitated phases were determined by XRD
analysis by using X-ray diffractometer (Rigaku, Ultima IV,
Japan). Thermogravimetric analysis (TG) was performed by
using TGA Q5000 (TA Instruments, USA). The isoelectric
point (IEP) of BiT was obtained by the salt addition method
[20]. The chemical oxygen demand (COD) was obtained by
COD LR method with vario tube test method (Thermoreactor AL125 and Photometer-System AL450, Aqualytic
Germany).

2.2

2.4

2.
2.1

Materials and methods
Reagents

Preparation of the photocatalyst

The BiT was prepared by sol–gel process, using 6.0 g of
bismuth (III) nitrate pentahydrate dissolved in 10.0 cm3 of
2.0 mol dm-3 nitric acid solution. Then, 9.0 cm3 ethylene
glycol, 2.4 g of 2,3-dihydroxybutanedioic acid and
90.0 cm3 of deionized water were added, with vigorous
stirring by using magnetic stirrer. Then, NaOH solution
concentration of 2.0 mol dm-3 was added in drops. The pH
was monitored and a white precipitate was obtained at
approximately pH 0.50. When pH of 0.50 is reached, the
suspension was stirred for 3 h and pH was maintained at
0.50 by adding NaOH. After 3 h, obtained precipitate of
BiT was washed five times with hot deionized water.
Separation of the precipitate from the solution was done by
centrifugation. The precipitate of BiTwas dried at 80C for

Determination of photocatalytic activity

The RB19 stock solution was obtained by dissolving 1.0 g
of dye in deionized water in volumetric flask. The working
solutions were obtained from stock solutions by diluting to
the required concentrations. The pH of working solutions
was set up by NaOH and HNO3 (Orion Star A214, Thermo
Scientific, USA). As a light source the batch photoreactor
with UV light irradiation was used. The maximum light
intensity of photoreactor is up to 1750 lW cm-2.
Effect of the BiT dose on the decolourization efficiency
of RB19 (initial concentration of 50.0 mg dm–3) was
investigated with BiT concentrations of 0.10, 0.25, 0.50, 1.0
and 2.0 g dm–3. The working solutions adjusted to pH 2.0
was transferred to the Petri dish on a magnetic stirrer
(stirring speed of 250 rpm) and irradiated with UV light in
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photoreactor. In predetermined periods of time, about
4.0 cm3 of suspension was taken, to determine RB19
concentrations.
The effect of pH on the photocatalytic decolourization
efficiency of RB19 was studied at pH 2.0, 3.0, 4.0, 5.0, 7.0
and 9.0 with BiT dose of 0.5 g dm–3. The pH of all solutions was set up to the required value using 0.1/0.01 mol
dm–3 NaOH/HNO3 solutions.
Effect of initial RB19 concentrations on the photocatalytic decolourization efficiency was performed in 50.0 cm3
of working volume of sample with different initial RB19
concentrations (10.0, 25.0, 50.0, 75.0 and 100.0 mg dm–3)
and photocatalyst dosage 0.5 g dm–3. The solutions had a
pH of 2.0 and stirring speed was 250 rpm.
The effect of irradiation intensity on the photocatalytic
decolourization efficiency of RB19 was studied at 730,
1150, 1510, 1750 lW cm–2 and without irradiation. BiT
dose was 0.50 g dm–3, pH 2.0 and the stirring speed was
250 rpm.

2.5

Data analyses

The optical bandgap was determined by using the Tauc’s
equation:

ð1Þ
ðahmÞn ¼ K hm  Eg ;
where a represents the optical absorption coefficient, h the
Plank’s constant, K an energy independent constant, hm the
incident photon energy, Eg the bandgap energy and n the
nature of transition (n = 1/2, 3/2, 2 and 3).
The RB19 decolourization efficiency (DE) was expressed
by using the equation:
DEð%Þ ¼

ðc0 þ ct Þ
 100;
c0
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rate constant for the pseudo-first and k2 the rate constant for
pseudo-second order kinetic model.
n
qt ¼ qe;cal 1  ekc A0 t ;
ð7Þ
where qt represents the concentration of RB19 in the solution after irradiation process, kc represents the specific rate
constant of the Chrastil model and A0 the dose of BiT. The
values of n (from 0 to 1) represent diffusion resistance
constant. In case the diffusion resistance n tends to 1, the
reaction is of the first order. In case the system is strongly
limited by diffusion resistance, then n is small. In case
n [ 1, then it will be the consecutive reaction order.

3.
3.1

Results and discussion
Characterization of the material

To clarify the chemical variation of the BiT calcination, TG
analysis was carried out, as presented in figure 1a. The TG
curve can be separated into five regions. The presence of an
endothermic peak happens in the first stage. This
endothermic peak corresponds to the desorption of the
surface water and weight loss of 4.0% in the temperature
range from 25 to 100C. The second stage of decomposition
is the dehydration that begins at about 100C and terminates
at 220C with net weight loss of 3.4% that correspond to the
loss of water molecules from the framework of the BiT. The
next stage of the decomposition begins at 225C and
completes at 275C, resulting in conversion of the tartrate to

ð2Þ

where c0 represents initial concentration of the RB19 and ct
represents the final concentration of the RB19 in mg dm-3.
The kinetics of the photocatalytic process was investigated by using Langmuir–Hinshelwood (L–H) equations (3
and 4) [21], pseudo-first order model presented in equation
(5), pseudo-second order model presented in equation (6)
[22], and Chrastil model (equation 7) [23] in non-linearized
forms:
1
1
1
¼
þ ;
r kr Kct kr
ct
ln ¼ kapp t;
c0

ð3Þ
ð4Þ


qt ¼ qe;cal 1  ek1 t ;

ð5Þ

k2 q2e t
;
1 þ k 2 qe t

ð6Þ

qt ¼

where r represents the rate of RB19 decolourization, ct
represents the concentration of RB19 at equilibrium, k1 the

Figure 1.

(a) The TG curve and (b) FTIR spectra of the BiT.
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the oxalate, corresponding to 20.64% of total weight loss.
With further increase in temperature from 275 to 305C, it
results in the weight loss of *1.6%, followed by the
vaporization of water and the conversion of the oxalate to
the carbonate. In the last stage from 305 to 375C results in
the formation of bismuth oxide.
The absorption broad band in the FTIR spectrum (figure 1b) of the BiT (with peaks at 3524, 3320 and
3270 cm-1) is a characteristic group frequency from the
stretching vibration of crystallization water and OH groups
participating in the strong hydrogen bonds [24]. The band
that occurs at 2974 cm-1 represents C–H stretching
vibration. In the FTIR spectrum of the BiT, the peak at
1600 cm-1 corresponds to carbonyl C=O group. The
presence of the absorption peak at 1303 cm-1 indicates
OH plane bending bond. C–O stretching is attributed to
the band at 1263 cm-1. HC–O–H deformation out of plane
and C–O stretching are attributed to the bands at 1132 and
1065 cm-1 [25]. COO- deformation is attributed to the
band at 617 cm-1. The peak at 995 cm-1 could be
attributed to C–H stretching mode. The translation vibration of Bi–OH and deformation vibration of Bi–OH correspond to the bands at 677 and 617 cm-1, respectively.
Peaks with adsorption wavenumbers below 500 cm-1
correspond to Bi–oxygen stretching vibrations. Vibration
mode of Bi–O is at 485 cm-1 of wavenumber region. The
band of the carboxylate group (1600 cm-1), a broad band
corresponding to the stretching vibration of OH groups
participating in the creation of hydrogen bonds (region
4000–3000 cm-1), and an absorption band at about
1730 cm-1 correspond to the stretching vibrations of the
C=O bond, assuming the presence of carboxylic groups in
the investigated compound, which corresponds to the
composition of bismuth tartrate.
XRD analysis performed on the BiT sample indicated
amorphous structure (figure 2a). Based on amorphous
structure it cannot be determined with certainty in what
form bismuth tartrate is present.

Figure 2.

In this case, the optical bandgap was determined by using
the Tauc’s equation for n = 2, corresponding to direct
allowed transitions. The extrapolation of linear curve (figure 2b) to zero absorption edge energy corresponds to
bandgap. The optical bandgap of BiT was 3.11 eV with
absorption edge at 369.2 nm. The obtained bandgap values
were close to some bismuth compounds, such as: BiFeO3 Eg
= 3.0 eV [26], BiPO4 Eg = 3.8 eV [26], BiOCl Eg = 3.3 eV
[27], TiO2 (Degussa P25) Eg = 3.23 eV [28] and Bi2O3 Eg =
2.0–3.96 eV [29].
The sample of the BiT has low surface area and no
measurable pores, consequently, only the Brunauer–Emmett–Teller (BET) surface area was measured which
amounts to 23.7 m2 g-1.
By the ICP-OES and elemental analysis (CHNS/O), it
was found that BiT obtained in this study had 16.37%
carbon, 1.58% hydrogen, 34.13% oxygen and 47.92% bismuth, which is very close to the ratio of these elements in
pure bismuth tartrate (16.72% carbon, 1.40% hydrogen,
33.40% oxygen and 48.48% bismuth). This quantitative
analysis is another confirmation that the obtained material is
bismuth tartrate.
The morphology and structure of the BiT were examined
by SEM technique and presented in figure 3a. The sample of
the BiT consisted of small particles of around 100 nm
clumped into large masses of 50 lm. The obtained granules
have an apparently smooth surface without the pores which
is confirmed by the BET analysis.
The local elemental composition of the BiT (figure 3b)
was shown in the EDX spectra. EDX analysis confirmed the
presence of Bi, C and O in the structure of the BiT. Based
on the EDX analysis (carried out at different points), it can
be concluded that the elemental composition on the BiT
surface has a very little variation. This confirms that used
synthesis procedure is efficient and the BiT surface is
homogeneous.
The IEP of the BiT was around 2.10, which means that
the photocatalyst surface is acidic. When the pH of the

(a) XRD pattern of the synthesized BiT and (b) plot ahm vs. hm for direct transition.
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Figure 3.

219

(a) SEM micrographs for BiT with different magnification and (b) EDX spectra for BiT.

solution is higher than IEP, surface is formally negatively
charged. The BiT surface is formally positively charged
when the pH is lower than IEP.

3.2
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Performance of the photocatalyst

Various experiments were performed to investigate the
adsorption behaviour in the dark and photocatalytic activity
of the BiT under the UV light irradiation. Also, the effect of
UV light irradiation on the RB19 dye was investigated and
the obtained results are shown in figure 4a. The results show
that the UV radiation without the addition of photocatalyst,
has no decolourization of RB19. The presence of the BiT
under UV light irradiation causes total decolourization of

the RB19 dye. Complete decolourization of the RB19
solution concentration of 50.0 mg dm-3 occurred in about 6
min. However, when the photocatalyst BiT is present in
RB19 solution and there is no UV radiation, decolourization
of RB19 does not occur. The obtained results proved that
photocatalyst based on bismuth tartrate is regarded as a
good photocatalyst, because it shows high photocatalytic
activity.
3.2a The isoelectric point and effect of initial pH
on decolourization: The effect of the initial pH on
decolourization is very complex and depends on several
basic factors (the reaction of charged radicals and the
electrostatic attraction among the catalyst surface and the
pollutant molecules). The decolourization of RB19 was
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Figure 4. (a) Removal of RB19 in aqueous solution under UV light radiation, without UV light and effect of UV
light radiation on decolourization of RB19 (BiT dosage 0.50 g dm-3, pH 2.0, light intensity 1750 lW cm-2).
(b) Effect of the pH on decolourization efficiency (BiT dosage 0.50 g dm-3, light intensity 1750 lW cm-2). (c) Effect
of the initial BiT dose on the decolourization efficiency (pH 2.0, light intensity 1750 lW cm-2). (d) Effect of light
intensity on the decolourization efficiency of RB19 (BiT dosage 0.50 g dm-3, pH 2.0). Concentration of RB19
50.0 mg dm-3, stirring speed 250 rpm and temperature 20 ± 0.5C.

examined on different pH from 2.0 to 9.0 at the initial RB19
concentration of 50.0 mg dm-3, the BiT dose of 0.50 g
dm-3, stirring speed of 250 rpm and light intensity of 1750
lW cm-2. The decolourization efficiency that depends on
the initial pH was shown in the figure 4b. The
decolourization efficiency of the RB19 decreases from
100 to 77% with the increase of pH from 2.0 to 9.0 in the
first 10 min. After 20 min decolourization efficiency at all
pH values was complete (100%). An increase in pH from
4.0 to 9.0 decreases the decolourization efficiency. This
can be explained through IEP [30]. IEP of the BiT was
around 2.10. The higher photocatalytic efficiency of the
BiT at pH 2.0 and 3.0 was the results of better electrostatic
attraction between the RB19 molecules and the BiT
surface. When the pH is lower than IEP, the surface of the
BiT is positively charged, while the RB19 is negatively
charged. Also, other interactions such as van der Waals
forces and hydrogen bonding among the RB19 molecules

and carbonyl groups of the BiT surface improved
decolourization efficiency [31].
3.2b Effect of the photocatalyst dose: To find optimal
catalyst dose on the photocatalytic decolourization
efficiency, different experiments were performed by the
initial photocatalyst dose in range of 0.1 to 2.0 g dm-3, and
the results were reported in figure 4c. The results showed
that the decolourization rate enhanced with the increase in
the amount of the photocatalyst from 0.10 to 0.50 g dm-3.
Thereafter, by increasing the photocatalyst dose from 0.50
to 2.0 g dm-3 the decolourization rate does not change. The
decolourization was completely finished by using a dose of
photocatalyst from 0.50, 1.0 and 2.0 g dm-3 for 6 min,
while for the doses of photocatalyst from 0.10, 0.25 and
0.40 g dm-3 decolourization was completed after 60, 30 and
20 min, respectively. An increase in the photocatalyst dose
leads to an increase in the total active surface area, increases
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number of active sites for generation of radicals, and as a
consequence decolourization rate increases [32].
However, with an increase in the concentration of the
photocatalyst in the solution, the UV light reaching the
surface of the photocatalyst may decrease, and therefore
fewer radicals are created on the photocatalyst surface by
itself [33–35]. Therefore, the optimal photocatalyst dose
is 0.50 g dm-3 and this amount was fixed for further
experiments.
3.2c Effect of the light intensity: To investigate the
effect of the light intensity on decolourization of the RB19
by the BiT, four different light intensity were used (730,
1150, 1510 and 1750 lW cm-2). The results from figure 4d
shows that the rate of decolourizations increased with an
increase in the light intensity. The increased UV light
irradiation leads to generation of a greater number of free
hydroxyl radicals on the photocatalyst surface [36]. The
decolourization of RB19 was most effective with a light
intensity of 1750 lW cm-2. Therefore, this light intensity
was used to perform other experiments.
3.2d
Effect of the stirring speed: The results of the
effect of the stirring speed on the photocatalytic process
were investigated. The results of this investigation are
presented in figure 5a. The value of the decolourization
efficiency of the RB19 increased with the increase in the
stirring speed from 50 to 250 rpm and reached the highest
value at 250 rpm. By further increasing the stirring speed of
solutions, there was no further increase in the photocatalytic
decolourization. The importance of this parameter is
refracted in making a homogeneous system and increasing
the contact of RB19 solutions and the catalyst surface.
Because of that, in all experiments, stirring speed of
250 rpm was selected as optimal.

Page 7 of 10

219

3.2e Effect of the initial dye concentration: The effect
of initial dye concentration on the decolourization
efficiency was studied in the optimal conditions by
different initial concentrations of the RB19 from 10.0 to
100.0 mg dm-3. The effect of the initial concentration of
the RB19 on decolourization is shown in figure 5b. When
the concentration of the RB19 increased from 10.0 to 100.0
mg dm-3, rate of the photocatalytic decolourization
decreased. In 6 min, the solutions of initial concentrations
of 10.0, 25.0 and 50.0 mg dm-3 were completely
decolourized, while complete decolourization of higher
concentrations of the RB19 solution occurred after 30 min.
The decolourization efficiency decreased with increase in
RB19 concentration and it led to decrease in the catalytic
efficiency (path length of photon that enter RB19 solution
decreases with an increase in the RB19 concentration
[37,38]). Another reason for lower decolourization
efficiency in more concentrated solutions is reduced
generation of reactive radicals because of an adsorption of
the dye molecules on the photocatalyst surface [39]. Based
on these experiments, optimal initial concentration was
50.0 mg dm-3.
3.2f Kinetic study: Langmuir-Hinshelwood, pseudo-first
order, pseudo-second order and Chrastil kinetic models for
the heterogeneous photocatalytic process were studied for
different initial RB19 concentrations in the range from 10.0
to 100.0 mg dm-3. The parameters were determined by
nonlinear fitting of the experimental data and the results are
presented in table 1. To evaluate the heterogeneous
photocatalytic reaction successfully, the modified
Langmuir–Hinshelwood kinetic model can be used. The
value of the apparent first order rate constant (kapp) was
from 0.899 to 0.165 min-1 and decreased with an increase
in the concentration of the RB19. Determination coefficient

Figure 5. (a) Effect of stirring speed on the decolourization efficiency (concentration of RB19 50.0 mg dm-3).
(b) Effect of initial RB19 concentration on the decolourization efficiency (concentration of RB19 10.0, 25.0, 50.0,
75.0 and 100.0 mg dm-3). BiT dosage 0.50 g dm-3, pH 2.0, temperature 20 ± 0.5C and light intensity
1750 lW cm-2.
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Kinetic parameters for photocatalytic decolourization of RB19.
cRB19 (mg dm–3)

Parameters

10.00

25.00

50.00

75.00

100.00

qe,exp (mg g–1)
Langmuir–Hinshelwood
kapp (min–1)
r2
Pseudo-first order
qe,cal (mg g–1)
k1 (min–1)
r2
Pseudo-second order
qe,cal (mg g–1)
k2 (g mg–1 min–1)
r2
Chrastil model
qe,cal (mg g–1)
kc (dm3 g–1 min–1)
n
r2

20.00

50.00

100.00

150.00

184.58

0.899
0.977

0.484
0.999

0.290
0.999

0.213
0.992

0.165
0.993

20.40
0.704
0.998

50.72
0.461
0.999

104.61
0.431
0.994

145.10
0.268
0.993

180.52
0.216
0.994

25.01
0.030
0.996

62.76
0.008
0.993

131.37
0.003
0.980

159.07
0.002
0.994

200.76
0.001
0.997

20.64
1.232
0.873
0.998

50.49
0.968
1.047
0.999

102.12
1.134
1.341
0.997

146.66
0.399
0.748
0.997

183.06
0.310
0.737
0.998

(r2) was very high. The results indicated that the Langmuir–
Hinshelwood kinetic model can describe the photocatalytic
decolourization of the RB19. The obtained values for K and
kr were 0.10 dm-3 min-1 and 17.58 mg dm-3 min-1,
respectively. The sorption kinetic models can be used on
this photocatalytic process, based on the adsorption as a
limiting factor of the photocatalytic reaction (the reaction
rate constant is large while the adsorption constant is small)
[18]. The pseudo-first order model successfully describes
the experimental data with higher r2 values than pseudosecond order model. Also, calculated qe values from the
pseudo-first order model are better fitted with the
experimental results compared to qe values from the
pseudo-second order kinetic model. k1 decreases from
0.704 to 0.216 s-1 with the increase in the initial RB19
concentrations from 10.0 to 100.0 mg dm-3. When
concentration of RB19 is high, fewer photons reach the
surface of the BiT and therefore create fewer oxidative
radicals. Also, active sites on the BiT surface may be
blocked by the sorbed RB19 molecules [33,34]. Further, the
produced intermediates and RB19 molecules pretend to be
active sites on the surface of the photocatalyst and reduce
the sorption and also decrease the value of k1 [40].
The Chrastil model describes well with the obtained
experimental data with r2 values close to 1. The value of
diffusion resistance coefficient varies from 0.737 to 1.341.
This indicates that diffusion does not influence the
decolourization process of the RB19 on the BiT.
3.2g Determination
of
the
chemical
oxygen
demand: COD test is applied to evaluate the efficiency
of the dye removal by means of measuring the number of

organic compounds in water, respectively by mineralization
of the organic species [41]. The mineralization of an
organic species leads to the formation of carbon dioxide
(CO2) and water (H2O) that implies in the reduction of
oxygen content [42]. The COD values of RB19 dyes
solution were determined in optimal conditions (contact
time: 180 min, photocatalyst dose: 0.50 g dm–3, dye
concentration: 50.0 mg dm–3, pH 2.0, light intensity: 1750
lW cm–2 and temperature: 20 ± 0.5C) before and after
the decolourization treatment. The results of COD
measurement obtained during the photo-decolourization of
the aqueous solution of the RB19 are presented in figure 6a.
The COD values substantially declined and was dropped
from 42.15 to 0.84 mg dm–3 after 180 min. Accordingly, to
achieve the complete mineralization of the RB19 a longer
irradiation time is required, as opposed to decolourization
which requires shorter irradiation time that amounts to
6 min, because of the formation of some organic
intermediates (the analysis of intermediates was not
carried out, because it is not the motive of this article).
The proposed reactions involved in the photocatalytic
degradation can be described using equations (8–17) as
reaction mechanism.
Irradiation of aqueous BiT suspension with UV light
generates conduction band electrons e– and valence band
holes h?.
BiT þ hm ! BT ðe þ hþ Þ

ð8Þ

The holes in reaction with H2O or OH– on the BiT surface generate OH radicals.
BiT (hþ ) þ H2 O ! BiT þ Hþ þ OH

ð9Þ
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Figure 6. (a) The COD reduction studies of RB19 dye. (b) Recycling and reusing cycles of BiT for RB19
decolourization: decolourization efficiency as a function of the decolourization cycle. BiT dosage 0.50 g dm–3, the
concentration of RB19 50.0 mg dm–3, pH 2.0, light intensity 1750 lW cm–2, temperature 20 ± 0.5C and stirring
speed 250 rpm.

The neutralization of the OH– groups by photo holes
results in the formation of •OH.
BiT (hþ ) þ OH ! BiT þ  OH

ð10Þ

The photogenerated electrons reduce the dye or react
with electron acceptors (O2 adsorbed on the BiT surface or
dissolved in water). The O2 is then reduced to the superoxide radical anion O•–
2 (equation 11) and further reduced to
HO2• (equation 12) [43].
BiT (e ) þ O2 ! BiT þ O
2

ð11Þ

þ

O
2 þ H ! HO2

ð12Þ

Therefore, RB19 is degraded by highly reactive photo•
generated superoxide ion O•–
2 and hydroxyl radical OH.
RB19 þ  OH ! Degradation products

ð13Þ

þ

ð14Þ



ð15Þ

RB19 þ h ! Oxidation products
RB19 þ e ! Reduction products

UV treatment of the RB19 in the presence of the photocatalyst, after 180 min leads to complete degradation:
RB19 þ  OH ! CO2 þ H2 O þ harmless products

ð16Þ

RB19 þ hþ ! CO2 þ H2 O þ harmless products

ð17Þ

3.3

Reusability of the photocatalyst

For the photocatalytic reaction, the photocatalyst stability is
an important factor in the practical application [44]. The
recycle test was used to investigate the photocatalytic
reusability and stability of the BiT photocatalyst under UV
irradiation. The reusability of the photocatalyst must be
considered because of the practical application in terms of
lowering the synthesis cost of the photocatalyst materials.

The suspended BiT in solution was separated by centrifugation, then washed with water and dried in an oven at
80C. To examine the reusability and stability of the photocatalytic performance of the BiT for the photocatalytic
decolourization of the RB19 under the same conditions, a
series of experiments were performed. As shown in
figure 6b, after three runs of the RB19 decolourization for a
period of 10 min for each run, the BiT did not exhibit any
significant loss in photocatalytic efficiency. It was found
that the decolourization efficiency reduced from 100 to
98.23% in the first three cycles. In the fourth and fifth
cycle, the decolourization efficiency reduced from 94.11 to
92.99%, respectively. The negligible decline in the
decolourization efficiency can be attributed to the loss of
the photocatalyst in the process of centrifugation and
drying. The BiT can be successfully recycled and reused
in the photocatalytic processes. It can be concluded that
the BiT has a good application prospect as a very
stable catalyst.

4.

Conclusion

The new photocatalyst BiT was successfully prepared by
using sol–gel method. The photocatalytic performances
were evaluated by decolouring the anthraquinone-based
RB19 under UV light irradiation. The success of the synthesis of the BiT was confirmed by FTIR, SEM, XRD and
TG analyses. The adsorption (without UV light) was negligible on the BiT. The BiT had a relatively small surface
area of about 23.7 m2 g–1. It was also observed that at pH
2.0 and light intensity of 1750 lW cm–2, the decolourization
process of the RB19 was most efficient. The optimal photocatalyst dose is 0.50 g dm–3 and stirring speed is 250 rpm.
The decolourization of 50.0 mg dm–3 RB19 at optimal

219

Page 10 of 10

conditions was performed in 6 min. The Langmuir–Hinshelwood and pseudo-first order model successfully
describes the experimental data of decolourization. The
remarkable mineralization efficiency was obtained during
180 min of photocatalytic degradation of the RB19. The
COD values were dropped from 42.15 to 0.84 mg dm–3. In
the end, after five cycle tests under UV light, the degradation efficiency was very high, around 93%, showing the
high photocatalytic stability of the BiT that suggested very
high potential for application in water purification of the
anthraquinone-based compounds.
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