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Abstract—The influence of the preparation technique of bismuth silicate-based catalysts on their formation,
phase composition, absorption characteristics, and photocatalytic properties is investigated. Samples the with
initial ratio of Bi : Si =2 : 1 are prepared via the hydrothermal method with varied temperature conditions in
the hydrothermal aging and calcination stages. The synthesized catalysts demonstrate photocatalytic activity
in the decomposition of the methanol equilibrium vapor and visible light-induced decolorization of a meth-

ylene blue (M B) aqueous solution.
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Researchers’ attention is currently focused on mate-
rials with increased photocatalytic properties, a well-
developed surface, and a high adsorption level. The most
frequently used material for photocatalysis is titania due
to it being highly active and due to its chemical stability,
lack of toxicity, and relatively cheap price [1]. However,
it also has disadvantages such as limited absorption spec-
tra and the rapid recombination of charge carriers.

Lately interest in bismuth compounds (mainly sili-
cates and titanates) has increased. Photocatalysts based
on these materials are capable of working under visible
light irradiation, which is beneficial in terms of saving
energy. The photocatalytic characteristics of such sys-
tems strongly depend on phase composition, which is in
turn defined by the preparation conditions and calci-
nation temperature, amongst other factors [2].

In this study the influence of the conditions of the
hydrothermal treatment (HTT) and subsequent calci-
nation on the phase composition of bismuth silicate
materials and their photocatalytic activity in model
reactions is investigated. The first chosen model con-
taminant was a diluted equilibrium vapor of methanol
due to its high degree of toxicity even in small amounts
and frequent presence in industrial emissions. An
additional testing reaction of the decolorization of a
methylene blue (MB) aqueous solution under visible
light was carried out.

EXPERIMENTAL

The bismuth silicate catalysts were prepared by the
hydrothermal method. Sodium metasilicate Na,SiO; -

! The article was translated by the authors.

5H,0 (chemically pure, Vekton, Russia) was used as a
silicon source for series 1 and 2, while tetraethylortho-
silicate Si(OC,H;s), (Sigma-Aldrich) was used for
series 3 and 4. Bismuth nitrate Bi(NO;); - 5H,O
(chemically pure, Vekton, Russia) dissolved in eth-
ylene glycol was used as a source of Bi in all four series
of samples with the initial ratio of Bi: Si=2: 1.

Series 1 marked as BSN-1 (Bi—Si—Na) (samples
BSN-150-1, BSN-160-1, BSN-170-1) was prepared
by the method described in [3]. The calculated
amounts of sodium metasilicate and bismuth nitrate
were dissolved in distilled water and ethylene glycol,
respectively, and then mixed together in a 100-mL
Teflon autoclave to be subjected to HTT at 150, 160,
and 170°C for 12 h. The obtained samples were dried
at 50°C for 6 h and then calcined twice at 600°C with
grinding in an agate mortar between calcinations.

Series 2 marked as BSN-2 (samples BSN-150-2,
BSN-160-2, BSN-170-2) was prepared by a similar
method; however, the calcination procedure was car-
ried out only once at 500°C for 12 h.

Series 3 marked as BSO-1 (Bi—Si—O) (samples
BSO-150-1, BSO-160-1, BSO-170-1) was prepared
with the use of silicic acid sol. The calculated amount
of tetraethylorthosilicate (TEOS) was mixed with dis-
tilled water in a molar ratio of TEOS : H,O = 1:4,
with the addition of concentrated nitric acid to achieve
pH 2 with constant stirring for 15 min. The calculated
amount of bismuth nitrate was dissolved in ethylene
glycol. Both solutions were placed in a 100-mL Teflon
autoclave and subjected to HTT at 150, 160, and 170°C
for 12 h similarly to the other series. The obtained sam-
ples were dried at 50°C for 6 h and then calcined twice
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at 600°C for 12 h with grinding in agate mortar between
calcinations.

Series 4 marked as BSO-2 (samples BSO-150-2,
BSO-160-2, BSO-170-2) was prepared via a technique
similar to series 3 (BSO-1); however, the calcination
procedure was carried out only once at 500°C for 12 h.

The surface area of the samples was evaluated via
the low-temperature nitrogen adsorption method with
the use of automatic adsorption TriStar II 3020 ana-
lyzer (Micromeritics, United States). The crystal
structure of the synthesized materials was investigated
by the X-ray diffraction method on a Shimadzu XRD
6000 diffractometer (Japan) with the use of Cuk,-
radiation in the range of 260 = 20°—80° at a measure-
ment speed of 2 deg/min. The optical characteristics
of the prepared catalysts were studied with the use of a
UV-spectrophotometer Cary-100 (Agilent, United
States) in the diffuse reflectance mode (DR). Ther-
mogravimetrical analysis (TGA) was carried out with
the use of the Jupiter STA 449 F1 thermal analyzer
(Netsch, Germany) in the temperature range of 25—
900°C at a heating speed of 10 deg/min in an air atmo-
sphere. The QMS 403 D Aé&olos mass spectrometer
(Netsch) was used to control the evolving decomposi-
tion products.

The photocatalytical activity of the samples was
evaluated in two model reactions. The first experiment
featured the decomposition of a methanol equilibrium
vapor diluted with air, and thus imitating a low con-
centration air pollutant. The reaction was carried out
in a vertical quartz reactor in the flow mode. Highly
dispersed powders of the studied photocatalysts were
immobilized on quartz chips (3—4 mm fraction) by the
technique described in [4] with the use of an acetylac-
etone (chemically pure) suspension. To obtain the sus-
pension, 0.3 mL of acetylacetone and 4.8 mL of dis-
tilled water was added to 0.750 g of a catalyst and the
resulting mixture was ground in an agate mortar for
5 min. After that 19.2 mL of water was added to the mix-
ture, which was then ground again for 5 min. The mix-
ture was subjected to ultrasonic treatment for 10 min
with the use of a YX 3560 (50 W) ultrasonic bath. A
portion of the quartz carrier (40 g) was loaded into the
suspension and left for 5 min. The operation was car-
ried out twice. After that the extracted carrier was
placed on an instrument glass and dried in a desiccator
in room temperature for 48 h. Further thermal treat-
ment of the samples was not executed. The content of
the active component was 4 wt % for bismuth silicate
catalysts, 2.6 wt % for a-Bi,05, and 8 wt % for TiO,.

The conversion of methanol was evaluated with the
use of a Chromatec Crystal 5000.2 gas chromatograph
(Chromatec, Russia). A methanol vapor was supplied
by passing the air flow through a saturator with meth-
anol (chemically pure) at a speed of 5 mL/min, which
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was then diluted with the second air flow to achieve
the required concentration. The saturator was thermo-
stated at 0°C with the use of an LOIP FT-311-25 cryo-
state. A mixture of ethylene glycol and water in the
ratio of 1 : 1 was used as the heat carrier.

The second photocatalytical experiment featured
the reaction of an MB photodegradation in an aque-
ous solution. The process was carried out in a quartz
reactor in the static mode. A suspension of the catalyst
in the studied solution (40 mL) was kept in darkness
for 12 h to achieve adsorption equilibrium and then
placed in a quartz reactor and irradiated for 3 h. Both
stages of the experiment were carried out with con-
stant stirring. The catalyst was separated from the
studied solution via centrifugation for 2 min at a rota-
tion speed of 15000 turns/min.

The irradiation source was an XHA-250 xenon
lamp (250 W, 16 A, light flow 4800 Im.) with a PSL-
C-250-10 power source (Razryad, Russia). The
lamp’s spectra were adjusted with the use of a YB-10
color filter (A = 400 nm) during the MB photodegra-
dation experiment.

TiO, Degussa P25 (Sigma-Aldrich) and a-Bi,0;
were used as reference samples in both the experi-
ments. Bismuth oxide was obtained via calcining bis-
muth nitrate pentahydrate (analytical grade, Vekton)
in a muffle furnace at 800°C for 2 h according to the
equation

4Bi(NO,); - 5H,0
2Bi,0; + 12NO, + 30, + 20H,0.

800°C,2h

RESULTS AND DISCUSSION

Phase Composition and Surface Area
of Obtained Catalysts

The phase composition and surface characteris-
tics of the obtained photocatalysts are presented in
Table 1 and in Figs. 1 and 2. According to the
obtained data, the main phase in all of the samples is
sillenite Bi;;SiO,,. Small amounts of metastable bis-
muth metasilicate Bi,SiO; and o-Bi,O; are also
observed. Also, the BSO-1 series obtained with the
use of TEOS and calcined twice at 600°C contains a
high proportion of eulytite Bi,Si;O,,.

According to the literature [5], sillenite possesses a
body-centered cubic structure similar to metastable
v-Bi,0; (natural sillenite), which is stabilized in the
presence of metal oxides in the ratioof M : Bi=1: 12.
Sillenite crystal consists of SiO, tetrahedra and dis-
torted BiOsO octahedra (“0” indicates a vacancy).
Bismuth orthosilicate BiySi;O, belongs to the eulytite
family, possessing a cubic structure with 4 formula
units in the grid, where each Bi ion is coordinated by a
distorted octahedron of oxygen atoms belonging to the
KINETICS AND CATALYSIS  Vol. 58
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Table 1. Surface area and phase composition of prepared bismuth silicates and reference samples (0-Bi,O5 and TiO,)

Phase composition, vol %
Sample S, m%/g
Bi,Si0, Bi,Si;O, Bi,SiOs a-Bi,04
BSN-150-1 2 90 — 3 7
Series 1
-160- < _
(BSN-1) BSN-160-1 1 87 3 10
BSN-170-1 1 85 — 13 2
BSN-150-2 1 91 — 6 3
Series 2
-160- < _
(BSN-2) BSN-160-2 1 95 3 2
BSN-170-2 <1 94 — 4 2
BSO-150-1 <1 45 44 11 —
Series 3
(BSO-1) BSO-160-1 11 54 35 11 -
BSO-170-1 12 50 43 7 —
BSO-150-2 1 57 — 24 19
Series 4
(BSO-2) BSO-160-2 4 45 — 24 31
BSO-170-2 <1 49 — 42 9
Reference -Bir03 <1 - - - 100
samples TiO, 55 (70% anatase, 30% rutile)

neighbouring silicate ions, while the Bi cations are
placed on the C; axis of symmetry and the SiO, tetra-
hedra are stationed in the S, position [6].

Bismuth metasilicate Bi,SiO5 possesses an orthor-
hombical structure and belongs to the Aurivillius phase

family [7], where BiZO§+ layers consisting of square-

BSN-150-2
BSN-160-2

BSN-170-2
BSN-150-1
BSN-160-1
BSN-170-1

based pyramids with oxygen atoms in the base are alter-
nated with perovskite-like layers AmBm_log;, +1» where m
is the number of octahedra perpendicular to the Bi,0,
layers. For m = 1 perovskite-like layers are composed of
MO;~ structural units and are replaced with SiO3
pyroxene layers in the case of silicon having lesser
valence.

20 25 30 35

40 45

50 55 60 65 70 75 80
20, deg

Fig. 1. Phase composition of synthesized samples of series 1 (BSN-1) and 2 (BSN-2) prepared with use of sodium metasilicate.
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Fig. 2. Phase composition of synthesized samples of series 3 (BSO-1) and 4 (BSO-2) prepared with use of tetracthylorthosilicate.

The BSN-1 and BSN-2 series obtained with the
use of Na,SiO; as the silicon source are characterized
with the biggest amount of the sillenite phase. With
the variation of the thermal treatment conditions the
phase composition of these series barely changes,
apart from the BSN-160-1 and BSN-170-1 samples
possessing a higher amount of impurity phases, to 10—
13 rel. % of a-Bi,O; and Bi,SiOs.

The proportion of impurity phases in the BSO-1
and BSO-2 series obtained with the use of TEOS is
noticeably higher. Besides sillenite, for the BSO-1
series, the eulytite Bi,Si;O,, phase was also detected
in a comparable amount, while for the BSO-2 series,
it was completely absent in the presence of a-Bi,0,
and an increased amount of bismuth metasilicate
Bi,SiOs. The calcination conditions notably affect
the phase composition for this series, which is con-
nected with the metastability of the Bi,SiO5 phase
[8], which is transformed to Bi,Si;O;, under an
increased temperature, in addition to the already
formed eulytite.

To sum up, the BSN-1 and BSN-2 series possess
a similar well-crystallized structure with sillenite
present as the main phase. The use of TEOS as the
source of silicon (BSO-1 and BSO-2) leads to a
change in the phase composition of the samples. The
phase composition of the obtained materials is
mainly influeced by the time and temperature of cal-
cination, while the influence of the HTT tempera-
ture is notably lower.

Study of the Obtained Materials
by Diffuse Reflectance Spectroscopy

The optical properties of the prepared materials
and reference samples in the UV and visible range are
shown in Fig. 3. According to the obtained data, all the
synthesized materials demonstrate absorption in the vis-
ible range in addition to increased adsorption in the area
of 330 nm characteristic for the Bi—O—Bi bonds [9].

Figure 3a shows a comparison of the absorption
spectra for the BSN-1 and BSO-1 series calcined
twice at 600°C but prepared with different Si precur-
sors (sodium metasilicate and TEOS, respectively). As
shown, the BSN-1 series demonstrate stronger
absorption in the UV and visible range. It should be
noted that the absorption characteristics of the BSO-
150-1 and BSO-160-1 barely differ. The absorption
curve of the BSO-170-1 sample demonstrates notably
lower absorption in the area of 450 nm than the other
photocatalysts from this series, which may be
attributed to the different impurity phase composition
in the layered structure of the sample.

A comparison of the absorption spectra for the
BSO-1 and BSO-2 series prepared with the use of
TEOS with varied temperature and treatment time is
presented in Fig. 3b. The curves of the BSO-2 series
behave differently and notably differ from each other;
this is related to the difference in their phase composi-
tion. Sample BSO-170-2 containing the least amount
of the bismuth oxide impurity and the largest percent-
age of metastable Bi,SiO5 demonstrates the highest
absorption in the area of 480 nm. We can conclude

KINETICS AND CATALYSIS  Vol. 58

No.5 2017



SYNTHESIS AND PHOTOCATALYTIC PROPERTIES

(a)
F(R)

BSN-150-1
BSN-160-1
BSO-150-1 BSN-170-1

BSO-160-1

BSO-170-1
200 300 400 500 600 700 800
(@)
HR)
A
BSN-150-1
BSN-160-1
BSN-170-1

BSN-150-2

BSN-160-2
BSN-170-2

300 400 500 600 700 800
Wavelength, nm

200

597

(b)
F(R)

BSO-150-2

BSO-160-2

BSO-170-2

BSO-170-1
200 300 400 500 600 700 800
(d)
F(R)

A

(X—BizO}

BSN-160-1

TiO, BSO-160-1

1 1 1 1 1 J
300 400 500 600 700 800
Wavelength, nm

200

Fig. 3. Study of absorption spectra of synthesized materials. (a) Influence of precursor nature in BSN-1 and BSO-1 sample series.
Influence on thermal treatment conditions for BSO-1 and BSO-2 (b) and BSN-1 and BSN-2 (c). (d) Comparison of absorption
spectra of synthesized materials (BSN-160-1 and BSO-160-1), as well as reference samples (0- Bi,O5 and TiO,).

that calcination at higher temperature lowers the
absorption of the UV and visible radiation for the sam-
ples obtained with the use of TEOS. This is correlated
with the difference in their phase composition where,
for the BSO-1 metastable phase, Bi,SiOs is able to
transform to a more stable Bi;Si,O,, phase having less
absorption in the visible range.

Figure 3c illustrates a comparison of the absorption
spectra for the BSN-1 and BSN-2 series; both were
prepared with the use of sodium metasilicate but cal-
cined twice at 600°C and once at 500°C, respectively.
The absorption of the UV and visible irradiation for
BSN-1 series is notably lower than for the BSN-2 cal-
cined at a lower temperature.

Figure 4d shows the absorption characteristics of
the prepared BSN-160-1 and BSO-160-1 silicates, as
well as the reference samples, o-Bi,O; and TiO,. All
bismuth silicates studied in this work demonstrate
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higher absorption in the visible range than the refer-
ence samples, which influences their activity, as it will
be presented in the study of their photocatalytical
properties.

Thermogravimetrical Study Results

The TGA (DSC) method was used to investigate
the patterns for the formation of the structure of the
obtained bismuth silicates. The TG-DSC curves for
the BSN-160-1 and BSO-160-1 samples dried at 50°C
for 6h are shown in Fig. 4.

The studied samples lose mass in the range of 25 to
100°C on the TG curves, which is attributed to the
water desorption, according to the mass spectrometric
analysis, while the exothermal peaks in the area of
260—300°C are connected with the combustion of
organic impurities according to the CO, evolution
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Fig. 4. TG—DSC curves for samples BSN-160-1 (/) and
BSO-160-1 (2) after HTT and drying at 50°C for 6h.

curve. According to the published data [10], the area
of 230—240°C can also be attributed to the decompo-
sition of Bi(OH); with the formation of BIOOH and
the further decomposition to amorphous bismuth
oxide at 320°C. The results of the mass spectrometri-
cal analysis of the evolving gases (not shown in the fig-
ures) showed that the evolution of nitrogen oxides
(NO and NO,) in the area of 250—300°C also takes
place, indicating the decomposition of unreacted
nitrates. On the TG curve of the BSO-160-1 sample pre-
pared with the use of TEOS, an additional exothermal
peak is detected at 352°C, which is attributed to the com-
bustion of organic impurities (evolution of CO,).

An endothermic peak characteristic for the decom-
position of nitrogen oxides is detected in the medium
temperature range (650—670°C) on the TG curve for
the BSN-160-1 sample. During the decomposition
process of the precursor for BSO-160-1 this peak is less
expressed and is not accompanied with a notable evolu-
tion of nitrogen oxides, which indicates a different com-
position of the precipitates forming after the HTT.

The high-temperature endothermic peaks at 770
and 800—810°C (BSN-160-1), as well as 730 and
860°C (BSO-160-1), not connected with the decrease
of the mass, can be attributed to the phase transitions
in these systems. According to [10], the metastable
phase of Bi,SiOjs is able to react with amorphous silica
at temperatures above 715°C with the formation of
eulytite Bi;Si,O,. This closely agrees with the XRD
data for the BSO-1 series (Fig. 2, Table 1) and explains
the absence of the Bi;Si O, phase in the BSO-2 series
calcined at a lower temperature. In general we can
conclude that the main phase composition of the pre-
pared samples is formed in the low temperature area
(200—300°C) and is defined primarily by the HTT
conditions, because the main phase in all the synthe-
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sized silicates is sillenite Bi,,SiO,,, which is present
even in the BSN-2 and BSO-2 series calcined at a
lower temperature (Table 1).

Photocatalytical Properties of the Prepared Materials
Based on Bismuth Silicates

Table 2 presents the results of the photocatalytical
study of the synthesized materials and reference sam-
ples: TiO, and 0-Bi,0;. According to the obtained
data, the BSN-1 series prepared with the use of
sodium metasilicate and calcined twice at 600°C is the
most active in both the catalytical experiments, with
the BSN-160-1 sample showing the highest activity of
all the synthesized silicates.

Despite the fact that the photocatalytical activity
tends to grow with the HTT temperature increasing
from 150°C (BSN-150-1) to 160°C (BSN-160-1), the fur-
ther increase of the temperature to 170°C (BSN-170-1)
leads to a significant decrease in the conversion of
both methanol and MB in the discussed reactions.
This is connected with the difference in the phase
composition formed in the nucleation stage and con-
firms the influence of the HTT temperature on the
phase formation process. Moreover, it is important to
note that the BSN-2 series also obtained with the use
of sodium metasilicate but calcined once at 500°C
demonstrates notable photocatalytical activity (as well
as BSN-1), which may be connected with the preva-
lence of the sillenite phase (as shown by the authors of
[11] in studying Bi,SiO,, nanofibers prepared with
the electric spindle method). The conversion values
for the BSN-2 series are more or less comparable with
the results of the BSN-1 study save for the BSN-150-2
sample showing the lowest activity. Finally, it was
determined that the less active catalysts in the second
experiment from the BSN-1 and BSN-2 series prepared
with the use of sodium metasilicate are characterized
with the largest amount of the metastable Bi,SiO;
phase. Thus, we can conclude that the temperature of
the HTT for the samples prepared with the use of
sodium metasilicate plays a key role in the formation
of photoactive catalysts because their crystal structure
is notably more thermally stable than the structure of
samples of the BSO-1 and BSO-2 series.

A different situation is observed for samples of the
BSO-1 series prepared with the use of TEOS and cal-
cined twice at 600°C, which practically do not show
any activity in either of the catalytic experiments. This
can be connected with the significant amount of euly-
tite Bi,Si;0, in the phase composition of the samples.
Characteristically, the samples of the BSO-2 series
calcined at a lower temperature and not possessing this
phase demonstrate noticeably higher activity in both
decomposing methanol and MB having an increased
amount of - Bi,O; and Bi,SiOs in their phase compo-
sition. It is possible that the presence of ¢-Bi,O; has a
certain effect due to its ability to participate in the
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Table 2. Photocatalytical activity of prepared bismuth silicate catalysts

Methanol MB
T; ° T icinations
Catalyst wrn °C caleination> *C conversion, % conversion, %
BSN-150-1 150 600 (stage 1) 22.4 36
600 (stage 2)
. BSN-160-1 160 600 (stage 1) 25.9 43
Series 1 (BSN-1) 600 (stage 2)
BSN-170-1 170 600 (stage 1) 15.0 19
600 (stage 2)
BSN-150-2 150 500 19.3 17
Series 2 (BSN-2) BSN-160-2 160 500 19.7 29
BSN-170-2 170 500 14.9 20
BSO-150-1 150 600 (stage 1) 1.8 0
600 (stage 2)
. BSO-160-1 160 600 (stage 1) 2.2 0
Series 3 (BSO-1) 600 (stage 2)
BSO-170-1 170 600 (stage 1) 2.0 0
600 (stage 2)
BSO-150-2 150 500 10.3 9
Series 4 (BSO-2) BSO-160-2 160 500 9.8 10
BSO-170-2 170 500 11.4 11
o-Bi, 05 - — 11.2 8
Reference samples
TiO, - — 6.4 0

photocatalytical reactions initiated by visible light (as
shown in [12], while studying the Bi,O; wires obtained
by the hydrothermal method), as well as due to the
comparable conversion values of MB in the second
experiment for BSO-2 and individual a-Bi,0;. In
general, the calcination conditions for samples of the
BSO-1 and BSO-2 series significantly influence the
crystal structure of the obtained systems and their photo-
catalytical activity. It should also be noted that all the
studied bismuth silicates (apart from the BSO-1 series)
demonstrate increased photocatalytical activity com-
pared with the TiO, reference sample, which did not
show any activity in the experiment with MB carried
out in the liquid phase under visible light irradiation.

CONCLUSIONS

The temperature of the HTT and the nature of the
silicon precursor has the strongest influences on the
phase composition and optical properties of the
obtained bismuth silicate materials, as well as on their
photocatalytical activity. The calcination conditions
are also important for the crystal structure of such sys-
tems. The main phase in all the studied materials is sil-
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lenite (Bi;,Si0,;), an increased amount of which
determines the high level of photocatalytical activity of
the samples of the BSN-1 and BSN-2 series obtained
with the use of sodium metasilicate. The bismuth
metasilicate Bi,SiO5 phase is thermally unstable and
transforms into the eulytite Bi,Si;O,, phase with a
change in stoichiometry. However, the BSO-2 sam-
ples containing an increased amount of the unstable
phase, as well as o-Bi,O;, demonstrate a notably
higher activity level than the materials having an
increased amount of eulytite (BSO-1), especially in
the decomposition of MB in an aqueous solution
under the visible light irradiation.
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