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Abstract

In the present study, the synthesis of W-modified TiO,/SiO, composite and its catalytic activity in the visible light
region is demonstrated. The W-modified TiO,/SiO> composite was obtained from the hydrolysis of a mixture containing
titanium (IV) oxysulfate, ammonium metatungstate, and SiO, powder in an alkaline medium. The obtained materials were
characterized by using X-ray diffraction (XRD), Fourier transformation-infrared spectroscopy (FT-IR), high-resolution
transmission electron microscopy (HRTEM), energy dispersive X-ray elemental mapping observation, nitrogen
adsorption/desorption isotherms, photoluminescence spectra (PL), and ultraviolet visible diffusive reflectance
spectroscopy (UV-Vis DRS). In this material, W-modified TiO, nanoparticles of about 3-5 nm were highly dispersed on
the silica network. Both W-modified TiO, and W-modified TiO, decorated on the SiO» substrate significantly promoted
the visible light absorption of the material. The photocatalytic activity of the prepared catalyst was assessed through the
photodegradation of Methylene blue, Rhodamine-B, Methyl orange, and Congo red dyes under visible light illumination.
It was found that the kinetic and equilibrium data of the photocatalytic process fitted the modified Langmuir-Hinshelwood
model well. Recyclable studies have shown that the catalyst still retained its original activity after the third cycle.

Keywords. W-modified TiO,, silica, organic dyes, photocatalytic degradation.

1. INTRODUCTION

The synthetic dyes have been widely used in various
industrial fields such as dyeing, textiles and plastics.
It is estimated that about 100.000 dyes are
commercially available with more than 7x10° tones
of dyes produced annually.[!! In industry, most of
synthetic dyes employed currently belong to the azo
group such as Methylene blue (MB), Rhodamine-B
(RhB), Methyl orange (MO), Congo red (CR) due to
their high stability in washing process and in the
natural condition. Even small amount of dyes (a few
ppm) in aquatic resources is undesirable because of

the presence of non-biodegradable toxic colour
pigments which can be dangerous and carcinogentic
that harm greatly to human beings and aquatic
species.l'" Therfore, the elimination of organic dyes
in waste waters has been critical and compulsory.
Techniques such as adsorption™), coagulation', and
electrochemistryl®! are widely available for removing
organic dye contaminants. However, these processes

generate secondary pollutions which require
additional  treatment steps. Recently, the
photocatalytic ~degradation method has been

considered as a promising alternative approach in
waste water treatment.[®”]
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Among many semiconductors with photocatalytic
activity such as TiO,, WO3, SrTiOs, Fe;O3, ZnO, ZnS
and CdS. TiO; has been proved to be the most suitable
one for applications in environmental treatment
because of its excellent photocatalytic activity under
suitable condition, inert chemistry and biology,
sustainability and low cost.”*) However, because of
large bandgap energy (about 3.2 eV), pristine TiO»
can only exhibit photocatalytic activity when
irradiated by ultraviolet light which limits the ability
to take advantage of the abundant light energy from
the solar light.”) Various techniques such as doping
with major subgroup metals!!'®'! or transition
metals,!'>13] nonmetals,*'* and combining with other
semiconductors!'*! have been employed to reduce the
optical band gap energy and further expand the scope
of application of TiO,. Among transition metals that
can be used as dopants, tungsten is considered to be
able to prevent the recombination of excited electron-
hole pairs, narrow bandgap energy and increase
acidity on the surface of the catalyst, resulting in
improving photocatalytic activity of TiO, in the
visible light area.l'>!"! Although photocatalysts in the
fine powder form often show better photocatalytic
activity, using fine powder catalysts might lead to
some disadvantages such as the difficulty in
separating and recycling them and especially a
feasible agglomeration resulting in a significant
reduction of catalytic activity. Employing different
substrates such as carbon,!'® silica,!'>?!1 rectorate,!*!
and montmorillonite clay!®! can provide a potential
solution to these problems. Among these substrates,
Si0; is often more preferred, because not only it can
improve the surface area of composite materials, it
can also penetrate into the TiO, crystal lattice
structure (due to the smaller ion radius of Si*' ion
compared to Ti**, 0.041 nm compared to 0.064 nm),
creating beneficial defects, thereby enhancing the
photocatalytic efficiency in visible light for TiO,.*4

Recently, TiO2/SiO, doped by transition metal
ions materials have gained much attention thanks to
outstanding advantages such as particularly large
specific surface area, high surface acidity, abundant
surface hydroxyl groups, low recombination of photo
induced electrons/holes pair which can enhance the
photocatalytic activity efficiency. Liu et all'!
reported that 0.2 % of Ce-doped SiO./TiO, fibers
exhibited higher photocatalytic activity toward
decomposition of MB than Degussa P25 and the
samples doped with only Ce or SiO, did. Recently
Chen et al.®! reported that graphene oxide/WO;
quantum  dots/TiO,@Si0> possessed excellent
photocatalytic performance under UV light or solar
light.
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In the present paper, we report the loading of W-
modified TiO, nanoparticles onto the SiO, substrate
through hydrolysis of titanium (IV) oxysulfate,
ammonium metatungstate, and SiO, powder in
alkaline environment. The purpose of the study is to
evaluate photocatalytic activity of W-modified
TiO,/Si0> composite through the ability to
decompose Methylene blue, Rhodamine-B, Methyl
orange and Congo red dyes in aqueous solution under
visible light irradiation. Kinetics analysis on dyes
decomposition by W-modified TiO»/SiO> material
was also addressed.

2. MATERIALS AND METHODS
2.1. Materials

The source of SiO, material was received from the
Center of Chemical Analysis, Dong Thap University
with characteristic phase structure (according to XRD
spectrum), specific surface area (according to BET
(Sser) analysis), and composition of elements (by
using EDX) summarized in table 1.

Table I: Physical chemical properties of SiO»

SgET EDX (wt. %)
(m’.g") Si O Other
Amorphous 383.8 42.66 56.44 0.90

Material XRD

Si0O,

Sodium hydroxide (NaOH, > 99 %),
hydrochloric acid (HCI, 37 %), potassium iodide (KI,
> 99.5 %), isopropanol (CH3;CH(OH)CHs, IPA, >
99.8 %), sodium chloride (NaCl, > 99.5 %) were
purchased from Merck. Titanium (IV) oxysulfate
(OsSTi.xH>0, > 29 % (as TiO» basis)), ammonium
metatungstate (H2sN6O4W12.xH20, > 99.0 % WOs3
basis) methylene blue (CisHisN3SCl.xH>0, 99.5 %),
Rhodamine-B (CsH30N203, > 96.5 %), Methyl
orange (Ci4H14N3NaO;S, Dye content, 85 %), Congo
red (C32H22N6Nazoﬁsz, > 97 %), 1,4- benzoquinone
(CeH4O2, BQ, > 99 %) and dimethyl sulfoxide
((CH3)2SO, DMSO, 99.9 %) were obtained from
Sigma - Aldrich. All used chemicals were of
analytical grade and were used as received without
any further purification. Table 2 shows the
physicochemical properties and structure of the
Methylene blue (MB), Rhodamine-B (RhB), Methyl
orange (MO), and Congo red (CR).1%3:26:27]

2.2. Methods

2.2.1. Synthesis of W-modified TiO»/SiO;
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In a typical synthesis, 4.0 g of titanium(IV) oxysulfate
(0.025 mol) and 1232 mg of ammonium
metatungstate (0.5.10 mol, W/Ti molar ratio of 0.02)
were dissolved in 110 mL of distilled water and
stirred variously for 30 minutes at room temperature.
Then, 1.0 g of SiO; and 40 mL of 1 M NaOH were
added into this solution under stirring for about 6
hours. The obtained solid was separated by

Visible light photocatalytic degradation of....

centrifugation and washed several times with distilled
water until the filtrate was neutral. It was then dried
at 105 °C for 24 hours. The final solid was heated at
600 °C for 2 hours with a ramping rate of 10 °C/min
to obtain W-modified TiO,/SiO». TiO, and Ti0,/SiO»
samples were also prepared in the same manner but
in the absence of ammonium metatungstate/SiO, and
ammonium metatungstate, respectively.

Table 2: Some physicochemical properties and structure of dyes (Mw means molecular weight and Amax
means maximum absorption wavelength)

Molecular size 1 Mmax
Dyes Molecular structure (nm) [26, 28] Mw (g.mol™) (nm) pKa
— /N
MB Hsc\EIQiSD\N/CHs 1.26x0.77x0.65 319.85 665 3.8
CHy e,
RhB 1.59%1.18%0.56 479.02 554 3.7
1
MO A N\\NONP“S 1.31x0.55x0.18  327.33 465 3.4
cH,
ONa
0=8=0
o
CR NH, O NH, 2.62%0.74x0.43 696.67 497 5.5
N\\N
0=8=0
O Na
2.2.2. Characterization of materials 2600 (Shimadzu) instrument. The nitrogen

X-ray diffraction (XRD) was performed by a
MiniFlex 600 diffractometer (Rigaku, Japan) with the
radiation source, CuKq, A =0.15406 nm. The scanned
angle (20 values) range was between 10 and 80° with
a step size of 0.01°. The transmission electron
microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) was performed using
a JEOL JEM-1400 (USA) and JEOL JEM-2100
(USA), respectively to characterize the morphologies
of the samples. Elemental mapping observation and
composition of elements were determined by means
of electron dispersive X-ray (EDX) analysis coupled
with HRTEM using a JEOL 2100, EDX detector with
XMax 80 T (Oxford). Fourier Transformation-
Infrared (FT-IR) spectra of the samples were recorded
on an IR Affinity-1S spectrophotometer (Shimadzu).
UV-Vis-DRS spectra were recorded with the UV-

adsorption/desorption isotherms were determined by
using a Quantachrome TriStar 3000 V6.07A
adsorption instrument. The photoluminescence
spectra (PL) were measured by using a Horiba
Fluorolog 3 FL3-22 with the excitation light at 370
nm.

2.2.3. Photocatalytic activity experiments

In this work, a beaker containing 500 mL of each dye
(30 to 70 mg.L") and 300 mg of catalyst was placed
under a lamp bracket. The light source was a 45 W -
220 V Compact lamps (Dien Quang) equipped with a
wavelength cut-off filter (A < 420 nm, d = 77 mm).
Prior to illumination, the suspension was stirred
magnetically in the dark for 60 min to establish
adsorption/desorption equilibrium. Three milliliters
of the suspension were withdrawn at a certain interval
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time and and then centrifuged to remove the solid
catalyst. The concentration of dyes in the supernatant
was determined by UV-Vis spectrophotometry
(Spectro UV-2650, Labomed - USA) at maximum
wavelengths of 664, 552, 464, and 498 nm for MB,
RhB, MO, and CR, respectively. The adsorption
efficiency of dye (A%) was calculated from:

A(%) =100 X (Co— C)/Co (D
where Cy (mg.L") is the initial concentration of dye
and C, (mg.L'") is the concentration of dye at
adsorption time t (min).

The photodegradation efficiency of the
photocatalyst was calculated according to expression:

D(%) =100 X (Coe — C))/Coe (2)
where Cp. (mg.L') and C, (mg.L') are the dye
concentration at sorption equilibrium time and at
irradiated time of ¢ (min), respectively.

The dye decolorization performance
calculated using the formula (Eq. 3):
E(%) =100 X (Co— Cp/Co 3)

where Cy (mg.L") and C;(mg.L") are the initial and
final concentration of the dye solution, respectively.

was

Total organic carbon (TOC) of the initial and
irradiated samples was determined using a TOC
analyzer (Model: Aurora 1030C TOC Analyzer, OI
Analytical - USA). TOC removal efficiency was
calculated by following equation (4):

R(%) =100 X (TOCoe— TOC)/TOCo. (4

where TOCy. and TOC; are the TOC values at sorption
equilibrium time and at irradiated time of ¢ (min),
respectively.

To investigate the pH effect, 300 mg of W-
modified TiO,/SiO, were added to the beakers
containing 500 mL of 40 mg/g MB, RhB, MO and
CR, respectively. The pH of the solution was adjusted
to a desired value (in the range of 3-11) by using 0.1
M NaOH or 0.1 M HCI. The suspension of catalyst
and dye was first stirred for 60 minutes in the dark to
ensure adsorption/desorption equilibrium and then
illuminated by the visible-light for 120 minutes. The
dye concentration in the liquid after being separated
from the solid by centrifugation was determined by
photo-spectroscopy. The leaching test was also
conducted in a similar manner where the catalyst was
filtered out after 30 minutes ofillumination and the
suspention or solution were taken out to determine
dye concentration. Leaching experiments were
performed at pH of 3 for MO and CR solutions and
pH of 9 for MB and RhB. The blank experiment
without the catalyst was also performed to test the
photolysis of dyes.
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In the free radical scavenging test, KI; BQ;
DMSO and IPA were used as scavengers. A
suspension of 500 mL of each dye (40 mg.L") and
300 mg catalyst was first stirred for 60 min in the dark
before 20 mL of 2.4x102 M each radical scavenger
was introduced into the mixture simultaneously with
visible-light illumination. The concentrations of MB,
RhB, MO, and CR dyes were determined by UV-Vis
spectrophotometry as stated above.

3. RESULTS AND DISCUSSION
3.1. Characterization

Figure 1 presents the XRD patterns of TiO,, SiOs,
Ti02/Si0, and W-modified TiO./SiO, samples. As
observed in Figure 1, the SiO, sample exhibits low
intensity and broad diffraction peak at 2 theta angle
of about 22.3°, which is typical for the amorphous
structure of Si0,.1*"! TiO, sample exhibits diffraction
with high intensity at the angle 20 = 25.22°
corresponding to (1 0 1) plane of anatase phase
(JCPDS-00-001-0562). XRD patterns of TiO2/SiO>
and W-modified TiOy/SiO; also show the
characteristic diffraction for TiO, anatase but with
lower diffraction intensity and broader nature. These
peaks also shift to smaller 2-theta angle than that of
the original TiO, pattern indicating that there is a
deformation of TiO, lattice which may be due to the
formation of new Ti-O-Si bond instead of Ti-O.[*43%
It is interesting that in the XRD pattern of W-
modified TiO»/SiO, material, except characteristic
anatase phase of TiO; at 20 = 25.22°, not any peaks
of the WO; phase or any other strange phase can be
detected, which could be due to the participation of
W ions in the aggregation of TiO, crystal lattice
structure.?*3! The particle size of TiO, crystal in
TiOy; Ti02/SiO; and W-modified TiO./SiO;
materials calculated according to Scherrer equation
based on diffraction peak (1 0 1) is 7.1 nm; 3.7 nm
and 4.0 nm, respectively. The suppression of TiO»
crystal growth in SiO» structure could lead to a
decrease in particle size of TiO; in TiO»/Si0, and W-
modified TiO»/Si0; samples.

The presence of different functional groups on the
obtained samples was confirmed by FT-IR (figure 2).
In four samples, the band at 3000-3600 cm! is
assigned for O-H (free) and O-H (H-bonded)
vibrations.[**3%3!1 The peak at 2360 cm™ is due to the
absorption of CO, molecules on the sample
surfacel*2331 during sample storage. FT-IR spectrum
of SiO; shows the absorption peaks at 467.8 and
805.3 cm™ corresponding to the stretching vibration
of the Si—O bond and the absorption peaks at 960.6
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and 1094.6 cm™! of the stretching vibration of Si-OH
and Si—O-Si bonds, respectively.?” Meanwhile, the
IR spectrum of the TiO, sample exhibits an
absorption peak at 460.0 cm™ which can be assigned
to the vibration of Ti—O-Ti bond.[?*3% The vibrations
of Si—O and Si—OH peaks in TiO,/SiO, and W-
modified TiO»/SiO; samples reduce in intensity and
shift to higher energy compared to the pristine SiO»
sample, probably due to Ti—O-Si bond formation in
Ti0/Si0, and W-modified Ti0,/Si0,
materials.[243031]

(1 0 1) Anatase

1600 -| A
W-modified TiO,/SiO,
1200 - TiO,/SiO,

800
Tio,

400

Intensity (a.u)

sio,

N .

10 20 30 40 50 60 70
2 theta (degree)

Figure I: XRD patterns of the TiO;, SiO,
Ti02/S102, and W-modified TiO,/SiO; samples

The morphology of the obtained materials was
examined by TEM and HRTEM images (figure 3). It
can be seen that TiO; is in the form of crystalline

Figure 3: TEM observation of (a) TiO,, (b) SiO,, (¢) TiO2/Si0,, and (d) W-modified TiO,/SiOs,

Visible light photocatalytic degradation of...

nanoparticles with an average size of about 7-10 nm
(figure 3a) while SiO, samples exist as spherical
particles with diameters ranging from 100-200 nm
(figure 3b). The TiO; and W-modified TiO- particles
seem to be embedded in the SiO, matrix (Fig. 3¢ and
Fig. 3d, respectively), where the particle size of TiO,
(about 3-5 nm) is smaller than that of primary TiO»
(about 7-10 nm), which is consistent with the XRD
spectrum analysis. The HR-TEM image of the W-
modified TiO»/SiO, sample (figure 3e) shows the
lattice fingers with interplanar distances of 0.35 and
0.24 nm, corresponding to the (1 0 1) and (1 0 3)
planes of anatase phase.[!®34]

300 4

250 o A’/_/\,
_ N <
200 sio, VY v
8 o ©
150 - i o e 38
< @ ©
g d

Ti0,/Si0,

Transmittance (%)

W-modified TiO,/SiO,

3419.9( 34199

-50 4

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™')

Figure 2: FT-IR spectra of TiO,, SiO», TiO»/Si0,,
and W-modified TiO»/SiO; samples

53 it
- - L
oo N oy o S

(e) HR-TEM image of W-modified TiO,/SiO, composite
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Figure 4. Corresponding element mapping of (a) tungsten, (b) titanium, (c) silicon, and (d) oxygen;
(e) EDX spectrum of W-modified TiO»/SiO, composite

The EDX-elemental mapping of a selected area
in the W-modified TiO»/SiO, sample is shown in
figure 4. The existence of W (figure 4a), Ti (figure
4b), Si (figure 4c) and O (figure 4d) confirm the
spatial distribution of elements on structures of W-
modified TiO2/Si0, composite. EDX analysis further
verified the presence of W, Ti, Si and O components
in W-modified TiO»/SiO, (figure 4¢). The surface
composition was found to be W 3.6 %; Ti 36.8 %; Si
16.4 %; O 23.6 %; C 4.6 % and Cu 15.0 % (figure 4e,
inset). The presence of C and Cu signal comes from
the C/Cu substrate of the measurement. These results
demonstrate that the W-modified TiO; nanoparticles
have been successfully dispersed on the SiO;
substrate and confirm a high purity of the synthesized
W-modified TiO»/SiO, material.

The adsorption properties of the obtained
samples were investigated using the nitrogen
adsorption-desorption isotherms at 77 K (figure 5).
The isothermal curve of TiO» belongs to type IV with
hysteresis loop H1 according to the classification of
IUPAC, implying a mesoporous structure of the
material.?>] Whereas all three samples of SiO,,
TiO2/Si0> and W-modified TiO»/SiO, possess
isothermal curves of type IV with hysteresis loop H3,
which is characteristic for materials that exist
simultaneously in two forms of microporous and

mesoporous structures.*37 The specific surface area
of the composite samples, derived from the isotherm,
decreases in the order of SiO, (383.8 m’g') >
Ti0,/Si0> (321.4 m?.g") > W-modified TiO./SiO,
(319.1 m%g') > TiO, (99.5 m?g"'). The results
indicate that the formation of the W-modified
TiO2/Si02 composite significantly enhanced the
specific surface area of the TiO» precursor.

350

—O— TiO, (ads)
1—0O— SiO, (ads) —A— SiO, (des)

300 | ~O Ti0.ISIO, (ads) —A—Ti0,/SiO, (des)

—O— W-modified TiO,/SiO, (ads) —&— W-modified TiO,/SiO, (des)

—A—TiO, (des)

250

Volume adsorbed (cm®/g STP)
3 g3 8
1 1 1

(3]
o
1

T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/P,)

Figure 5: Nitrogen adsorption-desorption isotherms
of T10,, S10,, Ti0,/S10;, and W-modified
Ti0,/Si0; samples
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UV-Vis DRS spectra of TiO,, SiO,, TiO2/SiO;
and W-modified TiO,/SiO, samples are shown in
figure 6. It was found that the SiO, sample has no
optical absorption within the entire measured
wavelength range, while the pristine TiO, sample
absorbs light in the wavelength of 250-400 nm. The
cooperation of TiO; into TiO»/Si0, and W-modified
Ti0,/Si0, composite has enhanced the visible-light
absorption of TiO,, evidenced by a redshift to the
visible light region. The direct bandgap energy of
TiO, (3.01 eV), Ti02/Si0; (2.97 V) and W-modified
Ti0,/Si0, (2.85 eV) was calculated by Tauc’s plot
(figure 6b).

PL emission is associated with the formation of
photochemical charged particles and their
recombination kinetics. Therefore, PL spectra were

(a) —sio,
167 —TiO,
—— Ti0,/SIO,
—— W-modified TiO,/SiO,
o 121
%)
c
©
2
9 08
e}
<
0.4 4
0.0 4

T T T T T T
200 300 400 500 600 700 800
Wavelength (nm)
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used to study the existence of photo-electron-hole
pairs in a photocatalyst. Figure 7 shows the PL
spectra of TiO,, Si0,, TiO,/SiO,, and W-modified
TiO, /Si0;. In all four samples, the emission area
ranges from 400-550 nm with different PL intensities.
The addition of SiO, or W®" ion doping can slow
down the recombination of photoinduced
electrons/holes pairs in TiO». Indeed, the PL intensity
of the W-modified TiO,/SiO, sample was the lowest
compared to the bare TiO,, SiO,, and TiO»/SiO,,
suggesting that the recombination of photoinduced
electrons/holes in this material was effectively
prevented.®® The extended lifetime of charged
particles can, in turn, promote the photocatalytic
activity of W-modified TiO,/SiO, composite.

(b)
41 —Tio,
— Ti0,/SiO,
g —— W-modified Ti0,/SiO,
A 34
£
[3)
>
2
g 2
N
L
3
1 -
o T T T T

2.0 2.5 3.0 3.5 4.0 45
hv (eV)

Figure 6. (a) DRS-UV-Vis spectra of TiO», Si0», TiO»/Si0,, and W-modified TiO»/SiO»; (b) Tauc’s plots
for TiO,, TiO2/Si0,, and W-modified TiO,/Si0;

—Si0,

—Ti0,

— TiO,/Si0,

—— W-modified TiO,/SIO,

8000

6000

4000
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T Bl T
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Figure 7: Photoluminescence (PL) spectra of TiO»,
SiOz, Ti02/Si02, and W-modified TiO./SiO;

3.2. Visible light-driven photocatalytic
degradation of dyes

3.2.1. Photodegradation of dyes with different
catalysts

Figure 8 shows the adsorption and photodegradation
efficiency of MB, RhB, MO, and CR dyes using the
Ti02, Si02, TiOz/SiO2, and W-modified TiOz/SiOz
catalysts. The SiO, sample has the highest MB, RhB,
MO and CR dyes adsorption efficiency, followed by
W-modified TiO»/SiO; and Ti0,/SiO; and the lowest
was primary TiO» (figure 8). Although the SiO,
sample possesses the highest adsorption capacity, it
exhibits the lowest photocatalytic efficiency for MB,
RhB, MO and CR (7.71 %, 6.48 %, 5.49 % and
3.95 %, respectively), followed by TiO, (11.08 %,
9.39 %, 7.82 % and 5.68 %) and Ti02/SiO: (33.20 %,
28.83 %, 2427 % and 17.13 %). W-modified
Ti0,/Si0, shows the highest degradation efficiency
0f99.67, 83.61,70.39 and 50.52 % for MB, RhB, MO
and CR, respectively. The results are in good
agreements with the narrowing of the bandgap energy
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with the order of TiO (3.01 eV) > Ti0O,/SiO; (2.97
eV) > W-modified TiO,/SiO; (2.85 eV) (figure 6) as
well as the decrease in the intensity of PL emission in
the order from SiO; to W-modified TiO,/SiO; (Figure
7). These results indicate that the photocatalytic
activity of TiO> in W-modified TiO»/SiO, is
significantly enhanced in the visible light region.
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o
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3.2.2. Effect of pH and leaching experiment

The pH of the solution can decide the charge on the
catalyst surface, which affects the dye removal
performance. Effects of pH of solution on the
decolorization  performance of  W-modified
Ti0,/SiO; on two different categories of dyes: MB
and RhB - cationic dyes; MO and CR - anionic dyes
are shown in figures 9a and 9b, respectively.
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Figure 8: The adsorption and photodegradation efficiency of (a) MB, RhB and (b) MO, CR dyes over TiO»,
Si0,, TiO2/Si0, and W-modified TiO,/SiO; catalysts (¥ = 500 mL, Co = 40 mg.L™"; mcatarysc = 300 mg; pH =9
for MB, RhB and pH = 3 for MO, CR; adsorption time = 60 min. and illumination time = 120 min.)
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Figure 9: Effect of pH on decolorization performance of (a) MB, RhB and (b) MO, CR dyes over
W-modified TiO,/SiO; catalyst; leaching experiments for (c) MB, RhB and (d) MO, CR (V' = 500
mL, Co =40 mg.L™"; mcaayst= 300 mg; adsorption time = 60 min.; illumination time = 120 min)
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Figure 9a shows that the decolorization
performance of MB and RhB is the lowest at pH of 3
and rises slightly at pH of 5. However, at pH > 7, it
increases significantly and reaches the highest one of
99.84 and 90.95 %, respectively, at pH 9. Meanwhile,
figure 9b illustrates that the decolorization
performance of MO and CR in the presence of W-
modified TiO,/SiO; catalyst decreases from 83.63 %
and 64.45 % to 38.98 % and 31.60 %, respectively,
upon increasing pH value of the solution from 3 to 11.
As pH increases, the catalyst surface become less
postively charged and resulted in an increase in
electrostatic intraction with cationic-dyes enhancing
dye adsorption capacity, accordingly photocatalytic
degradation. The opposite is true for the anionic dyes
in which increasing repulsive interaction resulted in
decreasing adsorption capacity as well as dropping
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photocatalytic degradation as pH increases. In
general, the results show that W-modified TiO,/SiO»
materials are capable for photocatalytic decomposing
of variety of dyes in solution.

The kinetics of the decolorization of MB, RhB,
MO and CR dyes and the leaching test are shown in
Figures 9¢ and 9d. The decolorization of those dyes
was not observed if visible light was irradiated in the
absence of W-modified TiO»/SiO, suggesting that
they were stable and did not undergo photolysis. In
the leaching experiment, the catalyst was filtered after
30 minutes of irradiation. It was found that the colors
of the solutions were almost unchangeable as the
resulting solution was continued to irradiate for
further 90 minutes. Therefore, it can be inferred that
W-modified TiO,/SiO, acts as a heterogeneous
catalyst in nature.
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Figure 10: UV-Vis absorption spectra of solutions for (a) MB, (b) RhB, (c) MO, and (d) CR dyes at different
illumination times (¥ = 500 mL; Cyp =40 mg.L"; mcawiyst = 300 mg; pH = 9 for MB and RhB and pH = 3 for
MO and CR; adsorption time = 60 min. and illumination time from 0 to 120 min.)

3.2.3. Visible-light-driven photocatalytic degradation
of dyes

Figure 10 shows the UV-Vis spectra of solutions of
MB, RhB, MO and CR dyes at different
decomposition times. It can be seen that the spectrum
of each dye solution was characterized by two major
absorption regions; one is in the ultraviolet region
(292, 258, 272 and 344 nm, respectively) and another
is recorded in the visible region (664, 552, 464 and
498 nm, respectively).

The ultraviolet absorption regions refers to © —
n* electron transfer of the aromatic rings in the dye

molecules, whereas the absorbance at the visible
region are attributed to n — 1t* electron transfer in the
azoic groups.**!1 Generally, the absorption intensity
of the peaks of the dyes gradually decreases upon
extending lighting time without detection of any new
peaks. This implies that the dyes are continuously
degraded during the photocatalytic processes through
the chromophore destruction.**#2

The TOC test is also used to examine the MB,
RhB, MO and CR dyes mineralization during
photocatalytic decomposition (Figure 11). With
initial equal concentrations of 40 mg.L' MB, RhB,
MO and RhB dyes, after 60 minutes of dark

628 Wiley Online Library © 2021 Vietnam Academy of Science and Technology, Hanoi & Wiley-VCH GmbH



Vietnam Journal of Chemistry

adsorption, the equilibrium concentration of the dyes
was determined as 18.85 mg.L!, 22.09 mg.L!, 22.12
mg.L! and 28.74 mg.L"! which correspond to TOCoe
values of 11.97 mg.L!, 17.76 mg.L"', 10.18 mg.L-
'and 502.95 mglL'. After 120 minutes of
illumination, final TOC values of MB, RhB, MO and
CR dyes were 0.04, 3.45, 3.01 and 248.85 mg.L!,
respectively. Figure 11 shows that MB is almost
completely mineralized with a TOC removal
efficiency of 97.12 %, followed by RhB (80.59 %),
MO (67.84 %) and CR (46.51 %).

It is well known that photocatalytic
decomposition is related to the oxidation of organic
molecules by active radicals (hydroxyl “OH radicals,
superoxide "O%*, h" photo-induced hole, e excited
electrons). To investigate their role in the degradation

Dinh Quang Khieu et al.

of MB assisted by W-modified TiO./SiO; catalyst,
decomposition experiments were conducted with the
addition of KI, IPA, BQ, and DMSO which were
reported to be highly reactive to h*, ‘OH, "O* and ¢,
respectively.*# It is clear that the presence of all
four scavengers hinders the decolorization of MB,
RhB, MO and CR dyes. DMSO exhibits the highest
scavenging performance with 51.63, 43.50, 35.69 and
25.54 %, respectively, drop in decolorization
efficiency, while KI only reduces dyes decolorization
efficiency by around 12.66 % for MB, 10.62 % for
RhB, 9.42 % for MO and 5.14 % for CR. This result
shows that the decomposition mainly involves e
excited electrons and reactivity decreases in the order
e — ‘0 - 'OH — &" (figure 12).

I vB
22 rRhB

Wz vo
[ [e3

TOC Removal efficiency (%)

” .
‘™ E
i
'L

Time (min)

Figure 11: TOC removal efficiency of solutions of MB, RhB, MO and CR dyes in the photocatalytic
degradation (V' = 500 mL; Cp = 40 mg.L'"; mcawiyst = 300 mg; pH = 9 for MB and RhB and pH = 3 for MO
and CR; adsorption time = 60 min. and illumination time from 30 to 120 min.)

The photocatalytic activity of W-modified
Ti0,/Si0: in the visible light region can be explained
by the photocatalytic ~mechanism of the
semiconductors. The absorption edge of the
conduction band (Ecg) for TiO, nanoparticles on SiO»
was found to be -0.40 eV vs. NHE.[*! The bandgap
energy, Eg, based on UV-Vis-DRS analysis of W-
modified TiO,/Si0; is 2.85 eV. Therefore, the
adsorption edge of the valence band, Evs is
considered as Evs = Ecg + E; = -0.40 + 2.85 = 2.45
eV. Under visible light irradiation, the excited
electrons (") are transferred to the conduction band
(ecp) leaving holes (hiz) in the valence band (Eq.
5). Because the potential of Ecp of TiO» loaded SiO»
(-0.4 eV) is negative than the potential of Ecg (+0.4
eV)*l in WO;, electrons (¢) in the conduction band

of TiO; in W-modified TiO,/SiO, material are easily
transferred to W¢* ions in WOs to form W>* ions (Eq.
6).'%17] 1t is known that the potential energy of
HOMO and LUMO for MB; RhB; MO and CR are
(+1.61 and -0.25 eV);* (+1.10 and -1.00 eV);“*®
(+0.14 and -1.87 ¢V)*¥ and (-2.24 and -2.73 eV),1*!]
respectively. Under visible light irradiation, those
dyes act as a photosensitive agent that transport their
electrons into the conduction band of TiO, (Eq. 7-9).
The potential of the Ecs conduction region of W-
Ti0,/Si0; (about -0.40 eV) is negative than that of
the oxidation potential of O/'O* (-0.33 eV)*>%%, so
the newly formed W>" ion in Eq. 6 will react directly
with O to form superoxide radicals ‘O* (Eq. 10).55"
The superoxide radicals continue to react with
adsorbed H>O molecules on the surface of the catalyst
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or H" ions in the solution to form hydroxyl ‘OH
radicals (Eq. 11-14).['1 Meanwhile, the holes (hig)
in the valence band of W-modified TiO/SiO; react
with OH" at catalyst surface to form "“OH radicals (Eq.
15) due to the fact that the potential of (hj}z) in the
valence band of W-TiO,/SiO; (+2.45 eV) is more
positive than that of "OH/OH" (+1.99 eV).[**3% *OH
radicals will, in turn, oxidize dyes adsorbed on the
catalyst surface to form degradation products with a
decrease in the TOC value of the dye solution (Eq.

Visible light photocatalytic degradation of....

W-modified TiO»/SiO; (E = +2.45 eV) can also react
directly with MB, RhB, MO and CR dyes (E=+1.61,
+1.10, 0.14and -2.24 eV, respectively) (Eq. 17).
However, quenching experiments show that the
ability to oxidize in this direction is negligible. SiO»
particles in W-modified TiO,/SiO, composite, with
their large specific surface area, assist the
accumulation of MB molecules on the catalyst
surface, boosting their decomposition on the W-
modified TiO»/SiO, surface. The photocatalytic

41 + : 1 1 16,17,51].
16). In addition, holes (h;) in the valence band of ~mechanism is proposed as follows! I
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Figure 12: Effect of radical scavengers on decolorization of (a) MB, (b) RhB, (¢) MO and (d) CR

dyes over W-modified TiO,/SiO; catalyst, and (e¢) photodegradation efficiency of dyes in case of

reaction with the absence and reaction with presence of radical scavengers (V=500 mL; Co = 40

mg.L"; Meaaryse = 300 mg; pH = 9 for MB and RhB and pH = 3 for MO and CR adsorption time =
60 min. and illumination time = 120 min.)
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W — Ti0,/Si0, (his) + OH™ > W — Ti0,/ (15)
Si0, + "OH
"OH + Dye — degradation products (16)

W —Ti0,/Si0,(hyp) (direct holes) + Dye — (17)
degradation products

The mechanism is visually illustrated in Figure 13.
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Figure 13: The proposed mechanisms for the photocatalytic degradation of RhB, MB, MO and
CR using W-modified TiO,/SiO; catalyst

3.2.4. Kinetics of dyes photocatalytic degradation
Dark adsorption

Figures 14 a-d show the adsorption and photocatalytic
kinetics of MB, RhB, MO and CR dyes degradation.
The W-modified TiO»/SiO; presents a high
adsorption capacity during the dark adsorption
period. Depending on the initial dye concentration,
the adsorption reaches adsorption/desorption
equilibrium around 45-60 minutes.

The equilibrium adsorption capacity, g., can be

expressed as follows:!*%33)
L VG .
m

where Cy and C. are the dye concentration at initial
and equilibrium time (mg.L™"); Vis the volume of the
dye solution (L); m is the mass of catalyst (g).

The relationship between C. and g. is expressed
by the Langmuir isotherm model as equation (19) and

Freundlich model as equation (20):5%34
1+K, .C,

¢.=K.C!" (20)
where ¢m is the maximum monolayer adsorption
capacity (mg.L"); K is the Langmuir adsorption
equilibrium constant (L.mg'); Kr and n are
Freundlich parameters.

The non-linear regressions using the equilibrium
adsorption data after 60 minutes of MB, RhB, MO
and CR dyes dark adsorption over W-modified
Ti0»/Si0, are shown in table 3. The determination
coefficients (0.989 to 0.997) for the Langmuir
isotherm model are close to 1 and higher than those
(0.945 to 0.958) of the Freundlich isotherm model
indicating that the equilibrium data fits well in the
Langmuir model.

Kinetics of photocatalytic decomposition

Based on the Langmuir-Hinshelwood model, the
overall reaction can be illustrated as follows:

W-Ti0O/Si0; + Dye +> W-TiO,/Si0s...Dye)*

—5 5 de gradation products 21
where ki and k_; are the forward/reversible adsorption
rate constant, respectively; k is the rate coefficient of
the degradation process.
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Figure 14: The adsorption and photodegradation kinetics of (a) MB, (b) RhB, (c) MO and (d) CR dyes on
W-modified TiO,/SiO; catalyst; The plots of the (1/K¢..InC + C) vs time at different initial concentration of
(e) MB, (f) RhB, (g) MO and (h) CR dyes

The Langmuir-Hinshelwood model is widely
used for unimolecular reaction using heterogeneous
catalyst. This equation is described as follows:

In G —kyt

0
where Cy and C; (mg.L™") are initial dye concentration
and dye concentration at a certain time ¢ (min); kiu
(min') is a rate constant of the degradation process;
The kiu is obtained as the slope of the linear plot of

(22)

InC/Co vs t. A kinetic model of the dye
decomposition on heterogeneous catalyst based on
the Langmuir-Hinshelwood model proposed by
Khieu et alB in which the combination of
equilibrium data in dark adsorption and kinetics data
in photocatalytic degradation is taken into account.
The equation of this model is described as follows:

L.lnC+C:—kMLH.t+KL.lnCOe+COe (23)

L L
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where Coe (mg-L™!) is the equilibrium concentration
of adsorbate at time ¢ (min) in which the light is turned
on; K (L.mg™") is equilibrium constant given by the
Langmuir isotherm model, kmiu is rate constant of
photocatalytic reaction.

The plot of the (1/K..InC + C) vs ¢ provides a
straight line with slope kwru (figure 14(e)-(h)). In the
present study, both models were employed to
determine the kinetics data with a comparison. Their
parameters are presented in table 4. From table 4, both
models exhibit high determination coefficients (R* =
0.981 - 0.993), however, in the statistical view of the
paired samples f-test, the determination coefficient
for the modified Langmuir-Hinshelwood model is
significantly higher than those of Langmuir-
Hinshelwood one (¢ (19) = 5.4, p <0.001 < a = 0.05).

Dinh Quang Khieu et al.

It means that experimental data is more compatible
with the modified Langmuir-Hinshelwood model
than the Langmuir-Hinshelwood one. At the initial 30
mg.L"! MB, RhB, MO and CR dyes, the first order
rate constants, ki u obtained were the largest (7.99x10
2,3.98x102, 2.24x10% and 0.95x10 min™') and they
tend to decrease with increasing dye concentration
from 30-70 mg.L"! indicating that W-modified
Ti02/Si0, material is suitable for degradation of dyes
at relatively low concentrations. Table 5 lists the rate
constant (kiu) of dyes photocatalytic decomposition
on various catalysts reported previously. It is obvious
that the rate constant in the present work is
comparable or even higher than those in previous
works indicating that the W-modified TiO»/SiO,
exhibits faster kinetics.

Table 3: The parameters of Langmuir and Freundlich models

Langmuir isotherm model

Freudlich isotherm model

Dyes =k Lmg) gm(mgg) R K n R

MB 0.436 3939 0997 26.07 1027 0958
RhB 0.326 33.81 0.996 21.07 9.30 0.952
MO 0.257 3467 0991 19.50 7.68 0.945
CR 0.106 2467 0.989 8.90 4.62 0.951

Table 4: The value of kyin and kop at different initial concentrations of MB, RhB, MO and
CR dyes over W-modified TiO,/SiO> catalyst

Co Modified Langmuir-Hinshelwood Langmuir-Hinshelwood
Dyes  (mgL')  kyin(x102 mg-L ' min) R kew (<102 min™) R
30 22.36 0.981 7.99 0.966
40 22.65 0.988 5.33 0.962
MB 50 22.23 0.987 1.96 0.977
60 18.62 0.994 0.86 0.984
70 18.45 0.990 0.60 0.987
30 19.19 0.989 3.98 0.981
40 18.78 0.986 1.70 0.983
RhB 50 17.43 0.987 0.88 0.983
60 15.67 0.988 0.52 0.982
70 15.44 0.986 0.41 0.980
30 16.86 0.991 2.24 0.989
40 15.88 0.988 1.06 0.984
MO 50 13.79 0.993 0.58 0.985
60 13.64 0.993 0.40 0.986
70 12.43 0.986 0.24 0.977
30 17.17 0.985 0.95 0.985
40 16.23 0.988 0.64 0.985
CR 50 14.99 0.988 0.46 0.984
60 13.55 0.989 0.32 0.985
70 11.91 0.989 0.22 0.984
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Table 5: Comparison of rate constant of the present catalyst with published literature

Light source

Co (mg/L)/ K=ku /mcatalyst

Catalyst Dye Volume (mL) S Ref.
y y /mcalalyst (mg) (l’l’lln 1.g 1)
W-modified TiO,/SiO, MB  45W Compact lamp 30/500/300 0.2663 The present work
(A>420 nm)
TiO> MB  125W Philips lamp 26.9/2750/375 0.0667 [56]
W-loaded TiO» MB  250W metal halide lamp 40/100/1000 0.0280 [54]
Fe304/Zn0O/BiOI/PANI MB  LED lamp (50 W) 3.2/250/100 0.1810 [57]
TiO,@Si0,-Ag MB  Sunlight irradiation 10/100/100 0.2996 [58]
CulnS; nanoparticles MB  LED light (A > 400 nm) 10/200/100 0.0059 [59]
W-modified TiO,/SiO, RhB  45W Compact lamp 30/500/300 0.1327 The present work
(A>420 nm)
C and N Co-doped TiO, RhB  36W compact lamp 30/100/180 0.0817 [60]
Fe304/ZnO/PANI RhB  LED lamp (50 W) 4.79/250/100 0.0225 [57]
Fe304/Zn0O/BiOI/PANI RhB  LED lamp (50 W) 4.79/250/100 0.2260 [57]
CulnS; nanoparticles RhB LED light (A > 400 nm) 10/200/100 0.1240 [59]
C-doped ZnO RhB  350W Xenon lamp 1/100/100 0.1570 [44]
W-modified TiO»/SiO, MO  45W Compact lamp 30/500/300 0.0747 The present work
(A > 420 nm)
Degussa P25 TiO» MO  Natural solar radiation 8.18/200/1500 0.0420 [61]
Fe304/Zn0O/BiOI/PANI MO  LED lamp (50 W) 3.27/250/100 0.0207 [57]
W-loaded TiO; MO  250W metal halide lamp 40/100/1000 0.0034 [54]
Cu-doped TiO; MO 365 nm UV lamp 15/1000/2000 0.0080 [62]
Co:La:TiOz nanocomposite ~ MO  visible ligh 100/1000/800 0.0533 [63]
W-modified TiO»/SiO, CR  45W Compact lamp 30/500/300 0.0317 The present work
(A > 420 nm)
TiO; Degussa (P-25) CR  mercury UV lamp + O, 55/1000/1000 0.0047 [64]
WOs-TiO2/AC CR 500W mercury-vapour lamp 30/2000/10000 0.0028 [65]
g-C3N4/CdS CR 100 W halogen lamp 20/250/100 0.0406 [66]
ZnO/rGO CR UV lamp 10/1000/2000 0.0459 [67]
Na-ZnO CR  Sunlight irradiation 32/50/500 0.0600 [68]

3.2.5. Recyclability

Recycling of catalysts is one of the critical criteria to
develop heterogeneous photocatalytic technology for
wastewater treatment. Hence, the recyclability of W-
modified TiO»/SiO, for adsorption and the
photocatalytic process was performed. The used
catalysts were separated, washed by ethanol for
several times and dried for 24 h at 100 °C before being
reused.

The reused catalyst was utilized to degrade MB
repeatedly (figure 15a). W-modified TiO./SiO;
presented a slight loss of catalytic activity after 3
cycles with the efficiency reducing from 99.51% to
92.14%. XRD patterns of original and reused
catalysts stay unchanged (figure 15b) indicating that
the catalysts are stable during the adsorption and
photocatalytic process.

4. CONCLUSIONS

The synthesis of W-modified TiO»/SiO, composites

and its application for photocatalytic decomposition
of MB, RhB, MO and CR dyes in visible light were
investigated. The morphology of W-modified
Ti02/Si0z consists of 3-5-nanometer W-modified
TiO, nanoparticles highly dispersed on the silica
matrix. W-modified TiO./SiO, possesses a large
specific surface area and enhances the visible light
absorption. The photocatalytic decomposition of MB,
RhB, MO and CR dyes on W-modified TiO»/SiO is
about 9 times higher than that of TiO, under visible
light. The enhanced photocatalytic activity 1is
attributed to the capability of W-doping to narrow the
bandgap energy and prolong the recombination of
photoinduced electron/hole pairs. Kinetic data of dyes
decomposition is well fitted to the modified
Langmuir-Hinshelwood model based on a
combination of the Langmuir isotherms and first-
order kinetic equations. The W-modified TiO,/SiO,
material is stable for recycling and can be used
effectively for the photocatalytic decomposition for
both different types of dyes - cations and anions,
offering a potential photocatalyst for treating dyes in
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Figure 15: (a) Photocatalytic degradation efficiency
of used catalysts; (b) XRD patterns of W - modified

Ti0,/Si0; after three photocatalytic testing cycles

(V=500 mL, Co =40 mg.L", mcataryst = 300 mg;
adsorption time is 60 min.; light-illumination time is

120 min.)
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