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Abstract

This study investigates the photocatalytic degradation of acetaminophen (Ace) from synthetic
wastewater by individual TiO,, TiO,/SiO, and/or WO3/TiO,/SiO, composite under UV-VIS
illumination. To characterize changes in their morphology and crystal structures before and after
treatment, X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), DRS
UV-VIS absorption spectra, Brunaer-Emmer-Teller (BET) and scanning electron microscopy
(SEM) techniques were used. The effects of varying loading ratios of the WO3 on the TiO,/SiO;
composite for Ace degradation were studied. Operating parameters such as initial concentration,
reaction time, dose of photocatalyst and pH were tested. Degradation by-products were also
presented. It is found that the photodegradation performance of the WO3/TiO,/SiO, composite as
a photocatalyst in this study could be enhanced by optimizing the loading ratio of the WOs3.
About 3% (w/w) of WO3/TiO,/SiO, was found to improve the degradation of Ace from 33% to
95% at the same initial concentration of 5 mg/L. The resulting oxidation by-products included
hydroquinone and 1,4-benzoquinone. Under the same conditions, the result of photocatalytic
degradation by the 3% (w/w) of WO3/TiO,/SiO, composite was significantly higher (95%) than
that by the individual TiO,/SiO, (42%) and/or by the TiO, alone (33%). Under optimized
conditions (1.5 g/L; 3% (w/w) of WO3/TiO,/SiO, composite; pH 9; 4 h of reaction time), 95% of
Ace removal with an initial concentration of 5 mg/L could be attained. However, the treated
effluents still could not meet the discharge standard of less than 0.2 mg/L set by China’s and US
legislation. This indicates that further subsequent treatment like biological processes is still
necessary for completing the removal of target pollutant from the wastewater samples.

Keywords: Advanced oxidation process (AOP); Pharmaceuticals and personal care products;

endocrine-disrupting compounds (EDC); Titanium composite; Wastewater treatment
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1. Introduction

Pharmaceuticals and personal care products (PPCPs) such as therapeutic drugs, hormones and
skin care products have attracted global environmental concerns in recent decades [1-2]. With the
improving living standards of people in recent years, the production and consumption of PPCPs has
increased in China. As a result, a large amount of residual PPCPs is discharged into the aquatic
environment, causing adverse impacts on the environment and public health [3].

Among the various PPCPs, acetaminophen (Ace) is one of the widely used pain relief drugs.
The pollutant is often found in the municipal sewage effluents with varying trace concentrations in
different parts of the world including the US, Greece and China [3-5]. Furthermore, Ace is toxic to
living organisms because it cannot be completely metabolized in human body. Considering its
potential risks when it accumulates through food chains, the pollutant has to be completely
eliminated from wastewater.

In recent years, various technologies have been developed and tested in laboratory systems or
pilot plants to remove various PPCPs from wastewater [6-8]. The use of semi-conductor composites
as a photocatalyst in advanced oxidation process (AOP) has emerged as one of the most promising
options due to the generation of hydroxyl radicals (-OH) [9-11]. The -OH, with a high oxidation
potential of 2.80 V (Reaction (1)), can indiscriminately react with target pollutants in solutions for

a complete degradation.

.OH+H*+e >H,0 E,=280V (1)

Due to its low-cost and chemical stability, semi-conductor material like TiO, has been

commonly used in recent years [12]. However, the TiO; has a limited utilization efficiency of visible
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spectrum (only 4%) due to its wide band gap (3.2 eV) [13]. Consequently, its rapid recombination
of photo-reacted electron-hole pairs and a poor photo-induced reaction performance leads to a low
photocatalytic efficiency [14-15]. As a result, a number of UV lamps are required for maximizing
the removal of target pollutants during treatment, thus increasing its operational costs.

To maximize the utilization of visible light, an ideal photocatalyst should work within the range
of visible light and a band-gap of less than 3.0 eV is required [16]. For this reason, various
semi-conductors such as CeO,, CuO, WO3;, SnO; and SiO; have been employed by integrating them
with TiO; in the form of composites [17-19].

Silicon dioxide (SiO,) is one of the most promising materials, as it does not interfere with any
absorption within the UV range. With this characteristic, SiO, can work as a dopant either to
enhance photocatalytic activities under a visible light or to extend the absorption band to reach the
visible spectrum [20-21]. In addition, this material could improve the thermal stability of the
composite and enhance its surface activity or surface area [14, 22] when it is activated with TiO,
during their formation as a composite.

Apart from the SiO,, tungsten trioxide (WQOj3) has unique properties because of its optical,
chemical and electrochemical factors [23]. Compared to the TiO,, the WO3 has not only a relatively
lower band-gap energy (2.8 eV), but also the capability of absorbing a wider range of visible
spectrum than the former. Moreover, the WOj3; has gained considerable attention due to its excellent
photo-corrosion resistance and chemical stability toward continuous contact to solar light
illumination. In their preliminary studies, Hunge and Riboni et al. [24-25] reported that the
combination of both the TiO, and the WO; have enhanced the photocatalytic reactions and their
stability, as their integration into a semi-conductor composite might improve the charge separation

by capturing photo-generated electrons [25].
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Considering that the search for semi-conductor materials for water technology has intensified in
recent years, to the best of our knowledge, so far none has reported the technical feasibility of the
WO3/TiO,/SiO, (WTS) composite for photocatalytic degradation. The ideal photocatalyst should be
visible-light active and maximize its lifetime for practical use. The incorporation of the WTS
composite not only provides an eco-friendly approach to remove PPCPs from wastewater, but also
maximizes the advantages of integrating both SiO, and WO3 as a composite, while simultaneously
addressing the limitation of TiO,. This work represents an original contribution to the field of study
with respect to the scope of the composite from synthesis, characterization and regeneration to its
application for photodegradation of Ace from wastewater, while understanding their physico-
chemical interactions in liquid solutions. From practical points of view, a stable WTS in the form of
a composite may have a favorable photocatalytic activity because of its larger surface area, particle
size and visible light utilization efficiency:.

The laboratory studies reported in this article investigates the technical applicability of Ace
degradation from wastewater by individual TiO,, TiO,/SiO,, and/or WO3/TiO,/ SiO, under UV-VIS
illumination. To characterize changes in their morphology and crystal structure properties before
and after treatment, advanced techniques such as X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), DRS UV-VIS absorption spectra, Brunaer-Emmer-Teller (BET)
and scanning electron microscopy (SEM) techniques were used. The effects of different loading
ratios of the WO3 on the TiO,/SiO, composite for Ace photocatalytic degradation were studied.
Operational parameters such as initial concentration, reaction time, dose of photocatalyst and pH

were investigated. Degradation by-products, resulting from the treatment, are also presented.
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2. Materials and Methods
2.1. Materials

Chemicals such as tetrabutyl orthotitanate (Ti[OC(CHs)s]s, TBOT, >98%), tetraethyl ortho-
silicate (Si(OC,Hs)4, TEOS, >98%), sodium tungstate (Na,WO,, >99.5%) were obtained from
Sigma—Aldrich (China). Other chemicals such as Ace (Table 1) were of analytical grade and
supplied by Acros (New Jersey, USA). They were used as-received without further purification.
The initial pH of Ace solution was adjusted by 1.0 M NaOH and/or HCI and determined using a
pHmeter (model Mettler FE 20, Switzerland). All of the standard solutions were freshly prepared

from a stock solution using deionized (DI) water.

Table 1

Characteristics of acetaminophen.

Molar
Molecular  Amax
Pollutant mass  pHz;e pKa Molecular structure
formula (nm)
(g/mol)

HQ

(0]
Acetaminophen CgHoNO, 243 151.16 6.4 9.5 \©\ )k
N

H

CH;

2.2. Methods
2.2.1 Synthesis of photocatalysts
The TiO,/SiO, was synthesized based on the sol-gel method [26]. Initially, about 0.75 mL of

TEQOS was proportionally mixed with C,HsOH and deionized water, and then magnetically stirred

Page 6/27



for 1 h. Afterward, a predetermined amount of HCI was added into the same solution and kept
stirred for another 4 h. A separate solution of TBOT, C,HsOH and HCI was magnetically stirred for
5 h at the same time. Then, the TEOS and the TBOT mixture were combined and subsequently
stirred for 3 h to complete a hydrolysis process. The required amounts of each component were
dispersed to obtain a Si/Ti molar ratio of 1:9 after mixing.

A predetermined amount of Na,WO,, used as a precursor of the WOs3, was added into the
TiO,/SiO; solution and then vigorously stirred for 1 h to obtain 1, 3, 5 and 7% (w/w) of the WTS
composites respectively. Then, the obtained mesophase was transferred into a chamber aging for 12
h. After calcination at 500°C for 3 h, the samples were collected and cooled down at ambient
temperature. All types of WTS composites were stored in a desiccator until required for further use.
The final products were denoted as IWTS, 3WTS, SWTS and 7WTS respectively, in which the first

number corresponded to the weight ratios of the WOs3 in their composites.

2.2.2. Characterization of WO3/TiO,/SiO, composite

The X-ray powder diffraction (model Rigaku Ultima 1V, Tokyo, Japan) method was recorded to
measure the crystal structure of the composites in their powder form. It operated at 40 kV and 30 mA.
Varying diffraction angles (20) from 20° to 80° at a scanning speed of 10°/min were employed. The
FT-IR (I1S50, Thermo, New York, USA) analyses were undertaken to identify certain chemical bond
vibration of the composites. The diffuse reflectance spectra (DRS) UV-VIS absorptions were recorded
through a UV-VIS spectrophotometer (model Shimadzu 2600, Tokyo, Japan) to evaluate the band-gap
of the obtained composites with wavelengths from 350 to 550 nm. The specific area and porosity of the
samples were calculated by using a BET nitrogen adsorption isotherm method (model Nova 1200e,

Massachusetts, US). The surface morphologies of the obtained composites were analyzed using a
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scanning electron microscope (model ZEISS SIGMA, Jena, Germany), which operated at 15 kV.

2.2.3 Photocatalytic degradation

Photodegradation of Ace using individual TiO;, TiO,/SiO,, and/or WTS composites was
undertaken in a photoreactor (Fig. 1). A full waveband xenon lamp with a power of 500 W coupled
with a cutoff filter (800 nm > A > 200 nm) was installed inside the reactor. The Ace solution with an
initial concentration of 10 mg/L and 0.5 g of photocatalyst were prepared in a suspension (0.5 L)
onto a cylindrical reactor with a diameter of 10 mm and height of 220 mm. All reactants were
magnetically stirred until the formation of a homogenous suspension of the photocatalyst.

To enhance Ace removal, operational parameters such as dose of photocatalysts, initial
concentration of Ace, reaction time and pH were optimized. The overall photocatalytic reaction ran
for 4 h and treated effluents were collected periodically for determining the remaining Ace
concentration. At each sampling, the effluents were filtered using Millipore filter papers (pore size
0.22 um) to remove the residual photocatalyst. The resulting oxidation by-products were detected
by using a GC/MS (Hewlett Packard, HP 6890) equipped with a mass selective detector (Hewlett

Packard, HP 6890).
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Fig. 1. Scheme of photoreactor used for Ace photodegradation.
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2.5. Chemical analysis of Ace
The remaining concentration of Ace after treatment was analyzed using a UV-VIS
spectrophotometer (model Mapada UV1800, Shanghai, China) at its maximum absorption

wavelength (A=243 nm). The removal efficiency of Ace (m(%)) is defined as:

Co—C
1 (%) =[ OC e]><100% (2)
0

where Cy and Ce represent the initial and the equilibrium Ace concentration, respectively.

2.6. Reuse of spent photocatalysts

In order to test its reusability and stability, regeneration studies were carried out using the
same 3% (w/w) of the spent WTS. After being saturated, suspension was centrifuged, and the
photocatalyst was separated from it. Afterwards, the residual photocatalyst was repeatedly

washed for several times, dried at 80 °C, then regenerated.

2.7 Statistical analysis

In order to ensure the accuracy and replicability of the obtained data, the same experiments
were repeated at least in triplicate under the same operating conditions, and the average value of
the data was presented. The coefficient of variation for the obtained data was less than 5%. If the
relative error of the Ace removal rate exceeded 5%, an identical fourth run would be conducted
until the error was within the acceptable range. All statistical tests were carried out using SPSS
19.0 (Window Version) with a confidence interval of 95%. Differences were considered

statistically significant when p<0.05.

Page 10/27



3. Results and Discussion
3.1. Characterization of WO3/TiO,/SiO, composite

3.1.1. X-ray diffraction (XRD) analysis

7% WO,ITiO /SiO,

W 5% WO,/TIO,/SiO,
MM

3% WO,TiO,/SiO,

Intensity (a.u.)

1% WO [TiO,/SiO,
ﬂ TiO,/SiO,
Am ‘\ \ i TiO,

20 (Degree)

Fig. 2. XRD patterns for TiO,, TiO,/SiO, and varying WO3; loading ratios in WO3/TiO,/SiO,

composites.

Fig. 2 presents the crystal structures of the TiO, and the WTS composite based on the XRD
analyses. There was no diffraction peak observed for the SiO,, as the material existed in an
amorphous state. Consequently, its diffraction peaks could not be detected by the XRD analysis
[27]. The peaks of the obtained composites at 25.5°, 37.8°, 48.0°, 53.8°, 55.0°, 63.0° and 68.7°
reveal the typical locations of the TiO, peaks (PDF card 21-1272, JCPDS). Based on the location of
TiO,, it is inferred that the TiO; in all of the composites existed in the form of anatase phase,
regardless of their WO3 content (1-7% (w/w)) [28].

The predominant peaks of the TiO,/SiO, composite also exhibited consistent positions, while
demonstrating different peaks’ intensity. This result suggests that the addition of the SiO, into the
composite did not affect the lattices structure of the TiO,, thus maintaining an efficient

photocatalytic activity. On the other hand, this indicates that the presence of the Si atom inhibited
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the transformation of the Ti from anatase to rutile phases, even though being calcined at 500°C for
3 h. Nasirian et al. [28] found that a small amount of TiO, would be conversed to its rutile phase at
500°C. This result is in agreement with that of a study undertaken by Qourzal et al. [21], who
reported that the presence of silica prevented the transformation of TiO, from anatase to rutile
phase.

After depositing the WOz on the TiO,/SiO,, the peaks and intensity of the WTS composite
were identical to those of the TiO,/SiO,, especially the IWTS and the 3WTS since the WO3
might have been incorporated into the lattices of TiO, in their composite [21]. When the loading
ratio of the WO3 reached 5%, the XRD patterns of the SWTS and the 7WTS showed impurity

peaks between the range of 25° and 40°. As a result, the excessive WO5 could not enter into the

lattices of the TiO,.

3.1.2. FTIR spectra analysis

700

7% WO,/TiO,/SiO,

600 r—~\/\
] 5% WO /TiO,/SiO,
500 T T~ L

3% WO,/Ti0 /SiO,

:\o\ ] +
by 400 - w®-0 /—\/\
o ] 1% WO_/TiO/SiO,
©
£ 00y T T~
@ ] TiO,/SiO,
g 200 M/\m/\
1 ~_ Tio
100 4 Si-O-Ti 2
l H-O H-O
°1  TiOTi

—T - T - T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm™)

Fig. 3. FT-IR spectra of TiO,, TiO,/SiO, and varying WO3 loading ratios in WO3/TiO,/SiO,

composites
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FTIR studies were used to detect and identify functional groups of the composites before
and after their incorporation with the SiO, and the WO;. As depicted in Fig. 3, the band of the
TiO, within 500-800 cm™ corresponds to the Ti-O-Ti vibrations bonds [29]. The characteristic
peaks at 3422 cm™ both for the TiO,/SiO, and for the WTS are due to the stretching of the O-H
bond of the absorbed water and the OH- groups of the composites [29-30].

Compared to the as-received TiO,, the TiO,/SiO, composite shows a weak peak at 1059 cm™
due to the asymmetric stretching frequency of the Si-O bond, while the peaks at 955 cm™ for all the
composites are associated with the asymmetric Si-O-Ti vibration. This confirms that the Si atom
had been incorporated into the framework of Ti. These findings confirm those of the studies
undertaken by Guo et al. [29] and Qourzal et al. [21], who also demonstrated the Si-O-Ti
vibration at the range of 930-960 cm™.

In addition, significant peaks for the WO3 could not be observed until the weight ratio of the
WOj5 reached 5%. The slightly absorption peak of the WO3 at 800 cm™ (Fig. 3) corresponds to
the symmetric mode of W°®*-O stretching vibrations [25]. This finding supports the studies
undertaken by Ismail et al. [31], who found that there were no WO3 peaks until the molar ratio
between WO3; and TiO; reached 5%.

3.1.3. DRS UV-VIS spectra

To understand the efficiency of the obtained photocatalysts for the photodegradation of

organic pollutants, it is essential to improve their visible light utilization. Fig. 4 presents the

UV-VIS spectra of the TiO,, TiO,/SiO, and WTS composites.
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Fig. 4. Diffuse reflectance of UV-VIS spectra for TiO,, TiO,/SiO, and varying WOj3 loading ratios

in WO3/TiO,/SiO, composites.

Previous reports suggested that no absorption was observed either in UV or in visible regions
for the SiO, alone [27]. As compared to the pure TiO,, a noticeable shift of the absorption spectrum
to a lower energy region was observed for the TiO,/SiO, indicating an increase of the band-gap
energy in the composite. This finding reaffirms the previous work done by Suligoj et al. [20], who
reported that the incorporation of the SiO, into the TiO; increased its band-gap value, leading to a

lower recombination of the charge carriers that contributed to an efficient degradation of the target

pollutant.
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3.1.4. Brunaer-Emmer-Teller (BET) study
Table 2

Textural properties of the obtained composites.

Samples Surface area (m“/g) Pore size (nm) Pore volume (cm’/g)
TiO, 46.77 49.16 0.21
TiO,/SiO; 139.60 31.92 0.43
1% WO3/TiO,/SiO, 163.68 24.46 0.63
3% WO3/TiO/SiO; 167.30 22.77 0.67
5% WO3/TiO/SiO; 159.75 26.53 0.59
7% WO3/TiO,/SiO; 157.35 26.66 0.57

In order to calculate the active surface area and to examine the porous structure of the
composite, Table 2 presents the BET surface area, pore size and pore volume values of all the
obtained composites. It was found that the TiO,/SiO, had three times larger surface (139.60 m?/g)
than that of the TiO, (46.77 m?/g). This suggests that the addition of SiO, into the TiO, surface
enlarged the surface area of the composites [29].

When the WO3 was incorporated into the composite, the surface area of the WTS was
slightly higher than that of the TiO,/SiO,. The increase in its surface area not only promoted
photocatalytic activity, but also provided additional adsorption sites for the reactants [32-33].
However, the surface area of the WTS composites slightly decreased with the increase in their WO3
content because an excessive WO3 blocked the pore diameters, thus reducing the surface area of the

composite.
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3.1.5. SEM analysis

Fig. 5. SEM of (a) TiO,, (b) TiO./SiO,, (€) 1% (w/w) of WO3/TiO,/SiO,, (d) 3% (w/w) of
WO3/TiO,/SiOy, (€) 5% (w/w) of WO3/TiO,/SiO; and (f) 7% (w/w) of WO3/TiO,/SiO,.

The morphology of the TiO,, TiO2/SiO; and the synthesized WTS are presented in Fig. 5. As
depicted in Fig. 5a, the TiO, are unevenly dispersed and varying in size and shapes, while the
surface of the TiO,/SiO, (Fig. 5b) is relatively uneven, but agglomerated, providing a larger surface
area for promoting the WOj3 adhesion [34].

In Fig. 5¢-5f, all types of the WTS composites exhibited an agglomeration of particles on the
surface of the bulk material. Fig. 5 shows that the density of the spherical particles in their
surface increased with the increasing ratio of the WO3. The incorporation at different ratios of

the WOj3 into the TiO,/SiO; did not damage the mesoporous structure of the TiO,/SiO; [31].
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When the loading ratio of the WO3 reached 7% (w/w), the overall surface of the TiO,/SiO,
was covered by the WO; particles. Although the TiO,/SiO, composite with the WO3; improved its
surface coverage, this blocked the pores of the TiO,/SiO,, thus reducing the active sites for Ace

adsorption and leading to its lower removal [35].

3.2. Photocatalytic studies
3.2.1. Aqueous systems without light irradiation and/or photocatalysts

The photodegradation of Ace in the absence of both photocatalyst and UV-VIS light irradiation
was undertaken. We found that the removal rate was negligible in this preliminary work. To
investigate the effects of UV-VIS light irradiation on Ace degradation, blank experiments were
carried out without using any photocatalyst. Only 6% of Ace with an initial concentration of 10

mg/L was achieved after 4 h of reaction under the UV-VIS irradiation.

3.2.2. Effects of varying WO3 contents on the photodegradation efficiency

The WTS photocatalysts containing varying WO3; loadings were tested for Ace photo-
degradation and its results are compared to that of the TiO, and the TiO,/SiO;, under the same
conditions. Fig. 6 presents an Ace photodegradation efficiency using all the obtained composites

with an initial concentration of 10 mg/L.
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Fig. 6. Photodegradation rate of Ace on TiO,, TiO,/SiO, and various WOj3 loading ratios in

WO3/TiO,/SiO, photocatalysts (10 mg/L of Ace; 1.0 g/L of photocatalysts; pH: 9; 25°C; 4 h).

Under the same concentration of 10 mg/L, the Ace removal by the TiO,/SiO, composite (42%)
was higher than that of the TiO, alone (33%). This suggests that the TiO,/SiO, was capable of
utilizing the visible light more effectively than that of the pure TiO,, as reflected by the DRS
UV-VIS analyses (Fig. 4). In addition, the incorporation of the SiO, provided additional sites, as
indicated by the SEM results [31]. This was attributed to the increasing surface area after being
loaded with the WOj3 (Table 2).

In addition, the incorporation of the WOj3; in the composite promoted a higher affinity for
chemical species with unpaired electrons due to Lewis acidity [31]. The results reveal that the
removal rate of Ace significantly increased from 42% to 80% at the same Ace concentration of 10
mg/L upon the increasing WOj; ratios to 3% (w/w). When the loading ratio of WOj3; reached 7%
(w/w), the removal rate of Ace decreased to 50%. Overall, the 3% (w/w) of WTS photocatalyst
exhibited the highest photocatalytic activity among those composites.

The photodegradation rate of Ace during the photocatalytic reaction can be represented by the

following pseudo-first order reaction:
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In(ne =My = In(ne) — kt/2.303

where k (h™) is the first order rate constant of Ace removal, while 7, and 71, (%) represent the

removal of Ace by photocatalysts at equilibrium and at a given time, respectively.

Fig. 7 presents the pseudo-first order fitting curves with the TiO,, the TiO,/SiO, and with

varying WTS photocatalysts. Their rate constants (k) are presented in Table 3. The table suggests

that the kinetics of all the synthesized composites for the photodegradation of Ace followed the

pseudo-first order kinetics based on their correlation coefficients (R?).
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Fig. 7. Plots of Ace removal over irradiation time with TiO,, TiO,/SiO, and various WO3 loading

ratios in WO3/TiO,/SiO, composites
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Table 3

Summary of degradation rates of various photocatalysts for Ace removal.

Samples Ne (%) k (h™ R’
TiO, 35 0.49 0.9833
Ti0,/SiO; 56 0.53 0.9753
1% WO4/Ti02/SiO, 79 0.67 0.9917
3% WO3/TiO,/SiO; 88 0.70 0.9910
5% WO3/TiO,/SiO; 75 0.66 0.9858
7% WO3/TiO2/SiO, 56 0.57 0.9833

Among all the obtained photocatalysts, the 3% (w/w) of WTS composite presented the highest
constant rate (0.70 h™®). This suggests that the photodegradation rate of Ace using 3% (w/w) WTS

was faster than that using the TiO,, the TiO,/SiO, or the other WTS composites.

3.3. Effects of initial concentration on Ace photodegradation

An effective removal of target pollutants requires an optimum concentration during the
photodegradation. Therefore, it is important to determine the optimum concentration of Ace. Fig. 8
presents an Ace removal efficiency (%) versus the degradation time with its varying concentrations

from 5 to 25 mg/L.
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Fig. 8. Effects of initial concentration on the photodegradation of Ace (1.0 g/L of 3% (w/w)

WO3/TiO,/SiO,; pH: 9; 25°C; 4 h).

When the Ace concentration increased from 5 to 25 mg/L, the photodegradation rate of Ace
decreased from 85% to 26%. Increasing the Ace concentration would accelerate the formation of
the adsorption layer by the photocatalyst as reported by Kurniawan et al. [13]. As the initial
concentration of Ace increased, the adsorption layer became thicker, thus preventing the photon
from the UV-VIS light source from reaching the surface of the photocatalyst. As a result, the

adsorption of Ace onto the surface of the photocatalyst was limited, thus lowering the removal of

Ace.

3.4. Effects of dosage of photocatalysts on Ace photodegradation
In order to study the effects of dose of photocatalyst on the Ace removal, a series of Ace
photodegradation experiments was carried out by using 3% (w/w) of WTS at an Ace concentration

of 5 mg/L. The experiments were performed at varying dosage from 0.3 g/L to 1.5 ¢/L.
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Fig. 9. Effects of the dosage of the photocatalyst (5 mg/L of Ace; pH: 9; 25°C; 4 h).

Fig. 9 demonstrates changes in Ace removal with the varying photocatalysts dosages. The Ace
removal improved with the increasing photocatalysts dosage from 0.3 g/L to 1.5 g/L. This might be
due to the fact that the higher is the dose of the photocatalyst, the greater is the availability of the
active sites for the Ace adsorption.

Further increase in the dose of the photocatalyst beyond 1.5 g/L resulted in a decreasing Ace
removal. This could be explained due to the fact that the interaction of the Ace molecules with the
photocatalysts would aggregate into clusters when it is overdosed, thus decreasing the numbers of
the active sites on the surface of the WTS composite and shielding the UV-VIS light from reaching
the surface of the photocatalyst. Consequently, it reduced the generation of -OH during the
photocatalytic treatment [36]. Overall, 1.5 g/L was chosen as the optimum dose for Ace degradation.
However, the treated effluents still could not meet the increasingly strict requirements set by China

and the US legislations of less than 0.2 mg/L in this study [37].
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3.5. Effects of pH on the photocatalytic performance
Optimum pH in photodegradation reaction is important since this affects both the charge
properties of the surface of photocatalyst and the electrostatic interactions between a photocatalyst

and target pollutant [29, 38, 39]. The experiments were carried out at optimized conditions with

varying pH from 3 to 11 (Fig. 10).

Ace removal (%)

T T T T T T T
0 60 120 180 240
Time (min)

Fig. 10. Effects of pH on Ace photodegradation rate (5 mg/L of Ace; 1.5 g/L of 3% (w/w)

WOs/TiO,/SiOy; 25°C; 4 h).

With the increasing pH, the Ace removal gradually increased and reached its maximum
removal at pH 9 (95%) with an initial Ace concentration of 5 mg/L. When pH ranged between
6.5 and 9.5, the surface of the photocatalyst became negatively charged (with a pHp 6.4) [40],
promoting electrostatic attractions with the positively charged Ace molecules (with a pKa of 9.5)
[41]. When the solution pH reached 11, the Ace removal slightly decreased to 80%. Since both
the 3WTS composite and the Ace molecules were negatively charged, the photocatalyst was
electrostatically repelled to the negatively charged Ace molecules, resulting in a lower Ace removal.

This result suggests that alkaline conditions are favorable for the photocatalytic degradation of Ace
by the 3WTS composite.
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3.6. Proposed mechanisms and photodegradation pathways of Ace removal

\ |/
-~ -
f.""b. A
/Z \ N\
/ light 0,

R

—
Degradation — .OH

by-products J
o

Fig. 11. Scheme of photocatalytic degradation of Ace by WO3/TiO,/SiO,.

Fig. 11 describes a scheme of the Ace photodegradation mechanisms by the WTS. It is

known that h; and e;p are important due to their roles in generating -OH and -O; [42]. The

electron-hole pairs on the surface of photocatalysts are formed through photo-excitation

(Reaction (4)). Afterward, the egp in the conduction band reacts with O, (Reaction 5). The h}p

in the valence band, trapped by the OH™ on its surface, generates -OH to oxidize the target

contaminant (Reactions (4)-(10)) [29].

TiO, = TiO, (e3, + hiy)

h;','b + OH(_surface) - - 0H

hJy, + H20(adsorbeay = - OH + HY
ecr + 02 (adsorbedy = * 02

.0; + H* - HO,

HO, + HO; —-OH + OH™ + O,

(4)

()

(6)
()
@)
9)
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- OH + Ace — degradation by - products + CO, + H,0 (10)

Possible reaction pathways of Ace photodegradation by the WTS composite are presented in
Fig. 12. Hydroxylation and photolysis processes represent initial steps, where -OH attacked the
ortho- or para- of the Ace’s aromatic ring. The oxidation by-products include hydroguinone and

1,4-benzoquinone [43].
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Fig. 12. Possible pathways of Ace photodegradation by WO3/TiO,/SiO, composite.

Page 26/27



3.7. Reuse of spent WO5/TiO,/SiO, photocatalyst

Regeneration of a photocatalyst that enables it to maintain its photocatalytic activity
for subsequent use without changing its original chemical structure is important for water
technology. Fig. 13 presents the regeneration efficiency of the spent 3SWTS (3% (w/w)).
The spent 3WTS still remained stable after being regenerated for four consecutive times
without significant changes with respect to its removal capacities. As indicated in Fig. 11,
the photodegradation rate of Ace by the spent 3WTS was still 82% under the same
concentration of 5 mg/L. This indicates that the 3% (w/w) of WTS photocatalyst was

promising for practical applications.

100

80

60

40 -

Ace removal (%)

20

T T
cycle1 cycle2 cycle3 cycle4

Fig. 13. Reusability of spent 3% (w/w) of WO3/TiO,/SiO, composite on Ace removal

(5 mg/L of Ace; 1.5 g/L of 3% (w/w) WO3/TiO,/SiO,; pH 9.0; 25°C; 4 h).

3.8. Comparison of photodegradation performance among various photocatalysts
In order to evaluate the photocatalytic performance of the WTS composite in this study,
a comparative study is presented in terms of photocatalyst dosage (g/L), concentration

(mg/L), light sources, pH and removal efficiency. Table 4 summarizes the photocatalytic
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degradation of organic pollutants in previous studies. Although this comparison has a
relative meaning due to varying operating conditions (dose (g/L), light sources, energy (W),
reaction time (min) and pH), this comparison is still useful to evaluate the overall
performance of those photocatalysts for water treatment applications.

Table 4 shows that semiconductor materials such as TiO,, SiO,, WO3; and ZnO present
outstanding performances among the various photocatalysts. As for contaminants like
endocrine-disrupting compounds (EDC) or PPCPs, Hunge et al. [44] found that only 65%
removal of 4-chlorpphenol was achieved after 3 h with an initial concentration of 25 mg/L
[44], while Yan et al. [45] achieved 95% of Ace removal using In,Ss/Zn,GeO4 with its
initial concentration of 5 mg/L. Although various photocatalysts can be applied, key
factors in the selection of wastewater treatment containing PPCPs are its photocatalytic
activity and the pollutants’ removal rate. The reaction time, pH and the required intensity
of UV-VIS light irradiation that affect the removal efficiency depend on the concentration

of target pollutants and the type of semiconductor materials.
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Table 4

Summary of photocatalytic performance of various photocatalysts.

Initial ) Removal
Target ) Type of Dosage ) Energy  Time o
concentration Light sources ¢ pH  efficiency References
pollutant photocatalysts (o/L) (W) (min)
(mg/L) (%)
imazapyr 20 TiO2/WOs3 1 LED lamp NA 120 4 100 [31]
bromocrosol o [46]
10 Fe304/Si0,/TiO; 0.25 UV lamp NA 180 3.7 100
green
Ace 5 GR-TNT" 0.1 UV lamp 14 180 NA 96 [38]
) ) Present
Ace 5 WO3/TiO,/SiO, 1.5 Xenon lamp 500 240 9 95
study
Ace 5 In,S3/Zn,Ge0y 1 Xenon lamp NA 360 NA 95 [45]
Ace 15 C-droped' TiO, 1 Five LED lamp 1 500 6.9 94 [47]
RhB? 10 TiO,/SiO,NF° 0.2 ultraviolet lamp 25 90 NA® 91 [48]
MQ® 100 TiO,/SiO, 2.5 Hg UV lamp 175 120 8 95 [29]
MA' 250 ZnO-CuO NCP? 0.1 Hg lamp 55 200 5.6 70 [49]
4-CPp°® 25 TiO,/WQO3 1.2 sunlight NA 180 7 65 [44]

a RhB: rhodamine B

b NF: nanofibers

¢ NA: not available
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d MO: methyl orange

e 4-CP: 4-chlorpphenol

f MA: mefenamic acid

g NCP: clinoptilolite nanoparticles

h GR-TNT: Graphene-Titanium dioxide nanotube

i C-dropped: carbon self-dropped
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4. Conclusions

This study has demonstrated that the incorporation of the WOj3 into the TiO,/SiO, composite
has significantly enhanced the photocatalytic degradation of Ace from synthetic wastewater
under the UV-VIS irradiation. Under optimized conditions (1.5 g/L of 3% (w/w) of
WO3/TiO,/Si0, composite, pH 9 and 4 h of reaction time), 95% of Ace removal could be
achieved at the same 5 mg/L of initial Ace concentration. Under those same conditions, the
result of Ace photodegradation by the 3% (w/w) of the WO3/TiO,/SiO, composite was
significantly higher (95%) than that by the individual TiO,/SiO2 (42%) and/or the TiO, alone
(33%). It is important to note that the treated effluents still could not meet the maximum limit
of less than 0.2 mg/L set by China’s and US legislation. This indicates that further subsequent
treatment like biological processes is still necessary for completing the removal of target

pollutant from wastewater samples.
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Highlights

1. The WO3/SiO,/TiO, is a promising composite for acetaminophen photodegradation;
2. The WTS composite has stable characteristics;

3. The spent composite could be regenerated with stable removal efficiency of Ace.
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