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A B S T R A C T   

This work outlines a systematic and detailed study of the modification of anatase TiO2 with tungsten (W). The 
impact this coupling has on the temperature of the anatase to rutile phase transition and the photocatalytic 
degradation of 1,4-dioxane, a highly toxic compound that is increasingly present in water bodies is also studied. 
TiO2 composite photocatalysts with 2, 4, 8 and 16 mol. % W, respectively, were produced using a sol-gel process 
and then calcined between 500− 1000 ◦C. The crystallinity and phase composition of pure and W-TiO2 photo-
catalysts were examined using X-ray Diffraction (XRD), Raman spectroscopy and X-ray photoelectron spec-
troscopy (XPS). All W-TiO2 composite photocatalysts demonstrated 100 % anatase crystalline phase at 
calcination temperatures as high as 800 ◦C. Due to the retention of 26 % anatase after calcination at 950 ◦C, 8 
mol. % W was established as the optimum W loading for the development of high temperature stable anatase W- 
TiO2 composite photocatalysts. The % anatase content also significantly impacts the photocatalytic activity of the 
W-TiO2 composite photocatalysts. In the presence of solar light, 100 % of 1,4-dioxane was successfully degraded 
by 2-W-TiO2, 4-W-TiO2 and 8-W-TiO2 composite photocatalysts, respectively, calcined at 800 ◦C. However, as 
the calcination temperature increases and the % anatase content decreases, only 70 % of 1,4-dioxane was 
degraded when using 4-W-TiO2 and 8-W-TiO2 calcined at 900 ◦C. The highest % removal of 1,4-dioxane was also 
achieved using 8-W-TiO2 calcined at both 800 and 900 ◦C. 8-W-TiO2 is therefore considered the optimum sample 
for both photocatalysis and phase transition temperature.   

1. Introduction 

The contamination of potable water by 1,4-dioxane, a synthetic cy-
clic ether, is of growing concern due to its adverse impact on human 
health [1–3]. This conventional industrial solvent and commonplace 
chemical processing by-product is typically deposited downstream from 
industrial effluent [4,5], and is currently classified by the U.S. 

Environmental Protection Agency (EPA) as a probable human carcin-
ogen (Group 2B) [1–3, 6–8]. The physicochemical properties of 1, 
4-dioxane, such as high volatility and water solubility in its pure form 
(low vapour pressure and a boiling point of 101 ◦C), tend to create 
treatment challenges for traditional solvent removal methods and 
biodegradation [1,2,9–11]. The inefficiency of current detoxification 
methods requires the use of several advanced technologies, including 
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H2O2/O3 oxidation pre-treatment, advanced biodegradation processes, 
etc. [1,4,10–13]. In contrast, semiconductor photocatalytic oxidation 
systems have recently become favourable approaches for the detoxifi-
cation of water, avoiding the need for external reagents such as oxidants. 
The electronic configuration and optical properties of semiconductor 
photocatalysts enable the generation of charge carriers [14,15]. This 
charge generation phenomenon also stimulates the generation of reac-
tive oxygen species (ROS). Chemically reactive oxygen containing spe-
cies can selectively or non-selectively, oxidize and mineralize pollutants, 
evading secondary pollutant emergence [14,15]. However, conven-
tional semiconductor photocatalysts, such as TiO2 are UV (only 4-5% of 
solar light) rather than visible (~40% solar) light active. 

TiO2, a naturally abundant semiconductor has been the centre of 
heterogeneous photocatalytic studies for several decades due to the 
material’s chemical stability, intrinsic photoactivity, low-cost and 
mature synthesis methods [16–19]. This widely used metal oxide with a 
wide energy band gap (ca. 3.2 eV) suffers from predominant UV exci-
tation reliance, low rate of electron transfer, and a high recombination 
rate of the electron hole pair [17,20,21]. TiO2 occurs naturally in three 
distinct crystalline phases: anatase (tetragonal, a = b = 3.785 Å, c = 9.54 
Å), brookite (orthorhombic, a = 5.143 Å, b = 5.456 Å, c = 9.182 Å) and 
rutile (a = b = 4.593 Å, c = 2.959 Å) [22–24]. Due to the improved 
charge-carrier mobility and enhanced surface hydroxyl sites, the anatase 
polymorph is generally considered the most photocatalytically active 
phase. However, metastable anatase irreversibly transforms to the more 
thermodynamically stable, but less reactive and photoactive rutile phase 
at temperatures typically exceeding 600 ◦C [25]. The control of a high 
purity, high temperature-stable anatase phase not only provides 
enhanced photocatalytic activity, due to the photoactive rich phase 
composition, this characteristic also facilitates industrial processing and 
material functionality. Improved temperature stability and enhanced 
photocatalytic performance are two of the key challenges faced in TiO2 
research [25,26]. Primary methods established in an effort to suppress 
the anatase to rutile transition and improve photocatalytic activity of 
TiO2 involve the chemical modification of neat TiO2 with various dop-
ants, including the use of non-metal dopants [27–30], such as carbon 
[31,32], nitrogen [33,34], sulphur [35] and fluorine [36,37], or a 
combination of these [38,39]. Dopants do not, however, always have the 
desired effect. The modification of TiO2 with transition metals 
(including Cr, Co, V and Fe) has made it possible to synthesize visible 
light active photocatalysts [38,40]. In contrast, some transition metals 
can act as recombination sites that lead to a reduction of quantum ef-
ficiency [38]. Similarly, dopants can either increase or decrease the 
anatase to rutile transition temperature [41]. 

Due to the similar conduction band levels of both tungsten trioxide 
(WO3) (2.8 eV) and TiO2 (3.2 eV), heterostructure formation of the 
photocatalysts can reduce recombination of the photogenerated 
electron-hole pair. Consequently, there has been increased interest in 
integrating TiO2 with tungsten (W) (or WO3) [42–46]. Previous studies 
have investigated the effects of various W loadings on TiO2, while others 
explored the effect of calcination temperature on W-TiO2. For example, 
Sathasivam et al. [43], Liu et al. [45] and Couselo et al. [47] investigated 
the role of W loading on TiO2 calcined at one temperature (0–1 %, 0–6 % 
and 0–20 % W-TiO2 respectively). Azadi et al. [42] examined the effects 
of 0.5–4.5 wt. % W-TiO2, calcined between 300− 700 ◦C on the photo-
catalytic treatment of landfill leachate. The latter reports that a 
maximum contaminant removal was induced by a relatively low W 
loading and a calcination temperature of <500 ◦C. Ioannidoa et al. [48] 
examined the effect of 1− 6 wt. % W-P25 TiO2 calcined between 
600− 900 ◦C on the photocatalytic degradation of antibiotic sulfameth-
oxazole. Due to the use of P25 TiO2 there was no significant change in 
the phase % between 600− 800 ◦C, while at 900 ◦C there was a 20 % 
reduction in the anatase phase [48]. This study did however show a 50 
% increased rate of degradation with 4 % W-P25 when compared to 
pristine P25 [48]. In a study published more recently, Uallah et al. [49] 
examined four different W loadings (0, 2, 4 and 6 mol. % W) calcined at 

different temperatures (250 ◦C, 500 ◦C, 750 ◦C and 1000 ◦C) for the 
degradation of Congo red dye. The modified samples retained 100 % 
anatase phase up to 750 ◦C [49]. The 6 mol. % W-TiO2 extended pho-
tocatalytic activity into the visible light spectrum [49]. When the pho-
tocatalyst was examined under UV light the photocatalytic activity was 
similar. However, when the two materials were illuminated with visible 
light, the 6 mol. % W-TiO2 showed photocatalytic activity 10 times 
higher than that of P25 [49]. Interestingly, the findings of this work 
suggest that higher W loading calcined at temperatures in excess of 500 
◦C causes enhanced TiO2 photocatalytic performance. Despite these 
numerous studies into the effects of various W loadings on TiO2, sur-
prisingly few reports detail the efficiency of W-TiO2 composite photo-
catalysts for the degradation of 1,4-dioxane. As a result, optimum 
conditions for the removal of 1,4-dioxane using W-TiO2 from contami-
nated water have yet to be reported. 

Motivated by this, the current work focused on the study and 
development of W-TiO2 composite photocatalysts for the removal of 1,4- 
dioxane, which is a highly toxic compound that is very difficult to 
remove under conventional treatment. For a more efficient solar light 
driven photocatalytic decontamination process a systematic study was 
conducted by varying W loadings (0− 16 mol. % W-TiO2) and calcina-
tion temperature (500− 1000 ◦C), with the aim of identifying the opti-
mum transition temperature from its anatase phase (the most 
photocatalytic active one) to rutile to improve the processability and 
material functionality of the W-TiO2 composite photocatalysts. The 
physicochemical properties of pure and W modified TiO2 photocatalysts 
were evaluated using X-ray Diffraction (XRD), Raman spectroscopy and 
X-ray photoelectron spectroscopy (XPS). Periodic density functional 
theory (DFT) calculations were performed for these samples. DFT was 
performed to understand the resulting electronic structure of the pho-
tocatalysts before and after doping. In addition, the analysis of the 1,4- 
dioxane degradation process and mechanism is highlighted. 

2. Experimental 

2.1. Materials 

Titanium tetraisopropoxide (TTIP) (97 %), tungstic acid (H2O4W) 
(99 %), 35 % ammonia solution and isopropanol (IPA) (≥99.5 %), were 
purchased from Sigma-Aldrich and used without any further treatment. 
1,4-dioxane (>99 %) was purchased from Merck. 

2.2. Preparation of nanomaterials 

The quantity of H2O4W and TTIP was calculated based on the mol. % 
of tungsten and TiO2 incorporated in each sample e.g. 2 mol. % W: 98 
mol. % TiO2. In a typical experiment to prepare a 2 mol. % W-TiO2 
powder, 0.566 g of H2O4W was dissolved in 50 mL of 35 % ammonia 
solution which was stirred for 20 min at 50 ◦C. This was added to 32.26 
mL of TTIP and 200 mL IPA and the mixture was stirred for 5 min. 100 
mL deionised water was added to the solution to form a sol-gel and was 
stirred for 15 min. The sol-gel was dried at 100 ◦C for 24 h. The powder 
was calcined at 500, 600, 700, 800, 900, 950 and 1000 ◦C (the hold time 
for each temperature was 2 h and the ramp rate was 10 ◦C min− 1 in 
atmospheric conditions). This method was used for 0 mol. % W, 4 mol. % 
W, 8 mol. % W and 16 mol. % W, varying the TTIP and H2O4W molar 
ratio. The samples were named as 0-W-TiO2, 2-W-TiO2, 4-W-TiO2, 8-W- 
TiO2 and 16-W-TiO2 throughout the paper in reference to the designed 
concentration. 

2.3. Characterisation 

2.3.1. X-ray diffraction 
A Siemens D500 X-ray powder diffractometer with Cu Kα radiation 

(λ=0.15418 nm) was used for X-ray Diffraction (XRD) analysis of all 
samples. The angles examined were 2θ = 10◦-80◦. The Spurr equation 
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(eq. 1) was used for determining the fraction of rutile in mixed phased 
samples [50], 

FR =
1

1 + 0.8[IA(101)/IR(110)]
(1)  

where FR is the quantity of rutile in mixed sample. IA(101) and IR(110) 
are the intensities of the main anatase and rutile peaks. 

The crystalline size was determined using XRD diffractograms and 
the Scherrer equation (eq. 2) [51], 

Φ =
Kλ

β cosθ
(2)  

where Φ is the crystallite size, K is the shape factor (0.9), λ is the X-ray 
wavelength, β is the full line width at the half-maximum height of the 
main intensity peak and θ is the Bragg angle. 

2.3.2. Raman spectroscopy 
All samples were analysed for Raman spectroscopy using a Horiba 

Jobin Yvan LabRAM HR 800 spectrometer with 300 g mm− 1 grating. 
The acquisition was accomplished using a 660 nm solid state diode laser 
standard bandwidth version with double edge filter upgrade and took 3 
s. Focusing on the samples was carried out using an X50 lens. 

2.3.3. X-ray photoelectron spectroscopy 
A ThermoFisher Scientific Instruments (East Grinstead, UK) K- 

Alpha+ spectrometer was employed for X-ray photoelectron spectros-
copy (XPS) analysis of samples. A monochromatic Al Kα X-ray source (hν 
=1486.6 eV) with a spot radius of ~400 μm was used to obtain the XPS 
spectra. A Pass Energy of 200 eV was used for acquiring survey spectra, 
while a Pass Energy of 50 eV was employed for producing core level 
spectra with high resolution for all elements. C1s (285 eV) was used as a 
reference peak to correct for charging effects during acquisition. After 
accounting for the removal of a non-linear (Shirley) background, the 
core level spectra were used in calculating the quantitative surface 
chemical composition. In order to correct for electron energy analyser 
transmission function and integrate the applicable sensitivity factors, 
the manufacturer’s software (Avantage) was used. 

2.3.4. Brunauer– Emmett–Teller analysis 
Brunauer– Emmett–Teller (BET) analysis was used to determine the 

surface area of the samples calcined at 500, 800 and 900 ◦C. During 
degassing samples were held at 300 ◦C for 1 h and the temperature was 
-196.15 ◦C during the acquisition of the adsorption isotherms. 

2.3.5. Gas chromatography 
Measurements of 1,4-dioxane were performed by a gas liquid 

chromatography-flame ionization detector (GLC-FID) (Agilent 7980A, 
Palo Alto, CA). Samples of 2 μL were injected with a split ratio of 5:1 at 
310 ◦C and analysed in a Teknokroma capillary column TRB-FFAP 30 m 
x 0.25 mm ID x 0.25 μm film thickness (Teknokroma, Spain). Carrier gas 
was He, 43 psi. After 9 min initial hold, the temperature was increased at 
15 ◦C min− 1 from 80 ◦C to 240 ◦C. An FID detector was used, detection 
temperature was 280 ◦C. GC-ChemStation software Rev.B.04.02 (96) 
from Agilent was used for quantification based on corrected peak areas. 
In this method, 60 ppm of 1-butanol was used as internal standard. 

2.3.6. Ion chromatograph 
An ion chromatograph (Dionex DX-500 from Thermo Scientific, US) 

equipped with a conductivity detector was used for the quantification of 
formic, oxalic, acetic, glycolic, and methoxyacetic acids. Three columns 
from Ion Pac were used: An AG11− HC as guard column; an ATC3 as 
anion Trap Column; and an AS11HC as resin column. The eluent was 
NaOH at a flow of 1.5 L min− 1 and the gradient applied started at 40 mM 
and finished at 60 mM. The injection loop was 75 μL. 

2.4. Photocatalysis 

The photocatalytic process was performed using a total volume of 50 
mL of synthetic solution, which was comprised of 1,4-dioxane (100 mg 
L− 1) dissolved in deionized water. This concentration of 1,4-dioxane is 
similar, or even lower, than the concentration that may be found in 
industrial wastewater [1,2]. The pure or W-modified TiO2 photocatalyst 
(1 g L− 1) was added in suspension. A sample was withdrawn every 30 
min to measure the content of 1,4-dioxane and its degradation in-
termediates as described above, with a total reaction time of 240 min. 
Three types of control experiments were performed: (1) without 
applying radiation; (2) without adding the photocatalyst; and (3) adding 
the undoped photocatalyst. All experiments were repeated in triplicate. 

A solar simulator equipped with a 300 W Xenon lamp (from New-
port, USA) was used as a light source. An ASTM E490− 73a correction 
filter was used to obtain the standardised solar spectrum. Although the 
lamp emits radiation in the whole sun spectrum, lamp light intensity in 
the UVA region (315–400 nm) resulted of 50 W m− 2, whereas 300 W 
m− 2 were emitted in the visible region, on a total surface of 0.0104 cm2. 
The distance between the lamp and the sample was 3 cm. A UV–vis 
Radiometer RM-21 (Elektronik, Germany) was used to record light 
intensity. 

3. Results & discussion 

The DFT results are discussed in detail in the Supporting Information 
and shows DFT-optimized (WO3)2 nanocluster-modified anatase (101) 
and rutile (110) TiO2 slab structures, showing the surface structures 
relaxed using static DFT calculations (Fig. S1) 

3.1. Crystalline structure of W-TiO2 photocatalysts 

Crystalline phase formation of the pure and W modified photo-
catalysts, as a result of calcination temperature has been examined using 
powder XRD and Raman spectroscopy. As it can be seen in Fig. S2, the 
as-synthesised samples were completely amorphous. Fig. 1 shows the 
anatase content (%) present in all samples analysed. All nanocomposites 
retained 100 % anatase crystallinity up to 500 ◦C calcination tempera-
ture. The 0-W-TiO2 nanocomposite exhibited 89.3 and 22.9 % anatase 
content at 600 ◦C and 700 ◦C, respectively (Fig. S3), converting to 100 % 
rutile at 800 ◦C. In contrast, W modified TiO2 photocatalysts were 100 % 

Fig. 1. % anatase present in all photocatalysts calcined at 500, 600, 700, 800, 
900, 950 and 1000 ◦C. 
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anatase up to 800 ◦C (Figs. S4 and S5). However, at 900 ◦C the rutile 
phase appeared within the XRD spectra of all W-TiO2 photocatalysts, 
indicative of mixed phase samples (32.7, 53.4, 61.0 and 59.2 % anatase 
for 2-W-TiO2, 4-W-TiO2, 8-W-TiO2 and 16-W-TiO2, respectively) 
(Figure S6). As processing temperatures surpassed 900 ◦C, the relative 
intensity of the rutile 110 peak with respect to the anatase 101 peak 
increased (Fig. S6). Fig. 2 shows all samples at 950 ◦C; the 2-W-TiO2 
sample became 100 % rutile while the 4-W-TiO2, 8-W-TiO2 and 16-W- 
TiO2 samples remained mixed phased samples (7.7 %, 26.0 % and 16.8 
% anatase, respectively). At 1000 ◦C, all W-TiO2 were designated as 100 
% rutile (Fig. S8). 

In addition to characteristic anatase and rutile TiO2 peaks, XRD 
spectra of the W-TiO2 nanocomposites calcined at 700 ◦C and beyond 
also exhibited the presence of monoclinic WO3 [52–57]. The primary 
XRD characteristic ascribed to monoclinic WO3 is a distinct triple peak 
between 23− 25◦, as well as peaks between 33.5–34.5◦ and ~50− 56◦

[58,59]. Bamwenda and Arakawa [58] reported that monoclinic WO3 is 
most stable at room temperature. Beyond temperatures of 900 ◦C, 
under-stoichiometric WOx (x = 0.9–1) phases are formed, denoting the 
formation of tungsten suboxides [ICDD Card 46–1096, ICDD Card 
20–1324, ICDD Card32− 1395, ICDD Card 43–1035, ICDD Card 
50–388]. However, this study only detects the presence of crystalline 
WO3 when samples reach a calcination temperature of 700 ◦C in the case 
of 8-W-TiO2 and 16-W-TiO2, 800 ◦C for 4-W-TiO2 and 900 ◦C for 
2-W-TiO2 (Figs. 2, S4, S5, S6 and S7). XRD did not detect WO3 at tem-
peratures lower than this in any of the modified samples. Furthermore, 
as the calcination temperature of the W modified TiO2 photocatalysts 
increased so too did the intensity of the monoclinic WO3 peak. The 
presence of sharper and intense peaks as a function of calcination tem-
perature is an indication of good crystallinity and by extension increased 
particle size [60]. 

XRD analysis also provided an insight into variation within lateral 
crystallite dimensions due to dopant loading and calcination tempera-
ture. Crystallite dimensions were determined using the Scherrer equa-
tion (eq. 2). For the control sample, the crystalline size increases with 
increase in calcination temperature (Table S1). However, this is not the 
case with the 8-W-TiO2 sample for which the anatase crystallite size 
increases until formation of the rutile phase at 900 ◦C. Beyond this point 
the anatase crystallite size decreased until 8-W-TiO2 was dominated by 
the rutile crystalline phase. It should also be noted that pure TiO2 (0-W- 
TiO2) had a particle size of 13.3 nm at 500 ◦C, and 41.3 nm at 1000 ◦C, 
whereas the particle size of W-TiO2 ranged from 11.0 to 12.0 nm at 500 
◦C and 39.5− 37.4 nm at 1000 ◦C. 

Further phase confirmation by Raman spectroscopy is presented in 
Fig. 4. The active modes for anatase are positioned at 147 (Eg), 197 (Eg), 
396 (B1g), 516 (A1g + B1g) and 638 (Eg) cm− 1 [61–63]. The A1g, B1g, 

B2g and 3 Eg rutile modes resonate at 144, 238, 446, 612 and 827 cm− 1, 
respectively [61–63]. The only peaks identified within the 0-W-TiO2 and 
2-W-TiO2 nanocomposites were those for anatase and/or rutile TiO2 
(Figs. S8 and S9). The spectra of all remaining W modified TiO2 pho-
tocatalysts (4-W-TiO2, 8-W-TiO2 and 16-W-TiO2) verify the presence of 
TiO2 and WO3 (Fig. 3, S10 and S11) [52,58]; the monoclinic WO3 peaks 
occur at approximately 134, 271, 326, 715 and 806 cm-1 [52,64,65]. 

3.2. Textural properties of W-TiO2 photocatalysts 

BET was performed to determine the effects of W loading on the 
surface area of TiO2. From the data presented in Table 1 and Fig. S12, it 
can be seen that 0-W-TiO2 had a surface area of 24 m2g− 1 when calcined 
at 500 ◦C (100 % anatase), 3 m2 g− 1 at 800 ◦C (100 % rutile) and 2 m2 

g− 1 at 900 ◦C (100 % rutile). W-TiO2 photocatalysts exhibited increased 
surface area when compared to pure TiO2. When the W modified pho-
tocatalysts were calcined at 500 ◦C, their surface area varied from 33–56 
m2 g− 1 with 8-W-TiO2 having the highest surface area. When the 2-W- 
TiO2, 4-W-TiO2, 8-W-TiO2 and 16-W-TiO2 samples were calcined at 800 
◦C and 900 ◦C there was little variation in their surface areas. 

3.3. Surface chemical composition of W-TiO2 photocatalysts 

XPS measurements were completed in order to determine the 
oxidation state and surface chemical composition of the pure and W 
modified TiO2 photocatalysts. The Ti2p, O1s and W4f spectra of the 0- 
W-TiO2 and 8-W-TiO2 photocatalysts, calcined at 500 ◦C, 800 ◦C, 900 ◦C 
and 1000 ◦C, respectively, are presented in Figs. 4 and 5. 

The Ti2p core level spectrum of the pure anatase TiO2 photocatalyst 
calcined at 500 ◦C presents two predominant, symmetrical peaks, 
assigned to Ti2p3/2 and Ti2p1/2, of Ti4+ octahedral oxygen coordination 
states at 464.7 and 458.9 eV, respectively [66]. The binding energies of 
the pure photocatalyst Ti2p excitation were not significantly affected by 
calcination temperature. The formation of oxygen vacancies and the 
reduction of Ti4+ to Ti3+ due to formation of the TiO2 rutile phase at 
increased calcination temperatures is associated with a decrease in the 
Ti2p bonding energies [67]. However, the Ti2p peaks of the pure pho-
tocatalysts presented were relatively unchanged by the increase in 
calcination temperature, suggesting that Ti4+ has not yet been converted 
to Ti3+ and oxygen vacancies have not yet begun to form. 

The addition of W to the TiO2 photocatalysts led to a higher shift in 
binding energy of the Ti2p excitation region. 0-W-TiO2 calcined at 500 
◦C presented Ti2p3/2 and Ti2p1/2 binding energies of 464.7 and 459.0 
eV, respectively, whereas 8-W-TiO2, also calcined at 500 ◦C demon-
strated Ti2p3/2 and Ti2p1/2 binding energies of 465.0 and 459.2 eV, 
respectively. This upward shift is attributed to the formation of W–O–Ti 

Fig. 2. XRD spectra of all W-TiO2 photocatalysts calcined at 950 ◦C. Where A =
anatase; R = rutile; * = WO3. 

Fig. 3. Raman spectra of 8-W-TiO2 photocatalysts calcined at 800 ◦C, 900 ◦C 
and 1000 ◦C, respectively. Where A = anatase; R = rutile; * = WO3. 
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linkage and the contraction of TiO2 unit cells due to the diffusion of W6+

ions within the TiO2 lattice. W6+ and Ti4+ have ionic radii of 0.06 nm 
and 0.0605 nm, respectively. Accordingly, W6+ is easily introduced into 
the TiO2 lattice, substituting Ti4+ [68,69]. However, in the case of the W 
modified TiO2 photocatalyst, at calcination temperature of 1000 ◦C the 
binding energy of Ti2p decreased, shifting from a Ti2p3/2 peak at 465.0 
and a Ti2p1/2 of 459.2 eV, at a calcination temperature of 500 ◦C to 
464.5 eV and 458.8 eV, respectively. This shift to lower energy signifies 
an increase in oxygen deficient species due to lowering of a valence state 
and reduction of Ti4+ to Ti3+ [67,70]. Loss of lattice oxygen at a higher 
temperature decreases electron density and partially reduces Ti4+ to 
Ti3+ [67]. Furthermore, this slight shift to lower binding energy is also 
due to the lattice contraction in rutile TiO2 [71]. Lattice distortions are 
influenced by the presence, nature and degree of intrinsic defects 
created during diverse growth and processing conditions. As the TiO2 
crystallite phase transforms from anatase to rutile, anatase crystallites 
grow in size and begin to sinter causing lattice stress and thus contrac-
tion [72]. Oxygen vacancies are also illustrated in O1s core level mea-
surements (Fig. 4). The evolution of oxygen vacancies is revealed by a 
decrease in O1s biding energies in the 8-W-TiO2 nanocomposites from 
530.6, to 530.4, 530.4, and 530.1 eV upon increase in calcination 
temperature from 500 ◦C to 800, 900 and 1000 ◦C, respectively, 
denoting the phase transformation from anatase to rutile [67,70,73]. 

The most prominent peaks of the tungsten XPS spectrum result from 
electronic excitations of the W4f orbital. The W4f spectrum can be 

Fig. 4. Ti2p, and O1s XPS spectra of 0-W-TiO2 and 8-W-TiO2 photocatalysts calcined at 500, 800, 900 and 1000 ◦C, respectively.  

Table 1 
Surface area (m2 g− 1) of 0-W-TiO2, 2-W-TiO2, 4-W-TiO2, 8-W-TiO2 and 16-W- 
TiO2 calcined at 500 ◦C, 800 ◦C and 900 ◦C.   

0-W-TiO2 2-W-TiO2, 4-W-TiO2 8-W-TiO2 16-W-TiO2 

500 ◦C 24 33 49 56 52 
800 ◦C 3 12 13 12 11 
900 ◦C 2 6 5 5 5  

Fig. 5. W4f XPS spectrum of 8-W-TiO2 photocatalysts calcined at 500, 800, 900 
and 1000 ◦C, respectively. The gray shaded region of the W4f XPS spectrum is 
ascribed to Ti3p excitations. 
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deconvoluted into a doublet with pronounced peaks assigned to W4f7/2 
(36.0 eV) and W4f5/2 (37.9 eV), respectively, which are associated with 
the W6+ state of WO3. The binding energies of this doublet also fall 
within the same spectral region as Ti3p excitations, often averting pre-
cise measurement (Fig. 5) [74,75]. Furthermore, a W5p peak, inadver-
tently accompanies W4f excitations due to similarities in binding energy 
[76]. 

As shown in Fig. 5, changes in the calcination temperature did not 
significantly alter the W4F core level XPS spectra of the W-TiO2 com-
posite photocatalysts. However, as the calcination temperature 
increased from 800 to 1000 ◦C, the binding energies of W4f7/2 and W4f5/ 

2 peaks decreased from 36.0 eV and 37.9 eV, respectively, to 35.6 eV and 
37.6 eV, respectively. This down shift in energy is similar to the 
downshift observed in the Ti2p core level spectra. The dispersion of 
tungsten on the surface of TiO2, or W6+ substitution of the Ti4+ lattice 
could improve the photocatalytic activity of TiO2 through various modes 
of action. WO3 possesses a +0.4 V conduction band and valence band at 
+3.1 V, a slightly lower conduction band than TiO2 [58]. Consequently, 
WO3 acts as an electron acceptor; photo-generated electrons on the TiO2 
conduction band may transfer to the WO3 conduction band, favouring 
charge carrier separation, also reducing the recombination of the ecb

− /hvb
+

pairs [68]. 

3.4. Photocatalytic activity of W-TiO2 photocatalysts 

Synthetic water contaminated with 1,4-dioxane was treated under 
simulated solar light in the presence of the pure and W modified TiO2 
nanocomposites to demonstrate the photocatalytic activity of the sem-
iconducting complexes. The photocatalytic degradation of 1,4-dioxane 
under solar light is illustrated in Fig. 6 and S13. The degradation of 

1,4 dioxane using pure and W-TiO2 photocatalysts was also performed in 
the absence of light. Under dark conditions, in either the presence or 
absence of the pure and W modified TiO2 nanocomposites, there was no 
significant degradation of 1,4-dioxane. The experiments under dark 
conditions showed less than 3% of 1,4-dioxane removal. Solar irradia-
tion alone however, successfully removed ~10 % 1,4-dioxane. 

In the presence of solar light, the addition of the pure and W modified 
TiO2 photocatalysts to contaminated water, enhanced pollutant degra-
dation. However, the efficiency decreased once there was a reduction in 
the TiO2 anatase content. Furthermore, up to 8 mol. % W enhanced the 
photocatalytic activity of TiO2. The 0-W-TiO2 catalysts calcined at 500 
◦C removed ~70 % of 1,4-dioxane from contaminated water in the 
presence of solar light. The anatase rich (100 %) 2-W-TiO2, 4-W-TiO2 
and 8-W-TiO2 photocatalysts calcined at 800 ◦C completely removed 
1,4-dioxane from the contaminated water source. These findings thus 
indicate that the photocatalytic degradation of 1,4-dioxane is dominated 
by W loading and a high-stability TiO2 anatase crystalline phase, rather 
than by the adsorptive surface properties of the pure or W-TiO2 photo-
catalysts as the dark experiments showed less than 3% of 1,4-dioxane 
adsorption. Though 16-W-TiO2 (calcined at 800 ◦C) retained 100 % 
anatase phase, as W loading increased, 16-W-TiO2 demonstrated similar 
degradation efficiency to the pure TiO2 photocatalysts calcined at 500 
◦C, removing 30 % less 1,4-dioxane, than the other W-TiO2 nano-
composites. More specifically, in comparison to the other W modified 
photocatalysts (Table 1, Fig. S14), 16-W-TiO2 removed ~3 mg less 1,4- 
dioxane per m2 of nanocomposite surface area. This is likely due to an 
excess loading of W and subsequent obstruction of some TiO2 reaction 
sites. 

Although previous studies investigating the efficiency of W modified 
TiO2 have exercised different synthetic or experimental conditions to 
examine the degradation of different environmental contaminants, all 
studies have demonstrated an improvement in the photocatalytic ac-
tivity of TiO2 until optimum W loading was reached. Beyond this, a 
decrease in TiO2 photocatalytic activity was observed. For example, 
while exploring the use of W modified TiO2 for the treatment of landfill 
leachate, Azadi et al. [42] established that the optimum W loading was 
2.5 wt. % W when calcined at 500 ◦C. They suggested that beyond this 
loading W may obstruct some surface reaction sites for photocatalytic 
activity, limiting the rate of the reaction. Similarly, Song et al. [46] 
observed optimum photocatalytic performance by modifying TiO2 with 
2 mol. % W and calcining at 550 ◦C while the degradation efficiency 
decreased as the amount of W increased up to 8 mol. % W. On the other 
hand, Gong et al. [77] obtained the highest degradation at 5 at. % W in a 
TiO2 film under visible light while treating dodecyl-benzenesulfonate. 

When the calcined at 900 ◦C, only 4-W-TiO2 and 8-W-TiO2 had a 
higher % removal than that of 0-W-TiO2 at 500 ◦C. At a calcination 
temperature of 900 ◦C, 8-W-TiO2 demonstrated the most efficient 
removal of 1,4-dioxane (~80 %). The current findings therefore suggest 
that 8 mol. % is the most favourable W loading for the development of 
high temperature anatase stable W-TiO2 nanocomposites with enhanced 
photocatalytic activity for the efficient solar driven degradation of 1,4- 
dioxane. Furthermore, the optimum W loading is influenced not only by 
calcination temperature but also by the method chosen for photocatalyst 
preparation, in addition to the intrinsic properties of the target 
contaminant [21,77,78]. 

Inhibition of the TiO2 anatase to rutile transition and the observation 
of enhanced photocatalytic efficiency due to W modification can be 
attributed to the structure-preserving effects of WO3 and the preserva-
tion of a full anatase phase in calcination at 800 ◦C. Highly crystalline 
materials with high intrinsic photoactivity would thus be obtained [79, 
80]. Theoretically, 3.2 mol. % of WO3 is required to cover the surface of 
P25 [81]. The formation of WO3 microcrystals has however been 
observed at W/Ti ratio ≥8 % [82], yet other reports fail to confirm the 
presence of a WO3 phase up to 20 wt. % [83]. Previous findings such as 
these have implied that the nature of W precursor and extent of W 
loading determine the possibility of monolayer coverage and lattice 

Fig. 6. Degradation of 1,4-dioxane by W-TiO2 photocatalysis calcined at (a) 
800 ◦C and (b) 900 ◦C compared to pure TiO2 and without using photocatalyst 
under simulated solar light. 
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doping. However, realizations of the current study suggest that calci-
nation temperature dictates W-TiO2 interactions and the modified 
photocatalysts capability to enhance photocatalytic response [82,84, 
85]. Additionally, W modified TiO2 also reduces anatase particle di-
mensions (Table S1), which generally enhances the photocatalytic 
degradation rate when expressed per unit mass of catalyst [68]. 

The increased photocatalytic degradation of 1,4-dioxane could also 
be attributed to WO3 acting as electron acceptor in the heterojunction 
with TiO2. This occurs due to the transfer of ‘excited’ electrons in TiO2 to 
WO3. The band gap of TiO2 is 3.2 eV and that of WO3 is 2.8 eV [86,87]. 
Additionally, the conduction band (CB) and valence band (VB) of WO3 
sit lower than those of TiO2 (Fig. 7). [86,87]. The photocatalytic 
mechanism between TiO2 and WO3 is shown in Fig. 7 [88,89], which 
shows that the ‘excited’ electrons in the CB of TiO2 are transferred to the 
CB of WO3. In contrast, the photogenerated holes transfer from the VB of 
WO3 to the VB of TiO2. This causes a resulting increase in the separation 
charge efficiency and the resulting increased photocatalytic degradation 
of 1,4-dioxane [88]. 

Moreover, as different authors described [47,68,90], it can be hy-
pothesized that the WO3 highly increases the Lewis surface acidity of the 
catalysts and may allow maintaining the surface area during the thermal 
treatment (Table 1). Therefore, WO3/TiO2 particles have a higher 
adsorption affinity for reactant molecules such as 1,4-dioxane, which is 
a weak Lewis base. 

3.5. Degradation of 1,4-dioxane and reaction intermediates 
decomposition 

Formic acid was found to be the main by-product generated along 
the degradation of 1,4-dioxane. In fact, it was continuously produced 
during the whole oxidation treatment. In addition, traces of methoxy-
acetic and glycolic acids were only detected at the end of the process 
(Fig. 8). Oxalic and acetic acids were not found in the analyses. Similar 
results were described in previous studies of the degradation of 1,4- 
dioxane by photocatalysis, [1,2,91]. 1,4-dioxane is presumably adsor-
bed on the photocatalyst and the attack of •OH generates the hydrox-
ylation of 1,4-dioxane producing 1,4-dioxan-α-oxyl radical [1,2,91]. 
•OH may attack the different α-C positions of the molecule producing 
different radicals, being the precursor of further oxidation products and 
the posterior ring-opening reactions (Fig. 9) [1,2,91]. The generated 
intermediates could be adsorbed or desorbed on the photocatalyst [92] 

to be subsequently oxidized by •OH and the different radicals produced 
during oxidation. 

The oxidation of different 1,4-dioxane-oxyl radicals could follow two 
main routes (Fig. 9): (A) by ΔC-C splitting at the α-C position; and (B) by 
H abstraction from the α′-C position followed by fragmentation. In route 
A, the oxidative ring mechanism by the alkyl peroxyl radical produces 
1,2-ethanediol diformate (EDF), 1,2-ethanediol monoformate (EMF), 
and formaldehyde [93], which is further oxidized to formic acid; 
therefore explaining the high concentrations of this compound found 
during the analysis [94]. In addition, glycolic acid may have been pro-
duced from EDF and EMF [91,92,95], however in this study it was only 
present in very low concentrations (Fig. 9). Although further oxidation 
can lead to the formation of oxalic acid [1,2], the latter was not found 
present during analysis. In route B, the oxidation of the C-centered 
radical produced formaldehyde and formic acid [1,2,91]. This could 
explain the high measured concentrations of these compounds and the 
continuous production of formic acid. The subsequent production of 
methoxyacetic acid and acetic acid was not supported due to low con-
centrations of these acids in the reaction solution as measured in this 
study. As a result, the mechanism based on the production of methox-
yacetaldehyde may be considered negligible [1,2]. 

Fig. 7. The proposed photocatalytic mechanism between the heterojunctions of TiO2 and WO3.  

Fig. 8. Degradation of 1,4-dioxane and production of formic acid and methoxy 
acetic acid during its photocatalytic treatment using W-TiO2 (2-W-TiO2 at 
800 ◦C). 
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4. Conclusions 

To conclude, this comprehensive study shows that the addition of W 
to TiO2 successfully increased both the anatase to rutile phase transition 
temperature and photocatalytic activity. From 600 ◦C, the 0-W-TiO2 
photocatalyst demonstrated 89.3 % anatase content, converting to 100 
% rutile at 800 ◦C. In contrast, W modified TiO2 photocatalysts were 100 
% anatase up to 800 ◦C. However, at 900 ◦C the rutile phase appeared in 
all W-TiO2 photocatalysts. 8-W-TiO2 demonstrated the highest content 
of anatase phase at 900 ◦C, containing 61.0 %, closely followed by 16-W- 
TiO2, containing 59.2 % at 900 ◦C. When examining the photocatalytic 
degradation of 1,4-dioxane in the presence of solar light, the 0-W-TiO2 
catalysts calcined at 500 ◦C (100 % anatase) removed ~70 % of 1,4- 
dioxane from contaminated water. Despite similar anatase phase con-
tents (100 % anatase), 2-W-TiO2, 4-W-TiO2 and 8-W-TiO2 photocatalysts 
calcined at 800 ◦C completely removed 1,4-dioxane from the contami-
nated water source. These findings thus indicate that the photocatalytic 
degradation of 1,4-dioxane is dominated by W loading and a high- 
stability TiO2 anatase crystalline phase, rather than by the adsorptive 
surface properties of the pure or W-TiO2 photocatalysts as the dark ex-
periments showed less than 3% of 1,4-dioxane adsorption. The degra-
dation route of 1,4-dioxane was also investigated, identifying formic 
acid as the major by-product. Traces of methoxyacetic and glycolic acids 
were also detected at the end of the process. It is proposed that the •OH 
formed as a result of the photocatalytic process attacks α-C positions 
producing 1,4-dioxane-α-oxyl radical. Further oxidation of 1,4-dioxane- 
oxyl radicals are proposed to follow two main routes such as (A) by ΔC-C 
splitting at the α-C position; and (B) by H abstraction from the α′-C 

position followed by fragmentation. The enhanced photocatalytic ac-
tivity for the degradation of 1,4-dioxane is attributed to the formation of 
heterojunction of WO3 with TiO2. 
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[91] H. Barndõk, et al., Application of on-line FTIR methodology to study the 
mechanisms of heterogeneous advanced oxidation processes, Appl. Catal. B 185 
(2016) 344–352. 

[92] M. Mehrvar, W.A. Anderson, M. Moo-Young, Photocatalytic degradation of 
aqueous tetrahydrofuran, 1,4-dioxane, and their mixture with TiO2, Int. J. 
Photoenergy 2 (2) (2000) 67–80. 

[93] M.I. Stefan, J.R. Bolton, Mechanism of the degradation of 1,4-dioxane in dilute 
aqueous solution using the UV/hydrogen peroxide process, Environ. Sci. Technol. 
32 (11) (1998) 1588–1595. 

[94] H.-S. Kim, et al., Degradation of 1,4-dioxane by photo-Fenton processes, J. Chem. 
Eng. Jpn. 41 (8) (2008) 829–835. 

[95] V. Maurino, et al., Light-assisted 1,4-dioxane degradation, Chemosphere 35 (11) 
(1997) 2675–2688. 

C. Byrne et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0340
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0340
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0340
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0345
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0345
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0350
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0350
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0355
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0355
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0360
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0360
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0360
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0365
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0365
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0370
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0370
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0375
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0375
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0375
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0380
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0380
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0385
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0385
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0385
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0390
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0390
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0395
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0395
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0400
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0400
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0400
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0405
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0405
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0410
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0410
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0410
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0415
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0415
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0420
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0420
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0420
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0425
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0425
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0425
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0430
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0430
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0435
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0435
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0440
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0440
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0445
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0445
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0445
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0445
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0450
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0450
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0450
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0455
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0455
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0455
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0460
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0460
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0460
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0465
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0465
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0465
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0470
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0470
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0475
http://refhub.elsevier.com/S0920-5861(21)00064-X/sbref0475

	Solar light assisted photocatalytic degradation of 1,4-dioxane using high temperature stable anatase W-TiO2 nanocomposites
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation of nanomaterials
	2.3 Characterisation
	2.3.1 X-ray diffraction
	2.3.2 Raman spectroscopy
	2.3.3 X-ray photoelectron spectroscopy
	2.3.4 Brunauer– Emmett–Teller analysis
	2.3.5 Gas chromatography
	2.3.6 Ion chromatograph

	2.4 Photocatalysis

	3 Results & discussion
	3.1 Crystalline structure of W-TiO2 photocatalysts
	3.2 Textural properties of W-TiO2 photocatalysts
	3.3 Surface chemical composition of W-TiO2 photocatalysts
	3.4 Photocatalytic activity of W-TiO2 photocatalysts
	3.5 Degradation of 1,4-dioxane and reaction intermediates decomposition

	4 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


