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A range of recalcitrant organic pollutants are introduced into
environment from industrial wastewater causing global water quality
risks. The study aimed to investigate the efficacy of synthesized coupled
titanium (IV) oxide photocatalysts in the degradation of methylene blue,
serving as a model pollutant representative of dyes and recalcitrant
organic compounds in water sources. An innovative method was made
use of to synthesize a semiconductor oxide, titanium dioxide coupled
with tungsten trioxide nanocomposite, at room temperature in molar
ratios of 1:1, 1:4, and 4:1. The synthesised nanoparticles were
characterised using Brunnauer-Emmett-Teller analysis, X-ray diffraction,
Ultra Violet-Visible spectroscopy and Fourier transform infrared.
Photocatalytic degradation of methylene blue in aqueous solution under
to visible light radiation and the performance of coupled TiO,/WO;
nanocomposite were evaluated. The effects of pH, catalyst loading and
concentration on degradation of methylene blue was also assessed.
Nanocomposite ratio of 1:1, catalystic loading of 0.25g/50 mL and 20 ppm
methylene blue solution tested at pH 2 and pH 12 yielded optimal
degradation results, with efficiency of 87.8% after 30 minutes exposure
to visible light. The degree of mineralization of methylene blue evaluated
using closed reflux colorimetric method, yielded 86% organic matter
reduction in 3 hours. Reusability of titanium dioxide coupled with
tungsten trioxide nanocomposite tested through 4 cycles of treatments
using equimolar solutions of methylene blue vyielded degradation
efficiency of 93%, 90% 88% and 87% for cycles 1, 2, 3 and 4 respectively,
suggesting photocatalyst stability and efficiency. Titanium dioxide
coupled with tungsten trioxide was successfully synthesized. Under
optimal conditions, the photocatalyst degraded 20 ppm of methylene
blue. This demonstrates that coupling titanium dioxide with tungsten
trioxide enhances the photo-absorption of titanium dioxide, thereby
increasing its effectiveness in treating contaminated domestic
water.
©2022 Africa Journal of Physical Sciences (AJPS). All rights reserved.
ISSN 2313-3317

1. Introduction

The world faces a serious problem of environmental degradation due to unsustainable

development and poor management of chemicals of diverse nature [1]. The release of
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untreated or poorly treated effluents into water systems adversely affect human health and
different lifeforms in aquatic systems causing detrimental damage to ecosystems [2]. Water
pollution is one of the major causes of inadequate quantity and quality of potable water.
Researchers want to create efficient photocatalytic materials that can eliminate
contaminants from both air and water. Furthermore, the world's fast-growing population has
put enormous pressure on the globe in terms of overexploitation of limited resources and
the release of harmful substances into the environment [3]. Due to the increasing
accumulation of pollutants in the environment beyond the self-cleaning ability, research in
environmental decontamination has received increasing attention. One of the areas
attracting research is the development of effective photocatalytic materials for removal of
recalcitrant pollutants in air, soil and water [4].

The interest in photocatalysis over the years is due to its ability to purify water and convert
various pollutants into environmentally safe byproducts at a low cost [5]. Science-based
methods for removing pollutants from the environment have focused on employing
semiconductors photocatalysts [6], particularly the use of titanium dioxide since it is readily
available, affordable, non-toxic, highly catalytic, stable and possesses strong oxidizing
properties [7]. Large deposits of Titanium ores exist in Kwale County, Kenya. However, due to
its large band gap (>3.2 eV), its application is limited and active only under UV light, it can
only absorb UV radiation which constitutes less than 5% of the solar radiation spectrum [3].
This large band gap barrier restricts photogenerated electrons from photodegradation
processes by allowing them to quickly recombine [8]. Whereas the photo-response of
titanium dioxide has been investigated in the past under visible radiation using different
techniques such as metal ion doping [9], non-metal doping [10], noble metal deposition and
composite semiconductors [11] are considered cutting-edge "green" oxidation technology
[12] techniques, these methods are expensive for local communities. Therefore, the current
research investigated the catalytic performance of TiO, with a semiconductor to enhance
charge separation and to broaden energy range for photoexcitation [13].

2. Materials and Methods
2.1. Chemicals and reagents

TiO2 and WOs3 chemicals applied in this study were of high purity of 99.4% and 99.995%,
respectively, from Sigma Aldrich. NaF (98.5%) from Thomas Baker Chemicals India, Analytical
grade Nitric acid (65% and 68%) from Uni-CHEM chemical reagents, and isopropanol (99.9%)
from J.T. Baker's, and methylene blue (MeB) dye (82%) from Loba Chemie. Double distilled
water was used in preparation of solutions. The MeB dye structural details are presented in
Figure 1, and the absorbance curve in Figure 2 had a maximum wavelength (Amax) at 663.9
nm.
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Figure 1: Structure of 3,7-bis(dimethylamino)-phenothiazin-5-ium chloride
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Figure 2. Absorbance curve for methylene blue

2.2. Preparation of titanium (IV) oxide - tungsten (VI) oxide nanocomposite

A novel method for preparing photocatalysts at room temperature was used. TiO,, WO3, and
NaF were weighed out and combined in a 1:1:2 molar ratio with 40 cm3 of isopropanol. Nitric
acid was used to keep the mixture's pH at 2, and for 12 hours, it was magnetically agitated
while exposed to visible light. Using 0.45 um membrane filter sheets, the precipitate was
vacuum-filtered and dried at 110 °C overnight. The residues were subsequently calcined for
two hours at 575 °C in a muffle furnace.
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2.3. Characterization of the photocatalyst

Synthesised coupled semiconductor TiO;-WOs nanocomposite was characterized using X-ray
diffraction, Brunnauer-Emmett-Teller (BET), UV/Vis spectroscopy, and Fourier transform
infrared spectroscopy. Methylene blue was selected as a representative contaminant for
degradation to gauge the photocatalysts' catalytic activity when exposed to visible light. A D2
Phaser 2nd Generation X-Ray diffractometer (Bruker, Germany) at Geology and Mines
laboratory Nairobi Kenya was used for characterization. X-ray powder Diffraction (XRD) spectra
were captured using Cu-K radiation (wavelength = 0.1541 nm) to ascertain the phase formation
and crystallinity of the material. Operating conditions applied followed 30 kV and 10 mA
current, with a scan speed of 0.09° step per second and a continuous mode of 28 from 0° to
70° for data collection. The Debye-Scherer formula was used to calculate the crystallite sizes of
untreated TiO; and coupled TiO2/WOs nanocomposite following the formula below.

D=kA/B Cos©

In which: D is the crystallite size (nm)
k = crystallite shape factor (0.9)
B = Full width at half maximum (FWHM) in radians
A = X-ray wavelength (nm)

Shimadzu IRAffinity-1S attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectrophotometer operated at ambient temperature and wavelength range of 4000 - 600 cm"
1 was applied. Each spectrum constituted average of 20 scans with a resolution of 8 cm™. The
ATR crystal was thoroughly cleaned with 100% ethanol, and the anvil lowered before applying
the sample for measurements and collection of the characteristic spectra.

The textural properties of coupled titanium (IV) oxide composites were examined using a
Micromeritics 3FLEX sorptometer and N2 gas as a sorbate at 77.5 K. Samples were outgassed
for 16 hours at 230° C, prior to analysis, while specific surface area (SSA) was calculated using
the Brunauer-Emmett-Teller (BET) method. The nitrogen uptake at almost saturation pressure
was used to calculate the pore volumes, whereas the volume and surface area of the
micropores were determined using t-plot analysis.

The band gap of the unmodified titanium (IV) oxide and the coupled TiO2/WQOs nanocomposite
was measured using a UV-Vis spectrometer. A sample paste was made by dissolving 0.5 g of
each sample in isopropanol and distilled water. On a clear glass slide, duplicate screen prints of
each sample were applied, and a Lab Tech open air furnace was used to anneal the samples.
The temperature of the furnace was programmed from 100 °C and increased by 100° every 10
minutes until it reached 500 °C, where it stabilized and allowed stay two hours. The annealed
films were run on a UV-Vis spectrometer of the PerkinElmer Lambda 25 using the parameters
given in Table 1.
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Table 1. UV-Vis Instrumental Parameters

Instrumental Parameters Values
Wavelength range 200-1100 nm
Data interval 1nm
Spectral band width 1nm
Scan speed 480 scans

To determine the composite nanoparticles' photocatalytic activity and effectiveness as a
visible light water purification medium was carried out using a PerkinElmer UV-Vis
spectrometer Lambda 25, to trace progress of photocatalytic breakdown of methylene blue
by measuring the absorbance of solutions at 663.9 nm.

2.4. Analysis of photocatalytic activity of coupled TiO2 -WO3 nanocomposites

We evaluated photocatalytic activity of TiO,-WOs nanocomposites on degradation of
recalcitrant organic compounds using methylene blue (MeB) as a model compound.
Experiments were conducted at room temperature under the influence of visible light by
reacting 50 mL of 20 mg/L MeB with 1 g/L photocatalyst (TiO2-WOs3) for 30 minutes in the
dark (15). The mixture was swirled on magnetic stirrer to achieve equilibrium between the
dye molecules and the photocatalyst surface, remove self-decomposing methylene blue
molecules and pre-made charge carriers from ambient light sources [16]. 5 mL aliquot of the
initial sample solution was placed into a beaker, and illuminated with visible light using a
Phillips 8W white light lamp (WLL) placed 4 cm from the solution. The process was repeated
every 30 minutes and centrifuged at 2000 rpm for 5 minutes. PerkinElmer UV-Vis
spectrometer Lambda 25 was used to determine the absorbance of the supernatant at 663.9
nm. Photocatalyst solutions of varying concentrations of 2 g/L, 3 g/L, 4 g/L, and 5 g/L were
used in the experiment to evaluate the effects of photocatalyst loading. Using the most
effective catalyst dose, the pH of the solutions was also set between 2 and 12. To calculate
the effectiveness of MeB's decomposition, the following equation was used:

Efficiency of MeB decomposition (%)

(Co—C)*100 or Ao —A)*100
Co Ao
Where:

Co = initial MeB concentration

C = MeB concentration that varies over time
Ao = initial MeB absorbance

A = Time-dependent MeB absorbance
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2.5. Degradation of methylene blue

Aliquots amounting 5 mL each was drawn from a solution of MeB every 30 minutes for a
period of three hours. The solutions were centrifuged at 1500 rpm for 15 minutes,
dichromate technique was employed following closed reflux colorimetric method to monitor
the level of mineralization in supernatant liquid [17]. The percentage mineralization in the
aliquots was calculated using a graph of Chemical Oxygen Demand (COD) removal vs
irradiation time.

2.6 Reusability of titanium (1V) oxide - tungsten (VI) oxide

Recyclability experiment was conducted to ascertainthe stability of the coupled
TiO2/WOs nanocomposite. Four cycles of treatment were carried out using the same TiO»-
WOs photocatalyst in the subsequently, while fresh solutions of equimolar concentrations of
MeB was applied in each cycle. Recovery of the photocatalyst for reuse followed vacuum
filtration through 0.45 um membrane, distilled water washing, two hours of 200 °C drying,
and subsequent photocatalyst reactivation.

3. Results and Discussion
3.1 Fourier Transform Infrared analysis

Figure 3 displays the FTIR spectra of coupled TiO,-WOs, unmodified TiO2, and unmodified
WOs. TiO; exhibited four distinct absorption peaks in the FTIR spectrum, at 615 cm™, 1400
cm?, 1627 cm™, and 2348 cm™ as illustrated in Figure 3.
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Figure 3. Fourier Transform Infrared Spectra of TiO;, W03, TiO2-WO;

The peak at 615 cm™ is caused by strong Ti-O and Ti-O-Ti bond stretching vibrations [18]. The
molecularly adsorbed water molecule's O-H bending and the surface hydroxyl group's
stretching vibration [19]. The 600—1000 cm™ range of absorption values indicate a multitude
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of stretching modes of O-W-O in the crystal lattice of WOs [20]. Despite the fact that WOs3
exhibited peaks at 662 cm™, 822 cm™, 1400 cm™, and 1627 cm™, in contrast to 1400 cm™ and
1627 cm™, that reflects the adsorbed water O-H bending modes [21]. The TiO>-WOs had
absorption peaks in their FTIR spectra at 620 cm™, 1400 cm™, 1629 cm™?, and 3108 cm™™.

3.2 Analysis via X-ray Diffraction

X-ray diffraction patterns of unaltered titanium dioxide and coupled TiO2-WOs
nanocomposites are shown in Figures 4 and 5. Pronounced diffraction peaks observed at
20 = 25.49, 37.869, 48.20, 53.889, and 62.8° shown in the XRD spectra reflect the pattern for
TiO, associated with the anatase crystalline phase's (101), (004), (200), (105), (211), and
(220) planes [22]; [23]. The spectra revealed a tetragonal structure and which matched the
standard spectrum (ICDD card 21-1272). TiO;'s characteristic diffraction peaks could still be
seen in TiO,-WO3 composites, but they widened and gradually lost intensity as tungsten (VI)
oxide (WQ3s) content increased, suggesting that TiO, growth in the mixed oxide may have
been hampered [24]. This suggests that the crystal structure of TiO, may have been impacted
by the introduction of WO3 when combined with TiO,. Calcining at 575 °C showed the
existence of only one phase, the tetragonal anatase structure, which is consistent with what
is reported in literature, that only one crystalline phase exists between 500 - 600 °C [25].
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Figure 4. X-ray diffractograms for titanium (IV) oxide
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Figure 5. X-ray diffractogram for titanium (IV) oxide - tungsten (VI) oxide nanocomposites

XRD diffractograms of the coupled TiO,-WQOs3 nanocomposite revealed the presence of two
crystal phases. Using the Eva software, the phases, shapes, and crystal characteristics of each

nanocomposite were identified as shown in Table 2.

Table 2. Information on XRD diffractograms of the titanium (IV) oxide - tungsten (VI) oxide

nanocomposites

Photocatalyst Phases Shape Crystal Parameters
a b c
TiO2-WOs3 Anatase Tetragonal 3.730 3.730 9.370
WOs3 Triclinic 7.280 7.480 3.820

When unmodified TiO; (22.2) is changed to modified TiOy, i.e. TiO2-WOs3 (56.7 nm), there was
an increase in crystallite size, according to the findings in Table 3. The size of the crystallites
grew. This means that coupling increases the number of active sites available for adsorption
and photocatalytic surface reactions. This increase could also be ascribed to WOs3 clustering

on the surface of TiOs.

3.3. Brunauer-Emmet-Teller analysis

The nanocomposites were degassed using Micrometrics Smart VacPrep equipment for 16
hours at 503K. Nitrogen adsorption data at 77.5 K was used to assess the specific surface
area and distribution of pore sizes using the Micromeritics 3 Flex Surface Characterization
BET analyzer. Figure 6 shows a typical curve for adsorption on a non-porous powder with a
diameter larger than the micropores depicted as a graph [26]. TiO-WO3 nanoparticles were
found to have 50 nm pore size and a specific surface area of 4.685 m?/g. These values are
smaller than those previously reported for TiO-WQOs3 nanoparticles created using the sol gel
method and Doctor blade technic [8]; [9]; [10], but larger than the sonochemical approach

[11].

110




Photocatalytic Activity of Semiconductor Oxide, Titanium Dioxide - Tungsten Trioxide
Nanocomposite Material in Visible Light

The resulting isotherm belongs to Type lll of BET isotherms, since the isotherms for the
adsorption and desorption curves coincide [23]. The curve also shows formation of a
multilayer. Because there is no asymptote in the curve, and no monolayer formed. Adsorbed
molecules are crowded on the surface of a non-porous substance, demonstrating the relative
weakness of the adsorbent-adsorbate interactions. The nanocomposite has a multimodal
pore size distribution as shown Figure 7, with a main peak located between 20 and 100, this
is equivalent to a pore size of 50 nm.
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Figure 6. Titanium (IV) oxide - tungsten (V1) oxide BET isotherm
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3.4 Determination of band gap

Extrapolations in Figures 8 and 9 show that the modified TiO,-WO3 composites had a lower
band gap energy (3.213 eV) than TiO2 (3.317 eV). This demonstrates that the spectrum
sensitivity of titanium (IV) oxide has been extended from the ultra violet to visible region

when TiO; was combined with WOs.
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Figure 9. Band gap for titanium (IV) oxide - tungsten (VI) oxide

3.5. Titanium (IV) oxide - tungsten (VI) oxide nanocomposite's photocatalytic activity

Under visible light irradiation, the produced coupled TiO; nanocomposite was examined for
methylene blue (MeB) degradation characterized by decolorization of the solution and
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reduction in absorbances. The results of the impact of concentration, catalyst loading,
nanocomposite ratio, surface area, and pH are discussed and illustrated in Figures 10, 11, 12,
13, and 14 below.

3.5.1. Concentration effect

The following solutions of methylene blue were used to measure the effect of concentration:
10, 15, 20, 25, and 30 milligrams per litre, while keeping the catalyst loading constant.
Degradation efficiency decreased as concentration MeB dye increased in the solution (Figure
10).
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Figure 10. Effect of methylene blue dye concentration

This could be attributed to the fact that hydroxyl free radicals are produced on the
photocatalyst surface and interact with adsorbed MeB molecules to cause degradation.
Hence, when the dye concentration exceeded 20 mg/L, the molecules obstructed the active
sites of the catalyst, resulting into lower rate of degradation [27].

3.5.2. Catalyst load

The impact of catalytic dosage was evaluated within the concentration range between 0.05 g
and 0.25 g with a dye concentration of 20 mg/L. The best degradation performance was
observed with catalytic dosage of 0.25 g, while mass greater than 0.25 g turned the solution
turbid which not only prevented light penetrating, but also increased dispersed of particles
and light scattering (Figure 11). As a consequence of higher scattering of light, the amount of
visible light absorbed decreased as well as production of free radicals, which ultimately
slowed the overall the rate of degradation.
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Figure 11. Effect of catalyst loading
3.5.3. Mole ratio of semiconductors

The performance of the coupled photocatalyst in degradation of MeB was evaluated against
solutions containing only WOs or TiO;. In the mole ratio of 1:1 for Ti0,:WOs, the
nanocomposite achieved 87.8% MeB degradation in 60 minutes, demonstrating outstanding
performance. The degradation capacity for the same reaction following mole ratios of 1:4
and 4:1 was 21% and 6%, respectively, suggesting that an excess of the oxide did not couple.
Due to TiO2's inherent inefficiency under visible light, photocatalytic activity was weak in
absence of coupling [28] due to the large band gap of TiO, which prevents the excitation of
electrons from the valence band to the conduction band. Alternatively, excessive WO3
exhibited a high rate of electron/hole recombination, resulting in a poor degradation of MeB.
Hence under suitable conditions enhanced degradation of the organic dye can be
accomplished by expanding the spectral range of TiO;'s photocatalytic response from the
ultra violet to the visible region through coupling; which also decreases the recombination of
the electron/hole pairs, lengthens their lives, and extends the lifetime of the electron/hole
pairs themselves. The large band gap prevents excitation of electrons from the valence band
to the conduction band [29].
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Figure 12. Effect of nanocomposite ratio

3.5.4. Effect of pH on photocatalytic degradation

At pH 12, high concentration of hydroxide ions in aqueous solution favour the formation of
hydroxyl radicals, which react with adsorbed methylene blue (MeB) enhancing degradation
and decolourisation of the later (Figure 13). Hence pH 12 was the optimal pH for methylene
blue degradation degraded under the experimental conditions achieved. The drift approach
revealed that the TiO,-WOs nanoparticles' surface was negatively charged at pH 12 since the
pH zero-point charge (pHpzc) was pH 6.2. The percentage of degradation investigated for pH
2 was slow at the beginning but gradually increased to a maximum of 90% at after 180
minutes. At pH < pHpzc, one would anticipate electrostatic repulsive interactions between
the cationic methylene blue and the surface of TiO2-WOs composites, since the adsorbent's
surface was positively charged, and two cations are present in solution, MeB* and H* were
both are vying for the adsorbent surface [30].
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3.5.5. Methylene Blue Degradation

A closed reflux colorimetric approach by chemical oxygen demand (COD) method was used
to track degrdation of MeB dye in the aqueous solution. Data collected showed a decrease in
the amount of organic matter created during MeB breakdown, which correlates to a greater
percentage of COD being reduced. The results demonstrate obtained demonstrated that
degradation of MeB occurred under the influence of visible light up to 86% reduction of COD
in 3 hours (Figure 14).
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Figure 14. Reduction in chemical oxygen demand

3.5.7. Reusability of the photocatalyst

Evaluation of recyclability of the coupled TiO2 nanocomposite was conducted by studying
MeB degradation using the same photocatalyst in four different cycles of three hours each.
Each cycle was followed by a regeneration of the photocatalyst by soaking for two hours in
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isopropanol, vacuum filtering with 0.45 um membrane filter membrane, washing with
distilled water followed by two hours drying at 200 °C. Fresh MeB solution was used for each
cycle to allow determination of removal efficiency. The proportion of MeB degraded
decreased after each cycle, which was attributed partly to the loss of photocatalyst's weight
after each recovery. The proportion of MeB degraded in respective cycles followed 93%, 90%
88% and 87% for cycles 1, 2, 3 and 4 respectively (Figure 15). The drop in percentage of MeB
degraded in subsequent cycles could be due to reduction in surface area, a drop in the
number of active sites for degradation of MeB, as well as formation of an inactive film on the
catalyst surface. Photocatalytic activities and doping effects of metals have been reported in
other studies [31, 32].
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Figure 15. Titanium (IV) oxide - tungsten (VI) oxide photocatalyst reusability

4. Conclusion

A TiO-WO3 nano-catalyst composite was synthesized under ambient temperature and
pressure conditions, establishing a heterojunction that reduced the bandgap of TiO; from
3.317 eV to 3.213 eV, enabling a spectral response in the visible light region. Under optimal
conditions, which included a catalyst dosage of 5g/L with a mole ratio of 1:1 TiO>-WQO3, and a
methylene blue solution concentration of 20 mg/L at pH 2 and pH 12, degradation of
methylene blue reached a maximum of 90% at pH 2 and 87.8% at pH 12. The recyclability of
the TiO2-WOs nanocomposite, tested with fresh 20 mg/L methylene blue samples over four
subsequent reuse cycles, maintained over 85% photocatalytic efficiency. These results
indicate that the synthesized titanium dioxide coupled with tungsten trioxide nanocomposite
has potential applications in the photocatalytic degradation of recalcitrant organic pollutants
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in household water derived from diverse sources, namely, a lake, river, borehole, spring and
a dam.
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