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a b s t r a c t
This study investigated the performance of ultraviolet (UV) light active TiO2 and UV-visible light 
active WO3/TiO2 nanoparticles coated on zeolite for degrading organic pollutants such as methy-
lene blue and pyrene. Using glass dishes for the batch photocatalytic removal experiments of the 
organic pollutants, the removal efficiencies of methylene blue and pyrene by two different photo-
catalytic particles coated on natural zeolites were evaluated. The results showed that the TiO2 and 
WO3/TiO2–coated zeolites are excellent photoactive materials providing enhanced removal function 
(>95% removal efficiency of methylene blue) under UV and UV-visible light irradiation, respectively. 
However, lower efficiencies were observed for both TiO2 and WO3/TiO2 powders and TiO2 and WO3/
TiO2–coated zeolite in removing pyrene in aqueous solution under UV and visible light irradia-
tion. In column tests, both TiO2 and WO3/TiO2–coated zeolites have shown only measurable pyrene 
removal efficiency of ~50% under UV irradiation. This could be due to the negligible adsorption of 
pyrene on the photocatalytic reaction sites both for TiO2 and WO3/TiO2–coated zeolite. Nevertheless, 
this study revealed the potential utility of photocatalytic particles in improving urban water quality, 
which can be utilized in the form of the surface component for various urban infrastructures.
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1. Introduction

Organic pollutants such as methylene blue and polycy-
clic aromatic hydrocarbons (PAHs) are being discharged in 
large amounts from various anthropogenic sources such as 
industrial complexes, which are toxic and non-biodegrad-
able and can trigger contaminations in various natural 
water bodies if left untreated.

Organic dyes such as methylene blue, rhodamine B, acid 
red, and ethyl violet are usually found in textile process-
ing industries generated from the dyeing, bleaching, and 
washing processes [1,2]. Wastewaters discharged from tex-
tile industries are toxic to the environment due to their high 

biological oxygen demand and chemical oxygen demand. 
Dyes are soluble in water even in small amounts which 
could affect visibility and transparency of the water bodies 
resulting in decreased photosynthesis perturbing the marine 
ecosystem and could cause eutrophication [3]. They are also 
considered to be mutagens and carcinogens thus prompting 
their removal from industrial effluents.

PAHs are comprised of fused aromatic benzene rings 
having nonpolar nature with high desorption activation 
energy. PAHs are persistent compounds in the environment 
due to their chemically stable structure and low bioavailable 
fraction.
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PAHs are categorized as low molecular weight (LMW) 
and high molecular weight (HMW) PAHs based on molec-
ular structure. The LMW PAHs include two and three rings 
structure while HMW PAHs comprise four and more rings 
structure and the aqueous solubility of PAHs decrease almost 
linearly with an increase in molecular mass. Although there 
are more than 100 different types of PAHs, only 16 PAHs 
are on the priority list of the U.S. Environmental Protection 
Agency (US EPA) due to their negative impact on the 
environment and human health [4].

Among the promising techniques to degrade such pol-
lutants is photocatalysis under UV-visible light irradiation 
which does not require excessive chemical reagents and will 
only need the solar spectra and/or indoor illuminations for 
it to function. Photocatalysis is a process that utilizes ultra-
violet (UV) and visible light radiation from sunlight or arti-
ficial light assisting in breaking down different substances 
including organic materials and inorganic molecules. TiO2 
has been reported as an efficient photocatalyst for degrad-
ing organic pollutants due to its stability and nontoxicity [5] 
but TiO2 only absorbs wavelengths at the ultraviolet (UV) 
light region, and recent researches have been focused on 
developing newer photocatalysts that absorb visible light.

Among the methods to make TiO2 absorb visible light is 
to introduce dopants such as metals (e.g. Cd, Au, Pt, Cu, etc.), 
non-metals (e.g. Br, N, C, B, F, etc.), and other metal oxides 
(e.g. WO3, BiO, ZnO, CuO, Fe2O3, etc.) [6,7]. Composites of 
WO3/TiO2 have been reported to efficiently absorb visible 
light and generate hydrogen from water splitting process 
[8]. However, limited studies have reported on its use in the 
degradation of organic pollutants such as PAHs and meth-
ylene blue.

The objective of this study is to explore the effectiveness 
of WO3/TiO2 photocatalytic particles and coated zeolite, syn-
thesized from previous research [9], in the photocatalytic 
removal of methylene blue and pyrene in aqueous solutions, 
and comparatively analyze their removal efficiencies.

2. Material and methods

2.1. Batch photocatalytic removal of methylene blue and pyrene

The batch kinetic studies were performed based on the 
ISO standard 10678:2010 [10] which is the standard method 
for studying photocatalytic degradation of methylene blue. 
The schematic illustration of the batch test performed is 
shown in Fig. 1a. The ease of performing the experiment 
and the small thickness of the petri dish used can provide 
an appropriate measurement of the photocatalytic perfor-
mance of WO3/TiO2 particles and WO3/TiO2 coated zeolite in 
removing PAHs such as pyrene, and methylene blue.

The degradation experiments were performed by pre-
paring 100 mL of 15.0 ppm of the methylene blue solu-
tion (1.0 ppm for pyrene), and 0.10 g of the photocatalyst 
(i.e. TiO2, WO3/TiO2) is added into the solution. For the case 
of coated zeolite, 20 g was added covering the entire bottom 
surface of the petri dish.

The Petri dishes could equilibrate in the dark for at least 
1 h. The length of time in the dark was based on the adsorp-
tion tests performed where different concentrations (5, 10, 
20 ppm for methylene blue; 5, 2, 0.5 ppm for pyrene) for 

various photocatalysts were tested without a light source. 
And then the light source (UV A, blacklight, 20 W Sankyo 
Denki, Japan, or white fluorescent lamp, Osram, Germany; 
6 pcs) was turned on, placed above the solution, and 
exposed for 1 h. During the exposure time, a 5 mL sample 
was extracted and filtered with a syringe filter from the solu-
tion after specific time intervals (0, 15, 30, 45, 60 min) and 
transferred to a conical tube. The conical tube was shaken 
to mix the solution inside. For methylene blue, the sam-
ples were analyzed immediately for its absorbance using a 
UV-Vis spectrometer UV-1650PC (Shimadzu, Japan). While 
for pyrene, samples were pretreated initially through sol-
id-phase extraction, which is described in detail in the next 
section, and then analyzed using gas chromatography with 
flame ionization detector (GC–FID) using the parameters 
listed in Table 1 (Agilent 6890N, USA).

2.2. Column tests for the photocatalytic removal of aqueous pyrene

Column tests for the removal of pyrene using coated zeo-
lite were performed. Four columns (I.D. = 4 cm; H = 22 cm) 
made from transparent acryl were prepared. Gravel, sand, 
and coated zeolite were placed in the column according 

 

(a) 

 

 
(b) 

Fig. 1. (a) Batch test schematic for the photocatalytic removal of 
methylene blue and pyrene and (b) column test schematic for the 
photocatalytic removal of methylene blue and pyrene.
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to the following height: coated zeolite: 2 cm; sand: 10 cm; 
gravel: 5 cm. The first column was a blank made up of only 
sand and gravel. While the second column contained natu-
ral zeolite. The third and fourth column contained the WO3/
TiO2 and TiO2 coated zeolite, respectively. The light source 
(UV-A, Sankyo Denki, 6 pcs.) were placed at the topmost 
portion of the column frame. The schematic and actual 
setup were shown in Fig. 1b.

Synthetic wastewater was made by mixing 200 mL of 
1,000 ppm stock solution of pyrene into a 20 L container to 
produce 10 ppm. The stock solution was made by dissolv-
ing 1.0 g of pyrene in 1,000 mL acetonitrile and sonicated 
for 60 min. The synthetic wastewater was introduced into 
the column with a peristaltic pump operating constantly at 
35 rpm (20 ± 2 mL/min). Samples were taken at the follow-
ing time intervals: 1, 4, and 8 h. Samples were pre-treated 
and extracted within 24 h using solid-phase extraction 
disks (C18, 3M, Empore, EEPA method 3535A [11]). After 
the 8 h cycle was completed, the light source was turned on 
for 4 h. Then, the columns were dried for 2 d before starting 
another 8 h cycle of operation. Another test was performed 
using a lower concentration of pyrene (1.0 and 0.10 ppm).

The solid-phase extraction method used in pre- treating 
and recovering pyrene from the water was based on the 
U.S. EPA method 3535A using a hydrophobic extraction 
disk to be fitted on the standard vacuum filtration setup. 
Briefly, the method consisted of three phases: disk condi-
tioning, sample extraction, and sample elution. Before the 
conditioning phase, the extraction disk was pre-wetted by 
pouring approximately 20 mL of acetonitrile (elution sol-
vent) to the filter reservoir and vacuum was applied until 
the disk was dry. Then, on the conditioning step, approx-
imately 20 mL of methanol was added on the filter cap, 
and a vacuum was applied until a thin layer (~3 mm) of 
the solvent remained at the top of the filtration disk. It was 
soaked in methanol for 30 s, then 20 mL of deionized water 
was added, and a vacuum was applied until a thin layer 
remains at the top of the disk. Then, the sample was poured 
into the filter reservoir and vacuum was applied until the 
disk was dry. The supernatant liquid in the Erlenmeyer 

flask was discarded, and a test tube was placed to collect 
the sample to be eluted. The sample was first soaked in 
10 mL acetonitrile for 30 s before applying a vacuum to 
flush the samples out of the extraction disk. And another 
10 mL acetonitrile was poured on the sample to have a total 
eluted sample volume of 20 mL. The eluted samples were 
analyzed using GC–FID.

3. Results and discussion

3.1. Adsorption studies on methylene blue and pyrene

Adsorption experiments for methylene blue and pyrene 
were conducted using the batch method described by ISO 
10678:2010 but without light irradiation. Figs. 2 and 3 show 
the adsorption of pyrene with varying concentrations into 
TiO2 powders and TiO2 coated zeolite, respectively. The 
corresponding isotherm is also shown and pyrene adsorp-
tion on TiO2 satisfies the Langmuir adsorption isotherm. 
Fig. 3 revealed that pyrene adsorption equilibrium could 
have started at 4 h verified by the Langmuir isotherm hav-
ing a relatively good fit using the final equilibrium points. 
However, upon the calculation of monolayer adsorption 
of pyrene per mass of catalyst (qm), TiO2 powders have 

Table 1
GC–FID parameters for pyrene analysis

Parameter Condition

Injection (sample) volume 1 μL
Carrier gas Helium (He)
Gas flow rate (He) 104.6 mL/min
Pressure (He) 70 kPa
Linear velocity (He) 35 cm/s
Injection mode Splitless
Temperatures

• Inlet 300°C
• Initial oven temperature 50°C
• Oven heating rate 10°C/min
• Final oven temperature 300°C
• Detector (FID) 300°C

Detection limit 10 ppb

 

(a) 

 

 

(b) 

Fig. 2. (a) Adsorption of pyrene with varying concentrations on 
TiO2 powders under dark conditions and (b) the corresponding 
Langmuir adsorption isotherm.
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adsorbed pyrene more efficiently than the TiO2 coated 
zeolite. This could be due to the molecular size of pyrene 
which could be larger than the pore sizes of zeolite.

Figs. 4 and 5 show the adsorption results for pyrene 
into WO3/TiO2 powders and WO3/TiO2 coated zeolite. 
A similar trend has been observed that the WO3/TiO2 pow-
ders have adsorbed pyrene more efficiently than their 
corresponding coated zeolite. The adsorption isotherms for 
both WO3/TiO2 powders and WO3/TiO2 coated zeolite have 
a good fit with the Langmuir equation [3,5] as shown by the 
coefficient of variance (R2) in Figs. 4 and 5.

Meanwhile, methylene blue (MB) with similar polycy-
clic aromatic configuration with pyrene has shown better 
adsorption with TiO2 and WO3/TiO2 powders and TiO2 and 
WO3/TiO2–coated zeolite. The monolayer of methylene blue 
adsorbed per mass of catalyst (qm) was greater than that of 
pyrene as shown in Table 2 suggesting efficient adsorption 
of MB on the surface of catalysts. The efficient adsorption of 
MB could be due to the cationic nature of MB on the aque-
ous solution and whereas the catalyst surface is predom-
inantly more electronegative and thus adsorption could 
be due to electrostatic interactions which could be absent 
between pyrene and the catalysts.

3.2. Batch photocatalytic removal of methylene blue and pyrene

Figs. 6 and 7 show the concentration profile of the 
photocatalytic removal of pyrene using TiO2 powder and 
TiO2–coated zeolite, respectively under UV irradiation. The 
removal of pyrene is generally faster on the TiO2 coated zeo-
lite than with TiO2 powders only. This could be due to the 
greater formation of OH radicals generated [12] through 
the hole oxidation on the photocatalyst surface reacting 
with water adsorbed by zeolite. It is known that zeolite has 
a high affinity for water molecules making zeolite among 
the most widely used moisture adsorbent in various indus-
tries. The OH radicals, produced from photocatalysis, had 
effectively oxidized and rapidly removed pyrene from the 
aqueous solution. Furthermore, the removal is enhanced by 
the photocatalytic generation of electrons from TiO2 aiding 
in the mineralization of pyrene; and the products could have 
been adsorbed on the free surface of the zeolite.

Figs. 8 and 9 show the concentration profile of the pho-
tocatalytic removal of pyrene using the composite WO3/TiO2 
powders and WO3/TiO2 coated zeolite, respectively under 
visible light irradiation. It can be seen also that the photocat-
alytic reaction proceeds faster on the WO3/TiO2 coated zeolite 
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Fig. 3. (a) Adsorption of pyrene with varying concentrations 
on TiO2 coated zeolite under dark conditions and (b) the corre-
sponding Langmuir adsorption isotherm.

 

(a)  

 

(b) 

Fig. 4. (a) Adsorption of pyrene with varying concentrations 
on WO3/TiO2 powders under dark conditions and (b) the 
corresponding Langmuir adsorption isotherm.
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than compared to the WO3/TiO2 powders. The removal mech-
anism for pyrene on WO3/TiO2 could be similar to that of 
using TiO2 following first-order reaction kinetics because of 
the good fit observed when plotting ln(C/C0) with respect to 
time. However, photocatalytic reactions for WO3/TiO2 pow-
ders and WO3/TiO2 coated zeolite are slower than compared 
to the TiO2 and TiO2 coated zeolite resulting in lower removal 
efficiencies which could be due to the lower photon energy 
emitted by visible light than UV irradiation. Therefore, it 
can be deduced that pyrene requires higher photon energy 
(i.e. UV light) to be efficiently degraded photocatalytically.

Table 3 shows the removal efficiencies of pyrene and 
methylene blue for the various photocatalysts used under 

UV and visible light irradiation. The MB has greater removal 
efficiency overall than pyrene which could be probably 
due to the ease of adsorption of MB on the catalyst surface 
compared to pyrene as evident in the Langmuir isotherms. 
However, the higher removal of MB and pyrene on the 
coated zeolite compared to the PN powders, despite the 
higher monolayer adsorption capacities of the PN powders, 
are due to the relatively greater mass of zeolite present, cov-
ering the entire surface of the petri dish used in the batch 
experiments.

3.3. Column test results for pyrene

Fig. 10 shows the results of the column test experiments 
on the photocatalytic removal of pyrene. It can be seen in Fig. 
10a that during the initial stages of the column operation, 
the effluent pyrene concentration was minimal which could 
signify that pyrene was adsorbed on the column media as it 
passes through the height of the column. Pyrene could have 
been separated by means of precipitation because of its low 
solubility in water.

However, the precipitated pyrene rapidly saturated caus-
ing a column breakthrough which was indicated by a rise in 
the pyrene concentration as the volume treated increased. 
The column test result for low pyrene concentration is shown 

 

 

(b) 

(a)  

Fig. 5. (a) Adsorption of pyrene with varying concentrations on 
WO3/TiO2 coated zeolite under dark conditions and (b) the corre-
sponding Langmuir adsorption isotherm.

 

(a) 

 (b) 

Fig. 6. (a) Concentration profile of the photocatalytic removal 
of pyrene using TiO2 powders and (b) reaction kinetics of the 
photocatalytic removal of pyrene using TiO2 powders.

Table 2
Comparative values of the adsorption capacity for methylene 
blue and pyrene

Catalyst type qm (g MB/g cat.) qm (g pyrene/g cat.)

TiO2 powders 5.3277 3.1211
WO3/TiO2 powders 7.3529 0.6662
TiO2 coated zeolite 0.0673 0.0008
WO3/TiO2 coated zeolite 0.5516 0.0010
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in Fig. 10b. Based on the result, ~50% of the pyrene concen-
tration has been adsorbed on the column media regardless 
of the volume treated. This could be possibly due to the slow 
adsorption of pyrene on the surface of the coated zeolite as 
seen in the adsorption isotherms on the previous section. 
There could be also a possibility of shorter retention times 
of pyrene on the column resulting in the relatively lower 
removal efficiency of pyrene, and longer column operations 
would be impractical now to verify the adsorption equilib-
rium of pyrene on the catalyst surface, and thus these are rec-
ommended as a future study.

Lamichhane et al. [4] have reported that carbon-based 
adsorbents such as biochar, activated carbon, and zeolite 

modified with surfactant-ion exchange capabilities can adsorb 
up to 98% of the PAHs such as pyrene, phenanthrene, flu-
orene, and fluoranthene in aqueous solutions. Therefore, 
PAHs have a higher affinity to organic-based adsorbents as 
compared to the inorganic ones such as sand and zeolite.

4. Conclusions and recommendations

The photocatalytic removal of organic compounds such 
as methylene blue and pyrene have been compared in this 
study. The photocatalytic removal of methylene blue is rel-
atively more efficient compared to that of the photocatalytic 
removal of pyrene using TiO2 and WO3/TiO2 powders and 
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(a) 

Fig. 7. (a) Concentration profile of the photocatalytic removal of 
pyrene using TiO2 coated zeolite and (b) reaction kinetics of the 
photocatalytic removal of pyrene using TiO2 coated zeolite.
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(b)

Fig. 8. (a) Concentration profile of the photocatalytic removal of 
pyrene using WO3/TiO2 powders and (b) reaction kinetics of the 
photocatalytic removal of pyrene using WO3/TiO2 powders.

Table 3
Removal efficiencies for pyrene and methylene blue using various photocatalyst types and irradiation sources

Photocatalyst %R.E. (MB) %R.E. (pyrene) Light source

TiO2 powders 86.11% 78.98% UV-A lamps
TiO2 coated zeolite 96.79% 88.76% UV-A lamps
WO3/TiO2 powders 80.98% 32.67% White fluorescent lamps
WO3/TiO2 coated zeolite 96.44% 63.28% White fluorescent lamps
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TiO2 and WO3/TiO2 coated zeolite. The efficient removal of 
MB over pyrene could be attributed to the cationic nature of 
MB on aqueous solutions which are readily adsorbed through 
electrostatic interactions on the catalyst surface due to the 
highly negative charge present. The ease of adsorption of 
MB has resulted in greater photocatalytic removal efficiency. 
While for the case of pyrene, it is relatively challenging for 
TiO2 and WO3/TiO2 to adsorb pyrene on its surface due to the 
highly localized electrons of the aromatic part of pyrene. The 
generation of OH radicals from the adsorbed water could 
break down the stable bonds between the benzene rings 
of pyrene to transform it into a more positive specie which 
could interact with the electronegative portion of the catalyst 
surface. However, it would be a rate-limiting step, relative to 
the MB photocatalytic reaction, for the pyrene degradation 
process. On the other hand, the removal of pyrene under vis-
ible light irradiation proceeds at a slower rate than under UV 
irradiation possibly due to the higher photon energy emitted 
by UV than those emitted by visible light. The column test 
results show that pyrene at high concentrations is removed 
via precipitation mechanism due to the poor solubility of 
pyrene in water which then accumulates in the entire column 
resulting in faster column saturation. At lower concentra-
tions, pyrene tends to be removed to a certain extent (~50%) 

due to the slow adsorption of pyrene to the catalyst surface, 
or shorter retention times on the column. Further stud-
ies are recommended to verify the adsorption equilibrium, 
and effects of retention times to enhance pyrene removal on 
the inorganic catalysts such as zeolite, TiO2, and WO3/TiO2. 
On the other hand, this study provides a significant contri-
bution to the field of urban water quality management by 
presenting a cost-effective treatment for emerging pollutants 
such as methylene blue and pyrene.
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Fig. 9. (a) Concentration profile of the photocatalytic removal of 
pyrene using WO3/TiO2 coated zeolite and (b) reaction kinetics 
of the photocatalytic removal of pyrene using WO3/TiO2 coated 
zeolite.
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