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Abstract

Synthesis of WO; and Fe-doped WO; nanoparticles is done by use of Microwave irradiation technique. X-ray powder dif-
fraction confirmed the formation of a monoclinic crystalline structure. The as-prepared samples are characterised by trans-
mission electron microscope, Braunuer, Emmett and Teller, Raman spectroscopy, photoluminescence, X-ray photoelectron
spectroscopy and ultraviolet diffuse reflectance spectroscopy. Confirmation of the morphology of the nanostructures showed
ovoid-like form. The photocatalytic activity of WO and nominal percentage of Fe-doped WO; (3, 5 and 10 wt%) are evalu-
ated for the degradation of methylparaben (MeP) in aqueous solution after being irradiated with visible light. The results
show that 5 wt% Fe—~WO; is the best dopant in the photodegradation of MeP at 50.8% with H,O,. A chemometric model
analysis is applied to estimate both individual and interaction factors that included pH, contact time, hydrogen peroxide
(H,0,) concentration and catalyst dosage. The optimal conditions at pH 3, 10 mg, 5 wt% Fe—WO, and 120 min are achieved.
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Water is a major necessity for all living organisms including
human beings. Availability of clean water is of great concern
due to the increased release of emerging pollutants into the
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environment. As a result, this poses an enormous challenge,
which is expected to increase due to high levels of indus-
trialisation. The emerging pollutants are a group of chemi-
cals that have been found in fresh waters because of various
human activities. Among these are the personal care prod-
ucts (PCPs) that are used daily are released to the aquatic
ecosystems in very low concentrations ranging from pg L™!
to ng L~!. PCPs have not been previously considered as
contaminants and they’re hence required to be investigated
and monitored because they are hazardous to aquatic life
[1-4]. Parabens, a group of PCPs known as synthetic esters
of p-hydroxybenzoic acid, are widely used as antimicrobial
and preservatives because they are very effective in protect-
ing pharmaceuticals, beverages and cosmetic products [5].
Examples of parabens include methylparaben (MeP), ethyl-
paraben, propylparaben, butylparaben and benzyl paraben.
MeP, a well-known endocrine disruptive chemical (EDC), is
widely used as a bactericide and antimicrobial agent in cos-
metic products, singly or combined with other agents [6, 7].

Emerging pollutants have been in existence for over a
long period and have been determined and removed using
conventional methods, mainly in wastewater treatment plants
(WWTPs). The efficiency of treatment has been higher than
90% [8-10] in reducing the initial concentrations at the inlet
of WWTPs. It has been found that benzylparaben, butylpara-
ben, and isobutyl paraben have been found to have reduced
using batch-activated sludge treatment [11] but the high
instability of the main by-product p-hydroxybenzoic acid
have been detected in high concentrations in both raw waste-
water and effluents [12]. The drawbacks of the conventional
irradiation methods suffer from pollutants being detected
in low concentrations (in ng L™!) and partially removed.
However, it has been observed that new derivatives of the
parent compound are formed [8, 13, 14]. Initially, parabens
were determined using separation solid phase extraction
[17, 18], and quantification techniques such as micellar
electrokinetic chromatography (MERC) [15, 16], capillary
zone electrophoresis—ultra violet [17] due to their simplicity
and effectiveness [18]. However, quantification analytical
techniques used ranged from the high-performance liquid
chromatography [19, 20] to the current and more advanced
techniques including ultra-high performance liquid chro-
matography [21] and liquid chromatography—tandem mass
spectrophotometer [22, 23] are commonly used. More so,
gas chromatography—mass spectrophotometer [24, 25] com-
prising of a derivatisation step was used to determine the
number of parabens in cosmetics, drugs, pharmaceuticals,
and food, among others.

Photocatalysis is considered as one of the most prom-
ising technique in water treatment since it has a great
potential utilizing green and sustainable solar energy in
removing organic pollutants and harmful bacteria pre-
sent in polluted water systems [26]. The photocatalytic
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technology uses light and a photocatalyst in the decom-
position of organic pollutant. Semiconductors have been
used in photocatalysis for decomposing the organic pol-
lutants rapidly and in an environmentally friendly manner
[27-30]. However, another photocatalyst such as, tungsten
trioxide (WO5) is a promising n-type semiconductor with
an optical band gap (E,) of 2.8 eV that has received atten-
tion in recent times [31, 32]. WO; can be prepared using
several methods such as; sol-gel [33], precipitation [34],
hydrothermal [35] and glycothermal as reported by other
researchers [36]. The only limitation it possesses is that it
has poor photocatalytic activity due to the versatile wide
bandgap and a result, the conduction band electrons can-
not be efficiently trapped by oxygen to yield superoxide
radicals [37-39].

Advanced oxidation processes have received significant
attention in the removal of organic pollutant contaminants
in aqueous solutions and wastewater [40]. The heterogene-
ous process has been proposed in Fenton reactions towards
the degradation of organic pollutants [41]. Several authors
have reported degradation of the phenol compound and its
derivatives that includes Fenton [42], photo-Fenton [43],
sono-Fenton [44] and Os/Fenton [45].

Doping plays an indispensable part in tuning the band
edge potential of photocatalyst by modifying its properties.
The dopant ion incorporation has been employed in recent
times to reduce the recombination of electrons and holes
to enhance visible light absorption with the introduction
of extra energy levels in doped material for better photo-
catalytic activity [28, 37, 46]. Transition metal (TM) doped
semiconductor nanoparticles have been used due to their
excellent dopants and catalytic activities with various met-
als such as Zn, Nb. Mn-doped WOj; has been prepared and
reported [47-49] on reducing the band gap of WO;. Iron
has been investigated as a dopant ion in various reports for
magnetic properties [39, 46, 50, 51] owing to its half-filled
electronic configuration and can lead to conspicuous absorp-
tion in the visible light [52, 53]. Removal of MeP has been
studied using different methods such as electrochemical
[54], ozonation [55], photochemical [56], sonochemical [6].
Few researchers have reported on photocatalytic degradation
of MeP using different photocatalysts [57-59]. Song et al.
[60] and Zhang et al. [61] reported the synthesis of Fe-doped
WO, for catalysis and NO, gas sensor respectively. To the
best of our knowledge, no literature has been reported on the
photodegradation of MeP with Fe-doped WO;.

In view of the above, the aim of this study is to investigate
the degradation of MeP for the first time using Fe-doped
WO; in combination with H,0, under the influence of vis-
ible light irradiation. The factors affecting (such as the addi-
tion of oxidant, sample pH, catalyst loading, degradation
time and among others) the photocatalytic degradation of
MeP were optimised using univariate and multivariate tools.
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2 Experimental
2.1 Chemicals

Iron (III) nitrate nonahydrate (FeN;O4-9H,0) was obtained
from Riedel-de Haén in Germany, Sodium hydroxide
(NaOH), tungstic acid (>99.0%) and Methyl-4-hydroxy-
benzoate (CAS:99-76-3) were obtained from Sigma-Aldrich
(USA), nitric acid (65%) obtained from MCL (South Africa),
absolute ethanol (99.9%) was obtained from Minema, (South
Africa) and domestic microwave LG MS 283 MC 900 W. All
chemicals were used as received. Deionised water was used
in all experiments.

2.2 Material Synthesis

WO; nanoparticles were prepared by use of microwave used
by Abhudhahir and Kandasamy [48] with modifications.
Typically, 1 g of H,O,W was dissolved in 10 mL NaOH and
5 mL concentrated HNO; was added. 10 mL of deionised
water was added to the acidic solution for quick response
to microwave. The solution in a beaker was covered with
a watch glass and quickly transferred to a microwave at
a power of 200 W for 20 min. The powder obtained was
washed severally with deionised water and ethanol to neu-
tralise the acidity and dried in air at 100 °C for 1 h to remove
water and excess ethanol. Heat treatment was done in air at
500 °C for 3 h in a muffle furnace. The Fe-doped WO; was
synthesised by adding tungstic acid and Iron (III) nitrate
nonahydrate at a nominal ratio (3, 5 and 10 wt%) followed by
the above procedure. The heat treatment for Fe doped WO,
was at 500 °C in the air for 3 h. The final products for WO,
and Fe-doped WO; were pale yellow and brown respectively.

2.3 Characterisation

The crystallographic patterns of the as-prepared sam-
ples were characterised by powder X-ray diffractometer
(Phillips X’Pert-PRO PANalytical) with Cu Ko radiation
(A=1.54060 A) with 26 the scan range of 10°-90° with a
step size of 0.0170 s~ at an acceleration voltage and applied
a current of 40 kV and 40 mA, respectively. Raman spectra
were recorded on a Raman spectrometer (WITec) operating
with a 531.5 nm diode laser. The morphologies and particle
sizes were determined with scanning electron microscope
(Tescan). Transmission electron microscope (TEM) and
high-resolution transmission electron microscope (HRTEM)
images were obtained using Jeol, JEM-2100 with an accel-
eration voltage of 200 kV. The surface area was evaluated
using nitrogen absorption—desorption isotherms and adsorp-
tion data at — 197 °C using Brunauer—-Emmett—Teller (BET)

method (Micrometrics ASAP 2020). X-ray photoelectron
spectroscopy (XPS) measurements were performed at room
temperature using a SPECS PHOIBOS 150 electron energy
analyser, and a AI-Ka monochromatized photon source
(hv=1486.71 eV). The overall energy resolution was set
to 0.6 eV for all spectra presented in this work. Photolu-
minescence (PL) was recorded using Perkin-Elmer LS 45
Fluorescence spectrometer with an excitation wavelength
of 270 nm and UV-Vis diffuse reflection spectrophotometer
(UV-DRS, Shimadzu 2450) using BaSO, as a reference.

2.4 Experimental Procedure

MeP stock solution of 100 ppm was prepared using deion-
ised water and was stored in the dark at 4 °C. The working
standard solutions were prepared from the stock solutions to
the desired concentrations of 10 ppm and used throughout
the experiments.

The pH values of 3, 6 and 9 were adjusted by addition
of 0.1 M HCl or 0.1 M NaOH throughout the experiment.
A volume of 30 mL aqueous MeP solution was introduced
into the vessel and required an amount of the catalyst and
10 mM H,0, were introduced as per the experimental
design. Before irradiation, the solution, H,O, and cata-
lyst were initially mixed in the dark for 30 min for adsorp-
tion—desorption to reach equilibrium. For the degradation
experiments, aliquots of ~2.5 mL were sampled at different
intervals, filtered and centrifuged at 7000 rpm for 10 min.
The UV-Vis spectra absorbance were recorded using Shi-
madzu 2450 spectrophotometer.

2.5 Photoreactor and Light Source

The photocatalytic performers of both as-prepared samples
of WO; and Fe-doped WO, towards degradation of MeP
were evaluated using a photo-reactor equipped with Xenon
lamp capable of emitting 1 SUN (1000W/m?) equivalent to
solar light equipped with a UV cut-off filter (A>420 nm)
was used in this experiment.

2.6 Experimental Data Design Analysis

The chemometric analysis was performed using a STATIS-
TICA software version 13.

3 Results and Discussion

3.1 XRD Analysis

The crystallographic study of the products was charac-

terised by X-ray diffraction (XRD), as shown in Fig. 1.
The XRD spectra of pure WO; and Fe-doped WO,
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Fig. 1 a XRD patterns for as-prepared samples and b cross-section of the plane [020]

Table 1 Crystallite size of the

Sample Crystallite
prepared samples size(nm)

WO, 10.13

3 wt% Fe-WO, 5.06

5 wt% Fe-WO, 7.59

10 wt% Fe-WO; 6.07

were prepared and shown in Fig. la. From the spectra,
it shows that the structure of WO; nanoparticles was
monoclinic (ICDD 04-005-4272, space group: P21/n
with lattice parameters of « =7.2970 A, b=7.5390 A and
c=7.6880 A). With increasing doping of Fe, no other
impurities could be detected in the spectra indicating suc-
cessful incorporation of Fe into the crystal lattice with
the overall crystal structure being monoclinic despite an
increase of Fe** ions from 3 to 10%. Figure 1b shows cross
sectional area of peak [020] where Fe doped WOj; shift-
ing lower diffraction angles indicating the incorporation
of Fe’* into the WO, crystal lattice and this is due to the
fact that Fe®>* (radius 0.064 nm) is almost equal to Wo*
(0.062 nm) [49].

The crystallite sizes D of both pure and Fe-doped
WO; were calculated using Debye—Scherrer in Eq. 1 with
data shown in Table 1 tabulated using Bragg’s angle at
20=24.5.

D= 0.94
pcosd

ey

From the results obtained with Fe ions doped in WO;,
the average crystallite sizes between the lowest (3 wt%)
and highest doping concentrations (10 wt%) were margin-
ally reduced.
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Fig.2 Nitrogen adsorption—desorption isotherms curves

3.2 B.E.T. Analysis

The isotherm of WO; and Fe-doped WO; in Fig. 2 can be
categorised as Type II [62] and H3 hysteresis loop observed
in relative pressure of between 0.9 and 1.0 indicates a
mesoporous material [60]. The BET surface areas of as-
prepared WO;, 3% wt, 5% wt, and 10% wt Fe-doped WO,
were 5.7, 16.1, 15.4 and 19.8 m? g‘l, respectively. As from
the figures indicated the surface area increases as the dop-
ing increases indicating an increase of large active sites for
photocatalytic activity for doped samples.

3.3 Optical Properties

UV-Vis diffuse reflectance spectroscopy was used to
study the optical properties of pristine and Fe-doped WO,
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nanoparticles, as shown in Fig. 3. Figure 3a indicates the
absorbance of as-prepared samples in which it indicates a
blue shift with an increase of Fe doping from 450 nm (WO5;)
to 512 nm (10% Fe-doped WO;). The optical absorption
coefficient obeys the indirect-band gap, as shown in Eq. (2):

(ahv)* = A(hv — E,) )

where a is the absorption coefficient, h is the Plank’s con-
stant, v is the frequency of light, E, is the band gap and
A is the constant. The band gap was determined from the
intercept of ahv? versus hv curves and from the calculations,
the band gap of WO; was found to be 2.48 eV. With the
increase of Fe doping from 3 to 10 wt% a decrease in band
gap was observed from 2.48 to 2.08 eV, as shown in Fig. 3b.
The observations show that with the introduction of iron
doping indicates that the iron atoms are located at the donor
level above valence band of WO;. It could be attributed to
sp—d spin interactions between band electrons and localised
d electrons of the TM substituting the cation [46, 50].

3.4 TEM Analysis

In order to determine the actual morphologies of the as-
prepared samples of WO; and Fe-doped WO; samples TEM
and HRTEM images, as shown in Fig. 4. The TEM images
showed the ovoid-like structure of undoped WO; due to
aggregation or overlapping of small particles, as shown in
Fig. 4a. Figure 4b indicates smaller structures of Fe-doped
WOj; indicating successful incorporation of Fe ions into the
crystal structure of WO; and from the results shown from
Table 1 confirming that the smaller the size the greater the
surface area and in which the shape was not necessarily
altered [51]. Figure 4c shows the EDS indicating the ele-
ments W, O, and Fe. Meanwhile, Fig. 4d is HRTEM showing

(a) | —wo,

——3% Fe-WO,

—— 5% Fe-WO,

Intensity(a.u.)

10% Fe-WO,

T T
350 450 500

Wavelength(cm'l )

600

a well-defined crystalline structure with interplanar spac-
ing calculated as 0.39 nm indexing to [020] equivalents to
undoped WO; consistent with XRD results.

3.5 Raman Analysis

Figure 5 shows Raman spectra of both pristine WO; and Fe-
doped WO; indicating the stretching and bending modes of
WO, with no extra Fe—O bond. Frequencies 200-400 cm™!
indicates O—W—-0 bending modes and peak at 272 cm™!
corresponding to the O—W-O stretching mode of the bridg-
ing oxygen while frequencies between 600 and 900 cm™!
relate to W—O stretching modes [63]. The peaks 272,722 and
811 cm™! indicate a probable mixture of y and & monoclinic
phases at room temperature [63]. The characteristic peaks
of WOj; gradually decreased their intensity and shifted to
lower wavenumbers with an increase in iron content from 3
to 10 wt% resulting in the occupation of substitutional sites
of WO;.

3.6 Photoluminescence (PL) Studies

Figure 6 shows the PL emissions of as-prepared WO; and
Fe-doped WO; of different wt% at room temperature. The
samples were excited at 270 nm in which they displayed
emission centred at 537 nm. The small emission peak at
589 nm could be attributed to the oxygen deficiency peak.
After doping with different wt% of Fe the emission dis-
played the same emission spectra but with reduced inten-
sities. This phenomenon can be attributed to an increase
in defects resulting in displacing W with Fe** [49]. In
general, the lower the PL the lower the recombination of
the photogenerated electrons and holes [64] indicating that
5 wt% Fe-doped WO; shows the best photocatalytic activity

(b) —Wo,
—— 3% Fe-WO,
5% Fe-WO,

10% |\‘-\\’()\

(ahv)

34

Fig.3 a UV-Vis Diffuse reflectance spectra and b Tauc plots for WO3, 3 wt%, 5 wt% and 10 wt% Fe-doped WOj; respectively
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Fig.4 TEM images of WO; (a), 5 wt% Fe-doped WO; (b), EDS of 5 wt% Fe-doped WO; (¢) and HRTEM image of 5 wt %Fe-doped WO; (d)
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Fig.5 Raman spectra of pure WO; and Fe-doped WO,

for degradation having lower recombination rate in compari-
son with the others.

3.7 X-Ray Photoelectron Spectroscopy (XPS)

XPS spectra for the as-prepared 5 wt% Fe-doped WO, was
presented to determine the oxidation states and elemental
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Fig.6 PL spectra of undoped WO; and Fe-doped WO; at different
wt%

composition for each member of the catalyst, as shown in
Fig. 7. Figure 7a depicts the presence of C, W, Fe and O
elements with a small Na peak may be attributed to pre-
cursors used in synthesis. Figure 7b shows the deconvo-
luted Fe 2p spectrum with two peaks at ~712 and ~726 eV
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Fig.7 XPS spectra of 5% Fe~WO; photocatalyst obtained by microwave synthesis: a survey scan of 5% Fe-WO;, b Fe 2p, ¢ W 4fandd O 1 s

corresponding to Fe 2p;,, and Fe 2p,,, respectively resulting
from Fe** ions incorporated into WO, matrix [65]. Figure 7c
represents the deconvoluted W 4f spectrum which has two
pronounced peaks 35.4 and 37.6 eV belongs to W 4f,,, and
W 4f;,, indicating the presence of WOj; in the catalyst [61].
It is clear from the peaks that W®* is the main state on the
surface. The deconvoluted O 1 s spectrum of ovoid-like
WO;, as shown in Fig. 7d indicates one large hump and two
minor humps fitted with three sub—peaks at 530 eV repre-
senting 0*~, O~ 05 ions in oxygen deficient regions, while
532 eV could be assigned to either vacancies, defects or
adsorbed oxygen within WO; matrix and 533.6 eV adsorbed
water on the surface [65].

3.8 Catalytic Results
3.8.1 Catalyst Selection

MeP is known to be resistant to either cold or hot water and
in this experiment, the effect was insignificant as there was
no change in degradation [66]. The photocatalytic degrada-
tion of MeP was investigated using different catalysts at pH
6.5, as shown in Fig. 8. The preliminary experiments were

performed in the absence of a catalyst (that is, photolysis)
and it can be seen in Fig. 8a that there was no significant
change in the MeP. These observations verified the high
photochemical resistance of MeP towards photodegradation.
With the addition of H,O, there was a weak degradation
because the light could not produce enough hydroxyl radi-
cals (HO"). Figure 8b shows that the % degradation of MeP.
The initial results indicated that with an increase of Fe dop-
ing the % degradation increases. From the results shown in
Fig. 8b, 5 wt% Fe-doped WOj; displayed better photocatalyst
than the rest indicating a better charge separation efficiency
as indicated from PL studies (Fig. 6). Therefore, was used
for further investigations.

3.8.2 Effect of H,0, Concentrations on Photocatalytic
Activity of Fe-doped WO,

The addition of an oxidant expected to accelerate the het-
erogeneous photocatalytic degradation of organic pollutants.
Hydrogen peroxide as an electron acceptor is a key param-
eter in Fenton or Fenton-like oxidation process [67, 68].
In photocatalytic degradation system of MeP, the catalytic
mechanism of H,0, molecules over the surface of Fe-doped
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Fig.9 Effects of H,O, concentration on the degradation of methylpa-
raben [initial concentration 10 ppm, pH 3 and catalyst 10 mg (5 wt%
Fe-doped WO53)]

WO; is analogous to Fenton-type mechanism. Fe* ions on
the surface of Fe-doped WO; could react with H,0, to pro-
duce HO'can demonstrated using by Eqs. 3 and 4 [69]:

X —Fe* + H,0, - x —Fe** + HOO + H* 3)
X —Fe** + H,0, + HY — x—Fe’™ + HO + H,0 (4)
In which Xrepresents the surface of WOj;. For this reason, the
effect of different concentration of H,O, (2-15 mM) on the
photodegradation of MeP was investigated and the results
are presented in Fig. 9. It can be seen from the results that
concentrations below 10 mM showed slow degradation pro-
cess due to less production of enough hydroxyl radicals for
oxidation. However, at higher concentration of 15 mM, a
decrease in degradation was observed which may be due to
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Table 2 Multivariate optimisation: factorial design matrix and ana-
lytical response (% degradation)

Expt pH Time Dosage % Degradation
1 3 30 10 25.7
2 9 30 10 15.6
3 3 120 10 50.8
4 9 120 10 30.5
5 3 30 50 16.9
6 9 30 50 12.1
7 3 120 50 48.2
8 9 120 50 1.35
9 6 75 30 21.3
10 6 75 30 14.9
11 6 75 30 10.6

excess of hydroxyl radicals that may react with excess H,O,
thus becoming a scavenger [1] and hence retards the degra-
dation efficiency process according to the Eq. 5. Therefore,
10 mM was used for further investigation.

HO +H,0, — H,O +H,O S

3.8.3 Multivariate Optimisation

The effect of factors affecting the photodegradation process
was investigated using two-level full factorial design with
three independent variables and three central points. This
resulted in a total of 11 experiments with all possible combi-
nations of the actual values. The factorial design matrix and
analytical response (% degradation) are shown in Table 2.
Catalyst loading and contact time have less significance
among the three factors.

Figure 10 presents the Pareto chart of the standardised
effects used to investigate the variables that had a significant
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Fig. 10 Pareto chart for

standardised effect of 50% MeP
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influence on the analytical response (% degradation). It can
be observed that the bar length of the sample pH value sur-
passed the vertical significance line (95% confidence inter-
vals). This means that this variable was statistically impor-
tant. In addition, the other variables and the interactions
were not significant at 95% at a confidence level. In this
experiment, the pH range selected were 3, 6 and 9 to deter-
mine the efficiency of the photocatalyst on degradation of
MeP. The dependency of pH is on the surface charge of the
photocatalyst, the net charge of pollutant and a number of
hydroxyl radicals produced [66]. Most pollutants in aquatic
systems are mainly dependent on pH and their respective
dissociation constants and this case MeP is no exception
as is dependent on certain pH range and having pKa 8.3. If
pH < pKa, MeP is in molecular state and vice versa. From
the experimental data (Table 2) the best pH for 5 wt% Fe-
doped WO; was 3. This is due to the fact that the surface
charge of WO; is almost comparable to its point-of-zero-
charge of 2.5 [70] in which electrons valence bands can be
able to convert H,0O, to hydroxyl radicals that can degrade
MeP. In addition, it was observed that the algebraic sign
for sample pH effect was negative. This demonstrated that
sample pH lower than the maximum levels should be used.

In general, dosage loading plays a critical role in the deg-
radation of organic pollutants. The selected 5 wt% Fe-doped
WOj; catalyst was varied between 10 mg, 30 mg, and 50 mg
respectively. From values shown on Table 2 different values
were obtained with pH variation, what was noticed was that
at a low dosage and high contact time, the degradation was
higher indicating that there were more active sites on the
surface of the catalyst. Figure 9 showed that the effect of
time on degradation did give some semblance of the differ-
ence from the values tabulated in Table 2, which indicated
that long contact time increased the contact of the surface

of photocatalyst active sites for photon absorption. The
optimal conditions for the highest photocatalytic efficiency
of MeP estimated in Fig. 10 is as follows: pH 3, 10 mg,
5 wt% Fe-doped WO; and 120 min with 50.8% degrada-
tion of MeP. Several studies have reported on removal of
MeP using different photocatalysts where Kumar et al. [68]
used Fe;0,/BiVO, with biochar and achieved 97.4% MeP
removal, while Xiao et al. [58] achieved 66.8% minerali-
zation when B-Bi,0; was utilized. Few reported on use of
H,0, with photocatalyst in removal of MeP where Velegraki
et al. [71] reported degradation of MeP with H,O, using
carbon-doped Kronos Vlp 7000 and Kronos VIp 7001 pow-
ders. They achieved a 57% and 62% removal of MeP for the
respective carbon-doped powders.

The multivariate experimental design showed more suc-
cess than univariate in that it gave a reasonable model of
interactions between various factors.

3.9 Photocatalytic Degradation Mechanism

To understand the roles of electrons, holes and HO" involve-
ment in degradation of MeP at best doping concentration
under visible light irradiation. Scheme 1 shows the overall
photocatalytic activity performed at 5 wt% Fe-doped WO,
photocatalyst for degradation of MeP at pH value of 3,
10 mM H,0, and dosage of 10 mg.

The Fe** ions act as a sink in which they trap and transfer
electrons and holes to minimise recombination of photo-
excited holes and electrons [60] as can been shown by the
following Eq. 5 to 10 in conduction band region

WO;+hv —» e +h* (6)

Ft + e — Fe*t @)
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Visible light

Methylparaben s H0* HO™

05 mmmmmm) Methylparaben

WO,

Degradation byproducts Fe3+ Fekw h+ l/

H,0, HOO®

Fe3*t Fe2%t Degradation byproducts

H,0, HO'— Methylparaben

Scheme 1 Proposed charge separation and photocatalytic degradation mechanism with Fe-doped WO; and H,0,

Fe** + H,0, + ¢ - F&*™ + H,O 8)
Fe** + H,0, — Fe*t +e” + HO )
HO + MeP — degradation by — products (10)

In the valence band region, the Fe** ions are oxidised by
visible light to produce Fe** ions according to Eq. 11 to 13

Fet + hy —» Fe** a1
Fe*" + HO™ —» F&t + HO (12)
HO + MeP — degradation products (13)

4 Conclusion

The as-prepared WO; and Fe-doped WO; nanostructures
were successfully prepared using microwave irradiation
method. From the results of XRD, Raman, XPS and TEM,
Fe was successfully incorporated into WOj; crystal lattice
without formation of iron oxide impurities. In comparison
with undoped WO;, 5 wt% Fe-doped WO, showed a better
photocatalytic degradation of MeP. The PL spectra indicated
that doping with 5 wt% showed a lower recombination rate
as compared to undoped, 3 wt% and 10 wt%. A chemomet-
ric analysis method was proposed and applied successfully
to the photocatalytic process where the optimal conditions
were obtained through the Pareto chart. Both individual and
interaction factors were taken into considerations. 10 mg,
pH 3, 10 mM H,0, and duration of 120 min was found as
the best conditions for the degradation of MeP. According to
experimental results, the mechanism of hydroxyl radical pre-
sented in the heterogeneous system revealed the efficiency
and enhancement of iron doping WOj; on visible light activ-
ity of the organic pollutant.
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