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In the study, Fe was used as a dopant to enhance photocatalytic activity of TiO2. .en, the Fe-doped TiO2 was deposited on
bentonite, which was pillared by Fe. .e synthesized materials were characterized by SEM, XRD, UV-Vis, BET, and point of
zero charge (pHPZC). .en, the synthesized materials were used for diazinon removal under both dark and visible light
conditions to investigate adsorption and photocatalytic degradation abilities of the synthesized materials. .e maximum
diazinon adsorption capacity of the synthesized Fe-TiO2/Bent-Fe was 27.03mg/g. .e obtained results indicated that the Fe-
TiO2/Bent-Fe exhibited high photocatalytic degradation activity for removal of diazinon even under visible light. .e diazinon
removal experiments were also conducted using different photocatalyst dosages, under different pH and light sources to figure
the optimal conditions for removal processes. .e obtained results indicated that optimal photocatalyst dosage and pH were
0.5 g/L and 4.5, respectively. Finally, the natural light generated from solar could be suitable used for diazinon removal by the
synthesized Fe-TiO2/Bent-Fe.

1. Introduction

Many kinds of pesticides releasing into the environment as a
result of runoff from agricultural and urban areas cause pol-
lution of soil, air, surface water, and groundwater and are
harmful for the human health [1, 2]. Among them, diazinon
(O, O-diethyl O-[6-methyl-2-(1-methylethyl)-4-pyrimidinyl]
phosphorothioate), an organophosphorus and highly toxic
pesticide, is extensively used to control insects and, just in the
USA, 6 million pounds of the pesticide are annually used on
farming sites [3]. .e diazinon has been classified as moder-
ately hazardous class II chemical to humans, aquatics,

mammals, and other species by theWorldHealthOrganization
(WHO). Shemer and Linden reported that the fatal human
doses of diazinon were in the range from 90 to 444mg·kg−1 [4].
Kouloumbos et al. reported that toxic effects of the pesticide
attributed to its inhibition of the enzyme acetylcholinesterase
affecting the nervous system [5]. .erefore, water systems
contaminated with diazinon have been treated by various
techniques such as adsorption, filtration, membrane separa-
tion, biodegradation, oxidation, and chemical coagulation [6].
However, these methods have several certain disadvantages
including incomplete removal, high consumption of chemicals,
time consuming, and high treatment cost.
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Recently, advanced oxidation processes (AOPs), using
heterogeneous photocatalysts to produce hydroxyl radicals
(∗OH), a strong oxidative agent, to totally promote min-
eralization of organic pollutants into harmless substances
such as CO2 and H2O, could be a potential technology for
removal of diazinon [7–9]. Titanium oxide (TiO2) is
regarded as the most suitable photocatalyst for the degra-
dation of organic pollutants from wastewaters because of its
chemical stability, nontoxicity, low cost, and commercial
availability [10–12]. However, because of wide band gap of
TiO2, which is approximately 3.2 eV, the photocatalyst could
only be activated by UV irradiation, which only accounts for
3-4% of the solar spectrum [13, 14]. .e high-energy con-
sumption and safety issues concerning use of UV irradiation
are the main disadvantages of TiO2 in the practical system.
In addition, the fast recombination of the photoexcited
electrons and holes is also another disadvantage of the TiO2
photocatalyst. Hence, numerous studies have been con-
ducted to effectively enhance the photocatalytic activity of
TiO2 and to expand its applications in practical systems
using visible light or the solar energy as the excitation source
[15–21]. Among these, metals have been used as doping
agents to implant or incorporate into the TiO2 lattice to
narrow the band gap of the photocatalyst, thereby enhancing
its photocatalytic activity [22–27]. .e overlap
between d orbital of the substituted metal and d orbital of
titanium could narrow band gap or facilitate the visible light
absorption of the doped TiO2, leading to its photocatalytic
enhancement [28]. .erefore, the first aim of the study is to
use Fe as dopant to enhance photocatalytic activity of TiO2
to utilize visible light as excitation sources for its photo-
catalytic removal of diazinon.

In addition, it is difficult to recover powder photo-
catalysts after being used in practical system for wastewater
treatment. Moreover, the photocatalytic activity of a certain
photocatalyst strongly depends on its adsorption capacity
[29]. Various materials including activated carbon, glass
fiber, polyurethane, silica, alumina, and bentonite have been
used as supports to fix photocatalysts to overcome such
limitations. In the study, bentonite, which is nontoxic,
porous, economical, easily available in our country (Viet-
nam), and also chemically and mechanically stable, was used
as support materials for Fe-doped TiO2 (Fe-TiO2). However,
the surface area of the natural bentonite is quite small. Many
studies reported that the introduction of the inorganic pillars
into bentonite could increase its surface area, pore volume,
microporosity, and thermal stability [30–32]. .erefore, the
study used Fe as a pillar to increase surface area as well as
pore volume of the bentonite before being used as support
for the Fe-TiO2. .us, the Fe-doped TiO2 supported on
bentonite pillared Fe (Fe-TiO2/Bent-Fe) would have high
photocatalytic activity and adsorption capacity for removal
of diazinon.

2. Experimental

2.1.Material Preparation. First, 10 g bentonite was saturated
with Fe3+ in 100mL of 1M solution of FeCl3 under constant
stirring..e obtained suspension was continuously stirred at

room temperature for 24 h. .e resulting product was
centrifuged and washed by distilled water until chloride free
(tested by AgNO3)..e obtained material was dried at 363K
for 12 h and then milled to get bentonite-pillared Fe (Bent-
Fe). .en, the obtained Bent-Fe was swelled in pure ethanol
solution with weight ratio of 2%. Second, 6mL tetra iso-
propyl orthotitanate (TIOT) was slowly dropped into 34mL
ethanol to get a solution “A” while 48.2mg Fe(NO3)3·9H2O
was diluted in a solution containing 17mL ethanol, 0.4mL
HNO3 (68%), and 1.6mL distilled water to obtain a solution
“B”. .en, the solution “A” was slowly dropped into the
solution “B” to get sol Fe-TiO2. Finally, the obtained sol Fe-
TiO2 was slowly dropped into the swelled Bent-Fe with
continuously stirring for 4 h and aging for 24 h..e obtained
mixture was changed into a Teflon-lined stainless steel
autoclave and then heated under 160°C for 6 h. After the
autoclave was cooled to room temperature, the precipitate at
the bottom of the autoclave was obtained and washed with
ethanol and deionized water several times. .e product was
dried at 80°C for 24 h to get Fe-TiO2/Bent-Fe. .e weight
ratio of (Fe-TiO2)/(Bent-Fe) was 3 :1.

2.2.PhotocatalystCharacterization. .e surfacemorphology
of the synthesized materials was analyzed using a JED-2300-
Analysis Station Plus, JEOL scanning electron microscope
(SEM). X-ray diffraction (XRD) spectra of the synthesized
TiO2, Fe-TiO2, Fe-TiO2/Bent, Bent-Fe, and Fe-TiO2/Bent-Fe
materials were obtained using a D8-Advance 5005 model
with Cu-Kα (λ�1.5406 Å) radiation over the range
10°< 2θ< 70°, at a scanning rate of 0.03°/min. .e optical
absorption abilities of the synthesized photocatalysts were
characterized by an UV 3101PC spectrophotometer, Shi-
madzu. .e point of zero charge (pHPZC) of the synthesized
material was determined using the procedure as follows: a
50mL of 0.01M NaCl were placed into several closed
Erlenmeyer flasks and the pH of each flask was adjusted at
3.0, 4.5, 5.6, and 8.0 by adding HCl (0.01M) or NaOH
(0.01M). .en, 0.2 g Fe-TiO2/Bent-Fe was added to each
flask. .e pHPZC is the point where the line of final pH is
crossing the line of initial pH.

2.3. Removal Experiments. Experiments were conducted to
investigate diazinon removal efficiency by adsorption and
photocatalytic degradation of the synthesized materials. In
addition, optimal pH, photocatalyst dosage, and light
condition were also investigated in the study. In a typical
removal experiment, a known dosage of the synthesized
photocatalyst (0.25–1 g/L) was transferred to 100mL of
diazinon solution with a distinct concentration (10–50mg/
L) at a certain pH (3–8). .e initial pH of solution was
adjusted by adding NaOH or HCl (0.1mol/L) and measured
by the pH meter model XT 1200C (Mettler Toledo). After a
certain time, the mixture was filtered and the remained
diazinon concentrations were measured using a HPLC
(Supelco LiChrospher RP-18 column, 250× 4.6× 5) coupled
to a UV-PDA detector (Shimadzu SPD–M10Avp) at a
wavelength of 247 nm. .e removal experiment was firstly
conducted under dark condition to determine adsorption
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capacity of the synthesized material. .en, the visible light
was provided to initiate for photocatalytic degradation of
diazinon.

3. Results and Discussion

3.1. Material Characteristics

3.1.1. Morphology. Figure 1 shows the SEM images of the
synthesized Bent-Fe and Fe-TiO2/Bent-Fe materials. It can
be seen that the synthesized Bent-Fe material existed in form
of nanolamella with dominant flake-like morphology and
curling edges. .e SEM image of the synthesized Fe-TiO2/
Bent-Fe indicated that Fe-TiO2 particles existed in form of
nanospherical particles. .e nano-Fe-TiO2 particles were
well-dispersed on the surface of the Bent-Fe layers. .is is
expected to increase recycling ability of the nano-Fe-TiO2
photocatalysts after being used for diazinon removal pro-
cesses. In addition, the deposition of Fe-TiO2 particles on the
surface of the Bent-Fe could increase surface areas of the
material, leading to increase in its diazinon removal effi-
ciency. .e BET surface area of the synthesized Fe-TiO2/
Bent-Fe (181.13m2/g) was greatly higher than that of the
Bent-Fe (66.22m2/g).

3.1.2. Crystal Phase Structure. Figure 1 shows the XRD
patterns of undoped TiO2, Fe-TiO2, and Fe-TiO2/Bent-Fe
materials. It can be seen that the anatase and rutile phases
were observed in the XRD pattern of the undoped TiO2
material (JCPDS card No. 65-5714 for anatase and JCPDS
card no. 21-1276 for rutile). However, there was only anatase
phase in the XRD pattern of the synthesized Fe-TiO2
photocatalyst. .is could be due to the incorporation of Fe
dopant into TiO2 lattice prevented the formation of the rutile
phase [33, 34]. .ere was no peak corresponding to Fe
component in the synthesized Fe-TiO2 material which
confirmed that Fe incorporated in the TiO2 lattice. Figure 1
also shows that the phase structure of the Fe-TiO2 photo-
catalyst unchanged when the material was deposited on the
Bent-Fe. In addition, a peak corresponding to the mont-
morillonite phase of the bentonite was also observed in the
XRD pattern of the Fe-TiO2/Bent-Fe material (JCPDS card
No. 03-0014) (Figure 2).

3.1.3. Optical Properties. Figure 3 shows the UV-Vis light
absorption of the synthesized TiO2, Bent-Fe, Fe-TiO2, and
Fe-TiO2/Bent-Fe materials. .e UV-Vis absorption spec-
trum of TiO2 exhibited an absorption edge at 390 nm [35].
However, the materials did not exhibit any noticeable ab-
sorption in the visible region. Bent-Fe also shows little visible
light absorption. As compared to the UV-Vis absorption
spectra of the TiO2 and Bent-Fe, that of the Fe-TiO2,
however, not only showed a red shift of the absorption edge
but also exhibited higher adsorption ability in the visible
region. .e band gap structure of the TiO2 is comprised of a
valence band, which is mainly constructed from an O 2p
orbital, and a conduction band, which is mainly constructed
from an empty Ti 3d orbital. In the Fe-TiO2, the 3d orbitals

of Fe dopant not only affected to the top of the valence band
and the bottom of the conduction band of the TiO2 but also
inserted into the TiO2 lattice structure to create a Fe impurity
band under the conduction band and upper the valence
band of the TiO2, formed an optical band gap [33, 36].
.erefore, the photoexcited electrons in the TiO2 valence
band could migrate to the Fe impurity band, and then move
from the impurity band to the conduction band via next
photon absorption. .us, the Fe dopant led to decrease in
the band-gap energy, recombination rate of photo-excited
electrons and holes, as well as increase in visible light ab-
sorption of the TiO2. .e UV-Vis absorption spectrum of
Fe-TiO2/Bent-Fe shows that the deposition of the Fe-TiO2
on the surface of the Bent-Fe extended visible light ab-
sorption of the Fe-TiO2. Krishnan andMahalingam reported
that the increase in visible light absorption was due to the
interband transitions i.e., charge transfer transition of in-
terlayer tetrahedral and octahedral atoms in the bentonite
material [37].

3.2. Diazinon Removal

3.2.1. Adsorption of Diazinon. First, the effect of contact
time on the sorption of diazinon was investigated by adding
0.5 g of the synthesized Fe-TiO2/Bent-Fe material in 100mL
diazinon solution (16.74mg/L) at pH 5.6 (natural pH
without any adjustment) and room temperature of 25°C..e
diazinon adsorption capacities by the synthesized Fe-TiO2/
Bent-Fe are shown in Figure 4(a). It can be seen that the
diazinon adsorption capacities increased with increase in
contact time up to 30min and then tend to stabilize with
further increase in contact time. It means that the diazinon
adsorption by the synthesized Fe-TiO2/Bent-Fe reaches the
equilibrium after 30min. Based on the obtained results, the
experiments, which the contact time was fixed (30min),
were conducted to investigate maximum diazinon adsorp-
tion capacity of the synthesized Fe-TiO2/Bent-Fe. .e
Langmuir model was applied to calculate the maximum
adsorption capacities (Figure 4(b)). It can be seen that the
adsorption ability is suitable with the Langmuir model, and
the maximum diazinon adsorption capacity (qmax) by the
synthesized Fe-TiO2/Bent-Fe was 27.03 (mg/g).

3.2.2. Photocatalytic Degradation of Diazinon. In order to
investigate photocatalytic degradation of diazinon, 0.5 g Fe-
TiO2/Bent-Fe material was put in 100mL diazinon solution
(25mg/L). In the condition, the pH of solution was 5.6
(natural pH without any adjustment). .en, the obtained
solution was kept in dark condition for 30min to get ad-
sorption equilibrium, and then the visible light was provided
using a 36W compact bulb, which could provide visible light
in range of 400–700 nm. .e diazinon removal results are
shown in Figure 5. Under dark condition, an approximately
36.18% diazinon was removed by adsorption of Fe-TiO2/
Bent-Fe material. When visible light was provided, the di-
azinon was continuously removed by photocatalytic deg-
radation. .e synthesized Fe-TiO2/Bent-Fe could absorb
significant amount of incident light to generate huge amount
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of electrons and holes. .en, the generated electrons and
holes could react with H2O and O2, respectively, to produce
strong oxidative radicals, including hydroxyl and superoxide
anion radicals, for degradation of diazinon into harmless
inorganic materials [38–40]. .e total diazinon removal by
both adsorption and photocatalytic degradation was ap-
proximately 58.3%.

3.2.3. Optimal Removal Conditions. .e effects of photo-
catalyst dosages on diazinon removal efficiencies are shown
in Figure 6(a). When the photocatalyst dosage was 0.25 g/L,
the amount of photocatalyst was not enough for the diazinon
removal. .e diazinon removal efficiencies increased with
increase in photocatalyst dosage up to 1.0 g/L. When the
photocatalyst dosages increased, the turbidity of the solution
increased. An increased level of suspension turbidity
resulted from excessive photocatalyst dosage would block
the incident visible light required for the photocatalyst ac-
tivation [41]. Hence, the photocatalytic degradation effi-
ciency decreased. .us, the optimal photocatalyst dosage for
diazinon removal was 0.5 g/L.

.e diazinon removal experiments was conducted under
different light conditions including artificial light generated
from compact bulb and natural light from solar. .e in-
tensity of light from the 36W compact bulb was 190.985 lux
and the intensity of solar light, which was measured in
6 hours of the experiment, varied from 32.500 to 65.200 lux.
In the experiments, the photocatalytic dosage, pH, and
intimal concentration of diazinon were 0.5 g/L, 5.6, and
25 ppm, respectively. .e obtained results are shown in
Figure 6(b). .e diazinon removal efficiency under natural
light generated from solar was 53%, which was slightly lower
than that under artificial light generated from compact bulb
(58.3%). .us, the natural light could be suitable used for
photocatalytic degradation of diazinon by the synthesized
Fe-TiO2/Bent-Fe material.

Finally, the diazinon removal experiments were con-
ducted at different pH (3.0, 4.5, 5.6 and 8.0) to investigate
optimal pH for the process. In the experiments, the pho-
tocatalytic dosage and intimal concentration of diazinon
were 0.5 g/L and 25 ppm, respectively. .e diazinon removal
efficiencies at different pH are shown in Figure 6(c). First,
the pKa of diazinon is 2.6, thus diazinon is negatively
charged at all the selected pH conditions [2]. Point of zero
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charge of the synthesized Fe-TiO2/Bent-Fe material was
approximately 4.6 (Figure 6(d)). As expected, an optimal
condition can be developed in the pH range between
pKdiazinon

a and pHFe−TiO2/Bent−Fe
zpc at which the positively

charged Fe-TiO2/Bent-Fe material and negatively charged
diazinon should readily attract each other. At high pH, both
diazinon and Fe-TiO2/Bent-Fe have negative charges.
.erefore, electrostatic repulsion between diazinon and Fe-
TiO2/Bent-Fe causes reduced adsorption of diazinon onto
material surface, resulting in decreased photocatalytic re-
moval efficiency. Based on the obtained results of this study,
pH 4.5 was identified as an optimum condition for the
removal of diazinon using Fe-TiO2/Bent-Fe material. Under
optimal conditions, including dosage (0.5 g/L) and pH (4.5),
80.6% diazinon, which the initial concentration was 25 ppm,
has been removed by the synthesized Fe-TiO2/Bent-Fe.

Recycling experiments were conducted to analyze the
stability of the prepared photocatalyst during the diazinon
removal processes. After being used for diazinon removal for
360min, the photocatalysts were collected and vacuum dried
for 4 h under the dark condition and then used for the
diazinon removal experiment. .e diazinon removal effi-
ciency by Fe-TiO2/Bent-Fe in the first and second time of
recycle was 76.8 and 69.3%, respectively. .e diazinon re-
moval by Fe-TiO2/Bent-Fe was not significantly changed
after recycling, which demonstrated the stability of the
photocatalysts during the removal experiments.

4. Conclusion

We successfully used Fe as a dopant to enhance photo-
catalytic activity of TiO2. .en, the Fe doped TiO2 was
deposited on bentonite, which was pillared by Fe, to enhance
its adsorption and recycling ability in the practical system.
.e synthesized material exhibited high adsorption ability to
remove diazinon. .e maximum diazinon adsorption ca-
pacity of the synthesized Fe-TiO2/Bent-Fe was 27.03mg/g.
Even under visible light, the synthesized Fe-TiO2/Bent-Fe
photocatalyst also exhibited high photocatalytic activity for
degradation of diazinon. .e optimal photocatalyst dosage
for removal of diazinon was 0.5 g/L. .e natural light
generated from solar could be suitable used for diazinon
removal by the synthesized Fe-TiO2/Bent-Fe. Finally, the
optimal pH for diazinon removal was 4.5, which is preferred
for adsorption of diazinon by the synthesized Fe-TiO2/Bent-
Fe.
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