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Abstract: Diazinon (C12H21N2O3PS) is an effective pest controller that has been
frequently used by farmers in agriculture. It is a nonspecific and highly toxic pesticide
having low persistence in the environment and categorized as moderately hazardous class
II. The degradation of commercial diazinon in aqueous solution was investigated by
photocatalysis using low-energy activated C,N-codoped TiO2 as catalyst under visiblelight. The influence of some parameters, i.e., catalyst concentration, the initial
concentration of diazinon, initial pH of diazinon, and irradiation time on the diazinon
degradation was studied. The amount of diazinon degradation was strongly influenced
by all the above parameters. The results show that titania-modified enhanced the
degradation percentage of diazinon, from 44.08% without a catalyst to 86.93% by adding
12 mg of C,N-codoped TiO2 catalyst after 30 min visible-light irradiation. UV-visible
spectrophotometer, HPLC, and COD analysis verified that diazinon was successfully
degraded under photocatalysis visible.
Keywords: degradation; photocatalysis; diazinon; C,N-codoped TiO2

■

INTRODUCTION

Diazinon(O,
O-diethylO-[6-methyl-2-(1-methyl
ethyl)-4-pyrimidinyl]phosphorothioate (Fig. 1), an
effective organophosphate chemical family and
commercially introduced in 1952, is frequently used in
Indonesia as an insecticide for various types of cultivation
such as fruit trees, rice, palm, sugarcane, corn, tobacco,
and horticultural plants. It is a nonspecific and highly
toxic pesticide which has low persistence in the
environment [1], immunotoxic [2] cytotoxic and
genotoxic [3-5] and categorized as moderately hazardous
class II by the World Health Organization (WHO) [6].
Diazinon at concentration 350 ng/L [7], 4.4 mg/L,
90–444 mg/kg may cause toxic for aquatic organisms, fish
(48 h), and human, respectively. Inhibiting the enzyme
acetylcholinesterase activity by overstimulation of nicotinic,
muscarinic receptors [8] and increasing TNF-a production
in rat serum and brain [9-10] are some toxic effects of
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diazinon. The continuous application may lead to the
common occurrence of diazinon residues in food crops,
natural water systems, and soil [11]. Therefore, treating
several water systems contaminated by diazinon is
urgently demanded to protect human health. The use of
advanced oxidation processes (AOPs) is essential because
conventional treatment methods have high operational
costs, longer reaction time, and producing secondary
pollutant [12]. AOPs process produces and uses •OH
and •O2 radicals as reducing agents and strong oxidant to
degrade organic pollutants to be environmentally friendly
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Fig 1. Structure of diazinon
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compounds such as H2O and CO2 [13-14]. Photocatalysis,
the use of light and semiconductor catalyst as reactive
species source and having advantages such as nonselectivity, quickly completed oxidation and oxidation of
pollutants in the ppb range, is one of the most promising
AOPs for wastewater treatment [15].
The selected photocatalyst often used in the
degradation process is titania (TiO2) because of its
abundance, effectiveness, stability against photocorrosion, photoactive, and nontoxic to living things [1617]. However, it has a fairly high band gap (3.2 eV), and a
lot of research has reduced its band gap by modifying
TiO2 with metal, or non-metal elements [18].
Modified titania by the codoping method has higher
photocatalytic activity than doping with only one element
in the visible-light region [19]. The potential elements
that can be used as dopants are carbon and nitrogen
because their size is not much different from oxygen [20].
Several methods of synthesis of C,N-codoped TiO2 have
been reported such as sol-gel [21-23], and solvothermal
[24-27], but these methods still use organic solvents which
are less environmentally friendly and require high costs.
The modified titania with carbon and nitrogen
(C,N-codoped TiO2) has been successfully synthesized by
the peroxo sol-gel method using environmentally
friendly, water, as solvent [19,28] and reported that the
presence of dopants carbon and nitrogen had been shown
to provide a synergistic effect in absorbing visible-light to
increase titania photocatalytic activity. The application
has also been carried out on several organic pollutants
[20,29-32] and inorganic pollutant [28]. In the present
work, C,N-codoped TiO2 synthesized by the peroxo solgel method was applied on photocatalysis of commercial
diazinon pesticide under visible-light. Parameters
affecting the degradation process, i.e., catalyst mass,
doping on titania, pH of the initial solution, and
irradiation time were studied.
■

EXPERIMENTAL SECTION

Materials

Materials used were commercial pesticide Diazinon
60 EC (600 g/L) manufactured by Petrokimia Kayaku, Co
(Indonesia), double distilled water and ethanol 96% were
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from Dwipraga Chemical, Co (Indonesia), acetonitrile
chromatography grade, Whatman filter (θ: 0.45 µm),
undoped-TiO2, and C,N-codoped TiO2 catalyst were
obtained from applied analytical chemistry laboratory of
Andalas University with particle size about 44 nm.
Instrumentation

Centrifuge Nesco 80-2, analytical balance, UV-Vis
spectrophotometer (Shimadzu Corp, serial A116352),
HPLC (Hitachi-Trimaide, serial1202-005, Japan) and
the Halogen lamp 500 Watt (Philips) were used in this
investigation.
Procedure

Photodegradation experiments were conducted in
10 cm internal diameter Petridish as photoreactor that
contained 20 mL of 18 mg/L diazinon pesticide in room
temperature. The pesticide was treated by photocatalysis
under visible-light irradiation using 12 mg TiO2 and
C,N-codoped TiO2 for 5–30 min to investigate the
doping effect on titania catalyst. C,N-codoped TiO2 (0,
6, 12, 18, and 24 mg) was added into the photocatalysis
system to study the effect of catalyst concentration. The
effect of initial pH (3, 5, 7, 11) and initial concentration
of diazinon over 9, 18, 36, 54, 72 and 90 mg/L were also
studied. The pH of the solution was adjusted to 3, 5, 7,
11 by adding NaOH 0.01 N or HCl 0.01 N. The
photolysis without catalyst and adsorption of catalyst (in
dark place) were also investigated as a control. The
degraded solution was collected and centrifuged for
20 min at 3000 rpm and then filtered through a
Whatman 0.22 µm filter to separate the catalyst from the
solution. The solution was kept in the dark bottles and
measured with UV-Vis spectrophotometer. Degradation
percentage of pesticide was calculated from
spectrophotometric data using Eq. 1:
Ai − A f
× 100%
Ai

(1)

where Ai and Af correspond to initial and final diazinon
pesticide absorbance.
The untreated and treated diazinon by visible-light
photocatalysis degradation was also analyzed by HPLC
packed with a C18 column (150 mm × 4.6 mm) and
detected by a UV detector at a wavelength of 247 nm to
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identify the formed intermediates. The mobile phase was
a mixture of acetonitrile and water, with a volumetric
ratio of 75/25 with an injection flow rate of 0.6 mL/min.
An injection volume of diazinon solution was 20 μL. The
COD (chemical oxygen demand) of samples was
determined by closed reflux, colorimetric methods (SNI
06-6989.2-2004).
■

RESULTS AND DISCUSSION

The Effect of Catalyst Concentration on Diazinon
Degradation

The effect of C,N-codoped TiO2 concentration (0–
24 mg) was investigated for 18 mg/L diazinon
degradation. As shown in Fig. 2, the increase of C,Ncodoped TiO2 addition from 0 to 12 mg improved the
diazinon degradation percentage from 31.79% to 67.98%
under visible-light photocatalysis for 15 min.
This preliminary improving diazinon degradation
percentage with an increasing catalyst (0–12 mg) can be
due to the increase in catalyst surface area, the easy light
penetration, the enhanced amount of photon absorption
on the catalyst surface, and consequently higher
production of active species •OH radical by C,N-codoped
TiO2 [33]. However, using C,N-codoped TiO2 catalyst up
to 12 mg reduces degradation percentage. This
phenomenon is caused by the higher suspension
turbidity, which diminishes the amount of light to reach
active surfaces [33-34]. Also, the agglomeration of C,Ncodoped TiO2 may deactivate the active sites [34-38].
Therefore, 12 mg of C,N-codoped TiO2 is selected as the
most efficient catalyst concentration for diazinon removal
and used for other experiments.
The Effect of
Degradation

Titania

Doping

on

Diazinon

The photocatalytic performance of the TiO2
photocatalysts for the photodegradation of diazinon
under visible-light was evaluated, as shown in Fig. 3. At
first, catalyst adsorption and photolysis are performed as
control with removal percentage 4.48%, 44.08%,
respectively for 30 min reaction time. Under photolysis, a
photon from the light source may break down the organic
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Fig 2. The effect of catalyst mass on photocatalysis of
diazinon using C,N-codoped TiO2 catalyst ([diazinon]o
= 18 mg/L, catalyst = 0, 6, 12, 18, 24 mg, t = 15 min)

Fig 3. The effect of the catalyst on diazinon degradation
by adsorption, photocatalysis using 12 mg C,N-codoped
TiO2 catalyst ([diazinon]o =18 mg/L, t = 5–30 min)
pollutant through chemical reaction [39]. Hence, the
removal percentage increased significantly by adding the
catalyst. The C,N-codoped TiO2 photocatalysts were
able to reduce 86.93% diazinon, which is higher than
that is obtained in the presence of un-doped TiO2 with
56.33% removal percentage of diazinon. Modification of
titania using nonmetal elements such as carbon and
nitrogen can lower its band gap, hasten the electron-hole
process, and produce more •OH and •O2‾ radicals, which
resulted in more degraded diazinon pesticide. This result
was attributed by the shifting edge of modification TiO2,
which can be attributed to the increased of TiO2 optical
absorption [28].
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The Effect of Initial pH of Pesticide on Diazinon
Degradation

pH is one of the most important parameters
influencing the photocatalytic degradation behavior since
it determines the photocatalyst surface charge and the size
of the aggregate formed. The effect of initial pH in acidic,
neutral, and alkaline (3, 5, 7, 11) on photocatalysis
degradation of 18 mg/L diazinon using 12 mg C,Ncodoped TiO2 was investigated. As observed in Fig. 4, the
percentage of diazinon degradation was 45.82, 69.46,
67.98, and 48.58% at pH 3, 5, 7, and 11, respectively. The
maximum degradation of diazinon was achieved at pH 5.
This term can be explained by electrostatic interaction
between the catalyst surface and the target compound. In
this study, the catalyst used was on the nanoscale, with a
size of about 44 nm [28]. The zero point charge (zpc),
pHzpc, of nano-sized titania is reported around 6.3–6.9 [15,
40]. The TiO2 surface is positively charged at a low pH (<
pHzpc), and negatively charged at a higher pH (> pHpzc).
On the other hand, the given pKa for diazinon is 2.6. It
will be negatively charged above pH 2.6. Therefore, the
optimal condition is found at pKa diazinon < pH < pHzpc
C,N-codoped TiO2 (between 2 < pH < 6.9) at which the
positively charged catalyst and negatively charged
diazinon should readily attract each other. The same
result is also obtained by some researchers that degrade
diazinon by photocatalysis using Pt-TiO2 [34], and ZnO
[35], TiO2 [36] as catalysts.
The Effect of Initial Pesticide Concentration on
Diazinon Degradation

The effect of initial pesticide concentration on
diazinon degradation percentage is conducted with a dose
of 9, 18, 36, 54, 72, and 90 mg/L at a constant condition;
15 min reaction time and 12 mg C,N-codoped TiO2
catalyst dosage. The diazinon degradation decreases
slightly with the higher initial concentrations of
pesticides. The percentage of degradation diazinon at
initial concentrations of 9, 18, 36, 54, 72 and 90 mg/L
sequentially was achieved 72.43, 67.98, 66.07, 57.31, 49.38,
and 22.91%, as illustrated in Fig. 5. The decrease in
percentage degradation at high concentrations is caused
by the competition between diazinon molecules each other
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Fig 4. The effect of pesticide initial pH (3, 5, 7, 9) on
photocatalysis of diazinon using 12 mg C,N-codoped
TiO2 catalyst ([diazinon]o = 18 mg/L, t = 15 min)

Fig 5. The effect of initial pesticide concentration on
photocatalysis of diazinon using 12 mg C,N-codoped
TiO2 catalyst ([diazinon]o = 9 - 90 mg/L, t = 15 min)
to be absorbed on the C,N-codoped TiO2 catalyst surface
with the result reducing both of the availability of active
sites and the pollutant oxidizing agents concentration
(•OH and •O2‾ radicals) [33]. More intermediates are
generated and consumed the reactive species in the
systems. In addition, the generated intermediates may
adsorb on the catalyst surface, which causes deactivate of
the active sites of photocatalyst and leads to a decrease
in the degradation percentage. In contrast, at low
concentrations, there is no lack of catalytic sites number,
and the rate of degradation will be proportional to the
substrate concentration [37].
Two kinds of terms regard to the effect of the initial
concentration on degradation process, 1) the efficiency
degradation decreases by increasing diazinon
concentration [40-42] and 2) there is an optimum point
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Fig 6. (a) The effect of irradiation times and (b) the first order model on photocatalysis of diazinon using 12 mg C,Ncodoped TiO2 catalyst ([diazinon]o = 18 mg/L, t = 5–60 min)
of efficiency degradation at a certain concentration [4345]. This discrepancy may come from being the
differences in the catalyst, organic pollutant properties,
and experimental conditions.
The Effect of
Degradation

Irradiation

Time

on

Diazinon

Time is one of the important parameters affecting
the amount of organic pollutant degraded. The pesticide
photocatalysis degradation was conducted over the range
5–60 min with constant catalyst weight. As can be seen in
Fig. 6(a), the degradation of diazinon steadily improves by
increasing time in the photocatalysis process. Diazinon
was degraded from 39.86% to 100% when the radiation
times were from 5 to 60 min. The contact between photon
and C,N-codoped TiO2 increases at a longer time, leading
more number of radical actives species production, which
improves diazinon degradation [30,46]. In addition,
reactive species and pesticides react perfectly with
increasing irradiation time [47].
In order to obtain kinetic information, experimental
results were fitted with zero, first and second order
equations. The linearity value of those order equations
shows that the photocatalytic degradation of 18 mg/L
diazinon is well fitted with the first-order model (R =
0.9893) as can be seen in Fig. 6(b). The rate constant
calculated
from
the
slope
between
ln
([diazinon]t/[diazinon]0) versus reaction time Eq. 2 is
0.0646 min–1.
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ln

At
= −kt
A0

(2)

where At = diazinon concentration after irradiation, A0
= initial concentration of diazinon, k = rate constant
[48].
Fig. 7 represents the progressive degradation of
diazinon after exposure under photocatalysis visible
using C,N-codoped TiO2. The UV–visible absorption
spectrum of diazinon shows a peak at 247 nm. Its peak
diminished gradually as exposure time increased, which
confirm the progressive degradation of diazinon. The

Fig 7. The change in UV-visible spectrum of Diazinon
(a) before (0 min) and (b-f) after photocatalysis for 5–60
min, using 12 mg C,N-codoped TiO2 catalyst
([diazinon]o = 18 mg/L, t = 5–60 min)
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complete degradation was reached at 60 min irradiation
by vanishing diazinon peak at 247 nm and appearing the
new peak at 230 nm. The possible compound formed
from this process is 2-isopropyl-6-methyl-4-pyrimidinol
(IMP) as a less byproduct of diazinon degradation [49].
The IMP has UV-Vis absorbance spectra at 230 nm, as
reported by Žabar [50]. Yielding IMP from diazinon
occurs probably by two mechanisms; through oxidative
desulfuration of hydroxyl radical attack on the thiono
group to form diazoxon followed by hydrolysis, or
through a directly oxidative mechanism on diazinon [49].
The HPLC Analysis of Degraded Diazinon

Generally, some intermediates and by-products will
be produced during the degradation process. Sometimes

they are more toxic than the initial target contaminants.
Fig. 8 shows that diazinon concentration reduces after
treatment indicating by the decrease in its peak at a
retention time of 8.7 min. Diazinon almost completely
disappears and transforms into other compounds after
60 min photocatalysis. This result is a good agreement
with the UV-visible spectrophotometric data reaching
100% degradation percentage by disappearing diazinon
spectrum and forming a new spectrum at 230 nm, as
shown in Fig. 7. The existence of a new peak at retention
time tR = 1.67 min and tR = 2.76 min in chromatogram
signifies the possible formation of new compounds as
the diazinon degradation products that need to be
analyzed further.

Fig 8. Chromatogram of (a) un-treated diazinon solution (b) treated diazinon by visible photocatalysis using 12 C,Ncodoped TiO2 catalyst ([diazinon]o =18 mg/L, t = 60 min)
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verified that diazinon was successfully degraded by
photocatalysis visible using 12 mg C,N-codoped TiO2.
■
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Fig 9. The chemical oxygen demand (COD) of diazinon
after photocatalysis using 12 mg C,N-codoped TiO2
catalyst ([diazinon]o = 18 mg/L, t = 5–60 min)
Chemical Oxygen Demand (COD) of Degraded
Diazinon

The degree of diazinon mineralization was
determined by using COD experiment. It is found that the
COD of diazinon solution decreases from 4400 mg/L to
176 mg/L after 60 min of photocatalysis treatment. This
indicates that 96% of diazinon was mineralized to carbon
dioxide during photocatalysis [51]. When titania catalyst
was irradiated by photon, its electron will excite from
valence band to conduction gap, and this process
generates electron-hole. The reaction between oxygen
and water with generated electron-hole would form the
strong oxidative hydroxyl radical (•OH). The radical
would oxidize the organic pollutant into CO2 and H2O
[52]. The COD, spectrophotometer UV-Visible, and
chromatogram confirmed that photocatalysis using C,Ncodoped TiO2 under visible-light was successfully
degraded the diazinon.
■

CONCLUSION

The diazinon degradation is accelerated by titania
modified (C,N-codoped TiO2) under the photocatalysis
process. The diazinon can be completely degraded by
C,N-codoped TiO2 catalyzed visible photocatalysis for
60 min irradiation. The degradation was strongly affected
by catalyst concentration, initial concentration of
diazinon, initial pH of the solution, and irradiation time.
UV-visible spectrophotometer, HPLC and COD analysis
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