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ABSTRACT: The degradation of simazine (SMZ) in TiO2 suspension with the presence of H2O2 was investigated under the
irradiation of 420 nm lamps. This process could be optimized by adjusting TiO2 dosage, initial concentration of H2O2, and the
initial pH of the solution. The optimum TiO2 dosage was found to be 0.1 g/L, and the highest SMZ decay rate was achieved with
the initial H2O2 concentration at 4 mM. Overdose of H2O2 is found to be more critical in jeopardizing the SMZ decay than the
overdose of TiO2. A neutral initial pH level at 6.5 was found to be favorable for SMZ degradation. The presence of Cr(VI)
significantly accelerated SMZ degradation in the TiO2/H2O2/vis (visible light) process. In addition, 10 simazine derivatives were
identifed by liquid chromatography−mass spectrometry/mass spectrometry. It was suggested that dealkylation is the major
pathway of SMZ photodecay in the TiO2/H2O2/vis process. The final product was found to be ammeline.

1. INTRODUCTION

The extensive application of herbicides and pesticides as a
routine practice to control weed growth has resulted in
increasing public concerns in the past decades. A major concern
with herbicides is the potential to leach into surface and
groundwater systems that are used as drinking water sources.
According to Hoffmann et al., groundwater contamination is
the primary source of human contact with toxic or harmful
chemicals which are coming out from more than 70% of the
hazardous waste sites in the United States.1 In Europe, as
groundwater is one of the most important sources for drinking
water, the protection of groundwater resources against
contamination by surface-applied herbicides receives consid-
erable attention in European legislation.2 Simazine (6-chloro-
N,N′-diethyl-1,3,5-triazine-2,4-diamine, SMZ) is a member of
the triazine family of herbicides. Persistence of SMZ in soil and
widespread use have led to its detection in rivers,3 ground-
waters,4 soils,5 and even rainfall.6 It was reported that SMZ
posed an adverse effect on aquatic macrophytes,7 and it also
exerted a significant influence on pubertal development in
female rats.8 SMZ is one of the five pesticides which needed to
be controlled due to the frequency of their occurrence and the
potential to pollute groundwater by the State Management
Program (SMP) proposed by the U.S. Environmental
Protection Agency (EPA).9 The use of SMZ has been banned
in European Union states (EU directive 91/414/EEC).
Therefore, there is an urgent need to develop an effective and

efficient treatment method for SMZ’s removal from waters and
soils of concern. TiO2-based photocatalysis has been proven to
be a promising technology for water treatment. However, the
practical application of TiO2 has been restrained by its optical
properties in that TiO2 is only sensitive to UV light.10 The sun
can provide an abundance of photons; in which UV light only
accounts for a small portion (∼5%) of the sun spectrum in
comparison to the visible region (∼45%). Therefore, great
efforts including photosensitization by dye, transition metal,
and nonmetal doping have been dedicated to improving the

utility of TiO2 by shifting its optical response from the UV to
the visible spectral range.11−13 However, the process in
preparing these photocatalysts is time-consuming and ex-
pensive, which may hamper the use of these technologies in
practical applications. Therefore, H2O2-assisted and TiO2-based
photocatalysis has been proposed to work with the irradiation
of visible light,14,15 while some studies have investigated the
degradation of SMZ by ozonation,16,17 photocatalysis,18

Fenton’s oxidation,9,17 UV photolysis,19 and biological
methods.20,21 Until now, the information regarding the
photocatalytic decay of SMZ under visible light, however, is
still limited.
This study aims to investigate the photocatalytic decom-

position of SMZ under visible range irradiation with the
presence of H2O2. The performance of the TiO2/H2O2/vis
(visible light) process was evaluated in terms of SMZ
degradation under different conditions, such as TiO2 dosage,
concentration of H2O2, initial pH levels, and the coexistence of
different metal ions. The decay pathways of SMZ in TiO2
suspension under the irradiation of visible light with the
assistance of H2O2 were proposed as well.

2. METHODOLOGY

2.1. Chemicals. The probe simazine (6-chloro-N,N′-
diethyl-1,3,5-triazine-2,4-diamine; ≥97%) was obtained from
Supelco. The TiO2 catalyst used was Degussa P25 (80% anatase
and 20% rutile) with a Brunauer−Emmett−Teller (BET)
surface area of 50 m2/g and a density of 3.85 g/cm3. H2O2 and
K2Cr2O7 were purchased from Riedel−deHaen̈ Laboratory and
Sigma−Aldrich, respectively. All of the chemicals and solvents
were of analytical and HPLC grade, respectively, and used
without further purification. For pH adjustment, 0.1 M sulfuric
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acid and 0.1 M sodium hydroxide were used. The water used in
the preparation of solution was obtained from a Millipore
Waters Milli-Q water purification system.
2.2. Photocatalytic Reaction. The photodegradation of

SMZ was conducted in a Luzchem CCP-4 V photochemical
reactor controlled by a computer. To ensure a thorough mixing,
150 mL of solution was dispensed into a 300 mL quartz
cylinder with mechanical stirring before and during the
illumination. Twelve low-pressure mercury lamps at 420 nm
were installed in the photoreactor. The experimental
installation and the emission spectra of the lamps were stated
elsewhere.15 For the experiments involved with Cr6+, K2Cr2O7
was added into the suspension of TiO2 before the photo-
catalytic reaction. Samples were withdrawn at a predetermined
interval and filtered through a 0.2 μm poly(tetrafluoroethylene)
(PTFE) membrane to keep the particles free from the solution
prior to quantification. All experiments were carried out at
room temperature (air-conditioned) at 23 °C in duplicate.
2.3. Chemical Analysis. Remaining SMZ after photo-

reaction was determined by high-performance liquid chroma-
tography (HPLC), which was comprised of a Waters 515
HPLC pump, Waters 2487 dual λ absorbance detector, and an
Agilent Hypersil ODS column (5 μm, 0.46 cm × 25 cm). The
maximum adsorption wavelength (λmax) was selected as 222 nm
for SMZ. A mixture of 50% acetonitrile and 50% water was
used as the mobile phase running at a flow rate of 1 mL/min. A
five-point calibration curve was run for SMZ with the limit of
quantification (LOQ) at 0.5 ng/L.
Identification of intermediates and end products was

conducted by liquid chromatography−electrospray ioniza-
tion−mass spectrometry (LC−ESI−MS) at positive modes
with MS/MS analysis by ion traps (Finnigan ThermoQuest
LCQ Duo) equipped with an ESI interface. The eluent (0.8
mL/min) was delivered by a gradient system from a Spectra
SYSTEM P4000, coupled to a Spectra SYSTEM AS3000
Autosampler with a 20 mL injection loop, an Alltech (Alltech
Associates Inc.) Hypersil ODS column (C18, 5 μm, 250 mm ×
4.6 mm), and a Spectra SYSTEM UV6000LP photodiode array
UV detector. The gradient elution was carried out with a
gradient of ammonia acetate (5 mM, pH 4.6) and acetonitrile
from 95 to 15%, and from 5 to 85%, in 30 min, respectively.
The MS capillary temperature was set at 250 °C with a voltage
of 46 V and a spray voltage of 4.5 kV. The MS/MS tests were
carried out using helium as the collision gas.

3. RESULTS AND DISCUSSION
3.1. SMZ Degradation in Various Systems. The

degradation of SMZ was investigated under various conditions
including the presence or absence of TiO2 and/or H2O2. As
shown in Figure 1, no decay of SMZ was observed under visible
light irradiation (420 nm) in the absence of TiO2 either with or
without the addition of H2O2. This is because the combination
of H2O2 and visible light generally cannot directly dissociate
H2O2 into •OH. The UV−visible light from twelve 420 nm
lamps could not provide enough energy to break down the O−
O bond of H2O2. Such a dissociation can be obtained through
absorbtion of UV light (λ < 320 nm). The adsorption of SMZ
on the TiO2 surface is less than 2% (data not shown). It was
interesting to note that a small fraction (around 8%) of SMZ
was decayed in 2 h by the TiO2/vis process (420 nm). The
slight SMZ removal in the TiO2/vis (420 nm lamps) system is
likely due to the production of a trace amount of e− and h+ (on
the TiO2 surface). The upper threshold wavelength that P25

can absorb is 410 nm (data not shown), which is slightly
overlapped with the emission spectra of the 420 nm lamps (a
narrow-band monochromic lamp with a tailing down to 380
nm). The formation of an oxidizing agent on the surface of
TiO2, i.e., a titanium peroxide complex due to the interaction
between H2O2 and valence-unfilled Ti(IV) on the TiO2 surface,
was also reported previously.22 In the dark, no SMZ
degradation was observed in an aqueous dispersion of TiO2
and H2O2 (data not shown), indicating the presence of light is
critical in such a process.
As also shown in Figure.1, the addition of 4 mM H2O2 to the

TiO2/vis process significantly improves the removal efficiency
of SMZ from 8 to 95.4%. According to our previous
studies,14,15 •OH plays a dominating role in the TiO2/H2O2/
vis process. In this process, it is believed that hydroxyl radicals
originate from three sources: (1) The titanium peroxide
complex formed on the TiO2 surface extends the photo-
response of TiO2 from UV to the visible region, leading to the
generation of visible-light-induced surface electrons which can
be transferred from the surficial complexes to the conduction
band of TiO2 and the electrons on the conduction band of
TiO2 can then initiate the decomposition of H2O2 to produce
hydroxyl radicals; (2) trace electrons generated on the
conduction band of TiO2 under the irradiation of 420 nm
lamps initiate the decomposition of H2O2 to produce hydroxyl
radicals; and (3) trace holes generated on the value band of
TiO2 under the irradiation of 420 nm lamps react with H2O or
OH− to yield hydroxyl radicals. In general, the first one is likely
the major source in generating •OH in this process.

3.2. Effect of TiO2 Dosage. Proper dosage of TiO2 as a
photocatalyst is an important parameter for the TiO2/H2O2/vis
process. In this study, photodecay rates of SMZ at different
TiO2 dosages (ranging from 0.05 to 0.80 g/L) were examined
with an initial concentration of H2O2 at 4 mM and initial pH
level at 6.5. The initial concentration of SMZ was kept at 0.06
mg/L. SMZ degradation was found to follow the pseudo-first-
order kinetics with an R2 value of 0.96 (see Figure 2). When
TiO2 dosage was below 0.1 g/L, SMZ decay accelerated
remarkably with the increment of TiO2 dosage. Above 0.1 g/L,
however, the degradation rate of SMZ decreased gradually. This

Figure 1. SMZ degradation under different reaction conditions:
[SMZ]0 = 0.6 mg/L, [H2O2]0 = 4 mM, TiO2 dosage is 0.2g/L, and
initial pH is 6.5.
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is possibly due to the increase in the opacity of the solution
with the excessive amount of TiO2 in the reaction, leading to
light attenuation.23 In practice, TiO2 particles may act as a light
filter that reduces the light penetration if overdosed. They
reduce the incident light intensity by absorbing most of the
photons and then giving out energy in other forms such as heat
energy.24 Therefore, an optimum dosage of TiO2 was
determined to be 0.1 g/L, which is a critical design parameter
for a light-dependent process in real applications.
3.3. Effect of H2O2 Concentration. It is believed that

hydroxyl radicals play a key role in the TiO2/H2O2/vis process.
The determination of an optimal concentration of H2O2, the
major source of hydroxyl radicals, thus is critical for practical
application. The SMZ degradation at 0.2 g/L TiO2 with H2O2
concentration varying from 0.5 to 6.0 mM was investigated as
indicated in Figure 3.
At low H2O2 concentrations (below 4 mM), the pseudo-first-

order degradation rate constant increased linearly with the
[H2O2], as shown in the inset of Figure 3. The increase of
H2O2 concentration results in the generation of more titanium
peroxide complex which is capable of absorbing visible light and

subsequently produces more hydroxyl radicals. When the
concentration of H2O2 was further increased, however, the rate
constant decreased significantly likely due to the reaction
between extra H2O2 and •OH (eq 1), leading to a negative
effect on SMZ decay (the •OOH is a much weaker oxidant than
that of •OH). Therefore, the optimum concentration of H2O2
in the process was found to be 4 mM.

+ → +• •OH H O OOH H O2 2 2 (1)

By comparing the marginal effect of the two parameters via
normalizing the TiO2 dosage and H2O2 concentration, the
process can be divided into two sections, i.e., the ratio of
[dosage]/[optimum dosage] smaller and larger than unity (see
Figure 4). It was interesting to note that the increment of

[H2O2] and TiO2 dosage showed a similar influence on the
SMZ decay rate when [dosage]/[optimum dosage] < 1, while
[H2O2] exhibited more negative effects on the performance of
SMZ decay than that of TiO2 dosage when [dosage]/[optimum
dosage] > 1. This suggests the selection/design of the [H2O2]
in the process is more critical than that of the TiO2 dosage,
especially if the process is expected to be operated under an
overdosed condition.

3.4. Effect of the Initial pH Level. Due to the amphoteric
behavior of most semiconductor oxides, the pH level is believed
to play an important role in reactions which take place on the
surface of the semiconductor particle since it influences the
surface charge properties of the photocatalyst. Tests have been
conducted by varying the initial pH level from 2.5 to 10.5 on
0.06 mg/L SMZ degradation at 4 mM H2O2 and 0.1 g/L TiO2.
The degradation of SMZ can be described by a pseudo-first-
order kinetics at different pH levels, and the observed rate
constants are summarized in Figure 5b. As demonstrated in
Figure 5, the SMZ degradation rate was inhibited under acidic
conditions (pH = 2.5 and 4), while at alkaline conditions (pH
≥ 8.0), the degradation process was significantly retarded. The
best SMZ degradation efficiency was obtained at initial pH level
around 6.5.
In an alkaline medium, it was well-known that H2O2 is

unstable and easily breaks down into water and oxygen,
indicating less H2O2 molecules are available for the reactions
that can produce hydroxyl radicals. In addition, the point of
zero charge (PZC) of TiO2 dispersion was reported to be

Figure 2. Effect of TiO2 dosage on SMZ decay rate: [SMZ]0 = 0.6
mg/L, [H2O2]0 = 4 mM, and initial pH value is 6.5.

Figure 3. Effect of H2O2 concentration on SMZ decay rate: [SMZ]0 =
0.6 mg/L, TiO2 dosage is 0.1g/L, and initial pH is 6.5.

Figure 4. Comparison of the effects between TiO2 dosage and H2O2
concentration on the SMZ decay rate.
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around 6 and the pKa of SMZ was reported to be 1.6.25 SMZ
carried a negative charge at the tested range of pH levels. Under
basic conditions, repulsive forces between the negatively
charged TiO2 molecules and SMZ molecules retard the
adsorption of SMZ on the surface of TiO2. This further
inhibited the degradation of SMZ under basic conditions.
Another minor reason is the dissolution of CO2 from the air
during mixing and the formation of the end product of SMZ
decay (i.e., mineralization). The first and second pKa of H2CO3
are 6.4 and 10.3, respectively; when the initial pH level is higher
than 6.4, the predominant species in a carbonate system will
either be bicarbonate or carbonate ions. These ions may
compete with SMZ for hydroxyl radicals as radical scavengers.
Under acidic conditions, H2O2 exists in the form of H3O2

+

(eq 2) and TiO2 carries positive charges since the PZC of TiO2
is around 6. The positive charges on the surface of TiO2 may
hamper the adsorption of H3O2

+ on the surface of TiO2 due to
electrostatic repulsion, leading to the retardation of the
formation of titanium peroxide complex and hence the
decomposition of H2O2 on the surface of TiO2, which is
essential for generating hydroxyl radicals. Another rationale is
that the adsorbed protons could accelerate the degradation of
titanium peroxide.26,27 Under acidic conditions, protons may be
adsorbed by titanium peroxide. In theory, the decomposition of
titanium peroxide by breaking the O−O bond will be facilitated
by the adsorbed protons via the protonation of peroxide.26

+ ⇄+ +H O H H O2 2 3 2 (2)

It is interesting to note that the pH level exerted more negative
influence on SMZ degradation than that of linuron (LNR)
under basic conditions.15 In our previous study, the removal
efficiency of LNR was more than 60% after 2 h of reaction in
the TiO2/H2O2/vis process at pH 9.0, while SMZ degradation
almost stopped at pH 8.0 in the same process. On the other
hand, it was observed that LNR decay was extremely inhibited
(around 10% removal after 2 h) at pH 2.0 in the previous study.
In this study, around 70% removal of SMZ was achieved after 2
h of reaction at pH 2.5. This can be rationalized by the different
pKa values of these two compounds. The pKa of SMZ was
reported to be 1.6,25 and the pKa of LNR is between 4.3 and
5.5.3 Under basic conditions, the lower pKa of SMZ led to SMZ
carrying more negative charges than LNR. Therefore, repulsive
forces between the negatively charged TiO2 and SMZ
molecules are stronger than that of the negatively charged
TiO2 and LNR molecules. At acidic pH level (around 2), both
LNR and TiO2 were positively charged while the latter was
slightly (negatively) charged. Thus, SMZ can be easily adsorbed
on the surface of TiO2 while repulsive forces between positively
charged LNR and TiO2 hamper the adsorption of LNR on the
surface of TiO2.

3.5. Effect of Chomium(VI). Chromium(VI) is a common
toxic metal frequently detected in wastewater from industrial
effluents. It has been reported that the coexistance of TiO2,
Cr(VI), and 4-chlorophenol (4-CP) in water allows efficient
Cr(VI) reduction and 4-chlorophenol oxidation simultaneously
under the irradiation of visible light.28−30 The possible
mechanism was proposed as follows: Cr(VI) takes the electrons
that are generated inside the TiO2 (oxygen vacancies or
trapping sites) and pass them on to the TiO2 surface under
visible light irradiation, while 4-CP is oxidized by holes with
continuous reduction of Cr(VI). In addition, the adsorption of
Cr(VI) ions on the surface of TiO2 makes the TiO2 more
photosensitive to visible light, which is believed to play an
important role in the degradation of 4-CP.29 Therefore, the
simultaneous eradication of both Cr(VI) and SMZ was also
investigated in TiO2 suspension under visible light. It was
interesting to note that the degradation of SMZ was not
observed in the presence of both Cr(VI) and TiO2 under
visible light irradiation as compared to that from previous
studies. This is likely because SMZ (without having the acid
and/or phenolic groups in its molecule) cannot adsorb easily
on TiO2, which weakens SMZ’s adsorption competition with
Cr(VI) to the adsorption site on TiO2. Similar phenomenon
was observed with diethyl phosphoramidate.28 The presence of
Cr(VI), however, remarkably accelerated the degradation of
SMZ in the TiO2/H2O2/vis process (Figure 6). The removal
efficiency of SMZ was nearly 100% after 20 min in the presence
of 0.5 mM Cr(VI), while it took 120 min to achieve a similar
efficiency without the Cr(VI). It was also observed that the
removal of Cr(VI) was insignificant in this case (data not
shown), implying the role of Cr(VI) is a photosensitizer for
TiO2 instead of an electron acceptor. At pH 6, Cr2O7

2‑ can be
more easily adsorbed on the surface of TiO2 than H2O2
(positively charged), leading to a TiO2 surface mainly sensitized
by Cr(VI) instead of titanium peroxide (TiOOH). Thus,
Cr(VI) ions adsorbed on the surface of TiO2 allowing TiO2 to
become more photosensitive to visible light and then
generating more electrons. The electrons, then, induce H2O2
decomposition to produce hydroxyl radicals. The result

Figure 5. Effect of the initial pH level on the SMZ decay rate: [SMZ]0
= 0.6 mg/L, [H2O2]0 = 4 mM, and TiO2 dosage is 0.1g/L.
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suggests that the accelerating effect of the Cr(VI)-sensitized
TiO2 surface can absorb more photons than a TiO2 surface
complexed with titanium peroxide (TiOOH) under the
irradiation of 420 nm lamps, which allows the former to
generate more electrons for the initiation of H2O2 decom-
position.
3.6. Decay Pathways of SMZ in TiO2/H2O2/Vis System.

During SMZ degradation by the TiO2/H2O2/vis process, 10
intermediates were identified by LC−MS/MS (see Table 1),
among which the identity of compounds 5 and 7 was confirmed
by comparing their retention time and mass fragmentation
patterns to that of the authentic compounds (2-chloro-4-
(ethylamino)-6-amino-s-triazine and 2-hydroxy-4-(ethylamino)-
6-amino-s-triazine). The formation/degradation profiles of
intermediates/products were organized and shown in Figure
7. In the TiO2/H2O2/vis process, the dominating oxidant is
hydroxyl radicals (•OH) as reported in our previous study.15

Hydroxyl radicals initiate the decay of SMZ through alkylic
oxidation (alkylamino side chain oxidation), dealkylation
(alkylic side chain cleavage), and/or dechlorination (hydrox-
ylation at the chlorine site), leading to the generation of the
corresponding intermediates. Dealkylation might occur by the
abstraction of H from the secondary C of the ethylamino side
chain producing a free radical, which subsequently produces
various intermediates. Dechlorination−hydroxylation could be
initiated by the nucleophilic attack of •OH on the s-triazine ring
at the C−Cl position, resulting in an oxidation of the aromatic
heterocyclic ring of SMZ, while hydroxylation occurred
simultaneously, so that the chlorine atom was substituted by
a hydroxyl group. Hence, the generation of various
hydroxylated s-triazines was also observed in the solution.
As indicated in Figure 7, compounds 1 and 3 were first

detected and quickly reached their peak concentrations,
indicating that alkylic oxidation first occurred during the
reaction. At the same time, compound 2 was also detected but
at a much lower concentration than compounds 1 and 3,
suggesting dechlorination−hydroxylation is a minor decay
pathway which also occurred at the initial stage of the reaction.
On the basis of the results of the profile analysis, the possible

decay pathways of SMZ by the TiO2/H2O2/vis process were
proposed as shown in Figure 8. At the initial stage, the attack of
•OH on the secondary C of one ethylamino side chain resulted
in the generation of compound 3. The attack on the secondary

C of both ethylamino side chains produced compound 1. At the
same time, dechlorination−hydroxylation of SMZ gave
compound 2. As shown in Figure 7, the yields of compounds
1 and 3 are much higher than that of compound 2. The
electron-rich positions are more susceptible to the attack of
hydroxyl radicals as an electrophilic reagent, leading to alkylic
oxidation and subsequent dealkylation being the major decay
pathways due to electron-donating properties of the alkyl
substituent group. The attack of hydroxyl radicals on the
secondary C of the ethylamino side chain of compound 2
generated compound 4. Compound 4 may also originate from
the dechlorination−hydroxylation of compound 3. Compound
6 is also believed to come from two sources. One is the further
attack of hydroxyl radicals on the secondary C of the
ethylamino side chain of compound 4, and another is the
further oxidation of compound 1. The dealkylation of
compound 3 yielded compound 5. Compound 5 also has two

Figure 6. Effect of Cr(VI) on SMZ degradation: [SMZ]0 = 0.6 mg/L,
[H2O2]0 = 4 mM, [Cr(VI)]0 = 0.5 mM, TiO2 dosage is 0.1g/L, and
initial pH is 6.5.

Table 1. Intermediates and Products Detected by LC-MS/
MS during SMZ Degradation by the TiO2/H2O2/Vis Process
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decay pathways; one is dechlorination−hydroxylation produc-
ing compound 7, and the other is dealkylation generating
compound 9. They were confirmed by conducting an individual
test on the decomposition of compound 5 in the TiO2/H2O2/
vis process. However, it is interesting to note that a specific
intermediate (2-chloro-4-acetamido-6-amino-s-triazine, CAAT)
was detected during the direct degradation of compound 5 but
escaped from being detected in SMZ decay in the TiO2/H2O2/
vis process. This is likely because CAAT can quickly be

transformed into compound 9 and cannot accumulate to a
detectable level in the solution. Another possible source of
compound 9 is coming from compound 1. The lack of the
detailed pathway from compound 1 to 9 in this process was due
to low (undetectable) intermediate concentrations, where the
chance to have a direct transformation from compound 1 to 9
(i.e., double dealkylation occurring simultaneously on both
amino side chains) is believed to be low. Compound 7 may also
derive from the dealkylation of compound 4. The dealkylation
of compound 6 and oxidation of compound 7 gave rise to
compound 8. A high level of compound 10 was observed and
accumulated at the end of the process, as indicated in Figure 7,
which originated from the dechlorination−hydroxylation of
compound 9 and the dealkylation of compound 8. Compound
10 (ammeline) is believed to be the final product during SMZ
degradation by the TiO2/H2O2/vis process. Compound 10 was
generated from dechlorination−hydroxylation. From a reme-
diation point of view, the dechlorination is considered to be the
critical step for detoxification since the chlorinated products are
generally considered as toxic as SMZ itself.31 Ammeline can be
further transformed to cyanuric acid, which was not observed in
this study. It has been reported that mineralization of triazine
compounds can be achieved by the hydrolysis of cyanuric acid
over Al2O3 at the temperature ranging from 240 to 450 °C 32

and in supercritical water.33 The biologically based degradation
of cyanuric acid using Pseudomonas sp. bacteria has also been
reported.34 In addition, total organic carbon (TOC) removal
was found to be insignificant after 4 h of degradation reaction
since the cleavage of the heterocycle ring of SMZ was not
achieved.

4. CONCLUSION
The photodegradation of SMZ under different conditions was
investigated. No SMZ decay was observed under visible light
irradiation (420 nm) in the absence of TiO2 with and without
the addition of H2O2. In the process of TiO2/vis (420 nm),
SMZ removal efficiency is around 8% in 2 h. The addition of 2
mM H2O2 to the above process however significantly improved
its rate to more than 95%.
The process is optimized by examining the reaction rate

under various reaction conditions. The decay rate of SMZ,
generally, increased with the increment of TiO2 dosage.
However, the SMZ degradation could be gradually retarded
when TiO2 was overdosed (above 0.1 g/L) due to the
reduction of light penetration. The optimum concentration of
H2O2 in the system was found to be 4 mM. The highest SMZ
degradation efficiency was obtained at the initial pH level
around 6.5. The degradation rates of SMZ were reduced at
acidic conditions and extremely retarded under alkaline
conditions. The presence of Cr(VI) drastically accelerated
SMZ degradation in the TiO2/H2O2/vis process. More than
97% removal of SMZ was achieved in 20 min in the presence of
0.5 mM Cr(VI); otherwise, it would take 120 min to achieve
the same.
The decay pathways of SMZ in the TiO2/H2O2/vis process

were also proposed. Chlorinated intermediates were quantified
at much higher concentrations than dechlorinated intermedi-
ates, suggesting that dealkylation was the major decay pathway
in the process. Since there was no ring cleavage observed and
compound 10 (2-hydroxy-4,6-diamino-s-triazine, ammeline)
was found to accumulate in the solution, it was suggested
that compound 10 should be the finial product of SMZ
degradation in the TiO2/H2O2/vis process.

Figure 7. Evolution profile of SMZ and intermediates in the TiO2/
H2O2/vis system: [SMZ]0 = 5 mg/L, [H2O2]0 = 4 mM, TiO2 dosage is
0.1g/L, and initial pH is 6.5.

Figure 8. Proposed decay pathways of SMZ by the TiO2/H2O2/vis
process.

Industrial & Engineering Chemistry Research Article

dx.doi.org/10.1021/ie401191d | Ind. Eng. Chem. Res. 2013, 52, 13580−1358613585



■ AUTHOR INFORMATION

Corresponding Author
*Tel.: +1-852-2766-6075. Fax: +1-852-2334-6389. E-mail:
cewchu@polyu.edu.hk.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We appreciate the financial support from the Hong Kong
Polytechnic University (Grant G-YJ95).

■ REFERENCES
(1) Hoffmann, M. R.; Martin, S. T.; Choi, W. Y.; Bahnemann, D. W.
Environmental applications of semiconductor photocatalysis. Chem.
Rev. 1995, 95, 69−96.
(2) Vanderborght, J.; Tiktak, A.; Boesten, J. J.; Vereecken, H. Effect
of pesticide fate parameters and their uncertainty on the selection of
‘worst-case’ scenarios of pesticide leaching to groundwater. Pest
Manage. Sci. 2011, 67, 294−306.
(3) Lopez-Flores, R.; Quintana, X. D.; Salvado, V.; Hidalgo, M.; Sala,
L.; Moreno-Amich, R. Comparison of nutrient and contaminant fluxes
in two areas with different hydrological regimes (Emporda wetlands,
NE Spain). Water Res. 2003, 37, 3034−3046.
(4) Vandecasteele, K.; Gaus, I.; Debreuck, W.; Walraevens, K.
Identification and quantification of 77 pesticides in groundwater using
solid phase coupled to liquid−liquid microextraction and reversed-
phase liquid chromatography. Anal. Chem. 2000, 72, 3093−3101.
(5) Cogger, C. G.; Bristow, P. R.; Stark, J. D.; Getzin, L. W.;
Montgomery, M. Transport and persistence of pesticides in alluvial
soils: I. Simazine. J. Environ. Qual. 1998, 27, 543−550.
(6) Vogel, J. R.; Michael, S. M.; Capel, P. D. Pesticides in rain in four
agricultural watersheds in the United States. J. Environ. Qual. 2008, 37,
1101−1115.
(7) Vervliet-Scheebaum, M.; Straus, A.; Tremp, H.; Hamer, M.;
Maund, S. J.; Wagner, E.; Schulz, R. A microcosm system to evaluate
the toxicity of the triazine herbicide simazine on aquatic macrophytes.
Environ. Pollut. 2010, 158, 615−623.
(8) Zorrilla, L. M.; Gibson, E. K.; Stoker, T. E. The effects of
simazine, a chlorotriazine herbicide, on pubertal development in the
female Wistar rat. Reprod. Toxicol. 2010, 29, 393−400.
(9) Rivas, F. J.; Navarrete, V.; Beltran, F. J.; Garcia-Araya, J. F.
Simazine Fenton’s oxidation in a continuous reactor. Appl. Catal., B
2004, 48, 249−258.
(10) Ding, Z.; Lu, G. Q.; Greenfield, P. F. Role of the crystallite
phase of TiO2 in heterogeneous photocatalysis for phenol oxidation in
water. J. Phys. Chem. B 2000, 104, 4815−4820.
(11) Cho, Y. M.; Choi, W. Y.; Lee, C. H.; Hyeon, T.; Lee, H. I.
Visible light-induced degradation of carbon tetrachloride on dye-
sensitized TiO2. Environ. Sci. Technol. 2001, 35, 966−970.
(12) Tachikawa, T.; Tojo, S.; Kawai, K.; Endo, M.; Fujitsuka, M.;
Ohno, T.; Nishijima, K.; Miyamoto, Z.; Majima, T. Photocatalytic
oxidation reactivity of holes in the sulfur- and carbon-doped TiO2

powders studied by time-resolved diffuse reflectance spectroscopy. J.
Phys. Chem. B 2004, 108, 19299−19306.
(13) Sayilkan, F.; Asilturk, M.; Tatar, P.; Kiraz, N.; Arpac, E.;
Sayilkan, H. Photocatalytic performance of Sn-doped TiO2 nano-
structured mono and double layer thin films for Malachite Green dye
degradation under UV and vis-lights. J. Hazard. Mater. 2007, 144,
140−146.
(14) Rao, Y. F.; Chu, W. Reaction mechanism of linuron degradation
in TiO2 suspension under visible light irradiation with the assistance of
H2O2. Environ. Sci. Technol. 2009, 43, 6183−6189.
(15) Rao, Y. F.; Chu, W. Linuron decomposition in aqueous
semiconductor suspension under visible light irradiation with and
without H2O2. Chem. Eng. J. 2010, 158, 181−187.

(16) Beltran, F. J.; Garcí a-Araya, J. F.; Navarrete, V.; Rivas, F. J. An
attempt to model the kinetics of the ozonation of simazine in water.
Ind. Eng. Chem. Res. 2002, 41, 1723−1732.
(17) Catalkaya, E. C.; Kargi, F. Degradation and mineralization of
simazine in aqueous solution by ozone/hydrogen peroxide advanced
oxidation. J. Environ. Eng. (Reston, VA, U. S.) 2009, 135, 1357−1364.
(18) Chu, W.; Rao, Y. F.; Hui, W. Y. Removal of simazine in a UV/
TiO2-heterogeneous system. J. Agric. Food Chem. 2009, 57, 6944−
6949.
(19) Evgenidou, E.; Fytianos, K. Photodegradation of triazine
herbicides in aqueous solutions and natural waters. J. Agric. Food
Chem. 2002, 50, 6423−6427.
(20) Santiago-Mora, R.; Martin-Laurent, F.; Prado, R. D.; Franco, A.
R. Degradation of simazine by microorganisms isolated from soils of
Spanish olive fields. Pest Manage. Sci. 2005, 61, 917−921.
(21) Castro-Gonzalez, A.; Prieto-Jimenez, D.; Dominguez-Velez, A.;
Merino-Castro, G. Biological degradation of simazine by mixed-
microbial cultures immobilized on sepiolite and tepojal beads. Water
Environ. Res. 2011, 83, 274−288.
(22) Boonstra, A. H.; Mutsaers, C. Adsorption of hydrogen peroxide
on surface of titanium dioxide. J. Phys. Chem. 1975, 79, 1940−1943.
(23) Augugliaro, V.; Loddo, V.; Palmisano, L.; Schiavello, M.
Performance of heterogeneous photocatalytic systems: Influence of
operational variables on photoactivity of aqueous suspension of TiO2.
J. Catal. 1995, 153, 32−40.
(24) Inel, Y.; Okte, A. N. Photocatalytic degradation of malonic acid
in aqueous suspensions of titanium dioxide; An initial kinetic
investigation of CO2 photogeneration. J. Photochem. Photobiol., A
1996, 96, 175−180.
(25) Gunasekara, A. S.; Troiana, J.; Goh, K. S.; Tjeerdema, R. S.
Chemistry and fate of simazine. Rev. Environ. Contam. Toxicol. 2007,
189, 1−23.
(26) Schlichting, I.; Berendzen, J.; Chu, K.; Stock, A. M.; Maves, S.
A.; Benson, D. E.; Sweet, R. M.; Ringe, D.; Petsko, G. A.; Sligar, S. G.
The catalytic pathway of cytochome P450cam at atomic resolution.
Science 2000, 287, 1615−1622.
(27) Wang, Q.; Zhang, M.; Chen, C. C.; Ma, W. H.; Zhao, J. C.
Photocatalytic aerobic oxidation of alcohols on TiO2: The acceleration
effect of a Brønsted acid. Angew. Chem., Int. Ed. 2010, 49, 7976−7979.
(28) Sun, B.; Reddy, E. P.; Smirniotis, P. G. Visible light Cr(VI)
reduction and organic chemical oxidation by TiO2 photocatalysis.
Environ. Sci. Technol. 2005, 39, 6251−6259.
(29) Kuncewicz, J.; Zabek, P.; Stochel, G.; Stasicka, Z.; Macyk, W.
Visible light driven photocatalysis in chromate(VI)/TiO2 systems
Improving stability of the photocatalyst. Catal. Today 2011, 161, 78−
83.
(30) Kolinko, P. A.; Smirniotis, P. G.; Kozlov, D. V.; Vorontsov, A. V.
Cr modified TiO2-loaded MCM-41 catalysts for UV-light driven
photodegradation of diethyl sulfide and ethanol. J. Photochem.
Photobiol., A 2012, 232, 1−7.
(31) Belluck, D. A.; Benjamin, S. L.; Dawson, T. Pesticide
Transformation Products: Fate and Significancein the Environment.
In ACS Symposium Series 459; Somasundaram, L., Coats, J. R., Eds.;
American Chemical Society: Washington, DC, 1991; p 254.
(32) Zhan, Z. Q.; Mullner, M.; Lercher, J. A. Catalytic hydrolysis of s-
triazine compounds over Al2O3. Catal. Today 1996, 27, 167−173.
(33) Horikoshi, S.; Hidaka, H. Non-degradable triazine substrates of
atrazine and cyanuric acid hydrothermally and in supercritical water
under the UV-illuminated photocatalytic cooperation. Chemosphere
2003, 51, 139−142.
(34) Ernst, C.; Rehm, H. J. Development of a continuous system for
the degradation of a cyanuric acid by adsorbed Pseudomonas sp
NRRL B-12228. Appl. Microbiol. Biotechnol. 1995, 43, 150−154.

Industrial & Engineering Chemistry Research Article

dx.doi.org/10.1021/ie401191d | Ind. Eng. Chem. Res. 2013, 52, 13580−1358613586

mailto:cewchu@polyu.edu.hk

