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Abstract

A technology, microwave-assisted photocatalysis on TiO, nanotubes, which can be applied to degrade atrazine rapidly and completely, was
investigated. TiO, nanotubes were prepared, and confirmed by XRD, TEM and ESR. Microwave-assisted photocatalytic degradation of atrazine
in aqueous solution was investigated. The result indicates that atrazine is completely degraded in 5 min and the mineralization efficiency is 98.5%
in 20 min, which is obviously more efficient than that by the traditional photocatalytic degradation methods. It may be attributed to the intense UV
radiation generated by electrodeless discharge lamps under microwave irradiation, the increased number of *OH, additional defect sites on TiO,
under the irradiation of microwave and larger specific surface area of TiO, nanotubes which could adsorb more organic substances to degrade than
TiO, nanoparticles. Along with the degradation of atrazine, the concentrations of CI~ and NO; ™ increase gradually. In 20 min [C1~] and [NO; ]
are 3, 27.8 mg/L, respectively, which are close to their stoichiometric values. The major intermediates of atrazine were identified by HPLC/MS

and possible degradation pathways of atrazine in microwave-assisted photocatalysis on TiO, nanotubes were proposed.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Atrazine  [2-chloro-4-(ethylamino)-6-(isopropylamino)-S-
triazine] is widely used for weed control in the cultivation of
corn and other crops. Although many European countries have
banned its use, atrazine are still used in other countries, such as
china, USA [1] and so on. Due to its high aqueous solubility
and high mobility, atrazine is frequently detected in surface
and ground waters, which leads to environmental problems.
Therefore, the search for effective remediation methods of
removing atrazine from water is important [2].

The degradation and purification methods for polluted waters
include using various adsorbents [3], such as activated carbon
[3], microbial action [4] and chemical oxidation [5]. However,
each method has its own limitations and disadvantages. Adsorp-
tion cannot degrade pollutants which just transfers their phase
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[3]. Microbial processes are typically very slow and sometimes
inefficient and the disposal of activated sludge must to be consid-
ered [4]. Chemical oxidation is unable to mineralize all organic
substances [5].

Advanced oxidation processes (AOPs) have been used to
degrade atrazine too, including UV/H,0, [6], Fenton reagent
[7], and TiO;-supported UV photolysis [8—10]. Among AOPs,
TiO;-supported UV photolysis has been proven effective in
degrading atrazine through de-chlorination, de-alkylation and
de-amination processes [8—10]. However, cleavage of the tri-
azine ring was not observed. Further, cyanuric acid (CA) was
formed as an end product in the degradation of atrazine on TiO»
[8-10].

And in the application of TiO;, there are still some prob-
lems to be solved, such as its low specific surface area and
poor quantum efficiency. To improve its photocatalytic activity,
TiO, was modified with various methods, including modifica-
tion for harvesting visible light [11] and enlarging surface area
[12,13]. Compared with TiO, nanoparticles, TiO, nanotubes
have larger surface area, so it is expected to improve the activ-
ity of photocatalyst [12,13]. In addition, photocatalysis assisted
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by microwave powered electrodeless discharge lamps (EDLs)
has been used to treat polluted waters recently and it has been
known that microwave irradiation not only can excite EDLs to
generate ultraviolet—visible (UV—vis) radiation which can excite
TiO, for photocatalysis, but also could significantly improve
the photocatalytic efficiency of TiO; for removal of pollutants
[14,15]. Therefore, microwave-assisted photocatalysis on TiO»
nanotubes with larger surface area may have better capacity to
degrade pollutants.

The main objective of present study is to investigate the degra-
dation of atrazine by microwave-assisted photocatalysis on TiO»
nanotubes and propose the possible photocatalytic degradation
pathways of atrazine.

2. Experimental
2.1. Materials

The reagents used were atrazine (97.4% purity, Sigma—
Aldrich), tetrabutylortho titanate (CP, Tianjin Chemical Com-
pany), NaOH (AR, Lingfeng Chemical Company), HCI (AR,
Nanjing Chemical Company).

2.2. Preparation of TiO, nanotubes

TiO, nanotubes were prepared by hydrothermal processing
method according to previous report [16]. TiO, particles were
prepared by ultrasound assisted tetrabutylortho titanate hydrol-
ysis. Then, 1 g TiO; particles were put into a Teflon vessel with
35 mL 10 M NaOH solution. The vessel was placed in a stainless
steel vessel and held at 130 °C for 24 h in the muffle furnace.
The obtained powders were washed well with 0.1 M HCI solu-
tion and distilled water until pH of the solution was about 7. The
sample was dried at 80 °C for 10h and then calcined at 400 °C
for 1 h.

2.3. Characterization of TiO» nanotubes

The morphology of the TiO, nanotubes was characterized
by transmission electron microscopy (TEM; Hitachi-600). The
crystallinity of the TiO, nanotubes was determined by X-ray
diffraction (XRD) using a diffractometer with Cu KR radia-
tion (Model, Shimadzu LabX XRD-6000). The *OH forming
on the surface of TiO; nanotubes was trapped using the DMPO
spin-trap technique and analyzed by JEOL JES-TE200 ESR
spectrometer.

2.4. Microwave-assisted photocatalytic experiment

The photocatalytic experiments were conducted using a
microwave powered EDLs system [17] under the following
conditions: the Bunsen beaker was filled with 50 mL 20 mg/L
aqueous solution of atrazine and the initial pH was 8.1. Then
two EDLs containing mercury vapor with a peak emission at
254 nm and 0.05 g TiO;, nanotubes were placed into the reactor
vessel. The reaction times were scheduled.

2.5. Analytical methods

The samples after reaction were filtered with 0.20 pm
Millipore to remove catalysts. The determination of atrazine
concentrations was performed by HPLC. The HPLC evaluation
was carried out using a C18 column (4.6x 250 mm, Agilent),
methanol/H>O = 80:20 (v/v) as mobile phase with a flow rate of
1 mL/min and a detection wavelength of 223 nm. The solution
pH was measured with pH meter (PHS-2C, China). The varia-
tions of C1~ and NO3™ concentration in reaction system were
measured by chloride ion-selective electrode (pCl-1, China) and
ultraviolet spectrophotometer (V2550, Japan) at 207 nm, respec-
tively. The intermediates were detected by HPLC/MS (Thermo,
USA) equipped with an atmospheric pressure chemical ioniza-
tion interface (APCI). The samples were chromatographically
separated using a Beta Basic-18 column (150 2.1 mm) ata flow
rate of 1.0 mL/min under isocratic conditions. The ion mode was
set on positive mode. The mobile phase was methanol-water
(60:40, v/v). Twenty microlitres of extract was injected using
the auto sampler.

3. Results and discussion
3.1. Morphology of TiO; nanotubes and XRD analysis

TEM image of TiO, nanotubes after calcinations at 400 °C for
1 h illustrates they are tubular structure (shown in Fig. 1), which
is similar to that of TiO; nanotubes prepared by other studies
using hydrothermal method [16,18,19]. The tops of the tubes
are open. Their diameter and length are about 10 and 200 nm,
respectively.

Fig. 2 is XRD profile of the TiO, nanotubes. An anatase
phase corresponding to 25.3° appears in the XRD patterns and
the diffraction peak is intensive. The average crystalline size

Fig. 1. TEM image of TiO; nanotubes (100kx).
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Fig. 2. XRD spectrum of TiO, nanotubes.

calculated using a diffraction peak from Scherer’s formula was
about 2.8 nm.

3.2. ESR analysis

When TiO; is excited under UV radiation generated by EDLs
in the microwave field, photoinduced electrons (e ) and positive
holes (h*) is generated. Positive holes (h*) reacts with OH™ and
photoinduced electrons (e ™) reacts with O, adsorbed on the sur-
face of TiO; to produce *OH (Egs. (1)-(6)). The energy of *OH
1s402.8 MJ/mol, which can destruct C—-C, C-H, C-N, C-O, N-H
and so on. OH radicals play an important role in the photocat-
alytic process. ESR spin-trap technique with DMPO is widely
employed to measure the *OH forming on the surface of TiO,
in present study [20,21], although the formation of O,°*~/OOH*
radicals had been reportedly evidenced using luminol [22]. In
ESR method, DMPO can trap OH radicals at once to form the
stable DMPO-*OH adduct. According to the characteristic four
peaks of DMPO-*OH adduct in the ESR signal, it can confirms
the formation of *OH [18]
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Fig. 3. ESR signal of different systems.

3.3. Microwave-assited photocatalytic degradation of
atrazine on TiO, nanotubes

The degradation of atrazine in aqueous solution in
microwave-assisted photocatalytic process (MPC) and
microwave-assisted photolytic process (MDP) was studied and
the results were presented in Fig. 4. According to previous
studies, photolysis of atrazine can occur under the UV radiation
at 254nm [23,24], so UV light generated by EDLs in the
microwave field can degrade atrazine directly. As shown
in Fig. 4, in MDP, the degradation efficiency of atrazine is
68.9% in Smin. Since the energy of microwave radiation
(E=0.4—40kJmol~! at v=1—100GHz) is insufficient
to disrupt bonds of common organic molecules [25], the
degradation of atrazine can be attributed to the photolysis
under UV radiation. In contrast to MDP, The presence of TiO»
nanotubes results in the improvement of the decomposition of
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The ESR spectra of different conditions are shown in Fig. 3.
There are no obvious signals in the dark (without UV radiation)
and DMPO alone. Comparatively, in TiO, nanotubes-DMPO,
the characteristic four peaks with intensity 1:2:2:1 are observed
in the ESR signal, which is agreement with reports about the
*OH adduct [20]. This confirms the formation of *OH on TiO,
nanotubes under the irradiation of UV radiation.
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atrazine. In MPC, atrazine was completely degraded in 5 min.
Claudia [26] investigated the photodegradation of 21.5 mg/L
atrazine in TiO; nanoparticles suspensions and found that
atrazine was completely degraded after 4 h. Sandra [10] also
found that the complete photodegradation of 20 mg/L atrazine
in TiO, nanoparticles suspensions was gained in about 45 min.
The microwave-assisted photodegradation of atrazine is much
faster than previous photocatalytic degradation methods,
comparatively.

3.4. The variation of COD¢, in MPC

The intermediates generated during the early phase of
atrazine photocatalytic oxidation were proved to be toxic [27]
and an increase of biotoxicity was observed under photo-
Fenton/ozone treatment [28] in the first 60 min. So it is important
to investigate the mineralization of atrazine for its removal from
polluted water.

Several studies demonstrated that atrazine was degraded
through de-chlorination, de-alkylation and de-amination, but
no S-triazine ring was opened by *OH attacking. Furthermore,
cyanuric acid (2,4,6-trihydroxy-S-triazine) has been detected as
the final oxidation product, especially in the presence of TiO»
suspensions, and no further degradation occurs because of its
stability to *OH attacking [8—10]. The S-triazine ring opening,
leading to atrazine complete mineralization, could be achieved
only under hydrothermal conditions and in supercritical water
media [29], which can hardly be employed in routine water treat-
ments. Thus no effective mineralization of atrazine has been
gained in the routine water treatments, even when atrazine is
completely degraded. Chan [27] investigated the TOC removal
in the photocatalytic degradation in P25 suspensions and found
that the TOC removal increased until all alkylated side chains of
atrazine were mineralized. However, only about 40% of TOC
remained even after atrazine was completely degraded. San-
dra [10] also found that the mineralization of the atrazine was
only about 10% when atrazine was completely degraded (in
about 45 min) during the photodegradation of atrazine on TiO».
And the mineralization was not improved even when the pho-
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Fig. 6. The variations of C1~ and NO3~ in MPC.

totreatment time was extended further. However, the effective
mineralization of atrazine was achieved in this study. As shown
in Fig. 5, the CODc; removal of atrazine is 98.5% in the photo-
catalytic degradation in MPC in 20 min, which is much higher
than that in the tradition photocatalytic oxidation methods.
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On the basis of the results mentioned above, microwave-
assisted photodegradation of atrazine is more efficient than its
classical photocatalytic degradation. The possible reasons are as
follows:

(1) UV radiation generated by the EDLs in the microwave
field not only can directly destroy atrazine by bond
cleavage but also excite TiO, nanotubes to produce h*
and *OH on the surface, which could oxidize atrazine
effectively.

The surface of TiO; nanotubes becomes more hydrophobic
under microwave irradiation and UV—vis light, which can
increase the population of OH™ or O; that can be oxidized to
*OH [30], therefore the number of *OH increases. Horihoshi
[21] has proved using ESR that there are about 20% more
*OH generated by microwave-assisted photocatalysis than
traditional photocatalysis. *OH has strong oxidizing ability
and can destruct any bond of organic molecules in theory,
the abundant *OH may lead to the open of S-triazine ring in
20 min, although cyanuric acid as the final oxidation product
is stable to *OH attacking in precious studies during their
reaction time [8—10]. Horikoshi. [21] investigated the min-
eralization of PyroninB (PyB) on microwave/photocatalytic
method in the presence of TiO; particulates (PD/MW) and
traditional photocatalysis on TiO, (PD) and found that the
mineralization of PyB reached 77% on PD/MW and was 2.3
times higher than that on PD in 3 h which was only 12.8%.
And desorption of water molecules on the surface of TiO;
also provides more active sites of the reactants to attach for
oxidation [31].
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(3) Microwave could generate additional defect sites on TiO»,
increase the transition probability of e”-h* and decrease
the e~ —h* recombination on TiO, surface [32].

(4) TiO, nanotubes have larger specific surface area than TiO,
nanoparticles, which could adsorb more organics to degrade
which may imply an increase in the activity.

During the degradation of atrazine on TiO,, organic acids
with small molecules and CO» could be produced, which can
decrease pH of reaction solution. As shown in Fig. 5, pH
decreases from 8.1 to 7.1 in 20 min

The de-chlorination occurs during the degradation of
atrazine. The concentration of C1~ increases to 3 mg/L (shown in
Fig. 6) in 20 min. In the de-amination and S-triazine ring opening
processes, NO3 ™ is generated and the concentration of NO3™
increases to 27.8 mg/L (shown in Fig. 6). Both dates are close
to their stoichiometric values (3.3 and 28.7 mg/L, respectively).

3.5. Identification of intermediates by HPLC/MS in MPC

The intermediates of atrazine in the reaction time of 2 and
5 min were identified by HPLC/MS and the results are shown
in Fig. 7. In 2min, four major intermediates were detected:
4-ethylamino-6-isopropylamino-S-triazine (EIST) and 2-hydro-
xy-4-ethylamino-6-isopropylamino-S-triazine (OIET), 2-hy-
droxy-4-ethylamino-6-(N-methyl-acetamide)-S-triazine (OD-
ET), 2-hydroxy-4-methylamino-6-(1-methyl-1-ethanol)-S-tri-
azine (HAET). In 5min, besides the four intermediates
above, 2-hydroxy-4-ethylamino-6-hydroxyl-S-triazine (ADE)
was detected. On the basis of the intermediates described above,

CO,+H,0CI-+NO,-

OH
N N ADE
)|\ )\ CI)H m/z=170
N NH—T—
HAET
m/z=198

Fig. 8. The possible degradation pathways of atrazine in MPC.



G. Zhangi et al. / Journal of Hazardous Materials 145 (2007) 424—430 429

possible degradation pathways of atrazine in MPC are proposed
(shown in Fig. 8):

(1) Direct photolysis of atrazine under the UV radiation gener-
ated by EDLs in the microwave field. According to previous
studies [22,23], UV radiation would result in the decomposi-
tion of organic molecules by bond cleavage and free radical
generation, but usually it occurs slowly. However, based on
the data about the degradation of atrazine in MDP (shown
in Fig. 4), atrazine is effectively degraded. The photolysis
of atrazine under UV radiation may also play an important
role in the degradation of atrazine in MPC. The mechanism
about photolysis of atrazine under the UV radiation has been
studied well previously [22,23]. Claudia et al. [26] proposed
the mechanism of photolysis at 254 nm that the first step is
fast de-chlorination to with its consequent almost complete
transformation into OIET and then followed by slow de-
alkylation. However, a new intermediate EIST, which was
not reported in previous studies is detected. It may arise from
that C—Cl bond of atrazine directly cleaves by the intense
UV radiation generated by EDLs.

(2) Photocatalytic degradation of atrazine on TiO,. Valence
band holes (h™), generated on the surface of, TiO», can oxi-
dize either adsorbed organic molecules directly, or OH™ or
O, adsorbed on the semiconductor surface, yielding *OH,
which are also able to attack and oxidize organic substrates.
Although two oxidation paths can hardly be distinguished
in most cases, *OH are expected to be the main responsible
for atrazine degradation [26]. Because the breaking of C—Cl
bond is energetically most favorable, de-chlorination could
be the first step and then followed by de-alkylation.

Photolysis and photocatalysis are in coexistent during the
degradation of atrazine in MPC, and intermediates may be gen-
erated by one or both of the two degradation processes. After
de-chlorination and de-alkylation, S-triazine ring is open as com-
plete removal of atrazine.

4. Conclusions

Atrazine is rapidly and completely degraded by microwave-
assisted photocatalysis on TiO, nanotubes, the complete
degradation of atrazine is obtained in 5min and the mineral-
ization ratio is 98.5% in 20 min. Atrazine, which is difficult to
be mineralized by traditional AOPs, is effectively mineralized.
The concentrations of C1~ and NO3™ increase gradually to 3,
27.8 mg/L, respectively. And the dates are close to their stoi-
chiometric values. Five intermediates were detected, including
EIST, OIET, ODET, HAET, and ADE. Among the intermediates,
anew intermediate 2-hydroxy-4-ethylamino-6-isopropylamino-
S-triazine (EIST) is detected. It may due to that C—CI bond of
atrazine is directly cleaved by the intense UV radiation generated
by EDLs. These intermediates may be produced by direct pho-
tolysis or/and photocatalysis in MPC and both of photolysis and
photocatalysis are responsible for the complete degradation of
atrazine. Based on the efficient degradation and COD¢; removal
of atrazine in MPC, microwave-assisted photocatalytic method

could be a potential technology to remove organic pollutants
from waste waters.
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