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Degradation of the herbicide atrazine (ATZ) by the UV-enhanced Fenton process (UV-FP) was
investigated. An enhanced photochemical effect was observed in the process compared with the
simple combination of the two individual reaction rates of sole-UV (UV radiation) and dark-FP (sole
Fenton’s process). Accordingly, a photochemical model based on the two parallel reactions was
proposed to predict the reaction kinetics of UV-FP, where two rate enhancement factors were adopted
and found to be capable of successfully describing the rate improvement. In addition, the transformation
pathway of ATZ decay was successfully investigated by using novel technology, liquid chromatog-
raphy-electrospray tandem mass spectrometry (LC/ESI-MS/MS). Fourteen intermediates were
identified in the process. The alkylic oxidation followed by dealkylation and/or dechlorination-
hydroxylation was found to be the major pathway of the decay of ATZ in UV-FP. All of the detected
intermediates were found to be dealkylated in different levels or positions. The dealkylated species
were found to be further dechlorinated. The chlorinated products reduced to 17% of total, whereas
the dechlorinated products remained at 73% and were further decayed after 60 min of treatment. In
view of the gradual reduction of the mass balance of the total s-triazine, this suggested that a ring
cleavage may occur on the ATZ in the UV-FP.
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INTRODUCTION

Increasing concerns about the environment have stimulated
the development of new wastewater treatment processes that
are able to promote the complete mineralization of potentially
toxic compounds and which can be feasibly implemented at
lower costs. In recent years, advanced oxidation processes
(AOP) have been intensively investigated. They are considered
to be more promising alternatives than conventional wastewater
treatments due to their ability to oxidize a great variety of
organic contaminants by the generation of highly oxidative
hydroxyl radicals HO• (1). UV radiation alone would result in
the attack on and decomposition of organic molecules by bond
cleavage and free radical generation, but usually it occurs at
comparatively slow rates because only direct photolysis was
available. The combination of UV light and various oxidants is
capable of decomposing pollutants much more effectively. For
example, the decomposition of organic pollutants using hydro-
gen peroxide as an oxidant under UV illumination has been
proven to be effective (2). Other researchers have worked on
the electrochemical Fenton (AFT) process of atrazine (ATZ)
and found excellent removal of atrazine and high production
of dechlorinated product (3).

Among all of the AOPs, the Fenton process (FP) using fer-
rous salt and hydrogen peroxide has attracted considerable
attention due to its high efficiency in generating hydroxyl
radicals by decomposing H2O2 with the catalyst Fe(II) in an
acidic medium, which improves the oxidative rates of less
biodegradable organic compounds (4). The FP has been widely
applied in the treatment of hazardous organic substances, such
as phenols and chlorophenols (5), industrial wastewater from
the dyehouse industry (6), pharmaceutical wastewater (7), and
textile secondary effluents (8), and the degradation of the
herbicides (9).

Recent studies have indicated that the UV-assisted FP (UV-
FP, by using UV/Fe2+/H2O2) can further enhance the decom-
position of many refractory organics, such as the applications
of landfill leachate (10) and the degradation of pesticides (11),
nitrobenzene and other organics (12), chlorobenzenes (13),
chlorophenols (14), dichloromethane (15), and dyes (16). The
enhancement of organic decomposition is likely due to the
photolysis of the aqueous complex Fe(OH)2+, which provides
an additional source of HO• radicals (8). In addition, the
photolysis of Fe(OH)2+ is capable of regenerating Fe2+ ions,
which indirectly results in the lower requirement of Fe2+ dosages
in a UV-FP compared with the conventional FP (12).
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The herbicide atrazine [2-chloro-4-(ethylamino)-6-(isopro-
pylamino)-s-triazine]

has been used widely to combat weeds in corn and sorghum
crops. It is a typical pollutant over which there are environmental
concerns because of its low biodegradability and high potential
to contaminate surface water and groundwater. Its potential for
polluting drinking water has led some countries to ban this
herbicide. In addition, it is classified as a possible human
carcinogen by the U.S. EPA (17). At present, the understanding
of reaction kinetics and systematic optimization/prediction of
UV-FP in removing chemicals such as ATZ is very limited. In
this study, the degradation mechanism of atrazine by UV-FP at
a UV wavelength of 253.7 nm is investigated, and a theoretical
kinetic model with corrections is derived accordingly. The
transformation products of the ATZ decay were investigated
and evaluated by using liquid chromatography (LC) together
with the electrospray ionization-mass spectrometry (ESI-MS)
and tandem mass spectrometry (MS/MS), which separate and
directly characterize the reaction products to reveal the degrada-
tion mechanism and reaction pathways of the process

METHODOLOGY

Chemicals.All chemicals used were of HPLC grade and were used
as received without further purification. Nonlabeled ATZ at 99% purity
and its main decay intermediates (which were commercially available)
were purchased from RdH Laborchemikalien GmbH & Co. including
2-chloro-4-(isopropylamino)-6-amino-s-triazine (CIAT, 99.9%), 2-chloro-
4-(ethylamino)-6-amino-s-triazine (CEAT, 96.1%), 2-hydroxy-4-(iso-
propylamino)-6-(ethylamino)-s-triazine (OIET, 94.7%), 2-hydroxy-4-
(ethylamino)-6-amino-s-triazine (OEAT, 95.4%), and 2-hydroxy-4-
(isopropylamino)-6-amino-s-triazine (OIAT, 98.7%). Acetonitrile (from
Labscan Asia Co. Ltd.) was degassed before being used in liquid
chromatography (LC). Ferrous salt (FeSO4‚7H2O) and H2O2 (30%
solution) were purchased from RbH and Junsei Chemical Ltd. (Japan),
respectively. Sulfuric acid and methanol purchased from Labscan were
used to adjust solution pH and prepare quenching solutions, respectively.

Methods.The stock solutions of ATZ, CIAT, CEAT, OIET, OEAT,
and OIAT were prepared at 0.116, 0.128, 0.212, 0.05, 0.100, and 0.106
mM, respectively, in HPLC water. The 1 mM Fe(II) was prepared in
an acidic solution (pH 2) to prevent the formation of Fe(OH)2

precipitation. A series of batch tests were employed to determine the
degradation of ATZ under different [FP] doses, that is, the solution
containing the same [Fe(II)] and [H2O2] concentration, each at 0.01,
0.05, 0.10, 0.15, and 0.20 mM at a fixed 1:1 ratio. Because the FP is
most effective at low pH levels (18, 19) and it is favored to minimize
possible errors due to the self-decay of H2O2 at elevated pH, the solution
pH was adjusted at 2.8 by using H2SO4 in this study.

The Fe(II) and H2O2 solutions were freshly prepared for each
experiment to minimize errors resulting from precipitation and self-
decomposition. Predetermined amounts of Fe(II), ATZ, and deionized-
distilled water solutions were mixed together in the quartz reactor. H2O2

was then added (to reach a final volume of 200 mL), and the
photoreactor was turned on simultaneously to initiate the reaction. The
mixture was stirred by a magnetic stir bar throughout the reaction to
ensure the homogeneity of the solution. For a photoassisted reaction,
the experiments were conducted in a Rayonet RPR-200 photochemical
reactor system (Supporting Information, Figure 1), manufactured by
the Southern New England Ultraviolet Co. The system consisted of a
300 mL cylindrical quartz column with i.d. of 20 mm and phosphor-

coated low-pressure mercury lamps. A quartz column was filled with
200 mL of reaction solution and irradiated in the photoreactor. Two
253.7 nm lamps were used as light sources throughout the experiment
and were arranged symmetrically within the photoreactor. The light
intensity of each lamp was 1.5× 10-6 Einstein L-1 s-1. Samples of 1
mL taken at different retention times were mixed with the same volume
of methanol to quench the reaction (18). The sample was filtered before
analysis by HPLC (by 0.45µm filter) and ESI-MS/MS (by 0.25µm
filter).

Analytical Methods. High-Pressure Liquid Chromatography (HPLC).
For the investigation of ATZ degradation, the sample aliquots were
collected from different reaction times and analyzed by HPLC. The
HPLC, a Finnigan SpectraSYSTEM LC, consisted of a solvent degasser,
a quaternary gradient pump, an inert autosampler with a 20µL injection
loop, and a photodiode array UV detector. The chromatographic
separations were performed on the stainless steel Restek column: 5
µm 4.6 (i.d.)× 250 mm Pinnacle Octyl Amine column. The maximum
absorption wavelength of ATZ was selected as 221 nm (Supporting
Information, Figure 2). The mobile phase consisting of 60% acetonitrile
with 40% DDW was delivered at a flow rate of 1.5 mL min-1, which
resulted in an ATZ peak at 3.5 min. In addition, a five-point calibration
curve was run for ATZ with detection limit of 1.59µM.

Electrospray Ionization Tandem Mass Spectrometry (ESI-MS/MS).
The investigation of ATZ’s transformation intermediates was performed
by HPLC combined with electrospray ionization and tandem mass
spectrometry (HPLC/ESI-MS/MS) on a Finnigan ThermoQuest LCQ
Duo. The eluent (1 mL min-1) was delivered by a gradient system
from HPLC and partitioned by an Alltech (Alltech Associates, Inc.)
Hypersil ODS column (C18, 5 µm, 4.6× 250 mm). The elution was
carried out with a gradient flow of from 95 to 0% of ammonia acetate
(5 mM, pH 4.6) and from 5 to 89% of acetonitrile, together with 0-11%
of water in 15 min. After the analytical run, the column was rinsed
with a solution containing 50% methanol and 50% water for 5 min
and the mobile phase returned to the initial condition in 5 min. The
maximum absorption wavelength of ATZ and its transformation
intermediates ranged from 207 to 221 nm. Four-point calibration curves
were constructed for ATZ and its transformation products. When
standards were not available, the response factors were adapted from
compounds of a similar nature (chloro- or hydroxytriazines as
determined by the UV spectra) and from the retention times. The LC
eluent was then directed to the ESI, and positive ions (M + H+) were
detected in the selected reaction monitoring mode. The ESI probe was
installed with sheath and auxiliary gases run at 80 and 20 (in arbitrary
units), respectively. MS conditions were as follows: capillary temper-
ature, 250°C; voltage, 46 V; spray voltage, 4.5 kV. The MS/MS
experiments were carried out by using helium as the collision gas (30%,
100% collision energy corresponding to 5 V from peak to peak).

The retention time, precursor (M + H+), and MS/MS spectrum ions
are listed inTable 1. It should be noted that all of the reported CMIT

Table 1. Identified Degradation Products and Their Main Fragments
Determined by LC/ESI-MS/MS

compound
retention
time (min) [M + H+] ESI-MS/MS spectrum (m/z) ions

ATZ 12.43 216 216, 174, 146, 132, 110, 104, 96, 68
met-CMIT 11.92 246 246, 188, 130, 104
CDIT 9.77 230 230, 188, 146, 110, 104, 79, 68
CIAT 8.80 188 188, 146, 110, 104, 79, 68
OIET 8.20 198 198, 156, 128, 114, 86
CEAT 7.45 174 174, 146, 132, 110, 104, 96, 79, 68
CDET 7.38 216 216, 188, 174, 146, 132, 104, 96,

79, 71, 68
OAAT 6.25 128 128, 86
ODIT 6.02 212 212, 170, 128, 86
ODET 6.00 198 198, 170, 156, 128
CDAT 5.60 188 188, 146
ODAT 5.55 170 170, 128, 86
OIAT 5.33 170 170, 128, 86
CAAT 4.82 146 146, 110, 104, 79, 68, 62
OEAT 4.58 156 156, 128, 114, 96, 86, 71
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data in this study were originally from the results of met-CMIT, where
the CMIT was transferred into met-CMIT during the quenching by
methanol (20). In addition, the ODET was found to merge with the
ODIT peak in the LC analysis, so the latter was reported in terms of
ODET + ODIT based on the MS analysis. Degradation products of
the ATZ intermediates were conducted by the stocks from separate
tests.

RESULTS AND DISCUSSION

Photodecay of ATZ at Various FP Doses.The decay of
0.01 mM ATZ by FP without the use of UV was investigated
in a previous study under different [FP] doses that ranged from
0.01 to 0.20 mM (21). It is interesting to note that the data do
not follow a pseudo-first-order kinetic as previously suggested
by Gallard et al. (13,22). Instead, a pseudo-second-order kinetic
was found to be more suitable to describe the reaction
(Supporting Information, Figure 3). After a thorough analysis,
the difference in reaction kinetics apparently resulted from the
dissimilar ranges of substrate (i.e., ATZ) and reagents [i.e., Fe(II)
and H2O2] applied in the reactions. At a very high reagent-to-
substrate ratio of 10000:1 (in Gallard’s case), a pseudo-first-
order kinetic was observed. This was because when the
concentrations of reagents ([Fe(II)] and [H2O2]) are very large
compared to that of the substrate (ATZ), the reagent terms can
be assumed to remain constant throughout the reaction, so that
the reaction rate depended only on [ATZ] and a pseudo-first-
order kinetic resulted. As the reagent-to-substrate ratio is
comparatively low (e.g., from 1:1 to 20:1 in this study), the
variation of reagent concentration can no longer be ignored nor
be simplified as constants, which makes the use of a first-order
kinetic inappropriate. Similar observations were also reported
by Lin and Gurol (23) and De Laat and Gallard (24). In addition,
because the subreactions involved in the chain reactions of FP
are mainly of second order (25), and the use of a high ratio
may not be appropriate in a real application, it is rational to
use the pseudo-second-order reaction mechanism in deriving
the kinetic model for practical purposes.

Depending on the initial [FP] doses, the ATZ removal could
range from about 40 to 98%. It was found that the higher the
[FP] concentration, the faster and more extensively the fraction
of ATZ was degraded. This suggests that both the Fe(II) and
H2O2 were consumable during the reaction of FP. In addition,
the degradation of ATZ depended on the sufficiency of Fe(II)
and H2O2 in the FP. To minimize the limitations and to improve
the performance of FP, the oxidation of ATZ by FP in the
presence of UV radiation was therefore studied. A typical
example in degrading 0.01 mM ATZ is shown inFigure 1.
The dark-FP, using 0.15 mM [FP] (without UV), cannot remove
ATZ completely, and the process ceases in 300 s, resulting in
a tailing of residual concentration of ATZ. Meanwhile, the sole-
UV radiation (without [FP]) has a lower initial decay rate, so
an extended irradiation time (∼4 times) is required to achieve
a conversion similar to that of dark-FP. Nevertheless, ATZ could
be rapidly and completely decayed by combining these two
systems, that is, a photoassisted Fenton process (UV-FP). As
noted inFigure 1, >99% of ATZ was removed by the UV-FP
system in<200 s and ATZ was not detected after 250 s. In
general, UV-FP reduces the reaction time by>87% and
improves the ATZ removal by>21% compared with the sole-
UV radiation and dark-FP, respectively.

Derivation of the Proposed Kinetic Model. In a previous
study, the decay kinetics of ATZ by dark-FP was found to be
described by a second-order mechanism (26). In addition, the
sole-UV was observed to follow pseudo-first-order with respect
to ATZ concentration (data not shown). If a synergistic effect

results from the combination of the two systems, UV-FP can
theoretically consist of two parallel irreversible first- and second-
order reactions. The differential equations of sole-UV and dark-
FP are

whereC is the concentration of the organic substrate (ATZ) in
the system in mM andt is the reaction time in seconds.k1 and
k2 are rate constants for sole-UV and FP, respectively, and have
been solved by linearizing eqs 1 and 2.k1 is 0.0023 s-1 under
the light intensity of 3× 10-5 Einstein L-1 s-1 at 253.7 nm,
and the values ofk2 were evaluated and are listed inTable 2 at
different [FP] doses.

The rate law of a parallel system consists of sole-UV, and
dark-FP results by combining eqs 1 and 2 mathematically, so
the concentration of ATZ in the UV-FP is

By substitutingC ) 1/ε

Solving eq 4 by multiplying e-k1t

Figure 1. Stoichiometric predictions of the UV-FP with FP doses at 0.15
mM.

Table 2. Values of k2 in Different FP Doses

[FP] (mM)

[Fe(II)] [H2O2] k2 (mM-1 s-1) r 2

0.01 0.01 0.17 0.671
0.05 0.05 0.75 0.944
0.10 0.10 2.15 0.996
0.15 0.15 3.64 0.985
0.20 0.20 8.91 0.896

dC
dt

) -k1C (1)

dC
dt

) -k2C
2 (2)

dC
dt

) -k1C - k2C
2 (3)

dε

dt
) k2 + k1ε (4)

d
dt

(ε e-k1t) ) k2 e-k1t (5)
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Thus, the ATZ concentration in the proposed model can be
solved as

where γ was solved by using the initial ATZ concentration,
C0, at t ) 0.

On the basis of eq 7, the stoichiometric predictions of ATZ
decay in UV-FP were obtained and are illustrated inFigure 1
for comparison. It is not surprising to note that the proposed
model underestimated the performance of the combined system
as well as the decay of ATZ. This interesting result is likely
due to the oversimplification of the model, in which was not
included a synergistic photochemical term incorporating sole-
UV and FP species. Hence, the photochemical enhancement
should be quantified and incorporated into the proposed UV-
FP model, so that the modified model can be used to predict
the overall performance of UV-FP in real applications by
incorporating factors that correspond to the levels of the
photochemical effect.

Accordingly, the original rate law (eq 3) was restated by
incorporating the two rate constantsk1 andk2 by such factors
to reflect the photochemical effect:

The solution of the corrected model therefore could be derived
as

whereR andâ are the respective photochemical factors ofk1

and k2, and they can be easily solved by the following
approaches: (i) determine the constantγ by initial condition,
(ii) assign two arbitrary reaction times (t1 andt2), (iii) substitute
those known variables (C1, C2, k1, k2, γ, t1, and t2) into eq 9,
and (iv) solve the two equations. Thus, the database ofR and
â can be constructed on the basis of eq 9.

The predicted values derived from the original (eq 7) and
modified (eq 9) models are compared with the experimental
data as shown inFigure 2. The data demonstrate that the
proposed photochemical factors can correct the original model
and describe the observed experimental data successfully.
Therefore, the decay of ATZ by UV-FP at various reaction
conditions were investigated, and it was seen that the higher
the [FP] dose in the UV-FP, the faster the decay rate of ATZ
and the shorter the completion time (seeFigure 3). The data
were also fitted to the modified model, and the results were
incorporated inFigure 3, where the model could predict the
ATZ decay in UV-FP accurately with the help of photochemical
factorsR andâ.

Analysis of Rate Enhancement Factors.Referring to the
modified model, a further analysis of the rate enhancement
factors R and â was necessary for prediction purposes. By
solving eq 9, the respective factorsR andâ were obtained for
each set of UV-FP with various [FP] concentrations, and the
results are plotted inFigure 4. It was found thatR andâ are

highly dependent on [FP], for which linear relationships with
R2 of 0.9933 and 0.9960 are identified. The mathematical
expressions of these factors are

Mathematically speaking, both eqs 10 and 11 have positive
slopes and a common intercept of 1 (i.e., they are always higher
than unity), indicating that the involvement ofR andâ in the
treatment process will always improve the decay rate of ATZ.
In addition, as the [FP] is decreased, the corresponding values
of R andâ approach 1 and the photochemical effect vanishes.
The agreements between the experimental observations and
mathematical equations indicate that the use of the photochemi-
cal effect to elucidate rate enhancement is supported.

The rate enhancement effect apparently resulted from the
interactions between light irradiation with the FP species [i.e.,
H2O2 and Fe(II)], which included the following: (1) an increase
in the formation rate of hydroxyl free radicals (HO•) through a

Figure 2. Modeling on the degradation of ATZ by the UV-FP with FP
dose at 0.15 mM. The experimental data can be fitted well into the model
after modification.

Figure 3. Modified UV-FP model well describes the experimental data.
The solid lines indicate the model in different FP doses.

R ) 39.71[FP]+ 1 (R g 1) (10)

â ) 1.00[FP]+ 1 (â g 1) (11)

ε e-k1t ) -
k2

k1
e-k1t + γ (whereγ is a constant) (6)

C ) 1
ε

)
k1

-k2 + k1γ ek1t
and γ )

k1 + k2C0

C0k1
(7)

dC
dt

) -Rk1C - âk2C
2 (8)

C )
Rk1

-âk2 + Rk1γ eRk1t
and γ )

Rk1 + âk2C0

C0Rk1
(9)
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parallel pathway of direct photolysis of H2O2 when the
wavelength of UV is<360 nm (25)

and (2) the regeneration of catalyst Fe(II) and associated free
radicals from the spent Fe(III) in the presence of sole-UV (27)

It should be noted that the involvement of radicals of organic
ligand (e.g., RCOO-, RO-, RNH+, etc.) in eq 14 was suggested
as being a more efficient way to oxidize organic substrates than
via HO• (3).

Applications of the UV-FP Process.It was also found that
the two photochemical factors have a linear correlation as shown
in Figure 5 (with anR2 of 0.9979), which makes it possible to
simplify the design procedures of UV-FP by merging eqs 10
and 11 andFigure 7 into a correlation plot (seeFigure 6), so
that the design parameters such asR, â, andk2 can be quickly

determined in one step with any given [FP] concentration. A
typical example is illustrated inFigure 6, where the termR/â
ratio is used to differentiate the contributions of the photochemi-
cal effect from two different sources (i.e., UV process and FP).
It is interesting to note that the higher the [FP] dose, the higher
the R/â ratio, which implies that increasing [FP] will improve
the rates of both sole-UV and dark-FP in the system but at
different levels. According to eq 8, the rate enhancement factors,
R and â, reflect the rate improvement on the sole-UV (eq 1)
and FP (eq 2). A sensitivity analysis ofR andâ therefore was
conducted to verify such a difference betweenR andâ.

By examining the initial ATZ decay rate in terms of
normalized∆C/∆t at various conditions, a three-dimensional
plot of the correspondingR and â values can be resolved in
different FP concentrations ranging from 0.20 to 0.01 mM, as
shown inFigure 7. Referring to eq 8, it is interesting to find
that the change of initial rates∆(∆C/∆t) is linearly correlated
to the variation ofR andâ, so the marginal effects ofR andâ
to the change of initial rates [i.e.,∂(∆C/∆t)/∂R and∂(∆C/∆t)/
∂â] can be quantified. Thus, the following partial differentiation
equations with respect toR andâ can be obtained:

Referring to eq 15, the sensitivity ofR to k1 is 0 as constant
light intensity was used in this study. On the other hand, the
sensitivity of â to k2 is clearly dependent on the function of
[FP] (eq 16). These verified the observation inFigure 8.

The rate enhancement ofR is maintained at a constant 2.6×
10-5 s-1 regardless of [FP], whereas the rate enhancement ofâ
is sensitive and increased with the change of [FP]. Because there
is evidence thatR is normally higher thanâ among the tested
[FP] ranges, the mechanisms of the photochemical effect in the
UV-FP system are shown.

(1) First, the presence of UV can greatly increase the
concentrations of HO• and L• (eqs 12 and 14), which offers an
additional channel for ATZ decay. Because the lifetime of the
involved free radicals is extremely short, the steady-state
approximation of their concentrations is often valid (28). The
radical term in the kinetic expression can be integrated into the

Figure 4. Linear relationships of R and â with FP concentrations (from
eq 8).

Figure 5. Linear relationships between R and â.

H2O2 98
hν

2HO• (12)

Fe3+ + H2O98
hν

Fe2+ + H+ + HO• (13)

Fe3+(L-) 98
hν

Fe2+ + L• (L ) organic ligand) (14)

Figure 6. Intercorrelation of FP doses, R, â, and rate constant k2.

∂

∂R(dC
dt ) ) -k1C (15)

∂

∂â(dC
dt ) ) -k2C

2 ) -f([COP])C2 (16)
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rate constant. The oxidation of ATZ by such additional radicals
can be characterized as a pseudo-first-order process with an
overall rate constant ofkradical, especially if the radical has
resulted from a UV reaction (29). Therefore, a reverse derivation
of eq 8 shows that if another pseudo-first-order term due to the
additional free radical oxidation is added, it will naturally merge
with the original UV process (which is also a pseudo-first-order
process) and result in a highR value as we observed.

(2) The rate enhancement effect ofâ significantly increased
with the increase of [FP], which can be reasonably be explained

by the dependence of FP on the doses of [Fe(II)] as previously
suggested by Bigda (30). At low [FP], the decay of ATZ is
limited to the low catalyst concentration of [Fe(II)], which
becomes a rate-limiting step to the process and results in a lower
ATZ decay rate. However, as the FP dose increases, the [Fe-
(II)] is likely no longer going to be the rate-limiting step, and
the presence of UV will simultaneously accelerate the regenera-
tion of [Fe(II)] (see eqs 13 and 14). As a result, a higher than
unity and an upward concave curve of rate enhancement effect
of â are observed.

(3) Although the marginal effect ofâ is significantly higher
than that ofR, theR/â ratio still increases with [FP], suggesting
that the rate enhancement effect contributed by the increment
of [Fe(II)] is minor (it can also be justified by a close to 1 rate
â value), and the reaction acceleration due to the radical
generation induced by UV is more dominant.

Decay Mechanism of ATZ by the UV-FP Process.The
process mechanism that resulted by combining sole-UV and
dark-FP for the degradation of ATZ was investigated under the
same reaction conditions (0.1 mM [FP] with [I] at 3.06× 10-6

Einstein L-1 s-1 UV intensity at 253.7 nm). Because of the
“compound effect”, as discussed previously, the generation of
extra radicals apart from those in the original sole-UV and dark-
FP resulted in more complicated degradation pathways in
connections of the decay pathways and suggests the enhanced
synergism between sole-UV and dark-FP. Resulting from the
intensified radical supply and continuous UV radiation in UV-
FP, 14 degradation intermediates were identified (seeTable 2).
The transformation/degradation pathways were organized and
are shown inFigure 9. The intermediates were categorized into
primary, secondary, and tertiary intermediates, and all of them
were sorted by chlorinated or dechlorinated products. In the
process, the major oxidant was the HO•, because HOO• and its
conjugate base O2•- were much less reactive than hydroxyl
radicals (26,31, 32). The presence of HO• initiated the decay
of ATZ through alkylic oxidation (alkylamino side chain
oxidation), dealkylation (alkylic side chain cleavage), and/or
dechlorination (hydroxylation at the chlorine site) and generated

Figure 7. Sensitivity analysis on the decay rate with R and â (from top to bottom, FP ) 0.20, 0.15, 0.10, 0.05, and 0.01 mM).

Figure 8. Differential changes of decay rate with R are independent of
FP concentrations; however, the change of decay rate with â is sensitive
to FP doses.

dC
dt

) -Rk1C - âk2C
2 ) -(k1 + kradical)C - âk2C

2 )

-k1C - kradicalC - âk2C
2 (17)
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Figure 9. Degradation pathways of ATZ. Percentages (at 350 s of reaction time) given are the relative importance of a pathway (no indications mean
100%).
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the corresponding intermediates. Dealkylation may be initiated
by the abstraction of a hydrogen atom (H) from the secondary
carbon atom (C) of the ethylamino side chain, producing a free
radical (eq 18) (18), which resulted in the subsequent production
of various intermediates.

Dechlorination-hydroxylation could be initiated by an HO•

attack of thes-triazine ring at the C-Cl position, resulting in
an oxidation of the aromatic heterocyclic ring (of ATZ), whereas
hydroxylation occurred simultaneously, so that the chlorine atom
was substituted by a hydroxyl group. Hence, various hydroxyl-
ateds-triazines formed in the solution.

In Figure 10, the rise of concentrations of three chlorinated
and one dechlorinated primary intermediates CDET, CMIT,
CDIT, and OIET (26, 23, 26, and 25%, respectively, at 350 s
of reaction time) in the beginning of reaction suggested that
the decay of ATZ was mainly initiated by alkylic oxidation
instead of dechlorination-hydroxylation. Then, the dealkylation
of CDET yielded CEAT, followed by another alkylic oxidation
to form CDAT and a dechlorination-hydroxylation to form
OEAT in the next 200 s (Figures 9-13). This suggested that
both alkylic oxidation and dechlorination-hydroxylation on
CEAT might occur simultaneously. This was confirmed by
conducting a separate test on CEAT in UV-FP, where CDAT
and OEAT were found to be the primary products of CEAT. A
similar reaction was also observed on CDIT and CMIT. Their
decay subsequently yielded CIAT and ODIT, which was then
followed by the formation of CDAT and OIAT. This was mostly
similar to the profiles of CDIT and to the decay of CMIT in
dark-FP (verified by running a separating test on dark-FP). The
exception was that OAAT was observed in the dark-FP instead
of OIAT in UV-FP. This is a very interesting finding as the
OAAT was previously reported to be the dealkylation product
of ODIT (18). In a previous study, it was found that only one
dechlorinated product, OIET, was observed in the sole-UV, and
three dechlorinated products, OIET, ODIT, and OAAT at very
low concentration, were observed in the dark-FP (26). The lack
of detailed information between ODIT and OAAT in the dark-
FP was possibly due to the inefficient process and low
(undetectable) intermediate concentrations. The direct transfor-
mation from ODIT to OAAT is unlikely to take place, due to
the low probability of double dealkylation occurring simulta-

neously on both amino side chains. However, in UV-FP, the
concentrations of missing intermediates were boosted by the
more powerful process, and OIAT and ODAT were detected
as the stepwise dealkylated derivatives in the solution. The
formation of CDAT and OIAT from CIAT was confirmed by
running a separate test. Thus, similar to the decay of CEAT,
both the alkylic oxidation and dechlorination-hydroxylation of
CIAT were observed for the decay mechanism of CIAT.

On the other hand, the corresponding molecular structures
and a separate test of the degradation of OIET, a sequential
transformation from OIET to ODIT and ODET (via alkylic
oxidation) and then to the OIAT and OEAT, respectively (via
dealkylation), was proposed. Compared with dark-FP and sole-
UV, [OIET] was found to be much higher and could be further
degraded, which suggested that the photochemical effect
improved the performance of the degradation of ATZ in UV-
FP, especially for the generation of dechlorinated products. A
new tertiary intermediate identified in UV-FP was ODAT, which
resulted from the alkylic oxidation of OIAT and OEAT. In
addition, a high [OAAT] was observed at the end of the process,
which was the dechlorination-hydroxylation product of CAAT
(see the profiles inFigure 12). In Figure 12, the full removal
of ATZ in UV-FP followed precisely by a serial transformation

Figure 10. Degradation profile of ATZ to the primary intermediates (i.e.,
OIET, CDET, CDIT, and CMIT). Figure 11. Degradation profile of the primary intermediates to the

secondary intermediates (i.e., CIAT, CEAT, ODIT, and ODET).

Figure 12. Degradation profile of the primary intermediates and secondary
intermediates to OIAT, OEAT, CDAT, OAAT, CAAT, and ODAT.

HO• + RNHCH2CH3 (≡ ATZ) 98 H2O+ RNHC•HCH3 (18)
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of primary, secondary, and then tertiary products can be
observed. This supported the accuracy of the proposed mech-
anisms in Figure 9. The transformation of ATZ and its
intermediates (in terms of chlorinated and dechlorinated prod-
ucts) and the mass balance (ins-triazine) in UV-FP are
incorporated inFigure 13. According to this figure, the process
successfully remediated not only the parent compound, ATZ,
but also its chlorinated intermediates produced during the
process. Thus, dechlorinated products were observed accord-
ingly. In view of the mass balance of the totals-triazine
(percent), the decreasings-triazine fraction suggested that ring
cleavage in UV-FP may be possible. Because the H2O2 together
with its photochemical effect (with UV) was theoretically
depleted in the early stage of UV-FP, the degradation of all of
thes-triazine in the solution at the later stage should have been
contributed by “sole-UV-radiation” (the only available energy
source driving the process). Besides the possible ring cleavage
occurring in UV-FP, the drop of the mass of the totals-triazine
may be partly due to the undetectable intermediates from the
LC-MS. It is interesting to note that the common primary
intermediate, OIET, which cannot decay further in the sole-
UV-radiation (verified by running a separate test), has been
oxidized and then dealkylized in UV-FP. These findings provide
solid support that the use of dark-FP together with UV radiation
(i.e., UV-FP) is mutually beneficial and can successfully
overcome some process obstacles that could not be individually
accomplished before.

In conclusion, the UV-enhanced Fenton process was found
to be a useful way to accelerate the decay of the herbicide
atrazine compared to the sole-UV and dark-FP processes. In
addition, a photochemical effect was observed, and a proposed
model resulting from the combination of sole-UV and FP was
successfully developed to describe the reaction kinetics of UV-
FP. Two rate enhancement factors based on the sole-UV and
dark-FP processes were derived and investigated in detail. The
evidence showed that the mechanism of the rate enhancement
effect is mainly dominated by the generation of free radicals
that were induced by UV, and the contribution of rate improve-
ment resulting from the dark-FP is less significant. The
transformation mechanism of ATZ degradation by UV-FP was
successfully investigated. Fourteen intermediates were identified.
The degradation pathways of ATZ were evaluated. It was found
that alkylic oxidation followed by dealkylation and dechlori-

nation-hydroxylation was likely the major pathway. Addition-
ally, ring cleavage occurred on the ATZ.

ABBREVIATIONS USED

[ATZ], concentration of atrazine (mM); [ATZ]0, concentration
of atrazine at the beginning of reaction (mM); [ATZ]b,
concentration of atrazine at the break point of the two phases
(mM); b1, rate constant in phase I (mM-1 s-1); b2, rate constant
in phase II (mM-1 s-1); CAAT, 2-chloro-4,6-diamino-s-triazine;
CDAT, 2-chloro-4-acetamido-6-amino-s-triazine; CDET, 2-chloro-
4-acetamido-6-(ethylamino)-s-triazine; CDIT, 2-chloro-4-aceta-
mindo-6-(isopropylamino)-s-triazine; CEAT, 2-chloro-4-(ethyl-
amino)-6-amino-s-triazine; CIAT, 2-chloro-4-(isopropylamino)-
6-amino-s-triazine; CMIT, 2-chloro-4-(1-methylethanolamino)-
6-(isopropylamino)-s-triazine; met-CMIT, 2-chloro-4-(1-carboxyl-
ethanolamino)-6-(isopropylamino)-s-triazine; dark-FP, Fenton’s
process without UV radiation; DDW, distilled-deionized water;
ESI-MS/MS, electrospray ionization tandem mass spectrometry;
F/H ratios, Fe(II) to H2O2 ratios; [Fe(II)], concentration of
ferrous ion (mM); FP, Fenton’s process; HPLC, high-pressure
liquid chromatography; [H2O2], concentration of hydrogen
peroxide (mM);Ib, y-intercept of the plot of lnb1 against lnb2;
Ir, y-intercept of the plot of lnb1 against F/H ratio; i.d., internal
diameter; [M+ H+], positive ions; OAAT, ammeline, 2-hy-
droxy-4,6-diamino-s-triazine; ODAT, 2-hydroxy-4-acetamido-
6-amino-s-triazine; ODET, 2-hydroxy-4-acetamido-6-(ethylamino)-
s-triazine; ODIT, 2-hydroxy-4-acetamindo-6-(isopropylamino)-
s-triazine; OEAT, 2-hydroxy-4-(ethylamino)-6-amino-s-triazine;
OIAT, 2-hydroxy-4-(isopropylamino)-6-amino-s-triazine; OIET,
2-hydroxy-4-(isopropylamino)-6-(ethylamino)-s-triazine; sole-
UV, irradiation by UV;t, reaction time (s);tb, break point time
(s); UV, ultraviolet; UV-FP, UV-assisted Fenton process.

Supporting Information Available: Views of photochemical
reactor, absorption spectra of ATZ, and degradation of ATZ.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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