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Abstract

Atrazine (ATZ), 2-chloro-4-(ethylamino)-6-(isopropylaming}riazine, was effectively degraded by hydroxyl radicals that were generated
by Fé'/H,0, in the Fenton’s process. Up to 98% ATZ removal can be achieved in the process if the dosksantiF$O, are selected
appropriately. Oxidation capacity of the process was successfully predicted through a kinetic approach with three simple and measurable
parameters (i.e., two rate constants and a break point time), which makes the model useful in predicting, controlling and optimizing the
degradation of ATZ. In addition, the transformation pathways of ATZ decay was successfully investigated by using a novel technology, liquid
chromatography electrospray tandem mass spectrometry (LC/ESI-MS/MS). Ten intermediates were identified in the process. The alkylic-
oxidation followed by dealkylation and/or dechlorination—hydroxylation were found to be the major pathways of the decay of ATZ in Fenton’s
process. All the detected intermediates were found to be dealkylated in different levels or positions. The dealkylated species may be further
dechlorinated but generally at a lower fraction (<10%) due to the depletion of oxidants.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction generally less toxic to aquatic plants. Eigigrconcluded that
“there is a general agreement that atrazine degradation prod-
The herbicide atrazine (ATZ) is routinely used in combat- ucts were substantially less toxic than the parent compound
ing weeds in corn and sorghum crops, and is also widely usedand not normally presentin the environment at concentrations
in combination with other herbicides. It is a pollutant that inhibitory to algae, bacteria, plants, or animals.”
causes environmental concern because of its low biodegrad- Fenton’s process used in this study is a technology of using
ability. It has a high potential to contaminate surface waters ferrous-catalyzed hydrogen peroxide to provide an oxidizing
and groundwater. Recently, the impact of ATZ on endocrine environment at acidic pH. The process has been used in both
disruption is very serious. ATZ affects hormone metabolism the oxidative treatment of industrial effluents and in the man-
in women, which may have possible implications for breast ufacture of several types of polymers and polyelectrolytes.
canceil]. ATZ belongs to the group of symmetric triazine The use of Fenton’s reagent to remove less-biodegradable
derivatives. Its solubility in water is low (38gmL~1 at organics in wastewater is relatively new compared to its use
22°C) and independent to plR]. Besides, ATZ is less in mechanistic investigations in organic chemistry. It is at-
reactive (round 200-1000 times) to photosynthesis than itstractive due to the fact that iron is an abundant and non-toxic
transformation products such as diaminochlorotriazine and element, and because hydrogen peroxide is easy to handle and
hydroxylatrazine[3]. These transformation products are can be broken down to environmentally benign products. The
Fenton’s process is able to destroy phenols, chlorinated phe-
mponding author. Tel.: +852 2766 6075; fax: +852 2334 6389. nols and herbicides in water media, as well as reduce chemical
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Nomenclature

[ATZ] concentration of atrazine (mmottl)
[ATZ]o concentration of atrazine at the beginning of
reaction (mmol 1)
[ATZ], concentration of atrazine at the break point of
the two phases (mmoltl)

by rate constant in phase | (mmotLs—1)
by rate constant in phase Il (mmotts1)
CAAT 2-chloro-4,6-diamincs-triazine

CDAT 2-chloro-4-acetamido-6-aminstriazine

CDET 2-chloro-4-acetamido-6-(ethylaming)-
triazine

CDIT  2-chloro-4-acetamindo-6-(isopropylamins)-
triazine

CEAT 2-chloro-4-(ethylamino)-6-aminstriazine

CIAT  2-chloro-4-(isopropylamino)-6-amins-
triazine

CMIT 2-chloro-4-(1-methylethanolamino)-6-

(isopropylamino)s-triazine
DDW distilled—deionized water
ESI-MS/MS electrospray-ionization
spectrometry
F/H ratios Fé to H,O, ratios
[Fe(ll)] concentration of ferrous ion (mmolil)
HPLC high-pressure-liquid-chromatography

[H2O2] concentration of  hydrogen  peroxide
(mmol L~1)

Ib they-intercept of the plot of lipy against Irb;

Iy they-intercept of the plot of litn; against F/H
ratio

ID internal diameter

met-CMIT 2-chloro-4-(1-carboxylethanolamino)-6-
(isopropylamino)s-triazine

[M+H*] positive ions

OAAT ammeline,
triazine

2-hydroxye-4,6-diaminos-

ODAT 2-hydroxy-4-acetamido-6-amingtriazine

ODET 2-hydroxy-4-acetamido-6-(ethylaming)-
triazine

ODIT 2-hydroxy-4-acetamindo-6-(isopropylamino)r
striazine

OEAT 2-hydroxy-4-(ethylamino)-6-amingiriazine

OIAT  2-hydroxy-4-(isopropylamino)-6-aming-
triazine

OIET  2-hydroxy-4-(isopropylamino)-6-
(ethylamino)s-triazine

t reaction time (s)

tp break point time (s)

uv ultra-violet

tandem-masps-
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Hydrogen peroxide decomposes catalytically in the pres-
ence of ferrous ions and generates radicals such as the hy-
droxyl (*OH) and hydroperoxyl®OOH) radicals. It has been
shown that the hydroxyl radical is the major oxidizing species
in this system, and is mainly formed according to the follow-
ing reaction6].

Fet + HyOp — FE8t + OH™ +°*OH

Nevertheless, the nature of these species is still under discus-
sion and its formulation has been a subject of controversy in
the past and recent Fenton’s-related literafidrel 1]

In our previous study, the initial concentrations of ferrous
ion and the F& to H,O» ratios (F/H ratios) were reported
as the dominant parameters that determined the efficiency
of the Fenton’s proced4.2]. In general, the use of higher
doses or F/H ratios guarantees faster and more comprehen-
sive removal of the target compound; however, unnecessary
over-dosing or disregarded under-dosing make the process
less cost-effective or non-efficient. Thus it is especially im-
portant to optimize such a treatment system by evaluating the
necessary information of the kinetics data together with the
doses of F& and H0,. Hence, the objective of the present
work were: (i) to determine the capacity and/or performance
of the ATZ oxidation through the examination of reaction ki-
netics at various dosages of hydrogen peroxide and ferrous
ion; (ii) to propose the practical model based on these find-
ings; (iii) to investigate the transformation products and to
evaluate the degradation pathways of the ATZ decay in Fen-
ton’s process. The identification of reaction intermediates was
performed using liquid chromatography (LC) together with
the stae-of-the-art electrospray ionization-mass spectrometry
(ESI-MS) and tandem mass spectrometry (MS/MS), which
separate and directly characterize the reaction products to re-
veal the degradation mechanism and reaction pathways of the
process.

2. Methodology
2.1. Chemicals

Nonlabeled ATZ at 99% purity and its main decayed
intermediates (which were available in market) were pur-
chased from RdH Laborchemikalien GmbH & Co. including
2-chloro-4-(isopropylamino)-6-amingtriazine, 99.9%
(CIAT), 2-chloro-4-(ethylamino)-6-amine-triazine, 96.1%

(CEAT), 2-hydroxy-4-(isopropylamino)-6-(ethylamino)-
striazine, 94.7%(OIET),  2-hydroxy-4-(ethylamino)-
6-aminos-triazine, 95.4% (OEAT), and 2-hydroxy-4-

(isopropylamino)-6-aminag-triazine, 98.7% (OIAT). The
stock solutions of ATZ, CIAT, CEAT, OIET, OEAT and
OIAT were prepared in stock solution at 0.116, 0.128,
0.212, 0.05, 0.100 and 0.106 mmoll, respectively, in
HPLC-water. Acetonitrile (from Labscan Asia Co. Ltd.)
was degassed before being used in high-performance liquid
chromatography (HPLC). Ferrous salt (FeSM,0) and
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H205 (30% solution) were purchased from RbH and Junsei Table 1

Chemical Ltd. (Japan), respectively. Sulfuric acid was used Identified degradation products and their main fragments determined by
. ' LC/ESI-MS/MS

to adjust the pH of the system, and methanol purchased from

Labscan was used as a quenching solution. Compounds 'Retent.ion [M+H*] ESI-MS/MS spectrumryz) ions
time (min)
2 2. Test methods ATZ 12.43 216 216, 174, 146, 132, 110, 104, 96, 68
met-CMIT 1192 246 248, 188, 130, 104
) ) CcDIT 9.77 230 230, 188, 146, 110, 104, 79, 68
A series of batch tests were employed to determine the g a7 8.80 188 188, 146, 110, 104, 79, 68
degradation of ATZ under different fFeconcentrations and ~ OIET 820 198 198, 156, 128, 114, 86
F/H ratios. Various F/H ratios at 0.33, 0.50, 1.00, 2.00 and CEAT 7.45 174 174,146, 132, 110, 104, 96, 79, 68
3.00 were adjusted by different proportions of Red HOs. CDET 738 216 216, 188, 174, 146, 132, 104, 96, 79,
The concentrations of Bewere adjusted at 0.05, 0.10, 0.15 AAT 6.25 128 7112’86886
and 0.20 mmol £2, and the solution pH in this study was set  op;t 6.02 212 212, 170, 128, 86
at 2 by using 4 M HSQy buffer solution. The reactors were  ODET 600 198 198, 170, 156, 128
enclosed by aluminum foil to prevent any side reaction from CDAT 5.60 188 188, 146
the lightin the room. Samples of 1 mL taken at different treat- ga'f ggg 1;8 1;8* 122* 22
ment times were m_lxed with the same volum_e of methanol CAAT 4.82 146 146: 110: 104, 79, 68, 62
to quench the reactidd0]. The quenched solution was then qgar 458 156 156, 128, 114, 96, 86, 71

Cenmqued at 3200 rpm for 10 min, and the supernatant was Remark All the data were resulted from this study. Abbreviation of the
filtered by 90um filter and analyzed by HPLC to quantify  compounds listed in “nomenclature” section.
the remaining ATZ in the system.

transformation intermediates were ranged in 207—221 nm.

2.3. Analytical methods Four-point calibration curves were run for ATZ and its trans-
formation products. When the standards were not available,
2.3.1. High-pressure-liquid-chromatography (HPLC) the response factors were adapted from compounds of a sim-

For the investigation of ATZ degradation, the samples ilar nature (chloro- or hydroxyl-triazines as determined by
were collected from different reaction time and analyzed by the UV spectra) and from the retention times. The LC eluent
HPLC. The HPLC, Finnigan SpectraSYSTEM.C, com- was then directed to the ESI, and positive iods{H*) were
prised a solvent degasser, quaternary gradient pump, inerdetected in the selected reaction monitoring mode. The ESI
autosampler with a 2@L injection loop, and photodiode  probe was installed with sheath and auxiliary gasses run at
array UV detector. The chromatographic separations were80 and 20 units, respectively. MS conditions were as follows:
performed on the stainless steel Restek columum54.6 the capillary temperature was set at 280with a voltage of
(i.d.) x 250 mm Pinnacl&¥ Octyl Amine column. The max- 46V and a spray voltage of 4.5kV. The MS/MS experiments
imum absorption wavelength of ATZ was selected at 221 nm. were carried out by using helium as the collision gas (30,
The mobile phase consisted of 60% acetonitrile with 40% 100% collision energy corresponding to 5V from peak to
DDW was delivered at a flow rate of 1.5 mL mih which peak).
resulted in an ATZ peak at 3.5 min. In addition, a five-point The retention time, precursdvi+ H*), and MS/MS spec-
calibration curve was run for ATZ with detection limit of trum ions are listed iffable 1 It should be noted that all of

1.59uM. the reported CMIT data in this study were originally from the
results of met-CMIT, where the CMIT was transferred into

2.3.2. Electrospray-ionization met-CMIT during the quenching by methari@B]. Degra-

tandem-mass-spectrometry (ESI-MS/MS) dations of the ATZ’s intermediates were conducted by the

The investigation of ATZ's transformation intermediates stocks from purchase in the separating tests.
were performed by HPLC cooperated with electrospray-
ionization and tandem-mass-spectrometry (HPLC/ESI-
MS/MS), Finnigan ThermoQuest LCQ Duo. The eluent 3. Results and discussion
(1 mL min—1) was delivered by a gradient system from HPLC
and partitioned by an Alltech (Alltech Associates Inc.) Hy- 3.1. Kinetic model
persil ODS column (g, 5pum, 4.6x 250 mm). The elu-
tion was carried out with a gradient flow of from 95 to 0% In a previous work, the decay of ATZ at various [fe
of ammonia acetate (5mmott, pH 4.6), and from 5to  and [HO,] concentrations in the combinations of different
89% of acetonitrile, together with 0-11% of water in 15 min. F/H ratios ([F&] to [H.O,] ratios) was studied (Chan and
After the analytical run, the column was rinsed with a so- Chu, 2003). The reactions of 0.01 mmolLATZ under fixed
lution containing 50% methanol and 50% water for 5min doses of [F&]at0.20,0.15,0.10 and 0.05 mmot Lwith F/H
and the mobile phase returned to the initial condition in ratios ranging from 3.00 to 0.33 are showrkig. 1 Depend-
5 min. The maximum absorption wavelength of ATZ and its ing on the initial doses and F/H ratios, about 40—-98% of ATZ
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Fig. 1. (a) A typical decay curve of ATZ in a two-stage model for the Fenton’s process with 0.10 mini#le!' ] at F/H ratio of 0.33. The initial [ATZ} was
0.01 mmol =2, (b) The degradation kinetics of ATZ in Fenton’s process. F/H ratio is the ratio 81{6e[H,05].

was eventually removed at an extended reaction time, indi- the reaction kinetics in each phase could be expressed as:
cating that both the Feand HO,» were consumable and/or

would be deactivated in the process. At a fixed'[Feoncen- diATZ] _ —k[ATZ]" (1)

tration, generally the higher the §,] (or the lower the F/H dr

ratio), the faster the ATZ degrade. Likewise, at a fixed F/H Where [ATZ] is the concentration of ATZ (mmofi!) andn

ratio, the higher the [RY, the faster and higher the fraction is the kinetic order. By using the integral method with least

of the ATZ degradation. The results suggest that the level of square approaghi4], the second-order kinetic was found best

remaining ATZ and rate of ATZ decay depend on the suffi- fitted with our data (se&able 2. Thus, a two-stage model (in

ciency of oxidant HO, and Fé. terms of phases | and Il) was acquired to describe the process.
The degradation of ATZ by Fenton’s process was a compli- The two kinetic rate constants therefore were obtained by the

cated process due to the involvement of many uncountablefollowing two equations:

side reactions and intermediates. The process could not b ) 1

easily depicted by a simple reaction kinetics, so a new ap- asel: [ATZ] - [ATZ] o thu (0=r=mn) @)
proach was adopted to divide the process into two phases

(i.e., arapid phase | followed by a retarded phase Il) for the ppase | - 1 _ 1 Tho(t—10) (t>1) (3)
highest precision. In considering the probe (i.e., ATZ) decay, [ATZ]  [ATZ]p
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Table 2
Determination of the parametets; ( by, andty) of the proposed two-stage model of the degradation of ATZ
[F€'] (mmolL—1) F/H ratio Phase | Phase Il

by (mmolL1s™1) 22 by (mmolL1s1) R2 tp (S)

0.20 3.00 3000 0.850 0.750 0.827 279
0.20 2.00 P31 0.984 0.302 0.845 21
0.20 1.00 810 0.896 0.284 0.990 124
0.20 0.50 21445 0.717 0.224 0.841 e12!
0.20 0.33 2490 0.913 0.126 0.809 55
0.15 3.00 1341 0.962 0.215 0.928 3@
0.15 2.00 211 0.966 0.122 0.885 288
0.15 1.00 5305 0.985 0.074 0.650 165
0.15 0.50 °57 0.997 0.037 0.979 jle: 1
0.15 0.33 1400 0.958 0.033 0.963 E)
0.10 3.00 0667 0.887 0.083 0.995 36D
0.10 2.00 103 0.974 0.033 0.959 348
0.10 1.00 2151 0.990 0.031 0.875 2%
0.10 0.50 4350 0.992 0.021 0.157 205
0.10 0.33 452 0.915 0.010 0.755 1B
0.05 3.00 @68 0.526 0.017 0.751 258
0.05 2.00 825 0.802 0.024 0.939 25
0.05 1.00 0750 0.944 0.011 0.052 24
0.05 0.50 1355 0.974 0.007 0.802 18!
0.05 0.33 1675 0.969 0.005 0.956 160

Since the [ATZ}, can be solved from Eq2) whent is tp:
1 1
[ATZ], [ATZ]q
The overall equation in phase Il is available by merging Egs.

(3) and(4):
1 1
w7z~ A, ©

where [ATZ], and [ATZ], are the concentrations of ATZ
(mmol L~1) at the beginning and at the break point of the
two phases, respectively. The break point titgein second,

+ b1tp 4)

+ batp + bo(t — 1) (¢ > tp)

also be higher in the phase I, which makes theand b,

a positive correlation. The negative slope indicates that the
by andby do not have a proportional relationship; instead,
an increase ab; will reduceby accordingly in an exponen-
tial trend, and vice versa. This is an interesting observation
which may be rationalized by the availability of ATZ in the
system. As the oxidative power of Fenton’s process was low
and can only degrade ATZ partially in phase | (lows),
more [ATZ], would be available in the solution for the phase
Il reaction. Thus higher initial [ATZ] concentration resulted
infaster decay (highdm). Conversely, as the oxidative power
of Fenton’s process was high, most of the ATZ was degraded

is the observed time separating phases | and Il in the reac-in phase I (highebs), and very low [ATZ], was left for the

tion. Theb; andb, are the rate constants (mmotts1)
of phases | and I, and the schematic diagram of a typical
two-stage kinetic is plotted iRig. 1. The parameters;, b,
andt, were determined and listed able 2 Thus, the first
correlation that can be identified is the relationships between
b, andbs, as plotted irFig. 2

Four parallel straight lines were obtained from the four
different ferrous concentrations at 0.20, 0.15, 0.10 and
0.05 mmol L1, if logarithmic axes were used. The linearized
curves with a common slope ef0.682 were determined and
formulated by Eq(6):

Inby = Iy — 0.682 Inbq (6)

wherelp is the intercept of all regression linesHig. 2 These
relationships show that the reaction kinetics of phases | and
Il were inter-correlated. It shows that the increment of [Fe
will increase bothb; and by, justifying that a higher con-
centration of ferrous ions results in higher oxidative power
of Fenton’s process. If the initial reagent concentration is

6

o [Fe"]: 0.20 mmol L' 0

o [l’c"l: 0.15 mmol L ENN
44 are"0.10 mmol L -

X [Fe"): 0.05 mmol 1! 4 4

0.1 02

[I:c“I (mmol Lh

0

In b2

)

\

In b]

)

Fig. 2. Correlation of the rate constaisandb, of phases | and Il kinetics

high, the corresponding remaining of these reagents should(insert: correlation of,, and ferrous concentrations [H.
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F/H Ratio 0 0.1 0.2 03 04 0.5 0.6

[H202] (mmol L )

Fig. 3. Correlation of the phase | rate consthntand F/H ratio (insert:
correlation ofl, and ferrous concentrations [F. Fig. 4. Correlation on the break point timg, and hydrogen peroxide

dosage, [HO,].
phase Il reaction, thus resulting in a lower The intercepts
I, were clearly dependent on ferrous concentrations with an
r2 of 0.999 (see the insert iRig. 2), the linear equation is
therefore:

3.2. Application of the model

For general practices, it is better to re-organize the above
Iy = 34.048[Fe(Il)] — 6.452 @) equations by using some terms that are ready to use, such as

_ _ o L _ [F€''] and [H>O5]. Therefore, the equations regarding by,
in Wh!Ch [FE'] (in mmolL~1) is the ferrous concentration andt, are rewritten in Eqs(11)—(13)as follows:
used in the system.

The phase | decay rate consthntan also be resolved and . 3 8[Fe(| D]
correlated with the F/H ratio as depictedriy. 3; similarly, by =exp <16.738[Fe(||)] 081 [H207] (11)
four parallel lines with a negative common slope of 0.818

was formulated in EQ8): by = exp (22.633[Fe(||)]+ 0.558% - 6.452) (12)
22
Fe(ll
Inby = I — 0.818% 8) 4 = exp(5759— 3.029[H,0,]) (13)

where [H0,] (in mmol L~2) is the hydrogen peroxide used Combining Eqgs.(2), (5), (11)-(13) completes the kinetic

in the system, ant} is the intercept, which can be correlated moydel, in which the remaining ATZ in the presence of Fen-
to ferrous concentrations with aR of 0.981 (see the insert ~ ON'S reagent at any practical combination and reaction time

in Fig. 3. The linear equation is therefore: becomes predictable. The predicted curves based on the pro-
posed model were compared to the raw data and a typical
Ir = 16.738[Fe(Il)] 9 example is depicted ifrig. 5. The observed error was less

than 8%, which justifies that the proposed model can predict
the ATZ decay successfully.

To fully expand the usefulness of the proposed model,
. S o Fig. 6 was custom-made based on the proposed model. It
Iandbll in t_helr(iagtlo_?rlf '9. 4520\'\['55 thellgthe break pointtime shows the performance of ATZ decay (%) under different
can be co-related with [¥0o] by Eq. (10): combinations of ferrous ion and hydrogen peroxide and their
In 7y = 5.759— 3.029[HO5] (10) associated rate constants in phags I .The reason for using

the phase | reaction as the performance indicator is because

The physical meaning of Eq10) is that the system will  the majority of the ATZ is degraded in phase I, so that the
take a longer time to reach break point (or terminate phasejnefficient and prolonged phase Il reaction is not appropriate
1) if less hydrogen peroxide is used. This is likely due to the and will not be accounted for in the system design. In addition,
lack of oxidant source in the solution, which will reduce the itis interesting to find out that in order to achieve the same
chance of molecular collisions between the reactants in thEATZ decay performanCE, the possib|e combination df Fe
sub-reaction§1?]. Therefore, more time will be required to  and H,0, is not limited to one. Such characteristics make the
accomplish phase I. Fenton’ process very complex to design properly; therefore, a

After theb; andl, were worked out, the phase Il decay rate
b, could easily be resolved by E().
The break point timey, (S) was used to distinguish phases
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(iif) The Fenton’s reagent combination that gives the mini-
mal sum of the chemical and capital costs from the above
two criteria should be adopted for design.

ooty F/H ratio 0.50 (model)

—— F/H ratio 1.00 (model)
——===F/H ratio 2.00 (model)
X F/H ratio 0.50 (data)

a  F/Hratio 1.00 (data)

Hrati Therefore, based on the proposed modelEigd6, the op-
o F/Hratio 2.00 (data)

timization of the Fenton’s process and treatment plant design

0.006 . .
' is realized.

[ATZ] (mmol L")

0.004 1 . . .
: 3.3. Atrazine degradation mechanism

00021 ° EN In this study, ATZ was degraded by 0.1 mmofi[Fe']
O T T ~ and [HO] and 10 intermediates were identified during the
0.000 : : Fenton’s process. The transformation/degradation pathways
0 500 1000 1500 were organized and shownkig. 7. The intermediates were

categorized into primary, secondary and tertiary intermedi-
ates, and all of them were sorted by chlorinated or dechlo-
Fig. 5. Prediction of ATZ oxidation by the proposed model in Fenton's rinated products. In the process, the major oxidant was the
process with 0.10 mmolt!of [Fe'] in various F/H ratios. HO*, since HOO and its conjugate base,®were much
less reactive as hydroxyl radicdls5,16] The presence of
procedure to optimize the treatment plant design of Fenton’s HO® initiated the decay of ATZ through alkylic-oxidation
system is proposed: (alkylamino side-chain oxidation), dealkylation (alkylic side-
chain cleavage), and/or dechlorination (hydroxylation at the
() Draw a horizontal line irFig. 6to identify the required  chlorine site), and generated the corresponding intermedi-
effluent quality at the end of phase I. This will return  ates. Dealkylation might be occurred by the abstraction of
many combinations of Feand HO, that will allow the hydrogen atom (H) from the secondary carbon atom (C) of
designers to achieve similar effluent quality for direct the ethylamino side-chain producing a free radical (£4))
discharge, and the chemical cost of each combination [10], which subsequently produced various intermediates.
should be evaluated.
(i) The phase | decay rateby( for those selected Heand HO® + RNHCH;CH3 (=ATZ) — H20 + RNHC*HCHj3
H>0O, combinations that resulted from part (i) can be (14)
identified from thex-axis of Fig. 6, since the reactor
size can be determined by the retention time (under a pechlorination—hydroxylation could be initiated by an HO
constant flow rate of course), and the retention time can attack of thes-triazine ring at the C—Cl position, resulting in
be solved from the identified decay rdte The capital  an oxidation of the aromatic heterocyclic ring (of ATZ), while
cost of all selected Fenton’s reagent combinations can hydroxylation occurred simultaneously, so that the chlorine
therefore be calculated. atom was substituted by a hydroxyl group. Hence, various
hydroxylateds-triazines formed in the solution.
10 Previously, the Fenton’s process was characterized as a

Reactiontime (s)

100 | process with a rapid initial reaction rate, followed by a stag-
o O D nant stage in an extended reaction time (after 700s in this
70 gg@ [] case) due to the rapid initial production and consumption

80 1 : of oxidative reagents, respectively. The short-lived property
70 & and unselective reactivity of HOmight limit the extent of

60 | the removal of ATZ and even lower the reduction of other
intermediates. However, the further degradation of the con-
centrations of derivatives in the stagnant stage was observed
(after 700s). This could result from some less reactive radi-
cals such as HOOR®, ROC, which were generated during
Fenton’s process, and/or the transient oxygen species that

014+ A AA
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. <0 O()

[Fel] mmol 1Yy

:
]
|
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Fig. 6. Performances of Fenton’s process for ATZ decay at the end of phase
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Rate constant in Phase 1, b,

resulted from residual $0, [17]. However, these radicals
were not active enough to oxidize ATZ, but were still useful
in oxidizing selective intermediates in the solution.

In Fig. 8 the rise of concentrations of three primary
intermediates CDET, CMIT, and CDIT (8, 35 and 53%,
respectively, at 350s reaction time) (except OIET) in the
beginning of reaction suggested that the decay of ATZ was
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Fig. 7. Degradation pathways of ATZ. Percentages (at 350 s reaction time) given for the relative importance of a pathway (no indications mean 100%).
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Fig. 8. Degradation profile of ATZ to the primary intermediates (i.e., OIET,
CDET, CDIT and CMIT).

mainly initiated by alkylic-oxidation. Then, the dealkylation
of CDET vyielded CEAT at a high concentration, followed
by another alkylic-oxidation to form CDAT in the next 200 s
(Figs. 7 and ® The comparatively high [CEAT] might result

from the higher dealkylation rate of CDET (i.e., the formation
of CEAT) than that of the decay of CEAT. A similar reaction

235
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20 | —e— Primary products

Percent of intermediates (%)

h

0 1000 2000

Reaction time (s)
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Fig. 9. Degradation profile of the primary intermediates to the secondary
intermediates (i.e., CIAT, CEAT and ODIT).

The degradation profiles of the primary, secondary and ter-
tiary intermediates were depictedhig. 10 The CDAT was
further dealkylated to the CAAT that exhibited a sharp/major
peak compared to the others. The high concentration of
CAAT justified that, again, dealkylation is the dominant path-
way in Fenton’s process. After the [ODIT] and [CAAT]
dropped from their peak concentration, [OAAT] reached its
maximum. This could be the result of both the dealkylation of

was also observed on CDIT and CMIT. Thus, a dealkylated ODIT and the dechlorination—hydroxylation of CAAT. Judg-

product of CIAT gradually increased after the [CDIT] and ing from the structure of OAAT, no side-chain or functional

[CMIT] descended from their peaks of concentration. By group could be further oxidized easily without opening the
conducting a separated test on the degradation of CIAT aromatic heterocyclic ring or replacing the amine groups. It
(CIAT as the starting probe), this showed that CIAT subse- suggested that OAAT was the terminal product of ATZ decay
guently formed CDAT by alkylic-oxidation. It is interesting in Fenton’s process.

to point out that [CIAT] rose continuously in the stagnant

stage, while the HOwas known to be deficient. This is likely 40

due to the presence of less reactive radicals (@@ G°) ig:ﬂ
in the solutions, which were in favor of reacting with the 35 T e CDAT

methylethanolamino structure of CM[L3]. Therefore, the
CMIT could be easily degraded to CIAT by weaker oxidants.
On the other hand, the dechlorinated product OIET was
observed at a lower concentration with a lower transfor-
mation rate (only 4% at 360s reaction timé&)d. 8). This
suggested that the dechlorination of ATZ by Fenton’s pro-
cess was not a preferential pathway while competing with
alkylic-oxidation and the dealkylation of ATZ. In a separate
test involving the degradation of OIET as the starting probe
by Fenton’s process, the alkylic-oxidation product, ODIT,

—e— Primary products

30 F Secondary products

25

Percent of intermediates (%)

was found to be the sole degradation intermediate of OIET 5 f
(Fig. 7). According toFig. 9, however, ODIT was detected
before the formation of OIET, suggesting that the oxidation 0

0 1000 2000
Reaction time (s)

of OIET was not the only source responsible for the forma- 3000

tion of ODIT during the degradation of ATZ. Apparently, the
dechlorination—hydroxylation of CDIT (71% of total) was

Y ) - Fig. 10. Degradation profile of the primary intermediates and secondary
the additional pathway in generating ODIT.

intermediates to OAAT, CAAT and CDAT.
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conditions of Fenton’s process, a practical model for predict-
ing ATZ decay performance based on two simple parameters
| [F€''] and [H20,] was derived successfully. The proposed

. model was further expanded through the re-combination of
el the F¢ and O, dosages, compound decay performance,
and decay rates, so that the optimization of treatment perfor-
mance and treatment plant design is possible.

Besides, the transformation mechanism of ATZ degra-
dation by Fenton’s process was successfully investigated.
20 | Totally 10 intermediates were identified. The degrada-
tion pathways of ATZ were evaluated. It was found
that the alkylic-oxidation followed by dealkylation and
[ ';::‘I'l{:;_il‘=-'°" dechlorination—hydroxylation were likely the major path-

ways. Besides, there was no ring-cleavage occurred on the
) e ATZ.
0 500 1000 1500 2000 2500 3000 3500
Reaction time (s)

Total s -triazine

100 ¢ A

60

Percent of products (%)

20

Fig. 11. Comparison of chlorinated and dechlorinated products of the degra- ACknOWIedgemem

dation of ATZ by Fenton’s process. . ) )
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