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The residues of atrazine in surface and ground water will cause harm to human health as they are slowly
biodegraded microbiologically. In this work, density functional theory (DFT) and the polarizable
continuum model (PCM) were used to investigate the degradation of atrazine in an agueous medium by
Fenton oxidation technology. The results show that H atom abstraction pathways are more probable
than both OH radical addition and Cl atom substitution pathways. Moreover, the H atom abstraction
from the —CH- of —CH(CH3), group and —CH,— of —CH,CH3z group are expected to occur more easily.
New dealkylation and alkyl oxidation mechanisms are proposed, in which water can act as a catalyst to
reduce the reaction barrier dramatically. The stable intermediates and products: CHzsCOCHs, DEDIA, DIA,
DEA, CAFT, CDAT, CDET, CDFT and CFIT, have been identified with LC/MS analysis. This study offers
a cost-effective way to probe the degradation mechanism of atrazine in an agueous medium by Fenton
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Introduction

Triazine is used worldwide to combat grassy and broadleaf
weeds in many agricultural crops as well as for non-agricultural
purposes, such as soil sterilization and road maintenance."
Atrazine (ATZ), with its chemical name 2-chloro-4-ethylamino-6-
isopropylamino-s-triazine (CgH,,CIN;), is the main representa-
tive of the s-triazines and has been most widely used in the
world in the last several decades.>™ It was detected ubiquitously
in surface and ground water in many countries. ATZ has been
identified as a putative endocrine disruptor and classified as
a class C carcinogen.>® The chromosomes of Chinese hamster
egg cells will be damaged if they are exposed to 1.08-17.26 pg
L™ of ATZ within two days. The widespread use of ATZ has
caused concentrations exceeding the limit of surface and
ground water throughout Europe and the United States.®'
Thus, the commercial use of ATZ has been banned in several
countries."* However, its presence in surface and ground water
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continues to last for several years. The search for effective
methods to remove ATZ from water is of importance.

Water treatment processes include physical processes,'>*?
biological processes,'**® chemical processes,"”'® catalytic
oxidation'?® and several advanced oxidation processes (AOPs).

In general, absorption and extraction are cost effective and
easy to perform. However, they only transfer the pollutant to
another phase, without promoting its degradation to a less
harmful species.*® ATZ is toxic to microorganisms, and the
triazine-ring itself is quite resistant to microbial attacks.”?* As
a result, conventional biological remediation is neither efficient
and nor suitable for removing higher concentrations of ATZ
from contaminated water rapidly. In the chemical process,
AOPs are potentially useful to treat pesticide wastes because
they generate powerful oxidizing agents. Several AOPs have
been applied to ATZ degradation in the aqueous medium, such
as sonolysis,*** electron-beam irradiation,*® TiO,-supported UV
photolysis,?”*® 03/UV,**?*® UV/H,0,,**** 03/H,0, (ref. 33) and
Fenton oxidation technology, which includes Fenton, photo-
Fenton, and electro-Fenton.?**°

Fenton oxidation technology, which generates hydroxyl
radical (OH), is a promising method to treat wastewater con-
taining ATZ. The Fenton system consists of a mixture of ferrous
salt (Fe*") and H,0,, namely Fenton's reagent. OH can be
produced in the reaction, H,0, + Fe** — Fe’" + OH™ + OH. Laat
has compared the efficiencies of degradation of ATZ by several
AOPs, and found that the photo-Fenton process was more effi-
cient than H,0,/UV.* Khan have compared the degradation of
ATZ by photo-Fenton and photo-Fenton-like oxidation tech-
nologies. It is suggested that they are capable of removing ATZ
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from water efficiently, but this study did not cover the degra-
dation mechanism.*® Balci has studied the degradation mech-
anism of ATZ in the aqueous medium by electro-Fenton
oxidation.’ Considering all oxidation reaction intermediates
and products, a general reaction mechanism for ATZ degrada-
tion by OH was proposed. But the mechanism proposed in the
experiment wasn't detailed enough. Mackul'ak identified the
degradation products of atrazine by HPLC after application of
the Fenton reaction and modified Fenton reaction, including
some small organic molecules such as oxalic acid, urea, formic
acid, acetic acid, and acetone. But their attention was focused
on the small fragments of the degradation process that were
identified by HPLC, the intermediates were not found.** Theo-
retical calculation can provide information for the reaction
intermediates and pathways. Many theoretical studies on the
degradation reaction by OH radical have been reported.*>** In
this work, the density functional theory (DFT) calculation and
the polarized continuum model (PCM)*~** were performed to
investigate the degradation of ATZ by OH radical, and the roles
of other components in Fenton's reagent have also considered.
This study was helpful to further perfect the experimental
mechanism, and could make up the inadequacy of experi-
mental measurement on the short-lived substances, which
provided the theoretical support for the removal of ATZ by
Fenton oxidation treatment. In order to verify the theoretical
results, liquid chromatography/mass spectrometry (LC/MS)
analysis was used to identify the major intermediates and
products.

Computational methods, experimental
materials and analysis

Computational methods

Using the GAUSSIAN 09 programs,*” high-level ab initio
molecular orbital calculation is carried out for the reaction of
ATZ with the OH radical. The geometrical parameters of
stationary points are optimized at the M05-2X/6-31+G(d,p)
level. The M05-2X functional is of high nonlocality with the
double amount of nonlocal exchange (2x), which is an excel-
lent method to predict noncovalent interactions.*® The vibra-
tional frequencies have been calculated at the same level in
order to determine the nature of stationary points. Each
transition state is verified to connect the designated reactants
and products by performing an intrinsic reaction coordinate
(IRC) analysis.* The PCM is chosen to calculate the solution-
phase energy.

Materials and chemicals

Atrazine (ATZ > 98%) was purchased from Weifang Hua Yun
Environmental Protection Technology Co., Ltd. Ferrous sulfate
heptahydrate (FeSO,-7H,O >97%), hydrogen peroxide H,O,
(30%), HCI and sodium hydroxide NaOH were all analytical-
grade and were purchased from Tianjin Kemiou Chemical
Reagent Co., Ltd. All chemicals were used as being received
without further purification.
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Experiment methods

The stock solution of ATZ was prepared at 10 mg L' in
distilled-deionized water, and the pH values of solutions were
adjusted with HCl or NaOH. Two hundred milliliters of ATZ
aqueous solution was added, adjusting pH prior to 2-3. The
desired dosage of FeSO,-7H,0/H,0, was added thereafter to
initiate the reaction. The mixture was magnetically stirred at
200 rpm at 25 °C. At different time intervals, 100 pL solution was
taken out with an injector, and then filtered through 0.22 um
membranes before LC/MS analysis.

Experimental analysis

The oxidative degradation products of ATZ were analyzed by LC/
MS with a LCQ Fleet (Thermo Fisher Scientific, USA), using
a Waters SunFireTM-C18 column (4.6 mm X 250 mm, 5 um).
Electron spray ionization (ESI) was used with a spray voltage set
at 5000 V; sheath gas flow rate, aux gas flow rate and capillary
temperature were set at 30 arb, 10 arb, and 300 °C, respectively.
The mass spectra data were obtained in the positive ion mode
after scanning them from m/z 50 to 350.

Results and discussion
Initial reactions with OH radical

The OH radical addition to the C atom of triazine-ring, Cl atom
substitution and H atom abstraction from ATZ are three
possible kinds of channels for the reaction of ATZ with OH
radical. The reaction pathways of OH radical addition, Cl atom
substitution and H atom abstraction are depicted in Fig. 1 and
2, in which the potential barriers (E,) and the reaction heats (E,)
are marked too. The optimized structures of the transition
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Fig.1 OH radical addition pathways and Cl atom substitution pathway
in aqueous solution with the potential barriers £, (kcal mol™) and the
reaction heats E, (kcal mol™).
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states involved in reactions of ATZ with OH radical are shown in
Fig. 3.

A OH radical addition pathways. With the potential
barriers of 16.32 and 21.46 kcal mol™*, OH radicals are added to
C; atom and C; atom in the triazine-ring, respectively. The
lengths of the newly formed C;-O bond and C;-O bond in two
transition-states are 1.768 and 1.774 A, which are 0.380 and
0.382 A longer than those in the corresponding ATZ-OH
adducts. These processes are slightly endothermic, giving out
2.74 and 6.72 keal mol " of energy, respectively. Thus, the ATZ-
OH adducts are unstable, and can further react with the dis-
solved oxygen in water.

B Cl atom substitution pathway. Since OH is a strongly
nucleophilic radical, the Cl atom which is attached to Cs atom
can be substituted for OH radical, producing hydroxyatrazine
(HA, denoted as IM3) and Cl atom. This process crosses
a potential barrier with 12.25 kcal mol " of energy, which is
lower than the barrier added to the C; and C; atom of C=N
bond. This reaction is strongly exothermic, releasing 28.10 kcal
mol ' of energy, implying that Cl atom substitution pathway is
an energetically favorable reaction. HA is stable and has been
detected in the experiment.*

C H atom abstraction pathways. As shown in Fig. 2, six H-
abstraction sites exist in ATZ structure: two in the ethyl group,
two in the iso-propyl group, one in the -NH- of ethylamino and
one in the -NH- of iso-propylamino.

In the ethyl group, i.e., -CH,CH3, the OH radical can abstract
H atom from either -CH,- group or the -CH; group. A transi-
tion state (TS4) was found in the abstraction of H atom in -CHj;
group. This process has a potential barrier with 7.38 kcal mol ™
and is exothermic releasing 14.29 keal mol ' of energy. In H
atom abstraction from the -CH,- group, OH radical abstracts H
atom to produce IM5 via a small potential barrier with 2.02 kcal
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Fig. 2 H atom abstraction pathways in aqueous solution with the
potential barriers E, (kcal mol™) and the reaction heats £, (kcal mol™?).
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Fig. 3 Optimized geometries for the transition states involved in the
initial reactions with OH radical. Distances are in angstroms.

mol " of energy. This reaction is strongly exothermic, sending
out 25.60 kcal mol™' of energy, which shows that the H
abstraction from the -CH,- group is easier than the H
abstraction from the -CH; group.

H atom is abstracted from the iso-propyl group, ie., the
—-CH(CH3;), group proceeds via either -CH- group or the -CHj
group. These reactions are required to overcome the barrier with
1.72 and 6.57 kecal mol " of energy, and are strongly exothermic,
releasing 22.26 and 14.17 kcal mol ' of energy, respectively.
Therefore, the abstraction from the -CH- group takes place
more easily than H abstraction from the -CH; group.

As to H atom abstraction from the -NH- of ethylamino and
-NH- of iso-propylamino, i.e., -NHCH,CH; and -NHCH(CH3;),,
the two reactions need to cross the barrier of 10.22 and 10.99
keal mol ™" and are exothermic, giving out 7.03 and 6.47 keal
mol™" of energy, respectively. Comparison of these initial
reactions with OH radicals show that H atom abstraction from
the -CH- of -CH(CH3), group and the -CH,- of -CH,CHj; group
can occur more easily and are expected to play an important role
in further reactions. Therefore, the ethyl group is more reactive
than the isopropyl group during OH radical attack, which is
consistent with the research of Acero.*

Water catalysis in subsequent reactions

From the point of thermodynamics, H atom abstraction path-
ways are easier to take place than OH radical addition pathways
and Cl atom substitution pathway. And H atom abstraction
from the -CH- of -CH(CHj3;), group and the -CH,- group of
—-CH,CH; are expected to occur more easily. Thus, in this
section, intermediates IM5 and IM6 are selected as reactants in
the following degradation process.

The production of carbon-centered radicals, IM5 and IM6,
can be combined with OH radicals through barrierless reac-
tions, generating IM10 and IM11. These processes are strongly

RSC Aadv., 2017, 7, 1581-1587 | 1583
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Fig. 4 The dealkylation and alkyl oxidation process of IM10 in aqueous medium by Fenton oxidation technology.

Table 1 The potential barriers (E;) and reaction heats (E,) of following reactions of IM10 and IM11
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gy

CH,;COCH,

CH,COCH,

2
+ 93

CH,

Reactions

Potential barriers (E,)

Reaction heats (E,)

IM10 — TS10-A1 — IM12-A + CH,CHO

IM10 + H,0 — TS10-A2 — IM12-A + CH;CHO + H,0
IM12-A + OH — TS12A — IM14-A + H,0

IM14-A + OH — IM16-A

IM16-A — TS16-A1 — P1 + CH,COCHj,

IM16-A + H,0 — TS16-A2 — P1 + CH;COCH; + H,0
IM16-A — TS16-A3 — P2 + CH,

IM16-A + H,0 — TS16-A4 — P2 + CH, + H,0

IM10 — TS10-B1 — IM12-B + CH,CHO

IM10 + H,0 — TS10-B2 — IM12-B + CH;CHO + H,0
IM12-B + OH — TS12B — IM14-B + H,0

IM14-B + OH — IM16-B

IM16-B — TS16-B1 — P3 + CH,COCH,

IM16-B + H,0 — TS16-B2 — P3 + CH;COCH; + H,0
IM16-B — TS16-B3 — P4 + CH,

IM16-B + H,0 — TS16-B4 — P4 + CH, + H,0

IM11 — TS11-A1 — IM13-A + CH,COCH,

IM11 + H,0 — TS11-A2 — IM13-A + CH,COCH; + H,0
IM13-A + OH — TS3A — IM15-A + H,0

IM15-A + OH — IM17-A

IM17-A — TS17-A1 — P1 + CH,CHO

IM17-A + H,0 — TS17-A2 — P1 + CH,CHO + H,0
IM17-A — TS17-A3 — P3 + CH,

IM17-A + H,0 — TS17-A4 — P3 + CH, + H,O

IM11 — TS11-B1 — IM13-B + CH;COCH,

IM11 + H,0 — TS11-B2 — IM13-B + CH,COCH, + H,0
IM13-B + OH — TS3B — IM15-B + H,0

IM15-B + OH — IM17-B

IM17-B — TS17-B1 — P2 + CH,CHO

IM17-B + H,0 — TS17-B2 — P2 + CH,CHO + H,0
IM17-B — TS17-B3 — P4 + CH,

IM17-B + H,0 — TS17-B4 — P4 + CH, + H,0

1584 | RSC Adv., 2017, 7, 1581-1587

54.75
25.22
3.68

54.47
31.12
84.03
66.79
83.83
59.99
6.02

54.65
24.45
84.56
64.10
53.84
24.72
3.20

56.71
26.70
83.11
60.27
88.41
66.86
4.64

57.95
24.78
82.38
59.55

13.91
13.91
—20.66
—96.84
8.28
8.28
7.65
7.65
8.85
8.85
—21.04
—94.92
7.11
7.11
7.84
7.84
8.27
8.27
—24.43
—95.04
15.74
15.74
11.07
11.07
6.81
6.81
—23.80
—94.08
14.98
14.98
11.66
11.66
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Fig. 5 The MS identification of ATZ degradation products.

endothermic, releasing 92.96 and 94.13 kcal mol " of energy.
There are two ways in the following decomposition: deal-
kylation and alkyl oxidation with formation of formamide or
acetamide. The reaction process is shown in Fig. 4 and S1.}

In the dealkylation reaction of IM10, the C;,-Ng bond will be
opened up, accompanied by the H atom migration from the O
atom to the Ng atom. The C;,—-Ng bond in the transition state
TS10-A1 is elongated to 1.747 A as shown in Fig. S2.1 Deethy-
latrazine (DEA, denoted as IM12-A) and acetaldehyde (CH;CHO)
are produced via an apparent barrier of 54.75 keal mol™*, and
this reaction is predicted to be endothermic, giving out 13.91
kcal mol ™" of energy. Given that the barrier of 54.75 kcal mol ™"
is too high for this reaction to play an important role, we took
into account the possible role of a H,0. TS10-A2 shows that H,O
acts as a catalyst with one H atom moving to the Ng atom
simultaneously and extracting an H atom from the OH group.
The C;p-Ng bond will also be broken in this process via the
barrier of 25.22 kcal mol . This process is a concerted reaction.
The water serves as a catalyst to reduce the reaction barrier
dramatically. Although this activation barrier is still high, it is
smaller compared to the energy released from the combination
of IM5 and OH radical.

Besides the dealkylation, IM10 can also ignite alkyl oxidation
reaction with formamide. With a high barrier of 83.83 kcal
mol ™', the C;,-Cy;; bond will be broken along with the H
migration from O to C,3 via a transition state TS10-B1 (Fig. 4). 2-
Chloro-4-formamido-6-isopropylamin-s-triazine (CFIT, denoted

This journal is © The Royal Society of Chemistry 2017
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as IM12-B) and methane (CH,) will be produced in this reaction.
When H,0 gets involved in the reaction, it will act as a catalyst
and reduce the barrier to 59.99 kcal mol " as shown in Fig. 4
and Table 1.

Then in IM12-A and IM12-B, dealkylation or alkyl oxidation
can occur with three steps including H atom abstraction
forming IM14-A and IM14-B, OH radical barrierless addition
forming IM16-A and IM16-B, and C-N bond or C-C bond
cleavage along with H atom migration. Then the stable prod-
ucts, deethyldeisopropylatrazine (DEDIA, denoted as P1), 6-
acetamido-4-amino-2-chloro-s-triazine (CDAT, denoted as P2),
6-amino-2-chloro-4-formamido-s-triazine (CAFT, denoted as
P3), 6-acetamido-2-chloro-4-formamido-s-triazine  (CDFT,
denoted as P4), acetone (CH3;COCH;3) and CH, can come into
being.

The decomposition of IM11 has undergone the similar
pathways, and the schematic diagram of the reaction pathways
and the optimized geometries for the transition states are
drawn in Fig. S1 and S2,} respectively. However, it is worth
noting that deisopropylatrazine (DIA, denoted as IM13-A) and 6-
acetamido-2-chloro-4-ethylamino-s-triazine (CDET, denoted as
IM13-B) will be formed.

The identification of degradation products

The degradation products of the ATZ were identified by LC/MS
analysis and listed in Fig. 5. Several products had prominent
protonated molecular ion at m/z 58.61, 147.08, 174.61, 188.08,
216.10, which were preliminarily identified as CH3;COCHj;,
DEDIA(P1), DIA(IM13-A) or CAFT(P3), DEA(IM12-A) or
CDAT(P2), CFIT(IM12-B) or CDFT(P4) or CDET(IM13-B). Prod-
ucts DEDIA, DIA, DEA, CDAT and CDET had been found out in
earlier studies.'”*® Others were observed for the first time in the
Fenton system.

The toxicity of ATZ and its degradation products have been
evaluated in several studies. Ralston-Hooper et al. evaluated the
acute and chronic toxicity in the amphipods Hyalella azteca and
Diporeia spp., and in the unicellular algae Pseudokirchneriella
subcapitata, and they concluded that acute and chronic toxic-
ities were ranked ATZ > DEA > DIA.** Tchounwouli compared
the toxicities of ATZ, DEA, DIA and DEDIA by Microtox Assay.
They found that DEA and DIA are the least toxic, with EC50
81.86 and 82.68 mg L™ ", followed by ATZ (ECs5, = 39.87 mg L™ 1),
which is consistent with the former.** The EC;5, of DEDIA is
12.74 mg L', and it suggests that the final product has more
toxicity than that of ATZ.

Conclusions

The new degradation mechanism of ATZ in aqueous solutions
has been investigated. From the point of thermodynamics, H
atom abstraction pathways are easier to take place than those of
OH radical addition and CI atom substitution. Moreover, H
atom abstraction from -CH- of -CH(CHj;), group and -CH,-
group of -CH,CH; are the main OH-initiated reactions of ATZ.

The subsequent decomposition of IM10 and IM11 involves
two ways: dealkylation and alkyl oxidation with formation of

RSC Aadv., 2017, 7, 1581-1587 | 1585
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formamide or acetamide. It should be pointed out that H,O can
act as a catalyst to reduce the reaction barrier in these processes
dramatically which is helpful to interpret the high efficiency of
Fenton reagents. This mechanism can also provide a new point
for the OH-initiated chemical transformation of volatile organic
compounds in atmosphere.

The stable intermediates and products, CH;COCH3, DEDIA,
DIA, DEA, CAFT, CDAT, CDET, CDFT and CFIT, have been
observed experimentally. This study offers a cost-effective way to
probe the degradation mechanism of ATZ in the aqueous
medium by Fenton oxidation technology.
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