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tion pH on degradation of atrazine
during UV and UV/H2O2 oxidation: kinetics,
mechanism, and degradation pathways†

Yucan Liu,*a Kai Zhu, *b Miaomiao Su,a Huayu Zhu,c Jianbo Lu,a Yuxia Wang,d

Jinkun Dong,a Hao Qin,a Ying Wanga and Yan Zhanga

The kinetics, degradation mechanism and degradation pathways of atrazine (ATZ) during sole-UV and UV/

H2O2 processes under various pH conditions were investigated; the effects of UV irradiation time and H2O2

dose were also evaluated. A higher reaction rate was observed under neutral pH conditions in the UV only

process. For the UV/H2O2 process, a higher reaction rate was observed in acidic solution and the

degradation rate of ATZ firstly increased with the increase of concentration of H2O2 and then decreased

when H2O2 concentration exceeded 5 mg L�1. In addition, qualitative and quantitative analyses of

oxidation intermediates of ATZ in aqueous solution during the sole-UV and UV/H2O2 processes were

conducted using UPLC-ESI-MS/MS. Ten kinds of dechlorinated intermediates were detected during

sole-UV treatment under all five pH conditions. In contrast, the speciation of intermediates in the UV/

H2O2 process varied dramatically with solution pH. Based on the analysis of ATZ oxidation intermediates,

ATZ degradation pathways under different pH conditions were proposed for the sole-UV and UV/H2O2

processes. The results showed that the main degradation reactions of ATZ included dechlorination-

hydroxylation, dechlorination-dealkylation, de-alkylation, deamination-hydroxylation, alkylic-oxidation of

lateral chains, dehydrogenation-olefination, dechlorination-hydrogenation, dechlorination-methoxylation

and dehydroxylation.
1. Introduction

Atrazine(2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine,
ATZ), the main representative of the chlorinated triazines, has
been widely used in agricultural and forestry elds.1,2 Due to its
high solubility, low adsorbance on soil particles and low
biodegradability in water, ATZ could migrate easily to under-
ground water via inltration or to surface water by runoff.3,4

Therefore, ATZ is frequently detected in surface and ground
waters. As a possible carcinogen and endocrine disrupting
chemical (EDC), numerous studies have reported the negative
impact of ATZ on animals and humans.5–7 Its chlorinated
metabolites were also reportedly EDCs. The occurrence of ATZ
in underground and surface waters has attracted growing
attention from the public and scientic agencies, moreover,
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hemistry 2019
ATZ is classied as a hazardous substance of the Water
Framework Directive in Europe's priority list.8 In order to ensure
drinking water quality, European countries have adopted
a maximum contaminant level (MCL) of 1.0 mg L�1 for ATZ, and
the United States Environmental Protection Agency (US EPA) set
a drinking water limit of 3 mg L�1.9

Due to the inefficiency of conventional water/wastewater
treatment processes in removing ATZ,10,11 comprehensive
efforts have been made to develop effective physical, chemical
and biological methods, such as adsorption,12,13 membrane
separation14,15 and oxidation processes.16–19

The most popular and environmentally friendly oxidation
process is photo-oxidation, and numerous studies have re-
ported the photo-degradation of ATZ in water and wastewa-
ters.20 Dechlorination reaction during photo-oxidation process
could reduce the negative impact of ATZ and its degradation
products since the toxicity of ATZ is related to the chlorine
group.21,22 It is well known that the chlorine in ATZ can be
replaced by hydroxyl group (–OH) under sole-ultraviolet (sole-
UV) light irradiation or combined processes with oxidants or
catalysts during photocatalytic oxidation process.23–25 The
typical degradation pathway of ATZ during photo-oxidation
process is the cleavage of C–Cl bond, giving rise to dechloro-
hydrogenated products.23 In addition, extensive attention has
been devoted to the photocatalytic oxidation processes with
RSC Adv., 2019, 9, 35847–35861 | 35847
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oxidants, such as O3, H2O2 and persulfate (S2O8
2�), in recent

years.26 These composite processes exhibits excellent oxidation
performance of ATZ in water due to the generation of highly
reactive species.27

The removal efficiency of ATZ during the photo-oxidation
process depends on experimental parameters, such as the
type of UV light source, the composition of the solution, and the
speciation and concentrations of oxidants or catalysts.28

However, even under optimal conditions, the complete miner-
alization of ATZ in water could rarely occurred during photo-
oxidation process because of the special chemical properties
of the s-triazine ring.29 Hence, the photo-oxidation reaction of
ATZ is a complicated process including chloro-dealkylation,
dechlorination, dechloro-dealkylation, alkylic-oxidation,
delamination-hydroxylation and olenation, etc.30 Torrents
et al. explored the ATZ degradation by direct and nitrate-
mediated hydroxy radical photo-oxidation processes, irradia-
tion of ATZ solution in the presence of nitrate leading to 23%
ATZ conversion, generated 14% of 2-hydroxy-4-acetamido-6-
ethylamino-s-triazine (OIET) and cyanuric acid, 9% of chloro-
dealkylated and chloro-alkyloxidized products.31 In addition,
Ta et al. proposed four plausible oxidation pathways of ATZ in
microwave-assisted photolytic process, including dealkylation,
dechlorination-hydroxylation, alkylic-oxidation and delamina-
tion-hydroxylation.32

Previous studies showed that organic pollutants in different
dissociation forms have unique physicochemical properties and
toxicity that depend on the composition of the aquatic
medium.33,34 The variation of photolytic rate with solution pH is
an elusive phenomenon, since the specic photochemical
reactions of different organics that may exist in the aqueous
solution at a given pH value.35 Although numerous studies focus
on the degradation kinetics and mechanism of ATZ have been
carried out, few papers systematically reported the effect of
solution pH on degradation products of ATZ and its degrada-
tion pathways during photo-oxidation process. In the present
paper, degradation kinetics of ATZ under different solution pH
and H2O2 dose are elucidate; photo-degradation intermediates
of ATZ are analysed qualitatively and quantitatively in order to
propose the possible photo-degradation pathways of ATZ under
different solution pH conditions.
2. Materials and methods
2.1 Materials

ATZ (purity > 98%) was supplied by Sigma-Aldrich Corporation
(Bellefonte, PA, USA). Methanol (HPLC grade) and acetonitrile
(HPLC grade) was obtained from Merck Chemicals (Darmstadt,
Germany). Hydrogen peroxide (30%, w/w) and sulfuric acid
(98%) were obtained from Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, China). Sodium dihydrogen phosphate, diso-
dium hydrogen phosphate, sodium hydroxide and sodium tet-
raborate pentahydrate were purchased from Xi'an Chemicals
Ltd (Xi'an, China). ATZ solutions were prepared with ultrapure
water from an Elga Purelab Ultra Analytic system (Bucks, UK)
with a resistance of 18.2 MU cm.
35848 | RSC Adv., 2019, 9, 35847–35861
2.2 Photocatalytic oxidation experiments

ATZ oxidation experiments were conducted in an annular
photochemical reactor (V ¼ 300 mL) with a low pressure
mercury UV (LPUV) lamp (monochromatic emission at
253.7 nm (emission spectrum of the lamp shown in Fig. S1†),
Tepro Co., Ltd., Guangdong, China) positioned inside a quartz
glass well on the axis (schematic diagram shown in Fig. S2†).
The average UV uence rate was 0.58 mW cm�2 calculated
according to previous study.36 The photon ux into the solu-
tion from the LPUV lamp was set at 1.18 � 10�7 einstein per s
detected with iodide–iodate chemical actinometer.37 During
oxidation process, working solution, containing 5 mg L�1 ATZ,
was under vigorous magnetic stirring at thermostatically
controlled temperature 20 (�0.5) �C. Prior to UV irradiation,
the LPUV lamp was ignited for 30 min to obtain a stable
output.

The concentration of H2O2 solution was 5, 15, 30 and
50 mg L�1 in UV/H2O2 process, respectively. Solution pH value
was buffered to 4.0, 5.5, 7.0, 8.5 and 10.0 using 2 mmol L�1

phosphate and/or borate buffers, adjusted by small amounts
of 1 mol L�1 sulfuric acid or sodium hydroxide solution.
Ascorbic acid was added into samples to quench the H2O2

before analysis. Each experiment was performed in triplicate,
and the error bars in gures are represented as the standard
error of the mean.
2.3 Analytical methods and intermediates identication

The concentration of H2O2 was determined by the I3
� method

described by Klassen et al.38 UV absorbance and absorption
spectra of ATZ and its products in aqueous solutions were
measured using a UV-vis spectrophotometer (DR5000, HACH,
Loveland, CO, USA).

The qualitative and quantitative analyses of ATZ and its
intermediates or by-products were carried out using ultra-
performance liquid chromatography-electrospray ionization
mode-triple quadrupole mass spectrometry (UPLC-ESI-MS/MS)
coupled with an ACQUITY™ UPLC BEH C8 column (2.1 mm
� 100 mm � 1.7 mm) (Waters, USA). A detailed description of
the instrument and its operation parameters is presented in ESI
(see Text S1).†

The degradation rate of ATZ was calculated from eqn (1):

dC

dt
¼ �kCR (1)

The semi-log graphs of the ATZ concentration versus UV
irradiation time were calculated from eqn (2):

ln

�
C

C0

�
¼ �kRt ¼ �kobst (2)

where C0 (mg L�1) and C (mg L�1) are the experimental ATZ
concentrations at initial time and time t, respectively; t is UV
irradiation time; R is UV uence rate (mW cm�2); x is UV
uence (mJ cm�2) equal to Rt; and k is the reaction rate
constant (cm2 mJ�1); kobs is the reaction rate constant
(min�1) equal to kR.
This journal is © The Royal Society of Chemistry 2019
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3. Results and discussion
3.1 Oxidation kinetic, intermediates and possible pathway
in sole-UV process

Direct photolysis of water molecule, generated $OH and
hydrated electron, can only be achieved at wavelengths lower
than 190 nm.39 Therefore, the degradation of ATZ by sole-UV
was probably due to the absorption of UV photons with subse-
quent direct photolysis.40

3.1.1. Effect of pH on degradation kinetic and removal
efficiency of ATZ. Negligible loss of ATZ (<3%) was observed in
the dark controls, conrming that photo-degradation is the
major cause for the degradation of ATZ. The removal of ATZ as
a function of irradiation time under different solution pH
conditions is depicted in Fig. 1. The results showed that the
concentration of ATZ gradually decreased with the increase of
irradiation time under different pH conditions. With the same
irradiation time, the removal efficiency of ATZ increased slowly
with the increase of solution pH values from 4.0 to 7.0, and then
decreased when solution pH values exceeded 7.0. Aer 240 min
UV irradiation, the removal efficiency of ATZ reached 75.06%,
87.59%, 96.47%, 97.38 and 91.83% with initial pH values as 4.0,
5.5, 7.0, 8.5 and 10.0, respectively.

The semi-log graph of ATZ concentration versus irradiation
time under different solution pH conditions presented straight
lines (inset of Fig. 1), indicating that the degradation of ATZ
during sole-UV process followed pseudo-rst-order reaction
kinetic.30 Table S1† summarizes the observed reaction rate
constant kobs and the linear correlation coefficient (r2) under
different pH conditions. The kobs value was 0.0076, 0.0113,
0.0150, 0.0140 and 0.0134 min�1 with initial pH values as 4.0,
5.5, 7.0, 8.5 and 10.0, respectively. The kobs value at initial pH of
7.0 is 0.0.0150 min�1, which was approximately 2 times of that
at initial pH of 4.0. Apparently, higher reaction rate was
observed under neutral pH condition in sole-UV process.

The abovementioned tendency can be attributed to the
protonated species in acidic solutions. Many studies have
Fig. 1 Effect of solution pH on ATZ removal efficiency. Raw ATZ
solution: 5 mg L�1.

This journal is © The Royal Society of Chemistry 2019
proven that the distribution of diazinon species may inuence
the UV light absorbance and photolytic properties. The mono-
chromatic absorption coefficients at 254 nm of diazinon solu-
tion at acidic conditions was found to be signicantly higher
than those at alkaline conditions.41 Our previous research also
found that the ratio of protonated diazinon in aqueous solution
is affected by the pH value of solution.42

The distribution of protonated and deprotonated ATZ
species as a function of solution pH was shown in Fig. S3.† The
difference of molar absorption coefficient (3) and quantum yield
(F) of ATZ solution at different pH may be the main reason for
the difference of ATZ degradation rate. When pH < pKa, the
protonated species of ATZ is the dominant species, while the
deprotonated species is the dominant when pH > pKa. There-
fore, the different dissociation forms of ATZ under different pH
conditions lead to the different degradation rates of ATZ.

3.1.2. Identication of photo-degradation intermediates of
ATZ. The photolysis intermediates or by-products of ATZ were
identied by comparing the total ion chromatograms (TIC) of
ATZ solution before and aer UV irradiation treatment. The
extracted ion chromatograms (EIC) as shown in Fig. S4,† the
main photolysis intermediates are the same under different pH
conditions. The eleven chromatograms peaks in Fig. S4† were
separately labelled as P1, P2, P3, P4, P5, P6, P7, P8, P9, P10 and
P11.

MS and MS/MS spectra analyses at ESI+ and ESI� mode were
conducted in order to analyse the molecular structure of these
intermediates. Retention time (RT) and MS spectral in forma-
tion in full scan modes of the above 11 chromatographic peaks
are shown in Table S2,† and them/z of these intermediates were
used to deduce molecular weight (MW). Moreover, to obtain
further information on the structure of the intermediates of
ATZ, collision induced dissociation (CID) experiments were also
conducted. The collision energy for each intermediate was
optimized in the range from 10 to 30 eV. Argon was used as
collision gas and its ow rate was 0.12 mLmin�1. The precursor
ions of these intermediates in daughter scanmode are shown in
Table 1, and the detailed information on the fragments in MS/
MS spectra for each of these precursor ions are shown in
Fig. S5–S14.†

Molecular structures of all these intermediates were derived
based on MS spectra and MS/MS spectra.

P1 was only detected in ESI+ mode, andm/z 154 was the main
fragments in MS spectra. The positive ion was produced by the
addition of H+ to the P1 molecule, inferring the MW of P1 is
153 Da. Moreover, fragment ions ofm/z 112, 85, 70 and 68 in the
MS/MS spectra were detected (Fig. S5†). The fragment ion ofm/z
112 reduced 42 thanm/z 154, losing –CH(CH3)2 on the precursor
ion. The m/z 85 ion reduced 27 than m/z 112, indicating the s-
triazine ring of the fragment was opened by CID. The fragment
ion ofm/z 85might generate by losing one carbon atom and one
–NH2 connected to s-triazine ring (see Fig. S5†). The fragment
ion of m/z 85 loss –NH2, generating the m/z 70 ion. Fragment
ions suggested that the molecular structure of P1 included
–NHCH(CH3)2 and –NH2 attached to the s-triazine ring, as
presented in Table 1.
RSC Adv., 2019, 9, 35847–35861 | 35849
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P2 was only detected in ESI+ mode, and m/z 184 was the main
fragments in MS spectra with MW of 183 Da. Fragment ions of
m/z 156 (loss of two –CH3) and 142 (loss of –CH(CH3)2), and 97
(loss of –CH(CH3)2, –NHCH3 and –OH) in the MS/MS spectra
(Fig. S6†) suggesting that the molecular structure of P2 included
–OH, –NHCH3 and –NHCH(CH3)2 attached to the s-triazine ring
(Table 1). The possible structures of m/z 114, 71 and 69 are
shown in Fig. S2.† Based on above information, molecular
structure of P2 was proposed, presented in Table 1 and Fig. S6.†

P3 was only detected in ESI+ mode, andm/z 196 was the main
fragments in MS spectra with MW of 195 Da. Based on the mass
spectra and chromatographic of P3 and results of previous
studies,23,39 the possible molecular structure of P3 was deduced
(Table 1 and Fig. S7†).

P4 generated molecular ion m/z 198 in ESI+ mode and m/z
196 in ESI� mode with MW of 197 Da. In addition, m/z 220 (M +
Na), 395 (2M+) and 417 (2M + Na) in ESI+ full scanmode and 393
(2M�) in ESI� full scan mode was also detected. The fragments
of m/z 198 (ESI+) and 196 (ESI�) were selected as the precursor
ions to identify molecule structure of P4 by CID in the daughter
scan mode. The fragment ions of m/z 156 (loss –CH(CH3)2), 128
(loss –CH(CH3)2 and –CH2CH3), 114 (same as m/z 114 of P2), 97
(loss –NHCH(CH3)2, –CH2CH3 and –OH) and 86 (the s-triazine
ring was addition in) was detected in the MS/MS spectra (ESI+)
(Fig. S8†). The fragment ions of m/z 168 (loss two –CH3), 154
(loss –CH(CH3)2), 125 (lost –NHCH(CH3)2 and –CH3), 111 (loss
–NHCH(CH3)2 and –CH2CH3) and 83 was detected in the MS/MS
spectra (ESI�) (Fig. S8†). Based on above information, molecular
structure of P4 was proposed (Table 1).

P5 producedmolecular ionm/z 198 in ESI+ mode andm/z 196
in ESI� mode with MW of 197 Da. The fragments of m/z 198
(ESI+) and 196 (ESI�) were selected as the precursor ions to
identify its molecule structure by CID, the MS/MS spectra of P5
was obtained (Fig. S9†). Themain fragment ions ofm/z 156 (loss
–COCH3), 139 (loss –NHCOCH3) and 113 (loss m/z –NHCOCH3

and –CH2CH3) were detected in the MS/MS spectra (ESI+), the
structures of m/z 96, 85 and 71 were deduced based on its MS/
MS spectra. Meanwhile, m/z 137, 111, 83 and 69 were detected
in the MS/MS spectra (ESI�). The structure information of each
fragment is shown in Fig. S9.† The possible molecular structure
of P5 is shown in Table 1.

TheMS spectra of P6 in the ESI+ and ESI�mode are shown in
Table S2.† The fragments of m/z 198 (M+), 220 (M + Na), 395
(2M+), 417 (2M + Na) and 127 in ESI+ full scan mode and them/z
196 (M�) and 125 in ESI� full scan mode were detected.
Therefore, the MW of P6 was deduced to be 197 Da. The frag-
ment ions of m/z 198 (ESI+) and 196 (ESI�) were selected as the
precursor ions to identify its molecule structure by CID, and the
MS/MS spectra of P6 was also obtained (Fig. S10†). In ESI+

mode, m/z 156 (loss –CHCH2 and –OH), 153 (loss
–NHCHOHCH3 with –CH3 restructured at this position), 127
(loss –NHCHCH2, –CH3 and –OH), 113 (loss –NHCHCH2 and
–CHOHCH3) and 85 was detected in the MS/MS spectra of P6. At
the same time, in ESI� mode, m/z 151, 125, 111 and 85 was also
detected. The structures information of each fragment ions are
shown in Fig. S10,† and the possible molecular structure of P6 is
shown in Table 1.
RSC Adv., 2019, 9, 35847–35861 | 35851
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Fig. 2 The degradation of ATZ and formation of intermediates versus irradiation time in sole-UV process: (A) pH¼ 4.0; (B) pH¼ 5.5; (C) pH¼ 7.0;
(D) pH ¼ 8.5; (E) pH ¼ 10.0. Note: solid line corresponds left axis; dotted line corresponds right axis.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 9
:5

9:
27

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
P7 generated molecular ion m/z 212 in ESI+ mode and m/z
210 in ESI� mode with MW of 211 Da. The fragment ions of m/z
212 (ESI+) and 210 (ESI�) were selected as the precursor ions to
identify its product ions by CID. In ESI+ mode, the fragment
ions of m/z 170 (loss –CH(CH3)2), 128 (loss –CH(CH3)2 and
–COCH3), 86 and 68 (Fig. S11†) was detected. However, the MS/
MS spectra of P7 in ESI� mode was not obtained. Based on
above information, the structure of P7 and its daughter ions
fragment were proposed (Fig. S11† and Table 1).

The MS spectra of P8 in ESI+ mode indicated its molecular
ion was m/z 212. Furthermore, the fragment ions of m/z 182
(loss –OCH3), 170 (loss –CH(CH3)2), 142 (loss –CH(CH3)2 and
–CH2CH3) and 128 (loss –CH(CH3)2, –CH2CH3 and –OH) were
35852 | RSC Adv., 2019, 9, 35847–35861
detected in the MS/MS spectra (Fig. S12†), suggesting the
structure of P8 included –NHCH(CH3)2, –NHCH2CH3 and
–OCH3 attached to the s-triazine ring (Table 1).

The fragment ion ofm/z 216 was detected as P9 inMS spectra
under ESI+ mode. The P9 was deduced to be ATZ by comparing
the TIC of ATZ solution before and aer UV irradiation treat-
ment (Fig. S13†). P10 was only detected in ESI+ mode and
fragment ion ofm/z 139 was detected (Table S2†). Themolecular
structure of P10 was proposed in Fig. S14† and Table 1.

The MS spectra of P11 in the ESI+ and ESI� mode are shown
in Table S2.† In ESI+ mode, m/z 198 (M+), 220 (M + Na), 395
(2M+) and 417 (2M + Na) were detected. Nevertheless, only one
fragment ion of m/z 196 (M�) was detected in ESI� mode. Based
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Degradation mechanism of ATZ in sole-UV process: ① dechlorination-hydroxylation reaction; ② dechlorination–dealkylation reaction;
③ dealkylation reactions; ④ deamination and lateral chains connected with the group of –NH2; ⑤ alkylic-oxidation of lateral chains; ⑥
dehydrogenation–olefination reaction; ⑦ dechlorination–hydrogenation reaction; ⑧ dechlorination–methoxylation reaction; ⑨ dehydrox-
ylation reaction.
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on previous studies29 and the information of chromatography
and mass spectra, molecular structures of P11 was proposed as
presented in Table 1.

3.1.3. Effect of pH on formation of ATZ intermediates. The
photo-degradation of 5 mg L�1 ATZ by sole-UV at 254 nm, where
ten intermediates were identied during the process (Table 1)
and their formation/degradation proles were shown in Fig. 2.

The degradation pathways of ATZ and the formation
intermediates exhibited signicant difference under ve
solution pH conditions. The concentrations of P1, P2, P4 and
P10 increased at the initial stage of reaction and then
decreased with the gradually increase of irradiation time at
initial pH values of 4.0, 5.5, 7.0, 8.5 and 10.0 (Fig. 2(A)–(E)).
The formation of P1 gradually decrease with the increase of
solution pH values (compared with pH ¼ 4.0, maximum
formation of P1 reduced by 11%, 31%, 39% and 68% at the pH
value of 5.0, 7.0, 8.5 and 10.0, respectively). Apparently, the
concentration of P4 was the largest among all degradation
products, the concentration of P4 increased fast from 0 to
This journal is © The Royal Society of Chemistry 2019
120 min at all the pH value conditions (Fig. 2(A)–(E)). This
phenomenon suggested that dechlorination is the dominant
reaction of ATZ in sole-UV process. Dechlorination could
occurred either through homolytic cleavage of the C–Cl bond
followed by an electron transfer from the carbon to the chlo-
rine radicals or the heterolytic cleavage of the excited-ATZ
molecule favored by polar solvents.43 The results of Fig. 2
indicated that dechlorination-hydroxylation product P4 can be
further degraded. The formation of P10 rst increased and
then gradually decreased with UV irradiation time increase at
all the ve pHs as observed previously.30 The concentration of
P10 at pH 7.0 was lower than those at the other pHs. In
addition, the irradiation time at maximum formation of P10
varied from solution pH values.

The formation of P3 increased gradually with the increase of
UV irradiation time from 0 to 780 min. However, under acidic
conditions (pH 4.0) and alkaline (pH 10.0) conditions, the
concentrations of P10 were signicant greater than that at other
pH (5.5, 7.0 and 8.5) conditions.
RSC Adv., 2019, 9, 35847–35861 | 35853
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The concentrations of P5, P6, P7, P8 and P11 increased
gradually at the initial stage of reaction and then remain
unchanged at all ve solution pHs. The maximum concentra-
tions of P5 at pH 4.0, 7.0 and 10.0 was similar, whereas the
maximum formation amount of P5 at pH 5.5 and 8.5 was about
3 times that of the above three pH conditions. The formation of
P6 at pH 5.5 and 8.5 were signicantly higher than those at the
other three pH conditions. The effects of pH on the formation of
P7 were evidently minimal. At pH 4.0, the formation of P8
reached maximum at 75 min and then decreased rapidly as the
UV irradiation treatment continued. However, under other four
pH conditions, the concentrations of P8 increase at the initial
stage and then remained unchanged with the increase of UV
irradiation time. The formation of P11 under alkaline condi-
tions (pH 10.0 and 8.5) is signicantly higher than those under
neutral (pH 7.0) and acidic (pH 5.5 and 4.0) conditions, the
results indicating that P11 may be a basic catalytic product.

3.1.4. The degradation pathway of ATZ in sole-UV process.
Plausible degradation mechanism of ATZ under different pH
condition in sole-UV process were proposed in Fig. 3 based on
above discussion.

The differences in ATZ degradation products under different
pH conditions can be attributed to the difference of UV-vis
absorption spectrum of ATZ under different pH conditions.
UV-vis absorbance spectra of ATZ solutions aer photo-
degradation treatment (0–780 min, 21 sampling intervals)
under different pH values were shown in Fig. S15.† Nice iso-
sbestic points were observed, indicating clean interconversion
to the primary products.44 According to the position and change
of the UV-vis spectra of ATZ and its products, the absorption
spectrum in Fig. S15† was divided into four regions, namely (I),
(II), (III) and (IV). The arrow direction in the Fig. S15† was the
change direction of the absorption spectrum with UV irradia-
tion time increases. When the irradiation time was less than
120 min, the absorbance of the four regions in the spectrum all
shows signicant changes with the increase of irradiation time.
However, the change range of the spectrum decrease with
irradiation time further increased.23 The absorbances of the
regions (i) and (iii) in Fig. S15† gradually increased with the
increase of the irradiation time. However, the absorbance of the
regions (ii) and (iv) gradually decreased with the increase of the
irradiation time. The regions of (ii) and (iv) were the absorption
regions of ATZ, and the wavelengths at the maximum absor-
bance were 220 nm and 265 nm, respectively.

As shown in Fig. S15,† there was an intense band around
220 nm and a rather weak one around 265 nm, the 220 nm band
previously was assigned to a p to p* transition, the 265 nm was
assigned to n to p*.23 The absorption value at the maximum
absorption wavelength of 220 nm decreased gradually with
irradiation treatment time increase, indicating that UV irradi-
ation induced fast decomposition of ATZ. The slight blue shi
was observed from Fig. S15,† which may be caused by theoret-
ically partial or complete loss of lateral chains and substitution
amino by hydroxyl group.23 Upon irradiation with 254 nm light,
these bands were seen to decrease in intensity and new
absorptions grew in at 210 and 240 nm. The peak at 210 nm
might be caused by the formation of cyanuric acid, ammelide
35854 | RSC Adv., 2019, 9, 35847–35861
and ammeline.45 The chromophoric group of heteroatom ring,
such as –Cl, was possibly replaced by –OH, which led to larger
conjugative effect.

In addition, pH could signicantly affect the UV-visible
absorption spectrum of the ATZ solution aer photo-
oxidation. For example, there were large differences in the
absorption spectra of ATZ solution at pH values of 4.0, 5.5, and
7.0 (Fig. S15(a)–(c)†), while the difference of ATZ solution
absorption spectra at pH ¼ 7.0, 8.5, and 10.0 is relatively small.
(Fig. S15(c)–(e)†).

The above difference in absorption spectra of ATZ solution
was caused by the difference of ATZ degradation rate, the
formation and dissociation form of intermediates and/or by-
products under different pH conditions.44

UV radiation would result in the decomposition of organic
molecules by bond cleavage and free radical generated.46 The
toxicity of ATZ was believed to be connected to the chlorine
group.21 Thus de-chlorination through photo-oxidation could
reduce the overall toxicity of ATZ and its degradation by-prod-
ucts.22 For ATZ, the bond length of C–Cl bond (1.734 Å) was the
longest among all bonds and the bond polarity (0.293) was
relatively lower, so C–Cl bond was the easiest scissile bond
compared with other bonds.23 Previous studies have also shown
that the chlorine (Cl) in ATZ can be replaced by hydroxyl group
(–OH) during UV radiation or combined processes with oxidants
or catalysts in water.23,24 Intense UV radiation could induce
cleavage of C–Cl bond to form dechloro-hydrogenated products,
one of typical pathway of photolysis of ATZ.23 In present study,
all the identied intermediates in UV irradiation treatment
process were dechlorination products. It is generally accepted
that the rst step of the degradation process is dechlorination–
hydroxylation reaction, generated abundant P4, which appeared
to be quite stable in direct photolysis.27

In addition, C–N bond and C–C bond in amino-alky groups
might also cleave easily and induced dealkylation reaction. The
bond polarity of C–C (0.343) in ethylamino group was smaller
than that in isopropylamino group (0.366 and 0.365), inferring
that deethylation reaction should be easier occurred than dei-
sopropylation reaction.23 In ethylamino group, possible reac-
tion was as follows eqn (3) and (4):

RNHeCH2eCH3 �!$OH
RNHeCHOHeCH3 (3)

RNH� CHOH� CH3 �!$OH
RNH� COCH3 (4)

P5, P6 and P7 can be generated through these reactions (eqn
(3) and (4)). While in the case of the isopropylamino group, the
alkylic-oxidated products might be produced in parallel
through different reaction mechanism:47

RNHeCHðCH3Þ2 �!$OH
RNHeCðCH3Þ2eOH (5)

RNHeCðCH3Þ2eOH ��!�H2O
RNaCðCH3Þ2 (6)

RN]C(CH3)2–OH # RNH–C(CH3)2]CH2 (7)
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Effect of H2O2 does on removal of ATZ. Raw ATZ solution:
5 mg L�1, initial pH 7.0.

Fig. 5 Effect of solution pH on the pseudo-first-order reaction rate
constants (kobs) of ATZ during UV irradiation treatment under different

�1
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RNHeCðCH3Þ�CH2H �!$OH
RNeCOCH3 (8)

RNHeCHOHeCH3 ��!�H2O
RN�CHeCH3 (9)

RN]CH–CH3 # RNH–CH]CH2 (10)

Based on the above formation of intermediates or by-
products, the main reactions of ATZ in sole-UV process were
proposed as follows:

① Dechlorination–hydroxylation reaction: replacement of Cl
with an OH. It is notable that dechlorination–hydroxylation was
the dominating reaction during direct UV photolysis.

② Dechlorination–dealkylation reaction: replacement of Cl
with an OH, and the same time, the removal of alkyl groups
from the lateral chains. The dealkylation reactions could also
arise from the homolytic or heterolytic cleavage of the C–C and
N–C bonds of ethylamino and/or isopropylamino of the excited
ATZ molecules during UV irradiation. Intermediates P2 was
obtained through dechlorination–dealkylation reaction during
UV irradiation.

③ Dealkylation reactions: removal of alkyl groups from the
lateral chains (methylamino, ethylamino and/or iso-
propylamino) of ATZ and its photo-degradation intermediates.

④ Deamination and lateral chains connected with the group
of –NH2. In this study, the formation of P10 relates to the
reaction.

⑤ Alkylic-oxidation of lateral chains: the reaction may be
resulted from H-abstraction by $OH/–SO4c leading to the
formation of a carbon radical compound. In this study, P5 and
P7 were obtained by the reaction of the alkylic-oxidation during
UV irradiation.

⑥ Dehydrogenation–olenation reaction: olenation by-
products can be resulted from the dehydration of alkylic-
hydroxylation by-products. The H-abstraction by reactive radi-
cals from lateral chains of ATZ can also lead to the formation of
olenation by-products. P3 and P6 were obtained by the reac-
tion of the dehydrogenation–olenation in sole-UV process.
This journal is © The Royal Society of Chemistry 2019
⑦ Dechlorination–hydrogenation reaction: similar to
dechlorination–hydroxylation mechanism except that chlorine
is possibly replaced by H from water molecules. The degrada-
tion intermediates in UV irradiation through dechlorination–
hydrogenation reaction include P1 and P10.

⑧ Dechlorination–methoxylation reaction: a series of
dechlorination–methoxylation products (such as P8 and P11)
were detected and these products might be caused by slight
amount of methanol from reserving liquid.

⑨ Dehydroxylation reaction: the degradation products
results in the removal of hydroxyl from s-triazine ring of ATZ
and its photo-degradation intermediates. P1 can be formation
through dehydroxylation reaction.

3.2 UV photo-oxidation intermediates and possible
pathways of ATZ in UV/H2O2 process

3.2.1. Effect of H2O2 on degradation kinetic and removal
efficiency of ATZ. Sole-UV treatment could decompose organic
pollutants in water by direct bond cleavage through triplet
degradation or photo-induced hydrolysis, but these processes
usually exhibited very slow rates.30 UV/H2O2 process exhibited
higher oxidizing power in degradation of ATZ due to their ability
to generate highly oxidative hydroxyl radicals ($OH).27 Fig. 4
displays the photodegradation of ATZ at different H2O2 dose
(pH ¼ 7.0). 5 mg L�1 H2O2 in solution resulted in a remarkable
increase of ATZ removal due to the photolysis of H2O2 leads to
the formation of oxidizing species, $OH.48 However, further
increase of H2O2 to 50 mg L�1 leaded to the decline of the
removal rate of ATZ. It is speculated that when H2O2 dose was
greater than 5 mg L�1, it may scavenge the generated $OH and
form the less reactive HO2c.

Base on eqn (2), the values of kinetic parameters at different
H2O2 dose were calculated, and the detailed information is
shown in Table S3.† When the UV irradiation time was greater
than 300 min, the data points have gradually to upward deviate
from the tted curve. The results indicated that the degradation
rate of ATZ gradually decreased with irradiation time increase
as have been reported previously.49 Two possible explanations
for the retardation of reaction rate were proposed.
H2O2 does. Raw ATZ solution: 5 mg L .
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Fig. 6 The degradation of ATZ and formation of identified intermediates versus UV irradiation time in UV/H2O2 process (pH ¼ 7.0): (A) and (B)
0 mg L�1 H2O2; (C) and (D) 5 mg L�1 H2O2; (E) and (F) 15 mg L�1 H2O2; (G) and (H) 30 mg L�1 H2O2; (I) and (J) 50 mg L�1 H2O2. Note: solid line
corresponds left axis; dotted line corresponds right axis.
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Fig. 7 The degradation of ATZ and formation of identified intermediates versus UV irradiation time in UV/H2O2 process: (A) and (B) pH ¼ 4.0,
5mg L�1 H2O2; (C) and (D) pH¼ 4.0, 30mg L�1 H2O2; (E) and (F) pH¼ 10.0, 5mg L�1 H2O2; (G) and (H) pH¼ 10.0, 30mg L�1 H2O2. Note: solid line
corresponds left axis; dotted line corresponds right axis.
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(i) The intermediates of ATZ formed in the solution would
compete for the photons which retards the degradation of ATZ.
This effect would become more and more dominant since the
intermediates accumulate to higher levels in reaction
solution.50

(ii) The presence of intermediates and/or by-products in
solution might absorb light, thereby attenuating the incident
35858 | RSC Adv., 2019, 9, 35847–35861
UV intensity available for photo-degradation. The reduction of
the ATZ reaction rate can be also explained from the point of
view of the collision theory of reaction rates.49 Such an effect is
believed to be applicable to all the degradable components in
the solution.50

Besides, it is interesting to note that the solution pH would
gradually increase or decrease as the initial pH level is in acidic
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Proposed UV photo-degradation pathway of ATZ in UV/H2O2 process.
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or basic conditions during the photolysis process, respectively.50

The changes of pH between before and aer reaction is rela-
tively small (see Table S3†), thus the effect of pH changes on the
degradation rate of ATZ can be ignored.

In this study, although the degradation rate of ATZ
decreasing with the reaction time increases, but the reduction
degree of ATZ degradation rate with irradiation time increase
was signicantly lower than that of previously reported, and it
has an good linear correlation coefficient (r2 $ 0.979) of pseudo
rst-order reaction kinetics for ATZ in water. Therefore, the
degradation kinetics curve of ATZ was not stage tting under
different reaction conditions in this study. UV-vis absorbance
spectra of ATZ solutions at pH of 7.0 in UV/H2O2 process was
shown in Fig. S16.†

No obvious changed of H2O2 (<3%) was observed in the dark
controls. According to eqn (2), the data on the H2O2 concen-
tration versus UV irradiation time was tted using the pseudo-
rst-order kinetics model (Fig. S17†), showing good linear
relationship (r2 $ 0.984).

3.2.2. Effect of pH on degradation kinetic and removal
efficiency of ATZ. The effect of solution pH on the degradation
of ATZ in UV/H2O2 process was systematic studied and the
results are shown in Fig. 5. Obviously, the removal efficiency of
ATZ was enhanced with the increase of initial pH values from 4
This journal is © The Royal Society of Chemistry 2019
to 7, and then decreased when initial pH value further increased
to 10 (Fig. S18 and S19†).

At pH 10.0, the degradation rate of ATZ gradually decreases in
UV/H2O2 process with the H2O2 dose increasing (Fig. S19†). UV-
vis absorbance spectra of ATZ solutions at pH of 4.0 and 7.0 in
UV/H2O2 process was shown in Fig. S20 and S21,† respectively.
The results indicate that addition of H2O2 did not promote the
formation of $OH at pH 10.0. In addition, the degradation rate of
H2O2 during UV irradiation treatment increased with the solu-
tion pH increasing (Fig. S17, S22 and S23†).

3.2.3. Identication of photo-degradation intermediates of
ATZ. The EIC of photo-degradation intermediates or by-
products of ATZ aer 90 min of UV irradiation treatment at
different H2O2 dose and solution pH are shown in Fig. S24.†

At pH 7.0, ATZ and its ten intermediates (P1, P2, P3, P4,
P5, P6, P7, P8, P10 and P11) were detected in sole-UV process
(Fig. S24(A)†). During UV/H2O2 process, supererogatory ve
intermediates was detected, marked as P12, P13, P14, P15
and P16.

The formation of these intermediates varies with solution
pH during UV/H2O2 process. At pH 7.0, 15 intermediates (P1,
P2, P3, P4, P5, P6, P7, P8, P10, P11, P12, P13, P14, P15 and P16)
of ATZ were detected (Fig. S24(D)†). All these intermediates were
detected at pH 4 except P13 (Fig. S24† (F)). However, at pH 10.0,
RSC Adv., 2019, 9, 35847–35861 | 35859
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another ve new chromatographic peaks (P17, P18, P19, P20
and P21) were detected. Retention time (RT) and MS spectral
information in full scan modes of the above 11 chromato-
graphic peaks (P1–P11) are shown in Table S2,† and detailed
information of all other chromatographic peaks are shown in
Table S4.†

Themolecular structures of P1, P2, P3, P4, P5, P6, P7, P8, P10
and P11 were proposed in above part. The precursor ions of P12,
P13, P14, P15, P16, P17, P18, P19, P20 and P21 in daughter scan
mode are shown in Table 2, and MS/MS spectra of these inter-
mediates are shown in Fig. S25–S34.† Molecular structures of
these intermediates or by-products were derived based on MS
spectra and MS/MS spectra (Fig. S25–S34†).

3.2.4. Effect of pH on formation of ATZ intermediates. The
exact changes of peak areas of ATZ and these intermediates
during UV/H2O2 process were recorded in Fig. 6 and 7.

Compared to the sole-UV process, the species and formation
of intermediates of ATZ had signicant changes in UV/H2O2

process. During sole-UV process, ten intermediates were
detected as shown in Fig. S24(A).† Nevertheless, een inter-
mediates were detected during UV/H2O2 process as shown in
Fig. S24(B).† As the H2O2 dose increased from 5 to 50 mg L�1,
the speciation of the intermediates remained unchanged
(Fig. S24(B)–(E)†). During sole-UV and UV/H2O2 processes, there
was an obvious difference in the concentration of P1, P2, P3, P4,
P5, P6, P7, P8, P10 and P11. In addition, H2O2 dose also has
remarkable effect on the formation of the ten intermediates.
During UV/H2O2 process, P12 increased gradually with the
increase of UV irradiation time. However, the formation
amount of the intermediate decreased slightly with the increase
of H2O2 dose at the same irradiation time. The formations of
P13, P14 and P15 rstly increased and then decreased with the
increase of UV irradiation time. In addition, P14 was one of the
major products at low H2O2 dose and irradiation time.

At the same H2O2 dose, the concentration of P16 rst
increased sharply and attained a maximum at the UV irradia-
tion time of 30 min and then decreased rapidly with the
increase of irradiation time. In addition, the maximum forma-
tion amount of P16 rst increased and then decreased with the
increase of H2O2 dose, and the maximum value was obtained at
H2O2 of 15 mg L�1.

In UV/H2O2 process, the same intermediates were detected at
the pH 4.0 and 7.0. The formations of these intermediates are
shown in Fig. 7(A)–(D). Except for P14, P15 and P16, all the other
intermediates at pH 10.0 were also detected. In addition,
another ve new intermediates (P17, P18, P19, P20 and P21)
were also detected at pH 10.0. The main degradation products
of ATZ at pH 10.0 recorded as a function of irradiation time were
displayed in Fig. 7(E)–(H).

The results indicated that the intermediates P14, P15 and
P16 were detected under acidic and neutral solution conditions,
and P17, P18, P19, P20 and P21 were only detected under
alkaline condition.

3.2.5. The degradation pathway of ATZ in UV/H2O2

process. The possible degradation pathways of ATZ in UV/H2O2

process were proposed in Fig. 8. The rst step of the degrada-
tion mechanism consisted of fast dechlorination-hydroxylation
35860 | RSC Adv., 2019, 9, 35847–35861
in UV/H2O2 process, formed the maximum product P4 (OIET).
Furthermore, some dechloro-hydrogenated products were also
formed in UV/H2O2 process. In addition, the intermediates
formed in UV/H2O2 process could be attributed to $OH attack,
the reactive radicals can attack the s-triazine ring and side
ethylamino or iso-propylamino chains by different reactions
including addition of OH, oxygen or water molecules. The
overall toxicity of ATZ and its degradation by-products was
closely related to the de-chlorination extent achieved in water
treatment.51 In this study, the dechlorination intermediates
were main photo-oxidation products of ATZ during UV irradia-
tion, so the toxicity in solution can be signicantly reduced.
4. Conclusions

This study explored the degradation of ATZ in sole-UV and UV/
H2O2 process. The degradation of ATZ followed pseudo-rst-
order kinetics in the two processes. It was observed that ATZ
could be removed from water by UV-254 irradiation treatment,
and the combination of low H2O2 dose with UV radiation
signicantly accelerated the degradation efficiency.

The structures of the main intermediates or by-products
were identied based on MS and MS/MS spectra, which
showed that the UV oxidation intermediates or by-products
varied with reaction conditions. Ten degradation products
were detected in sole-UV process, and there are signicant
differences for the formation of these products under different
solution pH conditions. In UV/H2O2 process, een interme-
diates were detected at pH 7.0 whereas the speciation of the
intermediates remained unchanged as the H2O2 dose
increased. The photo-oxidation intermediates of ATZ were
found to vary with solution pH conditions in UV/H2O2 process.
Except for P13, all the other intermediates at pH 4 were also
detected; at pH 10.0, in addition of the above een interme-
diates, another ve new intermediates were also detected.
Potential degradation mechanisms for ATZ were evaluated
exhibiting nine different degradation pathways including
dechlorination–hydroxylation, dechlorination–dealkylation, de-
alkylation, deamination, alkylic-oxidation of lateral chains,
dehydrogenation–olenation, dechlorination–hydrogenation,
dechlorination–methoxylation and dehydroxylation. The plau-
sible degradation pathways of ATZ in sole-UV and UV/H2O2

process were proposed.
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