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Degradation of atrazine by simulated solar and chlorine

oxidation processes: Efficiency and mechanism
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(1. School of Municipal and Environmental Engineering , Shandong Jianzhu University , Ji’ nan 250101, China ;
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Abstract: The degradation efficiency of typical herbicide Atrazine (ATZ) was investigated using solar/chlorine as
the research system. The effects of initial oxidizing agent NaClO concentration, pH, anion concentration(CO,*/HCO,"
and C17) and natural organic matter NOM on ATZ degradation were investigated. The results showed that the degra-
dation of ATZ was promoted under acidic conditions, because the active components(03, HO: ,RCS) produced in
the system would accelerate the reaction, while the degradation of ATZ was significantly inhibited under alkaline
conditions. The removal of ATZ was inhibited by the presence of anions and natural organic matter, which was mainly
due to its competition with ATZ for free radical reactions. Eight kinds of oxidation products were determined, and the
degradation paths of ATZ were speculated, mainly through electron transfer reaction, hydrogen capture reaction and
addition reaction. The acute toxicity experiment showed that the toxicity of ATZ decreased during degradation.

Key words:solar/chlorine ; atrazine ; degradation efficiency ; oxidation product ; toxicity experiment

AR MY AT, B 50 B )32 0 ™ ST B T
PRI 22 4, U HR AR M K R T /K v 42 e
WA I 2, HXT S R AT — E e o BT AR
HE(ATZ) g — i = B2 R 0 500, 7 7K o B AR ok
JE (9 ATZ A7 AE A B8 1E R, XN 2S00t i 4
TEREKE . o, ATZ 8 B A Bk A: Pk et
IR AR KPR AR R R AR L K

Aib 3 A AR MERE ATZ 55 25 K i

TR ARG (UV) 19 & 9 Ak 1 (AOPs) BE
A R K TP i TS e R — A AR S K
TS YLIR BT . AOPs [ fff 1005 Y W 14 O Tk 2 7 A
P H MR (HO) BRER MR [ i 5 (S0, ) 503G M5
(RCS)™™, 35 HAT 55 e 09 b i 8L Ak 38 T Ao o AL J2:
T AN AOPs T 22 5 AN AT SR AT BT, 18 47 K

[BEE€WB] R AARAILESTH (51908335) 5 [ 14 J5 B2 3 £ 50 H (2020M672085) 5 L AR 44 [+ J5 €137 5 H (202002023) 5 1L R4 E K

BF &% 15 H (2020CXGC011203)



KR

Tl K AR F 2023-05,43(5)

B BRI R R Rk, Z 9 25 BR A HLTS G
Yo ARBAR I H AR ST RIS AR .
FRBHYG R A SRAFE 0, AT LT 48 K A se IR ™ | i
FAE Ry — B s A TH TR 2z N T RO
K AR 3, H A A I i K R R AN TR
B K Ab B2 50) . AE 22 AR 5T B9 A R B O
AR (HWE) SS ALk RZER T ZMA
PLGCTS G 9, fn 8 8 2 R (MC-LR) (il b 26 15 ¢
Y (OSPW) . 5 75 3¢ (CBZ) I B 1fi B 25 2% 3L D1 45
(BZF)“ ™8 I H 5 Bl oK B 59 54 S0 1k Ak 2 AH
Lb A0 R TS R R BR R A R R
SME N I B R T 7R T K R G b R 0 R B AR
1o DRI S AF HOGHR G S s U AR R AR B T
KM 2 0 AR TR R P IE M A R RS
DURRAIF S A IR D R i A 25 2 B A Ak &
T I e ik R 5 7 ) 3 R A HE

AR FEXT ATZ 78 H O/ E AR & b 1 %
fi U RE RN BEARTE 9T . 48 T LA i (pH .
KB F(CO/HCO, .CI) VKR HLY (NOM) 45
PR X ATZ B i 3 B 00 52 0, 58 T 4 &R opois
43 B B i SR SR, JFHE N T ATZ Y v TR 2 Ak A R R
7 VAR T ATZ R ft s B v i A= st A2 1k .
1 M#EEFE
1.1 Ik H

FIREHLHE(ATZ) (fiH2E 28 (NB) L &2 (CH,COOH,
gk al) 5 AR (HC10,) JBUT B (CH,0) KA B
fRBR R £ (Na,S,0, - SH,0) K SR # (NaClO) (G AL N
(NaCl) B2 40 (NaHCO,) 2 2 L 81 (NaOH ) | H i
(CH,OH, &35 4 ) . PU i 2 £ ( Na,B,0,) B iR & — 4H
(Na,HPO,) . B 2 — %( 8 (NaH,PO,) , KA H LY
(NOM) , LA it 500 B HH R 20 Ry 23 4l A, 4 ik
NI R o B o . WY ROGHT R W B TR T A2 R R 2
A A PR B o Tl B T 0 K R 34 R 36 [ R
o A A RE 2 2N B Milli-Q R 40 il £ (1 kB 4l K .
1.2 ZWEE

S T SR FH ) A b 2 E O PL-X3000-FH %4 H
JeE AL g, B E 1A PL-X3000 %, 300 W L4 H 6
AT, QP& 1 e ' B R R R PH B S8
03 LR SEAT R I, AR (1) R 450 W/m®, 5K
B AE 100 mL 2 B L rp 4T, NI EC A 16 #E ) 3+

AR b U A O AR R O 5T L R LA

A HE TR 2 D K A 0 S K DI ARTE S R 3o R e A

Z 10 B R AR A
(>

> —>
S —

Bl HRtEHEE

Fig. 1 Solar radiation equipment
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Fig. 2 Degradation effect of ATZ under three conditions

AL 2 AT, #E 25 min P, B0 H OSGXT ATZ B R
Ik B T 5.47% , Bl G T ATZ (1) B fe T LU 200, 5
Z AL, H /T R P ATZ 0 B i W (g 4 5R (ATZ 2%
BRAREIA T1.17%) o ATZTE H G/ 3 72 v (1) W i i
MEth—sh Ji24 . 18 B R/E R %+, RCS(Cl- (Cl,e
C10) \HO- Fll O, "J& EFAY N 1 . OCI A W% i
1% 5 A BHOGTE 1) 58 48 X 3 (280~400 nm) "V E &, 3X
R FHCXT OCIAOGARAVE H AT REIEH A 3. b FH
JEF AR I K B8 A1 IX BB 2O i HOC/oCT
AR CLFTHO- o 1 HOCHAE # I K (>320 nm) B
fiff = A LA R O(3P)™, 5K (s A e R B, i —
AR 0,7,

h T BE— AW RE 45T PR R X ATZ B S S
4 BTk 2%, 1 S FEAT T 20 min SR S5 Ok AR 3IE
T R ) i SR R /N T 0.1 mg/L, B AE O, 7E
R 2 b g 75 0 M ATZ A AR . SRR 7E TR &
T RP S E g B rp b AT AR K NBAE R EE
NB H 5 HO- J 3™, i 5 NB e B (9 28 4k n] L5
HHO - A9 B S v BE 10T 1A HE STk = 5L R T AR A
L (D)~ (6) PR

knhs:kHJ‘L+k()X+kH()-+kR(ZS (1)
ko
R, = k” x 100% (2)
obs
ko —k o
R, =% p AN % 100% (3)
obs
k
[HO ] =—* (4)
kHO-,NB
k HO-
RHO;%XIOO% (5)
obs
Ryes=1=Ry—Ro ~Ryo. (6)

Ao ok, AU BB H R ATZ 19 3 0 3 %
W by, 28 HOG/ER R ATZ AL G WCA AL #
T R R H R sk Ko Ko R Ky 3 IR SR B
I H G .0, HO- I RCS 5 ATZ I 1) — 9 o
B [HO- ]R8 HO- AR B EE 5 R 1y Ruo. + Ries
R, 47 313 7R H 6 (HO- \RCS. O, X Bl ATZ il 1)
TR R s ko 7678 HO - FINB J2 W 8~ 90 39 50 %8,
3.9x10° L/(mol+s) s kyo. o A7 HO - FIATZ I 1)
TR R, O 3.0x10° L/(mol-s) . AR H
JEXT ATZ () B it STk R 3.49% , ROA TEIR R bl
R T — & BAE R A ATZ B % STk R s B T
9.48%, 1ii HO« il RCS J& ATZ [ fi () £ F 3643, vk



AR

Tl K AR F 2023-05,43(5)

RAPHIKF] T 46.11% 1 40.92% . 45 FF W, X 86
I P 53 00 A7 6 B R 6% A7 280 b e i ATZ.
2.2 NaClO#mEH %M

TEATZ W) MR M BE N S pemol/L, B R 2% i i ¥k BE
}'5 mmol/L, pH=7,1,=450 W/m?, JZ i i} [f] 4 25 min
B AR, B 58T AN TR B NaClO X R i ATZ 3R
M2, S5 R WA 3 TR o

10 =
0.8 RN
0.6} N
] LAV T
Co04 N S
+ e
021 --m-- 50 umol/L &
’ --e-- 100 umol/L
--4-- 200 umol/L
0t --v--300 pmol/L
0 5 10 15 20 25
I 8] /min
0.08
i
0.07 ’
7, 0.06 W
£
<0.05 .
oo4t ¥
0.03 50 100 200 300

NaCIO¥K & /(umol-L™)
3 A[E NaClO iR B3t ATZ B fE 30 R 19 821

Fig. 3 Influence of NaClO dosage
on ATZ degradation efficiency

A & 3 AT Bl 5 NaClO ¢ BE A 386 K, ATZ 1 R it
BRI A . 24 NaClO ¥ /i 50 pmol/L 3% K 5] 300
pmol/L B, ATZ 7 25 min P 19 B A % 1t 67.7% 2 /= 21
T 77.8%,k, H0.041 93 min™'# K %] 7 0.059 87 min',
X T BEE 9 4G NaClO Ve BE R 38 K IR R r=ae T
B2 Y R HO - A RCS, ATZ 546 Fhid v E i
BE 0 R R AR, AR 2E T ATZ (9 B A
2.3 pHHIF W

TEATZ W) B HEE 4 5 wmol/L, AL 7] NaC10 ¥
4200 wmol/L, ;=450 W/m?*, 2 i i} [6] Ky 25 min 4 451
T, 5T AR pH X ATZ SRz i 7 (4 P s R 5
ZER N 4 Fr s o

10p =
RS
0.8 .o
06 *i\ ¢
S 5 -
Soal oy &
* B
02F o pH=5.4 ‘B
o pH=7.0 i
ol -4 pH=9.3 &
0 5 10 15 20 25
I [8] /min
8
0.12 }
008
=
£
2 [ 3
= 004 |
: i
O 1 1 ]
5.4 7.0 93
pH

4 FR[EpHX ATZ B fR3I R B #00
Fig. 4 Effect of pH on ATZ degradation efficiency

F R 4 ] A rpodE S R S i IR Sk b L R
PR AFF (pH=5.4) ATZ () B it B B kb pH=7 B 7
5, ATZ B ff 0 v 25 72.5% 3255 3 T 96.0%
B 2 E (pH=9.3) 4| T ATZ B M At , ATZ %A 2R i
72.5% BEARE) T 56.0%. £ pH 4351k 5.4.7.0.9.3 i}
ATZ 18k, 4% 514 0.127 61.0.051 92.0.034 29 min™,
Bh— B 3 5 A BB pH /N T R BB . H
T ATZ Y pK, Ry 1777 R L pH (928 AL AS 25 52 i 2%
F N ATZ A AEIEAS o S AL NaClO FE K AR () £
1EIE 2 HC10 #1 C107, HCIO 4 pK, Ky 7.5, ot 15
% ) pH B9 5 W , 45 pH=5 Fl pH=7 I} HC10 K # 4>
PLHCIO 4> T IR & AFAE U W b B2 7 pH=9 ) 5%
£, HCIO LA ClO B X AF A T ¥ W b . HCIO 1E
254 nm P KL AMDE T T2 KT ClO1E 254 nm
WA E AR (= R B LUK pH R AR £
B HCIO M2 T HO - F1 C1- [ H 3E A998 B, AT fie kT
H RN ATZ B9 S 3 3, Rl pH I, CLO MR B
P38 R 23 FEAIR HO - F1 CL- 19 77 2, 5350 ATZ (1) [ e o
RRRE . UCARSE AW F5E, HOG/&UR R % ATZ
FE PR R M 2 1 BT A I RO



Tl K A3 2023-05,43(5)

TR % B LR AR R R IR 5 02 oy e RO BT

24 KEESEESHFN
2.4.1 CO/HCO, ¥ %k

CO HCO, J2 KA 2 AETE I B [ 5 5, A%
TAE ATZ W IR N 5 mol/L, E AL 7 NaClO ¥ 5
200 pmol/L , B2 22 M W £ 9 5 mmol/L, pH=7.0, 1,=
450 W/m?, JZ N7 BHE] R 25 min B9 4514 R, %2 T AR
HCO, Mk BEXT ATZ R fRRCR R 520, 45 5 an & 5 577 .

1.0 =,

Olsi
0.8 3
0.6 |
C o4t T
1 = 0mmol/L I N |
--e--2 mmol/L L
0.2 --a-- 5 mmol/L
--v-- 10 mmol/L
0 L
0 5 10 15 20 25
I 8] /min
0.055
i
0.050 :
Tg 0.045 ¢ LN
£ ..
£ 0.040 | L
]
0.035 +
0.030 . L '
0 2 10

5
HCO; ¥ % /(mmol-L™)

5 AEHCO, ¥ B Xt ATZ P& i 30 R B 52 i
Fig. 5 Effect of HCO;  concentration on ATZ degradation

S AT AT, ZEAR R R oin A HCO, ™, ATZ (1) [ fife
ARG ATZ B R A 2 5 -k B S R OC . FEIA
(9 HCO, He £ 1% 3] 10 mmol/L I}, ATZ 7E 25 min I ()
R fift %8 60.45% , 3% LL A A HCO, B & 2 X} ATZ
) R i 2R (72.46% ) Ik /D T 12% . 24 HCO, e H 0
B4R F] 10 mmol/L, ATZ #) th — 9% i 2 % %k,
0.051 92 min " Y8 /NE T 0.037 74 min™', X FEZEH
A HCO, J& , HCO, B % 47 %0 H 4R H /4 Ik &
Y HO- (Cl- A CL 5 Z RO A 1 €O, BT
TR R R B R 8.5%10°,2.2x10°,8.0x 10
L/(mol-s)™ T FEAK T REFF A ATZ 1) HO- (Cl-F2
BUREE  Hi 15 ATZ 1 R it 3 R AR

HCO, +HO -——CO0, +H,0 (7)
HCO, +Cl-——>CO, " +H,0 (8)

HCO, +Cl,——>CO0, " +CI"+H* (9)
242 CIREMT W
CI™ 5 e i £RAH 7], 2 7 4R A48 k8 DL 1 — b
B BS - T IZ AR AE T 4% Bl K SRR AR R % K o i C1
Xof — By Y gy (1 B it A S R . %8R pH=7.0
() 2 AF T, 0~10 mmol/L Y& [ N 19 C17xF H J6/5 1k &
FBR ATZ By S 00 25 SR 40 18 6 IR .

Loy =
08F RN
\":\fi‘
_06f o
9 - “:»:‘n
© RN
0.4} gy
--u--0 mmol/L g
0.2+ --e-2mmol/L
--a--5 mmol/L
ol --v--10 mmol/L
0 5 10 15 20 25
[} 1] /min
0.055
[ SR
0.050 Eoeee £
TE 0.045 +
£ »
£ 0.040 |
0.035 +
0.030 - . . !
0 2 5 10

CIVRE/(mmol-L™)
El6 AECIREX ATZBEHFIRE M
Fig. 6 Effect of CI” concentration on ATZ degradation

i 6 AT, Y CLvk B2 & 28 15 i #] 10 mmol/L
B, ATZ 19 B i 3% % 8 52 B30 6, 25 bR R
72.56% [EAK 2] T 64.66% , k. 1 0.052 29 min™ i /)
T 0042 25 min” . XJEH TMACE,Cl 5
HO - 2 7 i3, A2 i CIOH AT €, 45 A i 3k, 5 Cl-
A B L, i AR CU RN ATZ 55 4 5 H il 3k 2
L, ATZ 1) R fife 32 B 4 1
Cl'+Cl-=—=Cl,~ (10)

CI'+HO-=—=CIOH "~ (11)

243 NOM &%

R AR AR NOM B 4715 X 7K Ak F T 25 AR 5
Ao A B R YA S R R, O ELAE K b B
o B NOM 2 7 AR ko pa AU = R,



KR

Tl K AR F 2023-05,43(5)

KK 4 . (5 ATZ B 5 wmol/L, & 1k
F NaClO ¥ & 2 200 wmol/L, B B2 2% vh Wi W & K
5 mmol/L, pH=7.0, [,=450 W/m?*, [ i} [f] & 25 min
M54, 25 2R [a) VR B2 1) NOM X B ik ATZ 550 2R 11
SR S5 B T TR .

10r =
0.8} b S
Ty
_06f e
. *~Z:;tt &
S04l -
| i S
--m-- 0 mg/L a‘
02 —s-to el
4 L0 mg/L
ol ~v-20mgL
0 5 R
I 11/min
0.055 1
-
..... E
0.050 h
IE
£ 00457 j
=
0.040
0.035 0 0> o )

NOMJi B [ /(mg L™
E7 NOM &R Xt ATZ P i 3 3R 09 3 il
Fig. 7 Influence of NOM concentration on ATZ degradation
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Table 1 Information on intermediates of
ATZ degradation in solar/chlorine system
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Fig. 8 Degradation pathways of ATZ in solar/chlorine system
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