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Abstract; The degradation of chlorpyrifos, a typical organophosphorus pesticide, by thermos
activated persulfate was systematically studied in this work. The influences of temperature,, persulfate
concentration, pH, and common anions (i.e. CO; , HCO;, Cl” and SO} ) on the degradation of
chlorpyrifos were investigated. The results indicated that the degradation of chlorpyrifos followed
pseudo-first-order kinetics. The reaction rate increased with persulfate concentration. Temperature
dependence of chlorpyrifos degradation rate fitted well with the Arrhenius model. The pH had no
significant effect on the degradation of chlorpyrifos. As for the four common ions in natural water,
SO2™ had no effect on the degradation, Cl~ promoted the degradation of chlorpyrifos, while CO>™ and
HCO; inhibited the degradation and the degree of inhibition was CO> >HCO;. Quenching experiment

confirmed the presence of +OH and SO - in the system, and that -OH played a critical role on
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chlorpyrifos degradation.
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1 #ES 7 ( Materials and methods)

1.1 SEEekhR

BEALIR( =97.0% ) W F WL AR AL B AL #1500 A BRA L K, S,04( 299.5% ) \NaCl( =99.5%) Na, CO,
(=99.8%) . NaHCO, ( =99.5%) . Na, SO, ( =99.0%) . H, SO, (98%) . NaOH ( =99.5%) . Jo 7k £ M
(=99.7%) 1T E 25 4L 2= A BRA R, O BCT BE( ik al) i F At i 2 RHE A FRA A
1.2 SEENE

HH-4 B8 H R IEH (35T 4R R TTAE A 7)) s KH-500DE 55 48 7 Il 75 ve 4% (B LR A1)
AR A PR A ] ) ;CPA225D L RF- (FE 2 FITRL#AUER A v ) s pH 1 (PB-10,PB-21) ; H = S0 AH
3 (UPLC, Waters , USA ) ; “UAH A ( GC, Agilent 7890, USA) Bt %5 ECD £l 5.
1.3 SERG i AR Kb ik
1.3.1 SRk

LI AH 44 mIL (4 BEURE 0 A €0 B B, 35 PN A SR DU G 20/ e M o L R O L R AR
40 mL, FACWAPIIRRE R 2 mg- L7, B4 S VAR R 3% B A EAT A K,S, O 1 25 B T /K 5 PR35 4
A) BB IR /K VA58 R SO A5 B 1 B, IR LR TTE, B3B8 30 min, B 1 mL MFESA 4 8
VKK R B RE R 1SS, FH UPLC 005 A im0 2 A6 WL i
1.3.2 ZHrrik

TEALI R B B 0 A SR T 5 ROOH (3% (Waters ) , (35 4E 5 Agilent XDB-C18 S ] (5 1% £E:
(100 mmx2.1 mmx1.8 wm). &SR AR %5 B 550 (1) Wl A MK =10:90(V:V); (2) k.
0.4 mL-min™"; (3) #FFEAFL .10 pL; (4) #3265 nm; (5) H:1E :30.0 C.

2 5 548 (Results and discussion)

2.1 SRR e X R BT R i 5 T

AR5 T HE pH (BN 4.2, 1R BER 70 CRRNARMAE T, i B iR ER7E 0—90 mmol - L™ 94k i [l
PR B SE MR ) SE AL AN 1 () T/, BEAE IR RE R B S, 05 WRIEE MBS i @ & 14m, 24 S, 0%
M E R 0,1.0,20,50 .90 mmol - L™ i, BEFEMEAY 2B F6 5051 K 30% 42% 45% ,60% [ 71%. 5 FCIL 1) ¥k
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v, [CP ] N SN R AE o B 20 RO BESE AR E (mg - 171) sk, A B AR IR AL (min ™) 5 [ CP ], N RESE

BRARI UG E (mg- L") ALA S5 A AR S e P o 3 W BN 2 1 Fros . Ani&L 1(b) B, AN [l vk BE 3o
PR A XS IO ) B A M i o 3 ke, ARSI ) T TR 7 B2 22 2 M A O, BRIV ot R 6 ok A — 8 Y
B A, I i 2 e A R 56 e T g T e
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Fig.1 (a) Kinetic plots of chlorpyrifos degradation at varying persulfate concentrations

(b) Pseudo first-order kinetic constants of chlorpyrifos degradation at different persulfate concentrations

R IR A S B PR e A i AL B4 By ) 2 S8
Table 1 Kinetic parameters of chlorpyrifos removal by different concentrations of persulfate

TR R R e T FONE B 32575 e

Persulfate concentrations/ ( mmol+L"") Kinetic equations K /min”!
0 In(C,/Cq)=—0.0019 0.9901 0.0019
| In(€,/Cy)=—0.0031¢ 0.9713 0.0031
20 In(€,/Cy)=—0.0032¢ 0.9937 0.0032
50 In(€,/Cy) = —0.0049 0.9958 0.0049
90 In(€,/C,) = —0.0068¢ 0.9983 0.0068

2.2 B RE UMK ik R 1) 5 i)

Tk R S Ak 2 S I ) O B R 3R B e N Ak A B Y T 2L 1R 8 K, S, O W) AR VR FE 43 1l 50,
90 mmol-L™" ,pH=4.2. 41 [&] 2 i/ , BRI REAR AT G il — 0 Z) T2 7 B I 8 T, 7 B0 L i 3ok 42
BN 2 K, S, 0, AU E N 50 mmol - L7, 43 BITE 25 .45 .55 .65 .75 CHYAAE T, B At o R 3 5000 )
“41 0.0003 ,0.0006 ,0.0015 ,0.0035 ,0.0056 min""; 24 K, S, O, [ FERE i1 90 mmol « L™ B | [ i 33 R B %
435124 0.0002 ,0.0006 .0.0017 .0.0046 .0.1191 min~".7E 25 45 °C I, 12 B R 5 9k BE XoF o i 3ok G Wl 5 5%
M) 5 S EE KT 55 °C I, Jeb B 1R 6 W B2 T 1efy 5 i 7 SR ML A il 3. 5 U IR 48 R AL, 508 2 T e
RN B RE R M B ERER 0—O HEWT S A: B R AR A B 25, B0 AR R b B VR R T
BESLMRRR A1

SR AR 8 JE 2 1 7 % ( Arrhenius equation ) UG AN ]l B2 T 38580 H0n) 28 AL AR

InK, =1Ind - E,/(RT) (2)

K, A R T (WARAERTH ) L E, (J-mol™ ) R iffLEE, R(8.314 J-mol - K™") N BRI H L, T
ARSI (K) AN 2(e) Bis , MIRBIREE N 45—75 CHE Ik, 5 1/T 2 RAFIZMEC R, U4
TG A3k B R 6 B3 il 23 JEMRLAT G BT S JE 24 17 7 .



2092 B2 5% 1k 2 358

121 (a) 201 ()
¢ 25C 18F ©25C
Lok °45°C 045°C |
: v55C 161 v55C
265C E i 265C
—~ 08 =75°C E 14 =75C =
g E PN g 121 =
=06t Z10f
T i s - =
= .
04 " 06 - * z
x = ¥ 04t = :
02 & - ¥ : . ﬁ .
= ¥ * ° o o 021 & - * * N
0 . 3 o3 L 8 b L * hd | 0 L = | z 1 8 1 g 1 'S 1 * 1
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
t/min t/min
40 (o e 50mgL!
45+ © 90 mg-L!
-5.0 -

in-1
InKypp/min

| | ] | [

N s @

W (=) wn (=} W
T

| | | J
0.0029 0.0030 0.0031 0.0032

7 YK!
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Fig.2 Kinetic plots of chlorpyrifos degradation at varying temperature in 50 mmol-L™'(a)and 90 mmol-L™'

(b) persulfate solutions; (c¢) Relationship between pseudo first-order observed rate constant K, and T

2.3 TR pH X EEFEIERE fifE L TR Y 5 e

I pH ROGE IR & YT AS | TRl At BE AR PR 28 b ) P R A FR 2SS e iRk 4 14
TG F R EMA R HS0;, - & TR A AL, Y pH THE I, 2 (5) 2R R I [ 3 K R RS0, -
- OHIfF.

A
S,0% +—280; - (3)
S,03 +H'——HS,0; ——HS0, +S0, (4)
SO, +OH——80> +0H-; k=(6.5£1.0)x10"mol -L™"s™" (5)

ARSCY LB AEIE ARGV 2 L™ LBEFREIVEIE N 90 mmol L™ AHUT 1 mol L 9550
LEHAIGRARIE Y AR pH (H 3,5.7.9 11, R EI7E 0.3 1, KBEREE K 70 °C, SV [H] 3 h. A
) pHL{EL ] 4 FE MRV AR SE T AN ] 3 B0 , T G000 3 5 A0k, U pHL (T A0 o B
W i P B .

2.4 HMZEREE

TR BERRR R H F1 th 3E298 R BTTERIR T A 4 ROSIER L RE(ETOH) AA &4
R-J2HEI0 AT BE(TBA) FE S 3L B0 5 3 E SO, - #1 - OHIMFEAE. Z B2 OH - FISO; - (1 KL I 3 2%
WHT B (1.2—2.8) x10° Lemol s RI(1.6—7.7)x10" Lemol 5™, S BEHUE " s A T BES OH - 5
REHHHN (3.8—7.6) x10° Lomol 5712 15807 + B B3 4 (4.0—9.1) X 10° Lmol 57 12! R
# LR N 1000 i B, 1T LIS 39 1 P 5 2 BB T IR S 7 8 2 Sk 6 9 T i 3
PRI 1L,

52y T AEFEE AR E N 2 mg L™ A BRBRAR B 90 mmol - L™ JRLEE 70 °C Z BERA T Bk
B4 1.10,50 mmol - L™ 1 3 Fhyf i | ST RIFFTE] 3 b, I 4A pH (E>A 4.2. 52525 B ANE 4 Fi7R  INA Z BEFI
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AT R ] LA o) 75 S0 0L A0 A e, B0 T B )40 ) BSOR AL T St LSS R, 1 & R Rl A7 2SO, - Al
-OH, HAETRSLI MR e rh - OHGES 2 2RI

1.6 12 e FTOH=1 mmol-L!

* pgj © FTOH=10 mmol-L™!
L4 ° pH77 10k v FTOH=50 mmol-L! =
ok v P 4 TBA=1 mmol-L™! s 3
: a pH=9 » TBA=10 mmol-L™! S 3
1ok = pH=11 _ 081 o TBA=50 mmol-L"!
S $ . 2
:‘E 08} ; g ool . . s
0.6 | [
: 04 . = i
8
041 2 e 3
02 L X 02 é g §
o
0 1 1 1 1 1 1 1 1 1 | 0o 1 * Il 1 1 1 1 1 1 L |
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B3 pH (DM i AR A L 105 4 WAL AR FERR A R
Fig.3 Influence of pH on the degradation of chlorpyrifos Fig.4 Influence of alcohol compounds on the

degradation of chlorpyrifos

2.5 HCO; H1 COS Xf 75 H M5 R i 3o At 1) 5%

HCO; il COY J& R AR DL ES 1, 2 %h K B B8RS 7= A 5200, -5 K R v [ b 3 & A=
T AR AR AR H AR AR A SRS, PRI 1P 25 S ik T X6 A AL 75 G 00 114 ek e s i) JEL A 52 8 S S 56 v B AE ML 1Y
W 2 mg- L' G HLER EH NN 90 mmol - L™ JRJE A 70 °C \HCO; 1 CO3 ¥ E R E M 1,50,
200 mmol + L™ Q& 5 fif7R , HCO; A1 COY [N AF 10 B SC W (14 A, B2 HCOS AN COY VR B2 Y3
T, B U i A2 BTG COS™ Al HCO; SR Y 1 H BV IR, v L SR & S0y - Fi -OHJR
BELAAT(6)—(9) 122 MK R P IA COY HCO;, SFEFEIE 35 4k 2 rp [ phy | DT A A1 5 76 e
fiff T

SO, + +COT —S07 +CO; + ;£=6.1x10° mol - L ™"s™" (6)
S0, - +HCO; 4’50?{+HCO3 « k=1.6x10° mol-L "5~ (7)
HO- +CO> —OH +CO;+ ;£=3.9x10° mol - L ™"s™" (8)
HO- +HCO; ——H,0+CO; - ;k=8.5x10° mol-L"s"' (9)
14 14
@ ¢ | mmol-L™! ® e [ mmol-L!
12+ © 50 mmol-L™! 12 o 50 mmol-L™!
v 200 mmol-L™! I v 200 mmol-L™!
10k 10
S osh * % Sost %
S - 1 z i
T 06F z T 06 3 ¥
04F . = 04 « 3 ¥
02 s * 02+ - )
. 9
0 1 1 1 1 1 1 1 1 1 ] 0 1 1 1 1 1 1 1 1 1 J
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
t/min t/min

5 (a) HCO; XFREFEMEFEMEMISEM 5 (b) CO5 X S8 MR A 1) 52 i
Fig.5 (a)Influence of HCO; on the degradation of chlorpyrifos; (b) Influence of CO3 on the degradation of chlorpyrifos

2.6 CI" 1 SO3 X B JEMG R k1t T2 19 5 i)

Cl 27K TP DL JCHLB S 7, A B 92 & B B 38 5 W B R AR 11 Pl SRR R MILTS e ) AR IR s
BB E T AN CL7 ¥ B2 (1,50,200 mmol - L") Xof 74 B8 W5 3 fifk 1) 52 o). 552 6y v 42 i) 5 8 W) 463 Vi 5
2 mg- L7 i BRR A BN A 90 mmol - L™, I WIREE 70 °C 914k pH {4 4.2, He5 R WA 6 (a) fis. 24
ClTHBEH 1 mmol - L3 %8 200 mmol - L™ B, BEFEMRRE AR 3G N T 19% , UEHH 1k BEXG I mT AR 2E B2 5K
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W) R i 3 TR &R b €L SOy - B B, A gl CL- A - O, Jinpie 1 B 48 W 2 107, sz o7 28 (10) —
(15) . A S H NG Y PREIE T 15 R W) iR CL 3l i SO R R A FR AR 28 5 i X
BTG e i) B0,
M 6(b) AT, B SO Vi BE BYYE N, B SEM5 A B Al R T (B & 8 Ak, UAHH SO% Xof 75 A1 1Y o5 fi
SuR oy e S AN

16 14
@ e 1 mmol-L™! ® e 1 mmol-L!
14 © 50 mmol-L! 12k o 50 mmol-L™!
i o
v 200 mmol-L™! v 200 mmol-L! [y
12+ .
.4 1.0 o

= 10f [3 S o *
= = < 08 - 3
T 08 L3 %
g 7 =l
T ¥ T 0.6 - £

0.6+ .

¥ L
04+ 04
3
02 % 02|
0 L ! I 1 L I I L 1 I 0 1 1 1 1 I 1 1 1 1 ]
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
t/min t/min

216 (a) Cl AT EEILMER YL 5 (b) SO XI REFLIRIE ALY
Fig.6 (a)Influence of CI” on the degradation of chlorpyrifos; (b) Influence of SO3™ on the degradation of chlorpyrifos

S0, + +Cl™«—80; +Cl- (10)
Cl- +CI"«—Cl; - (11)

4CL; - ——2C1 +Cl, (12)

Cl- +H,0 «<—Cl HO™ +H" (13)
CIHO™ «—OH- +CI° (14)
Cl;+ +H,0 —C IHO™~ +H"+Cl (15)

3 4518 (Conclusion)

(1) PTG AL B R e = R P i e AL R A R AT B v — ) D) 2 SR Rk B — e B, 1
ok B R R A4 B T LA bR 7 BT ) R A

(2) U S M) T SE M AR A 1 S B R 2R — TR B Y TRl VN, R e A 5 BT A J2 L S A 76 5 B 5 VL
Thn , B R m .

(3) With pH (B} 75 AU R A ATt B 5T

(4) A AR K, A R P R AEESO, - il -OH , 7E R SE I it FE v - OHIES 3 24 .

(5) RERAKM A3 LB B F €02 (HCO; \Cl™Fl SO>, Cl" 7E— & FLBE 1412 3k 75 58 W (0 [ A, SO it
R ARV, COY A HCO; v] LAl 35 5L M5 A , ELID IR COT >HCO;.
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