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AFR BTG Y R BB ARG . FAT NS PL A 2y
IR BT 2B B e AR W R I8 2K S A DG AT At
WML IR 7 I AT 58 800 TR 7 AR Sy R 15 28 119
— 7l LK A BIF 5T B AT G AR SO ST T A [
pH L BE XS R A R S R K S B85 e e A 4
K= IR ARG HOK LR

1 BRI

1.1 SEIg#r#t

1. 1.1 &K B HOARAE S AR 9920, 1 T [
Dr. Ehenstorfer 23 F] . /K (4l 99. 9% . IgF Mack-
lin A®D . OiE (ETEal) , MoK ; R 3R iR Bl 7

R P A5 B 0 L R A R S N L AR L R R B
iR — S AT (B R 4 Hr el
1. 1.2 ik B4 FHRBSEK FL A W] pH Y 22 v
T, HARTC A pH (EULEE 1.

H 38 pH S0P 55 AH B B AR A8 A R IR 2R IRK
HA KB 1 h, KEJE 0.1 mol/L HCL 8 0. 1 mol/L
NaOH #1E pH {8, AR h 2 H

FAAE % 2 2 HE B A 10 g/L A9 & E bR o B
10 mL & H P8 47K A BEIC | 500 200,100,
50,20 F1 10 mg/L AIARAER W, BLEC B s FH E R AN )
pH 18 14 2% W B 100 mg/L 0 &0 Ho s i, 30 e
BH .

K1 ARENKHESE

Table 1 Components ofvarious buffer solutions

2443 Components/mL

PR Frigmeh FrEmR A — 4 Tl — A 47 RN AR / AR AR
pH Citric Sodium Disodium Potassium Sodium Boric acid/potassium
acid citrate hydrogen citrate phosphate hydroxide chloride mixture
0.1 mol/L 0.1 mol/L 0.1 mol/L 0.1 mol/L 0.1 mol/L 0.1 mol/L

B) 205 295 — — — —

6 95 415 — — — —

7 — 800 200 — — —

8 — — — 500 468 —

9 - - — — 213 500
WA MR B A K BEE 1 000 mL; “— "R R ARG XN 4H 4. All buffer solutions are diluted to 1 000 mlL with ultrapure water;

“—” indicates that no corresponding.

1. 2 L&t

1.2.1 pH *7#&F kKMo ¥Hwm  BULIR 5 Fh pH 27
A EC I Y 100 me/L B H BB, 25 I 50 mL
A A#] 100 mL HZEHETE I, 4 #EE & T
25 CHEIR/KIEE B P A 3 ANFAT . WTBURE I 2 4%
GephECE AR R . EUAGRER AN R . pH=5
M pH=6 /T 1 d B 1 %G pH=7 & FEK 6 h
HORE 1 W pH=8 24 T IRIRE 0. 5 h HUEE— ¥k ; pH=9
ZAF IR 2 min BURE 1R, ARG, IF IR
FEZs il

1.2. 2 BN T RAKRBOYw B pHEN6.7.8
R PR A4 100 mg/ L B 1 HRIATR L 45 W 50 mL
RRMAZE] 100 mL HIEHEIEI K SR B T 25,
35.45 1 55 CHEIRAKVEH, B 3 A PAT . 8 U]
ERCE BRI, BARBEZHE T . pH=16 1&
T HVATRAE 25.35.45 F1 55 °C 444 T BURE ] B sk 8] 43
ok 24.12.6 F1 2 hspH="7 WA RIETRA R E T
R 8] B At 18] 43314 6.3.2 F110. 5 hypH=8 AYELH &
VA TRAS ) 3 8 T HORE [ B B5F 18] 3 591 & 30,10, 10 F0

3 min, AR R IR AR A
1.2.3 % & R KR T WA P A% R R
CMP-NMR) H ARG B 558 155 5 A 3R A5 B A6 0 245 5, B
10 g/L MECAH BARHERRE . 2 5 pH{E R 5.6.7 1
2 WA BRI A R E E 1000 mg/L, WL 5 mL
PAMAE] 10 mL B A, BT 25 CHEIRKHT
FW 1 d JE. B 0.5 mL WM A KRS, 5 nA
0.5 mL HZK CHH TR F2 8137 . i e iR >, % %
% 10 mm PRAEZREE T FRI

B EAR RN 1 d 5 AR E AR A 1 mL, R4l
IKFRE 10 B4 05  SEHIMA 20 mL 4 P bR E e 4k %
FPAEIC L b, # RIS W L VE RS BT O
B AR T K BRI K . R T B T R
YT 1 mL HEL fF GC-MS b,
1.3 i AE
1.3.1 &8 Rk EHmE K FH 1 350 A €815 v
(HPLO) 72 B AR B I E 5% A R ILF [
FE ZFRECGB/T 334—2001 # i S 25) 7, 3 #4758
M L BC A SR AR T R A T
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(HPLC, Agilent 1260, 3 ED , %4 ) Zorbax SB-C18
3R (4.6 mm X 150 mm, 5 pm), &M + K
(LM = K=13 + 8DAE RS AH , oK 75 B2 H B R
P pH=3; i A 1 mL/min; BN 30 °C 5 A& 9%
£ 200 nm; AR 5 pl,

FEME R 7, XF 10,20,50,100,200 F1 500 mg/L
FOE BT AT HPLC A, 25 5 DA HOvk
SN AB R | U TR R A AL bR 22 A o il 2 L A5 B AR R
28 vy =2.023 5x JHHKRER*=0.999 9, J5 L LK H
FHAMR 0 7 5 s e e
1.3.2 # & kKM= %" P-NMR 4 41 AR P A%
G AR CTP-NMR) W] IR 8 9% 2 451 32 1) AN [+ 43 A e Ak
BPIEAEDS AR SR R A 10 mm YA $EHF BBO
3L AVANCE [ 500 MHz A% 86 48 3% 4% (Bruk-
er, Fig ) DN B E HOK R =P PR A AR A
F . BARSCES SRR P A ILIRIAR A 161. 9 MHz,
FAHE 440~2 840 Y MEIREE N 24 °C, A P AL2# AL
S L 85 % M IEE TR » 1 FH 90° ik bR 46 51 SR AR i)
[f]24 0. 328 5,10 s S I AER mf ]2
1.3.3 & & ZAKM=H GCMS 5 # fifi HBC 2%
HP-5MS(30 m 0. 25 mm,0. 25 pm) 854 i AR @
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TRFE 4353 A 250 A1 280 °C 5 &<, (99. 999 % 4l BF ) LA
1 mL/min AYE E i AR 20 S HEAE 50 C R IR
#F 2 min, A 15 °C/min FHEE 260 °C . Jf-7E 260 C T4
$5 5 min; B FIRIREE N 230 °CLHESHER 70 eV IAFIY)
BB E R 3 min; HERRRE 1 pL, RO TSR,
1.4 B4 12

i Origin 2018, MestReNova 14 54 &8 4 3F
TPEEEAL S 547

SR
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Fig. 1

Hydrolysis curve of trichlorfon in different pH buffer solutions at 25 °C
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HUK AN 0,002 3, WA 301 ho K fifk ik BE 92148
557 pH="5 4F NEUE HULFAK A 1E O, 7T LIS
HECE BAERR T (pH<<6) 251 HeiHa e , AN ) kA K
fiff » ELR B AR A s 76 h i (pH=D ¥ W b Bl A
KA R B e, 2 1k 31 h 2 s fF pH=8.9 %%
R KA R 0. 38.8. 99, KW 1. 82.,0. 08 h,
TR LU K g R R R R A o S k. HohAE
pH=9 AYZE AT A2 1 h B BRI A] K i og 4

KA 9900 ARG R A HUBEA 2515 pH
{EALT 1~5 BRI I B AS E (A AR E 25 P T K fige
SRR L FHIAY, B pH=7~9 &/ F a3 in—4
BT pH R, B Er HROK SR R R 10 %, Rl Bk
T RARHMESE R R RO HUr R B pH>>6 S5 0F T L B
1 HUKA# BN TRI R . S350, BETFE R, ik 251
RO HOKSRER BE A T 5 T A A 2 Un G Ui A
TR R AL T RIZSR R

F2 BEHE2 CARE pH BB ERHIKEHNESE

Table 2 Hydrolysis kinetic parameters of trichlorfon at 25 ‘C and various pH

IK figp A A 2l 5 B - IV vy i
pH Hydrolysis rate Half-life Fitting degree Foval Kinetic equation
constantk/h ! periodt/h R? vatue C,=Cyee ™
6 0.002 3 301. 37 0. 998 6 12 396. 5 C,=100 ¢ "%
7 0.021 8 31.8 0.991 1 2 620. 6 C,=100 ¢ *021¥
8 0.381 4 1. 82 0.991 6 2 725.2 C, =100 ¢ 14
9 8.995 7 0. 08 0.990 7 3 345.7 C, =100 ¢ %57

2.2 BEXEBE HKBHRMm

HF& R pH="5 &4 F LT ANKE, 7
pH=9 F5 T 7K fiff 18 B 3k PR AS 2 BRURE ARG, iy DA AE %
FEAN ) B %o T K A 0 5 B L R pH(ER 64
7.8 WU H MW, 7E AR B (25,35, 45 Fi1 55 °C)
T EBIBRERI . gk 3 AR L BE BRI AR )R
BN KA & — Rl 12 A B R T 99%.
T HL P K fof R B TR R TR R K . 7E pH=6 %%
PR S ECH HFE 25.35.45 F1 55 C R B = 140 51k
300.,91.2.19. 67 F1 6. 15 h; pH="7 I}, A [a] B F 2
A4 Ih 30. 72.9. 54.2. 49 F1 0. 88 h; pH=8 I}, A~

AR B 2 243 %) 4 1.82,0.8,0. 38 M1 0.15 h,
M T AU & W 554 25 0 K A i 1 05 1 s
BT Ak RE S R UR T 0T R 9 Rl 45 T L IR R X R
B K i R A S, BVR R R R G A
KRR, T IR R RN R B Q Ok B R K fif i R
WHSIREMRR, WE 3 Fia.7E pH=6.7.8 (K
AR B BT 10 °CL KR RIS N 2. 11 ~
4. 63 £ FEARLF AR K (van” t HoD #LI , B B
B LT 10 CL e Rt m 2~4 £, AR 5K
o5 R A R R A N AR BRI L R T N T A IR

®3 BEHBREEAREBE THKBNNESH

Table 3 Hydrolysis kinetic parameters of trichlorfon at different temperatures

it KR gl LA i IR
C /«d't' Hydrolysis rate Half-life Fitting degree Foval Kinetic equation
ondrtion constant/h ! period/h R* vatie C,=Cyee ™
25 °C 0.002 3 300. 06 0.997 8 14 278.92 C.—100 ¢ 02
pH=6 35 °C 0.007 6 91. 20 0.997 2 13 825. 55 C, =100 o 0007 6t
45 °C 0. 035 19. 67 0.999 6 71 541, 87 C, =100 ¢ %
55 C 0.11 6. 15 0. 995 6 4 950, 27 C, =100 ¢ “'"
25 °C 0. 022 30. 72 0.992 1 2 927. 08 C, =100 ¢ *
pH—7 35 °C 0. 073 9. 54 0.997 2 6 941. 73 C,=100 ¢ %
45 C 0. 28 2.49 0.998 3 11 832. 03 C, =100 ¢ "%
55 C 0.79 0. 88 0.994 3 3 002. 07 C, =100 ¢ 7
25°C 0. 38 1.82 0.993 4 3 884. 85 C,=100 e ™™
— 35 C 0. 86 0. 80 0.991 0 2520.78 C,=100 ¢ **
pH=8
45 °C 1.83 0. 38 0.991 2 2 659. 91 C, =100 ¢ 5
55 °C 1.71 0.15 0.993 2 2 938. 45 C,=100 ¢ "7
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2.3 MEBRKBREMWELESELE

B2 3 oK R E B Ink ) SRV IRECL/T)
AT AT IR 2 7R AE pH=6 Z0F T K fif sl 32
BOSGHBE R R Ink =— 12 890. 6/T + 37. 12; 7
pH=7 &M F ., X& N Ink =—11 743.3/T + 35. 58;
TE pH=8 &M F. K& N: Ink = —8 090.9/T -+ 26. 14,
PIAFEBIRT 99%6 . UaHHEC A HvA W AEAS R BT 1Y)
TR N A5 B JE 2 8 (Arrhenius) /AZ (L (D),
PO B 2, HRPRE T — Fa/R, 800 InA,

b :A . eEa,”RT , (1)
Ink =InA—FEa/RT , (2)
2
pH=6 ML
. PH=T—— ZfLii A
pH=8 A ER ey
0 -
14
=D
=
= ;5]
4
5
64
77 L] T T

300 3.05 310 315 320 325 330 335 3.40
UT(107K)
2 KRR EE L SRBIRE T BEHR
Fig. 2 Relationship between hydrolysis rate

constant k£ and reaction temperature T

FEANTRNIR BT 52 Wi 7K ik 5 07 8 23R 1) PR 38 R
TEALAE Ea TG ALAS AH . 7K SN 1% 468 AH AT i
A3 I TEIRRE Ea SR TR T A 54E&Y
BTGP AS Z 14 B A AR e T 1R AS AT A
EL W 3

AH =Ea—RT , (3)

AS =R(nA—£k,T/h) . 4

A R ARE 8. 314 J/(K + moD)) s A AR

¥’%¥r‘%@ﬁ; 1313 ﬂ?ﬁﬂ:ﬁ%#ﬁ(G 73X 10735 ]/K),
h T (6. 625X10 % ]« S),

ARTRIERE ZF R L W E UK i S R R 6 B0 g 2
SHINE 4, WELRE RIS NPT 5L ESZH
P BE 22, e RO & AR S R B . B 2 n] AT, B
UK RN S AL RE S R B 2 (R T A A e
pH 2l 6.7.8 &4~ . & A B IR AR /3l & 107. 17,
97.63.67. 27 kJ/mol, Z: X #4520 py b, BV AL fiE
/NF 33,49 kI/mol AL & W #E R BT 5K fg. KT
167. 5 kJ/mol WAL W WA 5 /K it BCE HUK A BE )
J&F A, HREE pH SOk 22 K if . BoE mfE
AR pH 250FF » HoK g B I PTG A K 5 TG AL i Y Bt 25
TR A3 T sk 2 O SR B S AR e TR LSS
/N AW S ) RE 22 /D IK A I 7 B 75 h iE 4T 5
T F R i R IR ELRRE . pH=8 &M T, &
T HK AR OB S AR /N T 0, DB RN ) 4 F L i Ak
EEENTRAEZM A B, b e A 20 i A i
GEAAE RN R

R4 BEHKERR BRI R

Table 4 Thermodynamic characteristics of trichlorfon hydrolysis

o e i 1B Ea ik AH i At AS
R /d:d' ) Temperature effect Activation energy Activation enthalpy Activation entropy AS
“ondition
coefficient Q=*F, .1, /k, Ea /(kJ/moD AH /(kJ/mol) kJ/(K « mol)
25 °C 3.29 104. 69 0. 057
35 °C 4.63 104. 61 0. 048
pH=6 107. 17
45 C 3.2 104. 53 0. 040
55 °C - 104. 44 0. 032
25 °C 3.22 95. 15 0. 044
35 °C 3.83 95. 07 0. 036
pH=7 97. 63
45 °C 2.83 94. 98 0. 027
55 C - 94. 90 0. 019
25 °C 2. 26 64. 79 —0.034
35 °C 2.11 64. 71 —0. 043
pH=38 67.27
45 °C 2. 57 64. 63 —0. 051
55 °C — 64. 54 —0. 060
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2.4 MEHRTEKBWEE
2.4.1 " P-NMR &-#f K LR B 3% ' P-NMR) A
AT DA BT AS ) B0 55 v B 14 4 1 B T A R AR 252,

200000 = (a) 18.70
160 000
120000 o
80000
40000

5
Peak height

Il

BT b A DL A 25 vh A RO o KoK i | e figg 45
PP KRN 1 d R R R &R (pH=5.,6.7) L
T HRE AT P-NMR A 75 2H TS 1 CILIET 3)

— pH-=5

150 100 50

5
Peak height
s
f=1
f=1
f=1
f=1
L

Il

-50 -100 -150 -200 -250

—pH=6

150 100 50

15000 7 (¢)
12000 = -
9000 = 18.'70
6000 =
3000 4

5
Peak height

Il

-50 -100 -150 -200 -250

——pH=7

0

L]
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L] T 1
-50 -100 -150 -200 -250

%7 #% Chemical shift/ppm

B3 AW pH & E HEH Y P-NMR & &
Fig. 3 31P-NMR spectra of trichlorfon solutions with different pH

IR 3Ca) AT, 7E pH =5 B A R whi . H
FTE 18. 70 ppm AL A —A~ I i 1 BRIE (55, 5 Zahra
ALK BT S S T 18, 95 ppm ARMIBET L Ut
HITE pH="5 MI&MF . 80a BULPAKER, 5 2. 2 Prig
gERA—2, HE 3 (R & H BAE pH=6.7
SIS LA e ) & e NN g v R Ao 7/ I S A EVAS B
8.43.—3.10 ppm &, —3.10 ppm 5 Zahra " 1
W —2. 80 ppm 175 W AR 2T , By DA b0 S0 2
HF# pH B0, KA ™= A i ECEUHE AR R R b o L
Ko MHLTF 8. 43 ppm AbAME 5 1%, & —MH ik &
Y. KRB0, T BEIR — H R 7EY P-NMR K45 -
MINLE 52 pH 2 A K, AT 58 R L HAL T 2.6~
5.6 ppm Z[E]5H, BT LAHERT 8. 43 ppm AL A4 S5 BERR
— W ERZEA A7 A 45 B I B K g 7= ) GC-MS 43 ¥
HEWT L T 8. 43 ppm &b B Y BT W5 IR — W g . Jd Lt
U = ARl B, B pH RS I, B R — W R bl
WK, SEREA LY P-NMR B A 0] L — Kk [ 43
Wi 2R S GY)  E f T AE BN A2 AL
AL B [ B A, 335 A — 26 PO B2 B R 0 1) %
W Bk, A5 5 SR A3 (GO 3R 3 (LO) AR EE R
TRORE BAIR 5 B TSR K P v PR 45 B o i
FEEE 1

2.4.2 GCMS 541 ARG (pH=6.7 FHEA
MO A BUR AR 5 T GC-MS 2y B S5 . AR I
MS P38 0 e B = B DL SRR IR A W i 465 48
A B A NIST20. LIRS H00 120 4 B i L = BEK i
FEMI AT FAER BRSSO 5, TR R
FEPEZ WG oy i, T RER UERE DR o S S8
AU I LAAS S AE SR 2 GC-MS 25 R IK 3% o Hr b R
o B HX 0
2.5 BUE HAKBEHLIE

563 5 KR YR S5 R 4 WRCE B CTri-
chlorfon) AT BE MK A ALERAEA THEM , 45 R L8 4. BE
HUPE 2% WS T R K AL S R i B e 2 Rhig R, —
ARTHER N, BCA HAE KA B (pH=6~8) kA= FHE
BEAL L M T K 19 F R (Dichlorvos)P® 3 31°' P-
NMR 53471 & B 7K A 7= ) vh SRR o s, PR
REREKMIEE. B8 8 a R 5K TFRAE LY
SN AR B R L 2 TR A g R S Al £ 2y
Vs Wit A v A TF PR Aar Al R, 7 AR — R = o B h
(4R, Hp e R TF 205 9 B — A~ B AR R
IR AR K A £ B TS F R T vy B TR U
A HAET) A F T il E SR T s H 5 —
D7 T 5 2K A 7= R B AL A 2 BOOE vk B 30 K
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T U AR A £ T 58 0, WG S A 24 5 B e X BR
B ke MAE AR AR = AR e, ik, 78
ARV Bl AT T HUA A A SR H
PRE AT A% AEAE ML B BEUBC BT L R nT R/ ki 22

TSR A 2R B PR AP A AR BRI S N DA T 5 1 BRI £ 4
WEFE R S AN R SR SR AR By ) B A IR B 2 5 2B A
L7 P B 9 P A R 10 S A ] e

*5 HEHRAEZHEDEEKESY
Table 5 The main hydrolytic products of trichlorfon in buffer
PR I TE] Vi eiiy Jfif Ho 7315 .
W m | - fe2 4R
Retention time Relative mass charge Molecular )
Products ] ) Chemical name
/min molecular mass ratio/(m/z) formula
A 5.171 165.5 82 C,H;Cl; O, IR S
B 6. 196 110 79,80 C,H;0,P PR — FF g
C 8. 444 147.5 82,111 C,HCL; O W 3
D 11. 248 221 109 C,H,;CLO,P TR

TOEFEUC RN, BE R O=P—C # AR
F Ak K o i S S, P—C ST 2L, AR T
2 — H fig (Dimethyl phosphite) Fl7K & & [ (Chloral
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Hydrolysis Characteristics and Mechanism of
Organophosphorus Pesticide Trichlorfon

Zhao Yan', Yuan Weiwei', Zhao Yangguo'”’
(1. College of Environmental Science and Engineering, Ocean University of China, Qingdao 266100, China; 2. Laboratory
of Marine Environmental Science and Ecology, Ministry of Education, Ocean University of China, Qingdao 266100, China)

Abstract: To evaluate the spontaneous degradation rule and safety of broad-spectrum organophospho-
rus pesticides in aqueous environment, the spontaneous hydrolysis characteristics of trichlorfon (TCF)
at various pH and temperature were analyzed through indoor simulation experiments, and its hydroly-
sates were identified using *'P nuclear magnetic resonance (' P-NMR) and gas chromatography-mass
spectrometry (GC-MS). The results showed that the hydrolysis rate of trichlorfon varied markedly un-
der different pH conditions, and it was relatively stable under acidic conditions. It hardly hydrolyzed at
pH=5, and it slowly hydrolyzed at pH=6. However, it was unstable under neutral and alkaline condi-
tions (pH=7~9), and the hydrolysis rate raised with the increase of pH. Temperature significantly af-
fected the hydrolysis process of trichlorfon. The hydrolysis rate increased when temperature rising, and
the temperature effect coefficient Q was 2. 11~4. 63. The spontaneous hydrolysis products of trichlor-
fon were mainly dichlorvos, dimethyl phosphite, chloral hydrate and chloral. From this, it was deduced
that there were two hydrolysis paths for trichlorfon: nucleophilic substitution reaction and rearrange-
ment reaction, with rearrangement reaction serving as the primary hydrolysis pathway. The trichlorfon’
s spontaneous hydrolysis process, which resulted in the production of more dangerous dichlorvos, was
significantly influenced by temperature and pH. The results can provide a scientific basis for the rational
use of trichlorfon in agricultural activities and the control of trichlorfon pollution.

Key words: organophosphorus pesticide; trichlorfon; hydrolysis characteristics; hydrolysis mechanism
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