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Abstract: Phorate is one of the most widely used granular pesticides applied to soil
in Korea. However, due to its characteristic of increased toxicity as it metabolizes, there
is a need for further research on the behavior of its metabolites, which is currently
insufficient. To prevent cases of non-compliance in agricultural products and to mitigate
pesticide runoff into the environment, an accurate study of its fate is essential. This
study analyzed the half-lives, physicochemical properties, and heavy metal content of
soils collected from three agricultural sites in Korea, using these factors to assess the
residue patterns of phorate and its metabolites. Results from a laboratory soil persistence
test showed that while the parent compound of phorate rapidly metabolizes, its metabo-
lites, such as phorate-sulfoxide and phorate-sulfone, were observed to increase. Additio-
nally, different half-life patterns were identified in soils with varying physicochemical
properties and heavy metal contents, suggesting that factors such as clay content
and saturation influence the degradation rates of phorate.
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= FACIHEEETEY], 2022). o|AH FA il FAolA FoFo] Hle- Fasta B2l EATNE AMES £t
I g, PAARE IR mIE ol sl Al 9 wAeE Sl ARste] 22 wSiE R 4 Q7] il SHE
A}§3} HATE] 247k 7. Bgo] Boke] AwE Yol et chard Hho] AT olefat ABL TR ¢
gelsiol 54 Sol ol AHH AU AT PR 53 BHEE T S B9 o2 §44 & U
ol g4 ARELS T 5 fIeh1,2]. EFOllA sefo] A&F o r 2hFsh= 8% A=l £
AT dold 4= 7] wiee] 298 —,—40}51 AHAAE7|EE AA AREEoJoF RITH(3].
A Sl HE 5o 48 91 Al A, A5 A S0l 25 A o s 4 Aol
Aoz d2A QUti4]. E3] S utolA "4?‘4 AREE AL QI phorate= AAIPIURY, HESEY 9§23l 52 UAISH
el ] AMgEE AEAo|th(EE2ATH HUMA Y RA| A, psis.rda.go.kr/psis/). 3F+E LA} o](p)E£ Z5H5}7] wj&o
71904 ASAZ 2REY, 5704 FHZ diAtEs 545 7HAAL ITHs). 28712 A7 Eol Hofshs ofAlE E/olAH
go]A9] 7S AT 2N A s TPAZI=H o= LA AACNE AE&E 4 7] Wizl AA F3istal S4do]
=2 E4& ER53 QIo}6]. phorate?] 8 THAREA Q] phorate sulfoxide?} phorate sulfone FE|S] TAIEAELS HIGHER
o % W) o RSl o] A, Akt o] Hoke QA Wl ABuslo] Bl M Heshe B4S Zong obs)
A% 5o A2 AsiAE TS dig B2 @44 IAREA Fefo] Fas5ttH7]. ey -] =l vt B0y
o BeBE B4 TEot0] phorate U IAEAS] WHEHS AT AASS v]9)@ APolo). B AT T =
358 o2, phorae W HAAHES] BHATO] BET 7|ZAR FUE A3 IHPY AT FUSAL. 21902 pho-
rate W TAMEZES] P20 FFE vA= 8RAS A f8l 22istetd] B4 9 S5 42 35t AFFE 2t

H] 25T

=
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Phorate, phorate sulfoxide, phorate sulfone, phorate oxon, phorate oxon sulfoxide @ phorate oxon sulfone®] HF-8H2
L% ISO/IEC 17025 9 ISO 170342 KOLASY| 1 E Kemidas?] 1000 mg/L =0 FZEEMS 79J5lo] AL&ath. A3 o]
AF2E 8l acetonitrile Merck KGaAAHDarmstadt, Germany)2] A& AlE5IT) Ado) AMEEH HCIF HNOE <&
69~71%%1 Am|FAt(Jincheon, Korea)o] A& AR

HZEHL acetonitrile® 3]4510] ZHFAIH O ARESHITE HBAE B89 A2 EY ARE AAst] 22 5
B3} L1(viv) B2 3§51 02, 0.1, 0.05, 0.02, 0.01 mg/Le] SEZ mjARAY FZQNS A5+ c}.

717124

E¥ F 549 AFF AES o] 2145 dAZZ2utE D0y AFE S 7] (Ultra performance liquid chromatog-
raphy-tandem mass spectrometry, UPLC-MSMS) &40] $3%|Qjt}. AM&H UPLCE degasser, pump, auto-sampler?} 2F2He
Shimadzu® LC40 @& A0} 1L, MSMSE AAHERL0]- 251 (Electron ionization spray, ESI)©] Z2HE AB Sciex®2] 5500 plus
mds ARESEI

¥ 5 555 242 9l AeZ2EdE2ur 37 E47](Inductively coupled plasma-optical emission spectrometry) 4]
o] £ o, AFEH ICP-OESE Analytik Jena®?] PQ-9000 H@o] AREE T}

S|
EFS 20249 59 84F 69 11 239]°] AA FAEE AMT SAH 4, AESEAAE AFA 93+ SHE 9
et /& d B2 3

EFoIA AFetAL AFE EFS SA01A A A2 F 2 mm sieveE S35 AA

=

=

https://doi.org/10.5338/KJEA.2024.43.27
Korean J. Environ. Agric. 2024, 43, 279-289

280 https://www.korseaj.org



Article

EG] =Hokety 545 7] A8l & 19714 IES(EA, Ad4, Faddih AL E Agdde Aggriivls,
ASYUES, pH, #71F, &AL GOS8, YR sHEL, s, WARE, S8, SR718s, S84,
HaolZ g FEAel2)E SASAH:

B4, Al FaAL ASYLEE, ASdZE, AutvE, ASIUHES, FaETEL Fol2ASET, R EH AL,
AL, AR, S84, SH718E, S77184, d40le B SRl & 17719 F52 a2l AlAt
e Q¥4 (2010), 2 &sto] S4sHA-

pH= =g st A AARE TEFL AEGAIH715(2022), o w2t pH 2] dd=iE Farste] S4s900H, 771

F2 = SFF7F AR Ve EAA71E2024) 0l BAIE, FEHT | AIERT- ST HE

_4

=
EY T 555 5742 180 11466 A= &8¢ R 'ESLITHAA™H(2022), & 7€ 2 FE2FETH2A} -
LAG-E A H (inductively coupled plasma Optical emission spectrometry, ICP-OES)& ©]-85}0] =3 HJtt A7 HAAFH=
T FEHS ARSI T, A2 S o At EY AR 3 g& 50 mL ¥F3-8&7]°] ¥il HCl 21 mL, HNO3 7 mLE
A71eE & Z5487]90E 0.5 M HNO; 15 mLE 371519t} o] £35S AFLofA 2417t B9t A 5te] EQF 9] 47]1E0]
XA 5] AFSHE & SHRITE o]F 90°CoflA] 2417t Bt 7HE &3 & %* ZAAZH §7 3 F5-87] 249 05 M HNO;E &3t

TS F3l HEe-8710] okl 0.5 M HNOs 10 mLE §5-8715 el Alojal vkg-87]9) edoiditt. o] B IFE0]
FdE & A5UZ Nodo o3| (Whatman)E AR&-5te] 43d3] OqﬂrOP%l‘:} ojzfefo] ofabe & 472l 0.5 M HNO; §4o=
hui

3871 WH 3 B ARES FAFR0] osto] ofHof sttt miAE o2 0.5 M HNO; &9 0% A& F ICP-OES=
Total Fe, Total K, Total MgE &5}t

Z} EFo]A phorate®] HWHZ7|(T) A& First-order kinetics model& ARg-s}o] ofeff 4=4]& wa}t A& TH8].

C(t)=Ce ™
5 Cy=Ce ™
_In(2)

™=

9] A4 = orel 09} HFF, k
R,

HES S g, 1= Ak Avlste Coe mhE
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EY Z phorate ¥ T CHAISEL| ML ZHRAIH

EXof WE phorate?] E3}3HE W TjAREZ (phorate sulfoxide W sulfone)?] HH17]9} AL ASES &15H7] ol Z+2H9]
'5ok2 TR elslel B9 3 W] A1o] SRHGTE ATIEE SEATHOIA AT N5k L WA F271E03),
2 23fo] th83} o] SBEITE Paloon twbe (50 mL)ol EFE 10 g AL, 5F Al T 1000 mgll, HEE
2 108 23] SJ43l0] 10 gL THE 5, 50 W8 F5jo] WA A5} 50 ppb7h HES A5 AL, o) F
EP WGBS conol AT ERAE B B, AV )5 5Y2 Po] 270 FAsHe AFolE] Kl
o AlRe 15Y 4o s FAE 45t 7|83 & 27| FA19F Bluste] 24 TEo] SRTE J7s) F3Ad. BAIA
WIS ¥Estr] 918l o, 1, 3, 7, 15, 30 9 60¥0] Bt 7t AR A BRES AA st A4S AFPstnh

pS|
M
E9F | 2550F B4 cheTt o] £qHglTh WA, 7 R 10 mL $R4E AL S85] Agstdct. 181

of
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acetonitrile 10 mLE 7}t F 950 rppm O 2 1087+ A&ttt $F & QuEChERS EN extraction packet (Agilent Technologies,

USA)S H7Fslal 1350 rpm P2 108-7F X&5FH I 4000 rpm .2 1087 AR SIH T A5H 1 mLE Dispersive SPE tube

(Agilent Technologies, USA)°| YW1l 187 85| 40]FQ11L 12000 rpm O Z 557F ARSIt EEld AFHL 0.22 pm

YH 2 WEUT Fo 2 mL B vlolo] $A Pokth BE BBE OEMBAS B5] L0 L4 FU5k] UPLCMSMSE
Aot

Z:

2 Sl o A1 B ST BRIl Shg L BGUAS SIS S FAATN JA
9] 5 (low concentration)®} TFsHA 108]0f] sF5H= & (high concentration), T 7}A] &0 tsf] 34+& AP 3
ottt Al E B4 E4 1]F (peak)Q] Aol &3] (signal to noise ratio, S/N)7} 1:991 L& A&Edto] &7 } t}, 3]

E B3N 54 U F34 24
AR RG] el S 9 334 #4925k Tl 20 ek 591, 19104 1509 B9 5U Ay

B2 A9t 87 914K Available phosphate, Av-P,0s), -97]E(Organic matter, OM), - _&-H—*P(Avaﬂable silicic acid, Av-Si), o]
ix]?_‘r—g-%k((jatlon exchange capacity, CEC), A48l & 4x(Nitrate nitrogen, NO;-N), &-77|%t4x(Total organic carbon, TOC),
K (Potassium) X Total Mg (Magnesium)2] 3tgo] thgt & 2}o|& Hol7] wiZo] s /\] AollA ESF 1 B4 Aol H|uLs}H]
o 2T EFon wasol WRPY Aol Lo

E EM0f| (2 phorate TR EM

Zejsarg B4jo] Aolat 371 EQOIN phorated] RIS BANAL 1 A Fig 10 ek ZE EFolA
phorate= 15Y oJU|2 A3 AAHE AFS Ueda A5t vi7t7] AF=S 98] First-order kinetics &-8310] 37}
EY¥ 5 phorated] U7 & AFESH AT, TS-1914 3.9Y, TS-2004 2.9Y, TS-30]4 329 & &0l Table 3). EY EA4
T2 phorate BH7]2] 2lo]&= QA 21} phorate #42F B A0 HAHEZ Q] phorate-sulfoxide ¥ sulfoneC] AFAJE At L=
EQJo A AlE5F A2 1¢8A}] phorate sulfoxide, 3YX}5-E| phorate sulfone©] *“HQ—‘: 2o 2 BQIE It} o] phorateZ}
1215 0. 2 AF}E| o] sulfoxide FE = HSHE £ 22} 4H9lE 53 sulfone FE|= tAME= ARE 2h= Aoz oAZIH. of2fet
A=A BAES o83t RoltE AeA TS 53 & phorate T2 A4t o, phoratet 604 ol EY § TFdh=
Ao g Zl=iet

Table 1. Recovery and limit of quantitation of phorate and its metabolites by UPLC-MS/MS

Recovery (%)

Limit of quantitation

Pesticides (ma/kg) TS-1 TS-2 TS-3
Low High Low High Low High
Phorate 0.002 82.2+1.0 86.4+1.2 80.5+2.4 86.1+4.3 76.4+3.8 88.6+2.3
Phorate sulfoxide 0.001 80.3+0.7 85.7+1.6 85.4+1.8 83.3+2.9 78.7+2.2 87.5+£3.5
Phorate sulfone 0.001 84.7+2.4 85.4+2.1 82.7+1.4 89.5+1.9 79.9+1.7 87.1£2.7
Phorate oxon 0.001 79.4+1.2 82.1+0.9 85.2+3.1 80.6+1.5 84.5+1.1 90.9+2.5
Phorate oxon sulfoxide 0.001 89.1+£2.7 88.5+2.6 83.0+3.2 85.71£3.0 83.2+0.7 92.1+3.1
Phorate oxon sulfone 0.001 82.4+1.6 90.1+£0.8 78.4+0.9 83.4+14 73.6+1.9 89.4+1.3
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Table 2. Physicochemical properties and heavy metal result of each 3 types of soil

Soil category 1a) b 20
Analytical factor UL U U=
Soil Type Sandy Loam Sandy Loam Loam

yp (sand: 62.3%, silt: 30.1%, clay: 7.6%) (sand: 64.2%, silt: 29.4%, clay: 6.4%) (sand: 37.9%, silt: 38.2%, clay: 23.9%)

Total Nitrogen (T-N) 0.23% 0.07% 0.24%
Available Phosphorus (Av-P,Os) 1295.87 mg/kg 107.45 mg/kg 227.09 mg/kg
Exchangeable Potassium (Ex-K) 2.49 cmol/kg 0.21 cmol./kg 1.90 cmol/kg
Exchangeable Calcium (Ex-Ca) 14.08 cmol/kg 3.11 cmol/kg 14.43 cmol/kg
Exchangeable Magnesium (Ex-Mg) 3.72 cmol/kg 0.82 cmol/kg 6.08 cmol/kg
Exchangeable Sodium (Ex-Na) 0.78 cmol/kg 0.06 cmol/kg 0.96 cmol/kg
pH (1:5) 57 52 5.2
Organic Matter (OM) 46.15 g/kg 13.66 g/kg 17.12 g/kg
Available Silicic Acid (Av-Si) 205.0 mg/kg 44.5 mg/kg 108.2 mg/kg
Cation Exchange Capacity (CEC) 22.31 cmol/kg 9.37 cmol/kg 17.21 cmol/kg
Ammonium Nitrogen (NH4-N) 32.9 mg/kg 32.6 mg/kg 73.9 mg/kg
Nitrate Nitrogen (NOs-N) 519.9 mg/kg 1.1 mg/kg 1568.9 mg/kg
Electrical Conductivity (EC) 6.82 dS/m 0.50 dS/m 13.81 dS/m
Total Carbon (TC) 2.68% 0.79% 0.99%
Total Organic Carbon (TOC) 2.68% 0.79% 0.99%
Total Inorganic Carbon (TIC) N/DY N/D N/D
Chloride lon 0.06% 0.01% 0.38%
Bicarbonate lon (HCOs) 104.1 mg/kg 91.3 mg/kg 84.5 mg/kg
Total Fe 24710.33mg/kg 20285.33mg/kg 38420.33mg/kg
Total K 2640.83mg/kg 1154.17mg/kg 3167.00mg/kg
Total Mg 4305.00mg/kg 3055.00mg/kg 3903.33mg/kg
Potassium Saturation® 30.28% 31.49% 47.07%

350il collected from Sancheong-gun, ®Soil collected from Iseo-myeon, “Soil collected from Jeonju-si, “Not detected, “Potassium Saturation (%) =
Total[((mg/kg) 9
SO MITEI) w19

( 39.1

CEC(cmol./kg) )x 100

EY EMO| (2 phorate sulfoxide TtF EM

Phorate2 75| 48}%|o] A== 27}2] tARZZ Q] phorate sulfoxide ¥ phorate sulfone H3H3t& ﬂioﬂE i A
A &AH 08 Eoko] ZEst= Zo] ERIEQit) thoFst EQkoA AR AES] LA A P& dA1S .,46}]
ory] ZERoRA A13S 4885git). WA phorate sulfoxideS TAAE O & A EQko]| A2jste] FAA HPAFS et
71 A3}E Fig 20 YEFA I Phorate sulfoxide A2 & EF 5 FAIAQ JFFdS B, TS-13 2 EF ]/\1 oF 30 o]
oot A% 01 @Ol o o A STk S IR TS 300 60t oY B Ao e
First-order kinetice 285} A& phorate sulfoxide?] EFOA 9] ¥FA7]= TS-1 6.1Y, TS-2 6.1Y, TS-3 28942 YEFGTH
(Table 3). ATt 2] 19X phorate sulfoxide®] 7342} 7 phorate sulfonel] AJAJo] F715+= Aol EQlE it} o]=
E Qo)A phorate sulfone2 phorate sulfoxideZH-E APJEE= AE AS3

E EMo| (2 phorate sulfone ZtF EM

t}S 02 theFst EoFof|A] phorate sulfone®] A2 ZEoFARS kgl gq— Fig. 39 YERH At First-order kineticS
Z-85t0] AF=EH phorate sulfone®] ZF EQFo| A1) ¥Izl7]= TS-1 33.0%, TS-2 28,
A} phorate sulfoxide®} FAFSHA] EAJo] FEQI TS-3914 ¢ 71 wkg7]|E ZJ’% Aoz éxéﬂ%\“:k
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T5-1

—— Phorate-sulfone

B Phorate-sulfoxide
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TS-Z [—1 Phorate-sulfone
s Phorate-sulfoxide
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W
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[C—— Phorate-sulfone
B Phorate-sulfoxide
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0 e
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Fig. 1. Residues of phorate and converted metabolites over time in 3 types of soil
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TS-1
—1 Phorate-sulfone
50
[ Phorate-sulfoxide
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Fig. 2. Residues of phorate-sulfoxide and converted phorate-sulfone over time in 3 types of soil
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Table 3. Half-life of phorate, phorate-sulfoxide, phorate-sulfone in 3 types of soil

Compound Soil Regression curves® Correlation Coefficient (R Half-life (days)

TS-1 y=42.0171e%177% 0.9446 39

Phorate TS-2 y = 40.0608¢ 114 0.9823 29

TS-3 y = 46.4234 0013 0.6145 32

TS-1 y = 25.9286 034 0.8478 6.1

Phorate-sulfoxide TS-2 y =31.9948¢ 0113 0.9670 6.1
TS-3 y = 49,9618 00238 0.9777 28.9
TS-1 y = 4893240021 0.9013 33.0
Phorate-sulfone TS-2 y =29.3651e 002 0.7614 28.9
TS-3 y = 5857210012 0.9930 57.8

a)Regression curve, based on the first-order kinetics

L)

Phorater= ¢-2|Uztof| A E5HA] AR EH= UAl HFo = 20224 7| A& ASA=MA B4t 9 E5HFo] &2 5
SAGEZETHI], 2023). EJF 2022 BAAA FAHE A FAF 50 phorateE 9T tHAREE 5F0] F7HE7 =
S}Att. Phorate®] -9 EQFof|A] thARE |, phorate monoxogenase®]| 23] sulfoxideZ #3}tE] o] TAYE = H 2 &} triethyl di-thi-
ophosphate phosphotriesterse®]] 2]3f| diethyl di-thiophosphateZ #2t=|o] TP == 271X HZE AZTH9]. £9], sulfoxideZ 2]
gk walgtEo] s 54 A7t S7HE= Ao dEA QUeH10]. WA, olE0] EY F A&A 0= JAFeHA] §HA ¥
1ol npgdE|ofof Shit phorate®] HAREZEC] et P2 A= FHiQF o= nju|et Agoltt. wtbA, s tiA=EEE9
WRPS Telsio] RAT BAES A L $E0 oA YRS BAE W 3 7% AT} A olo} Fe,

o] AA5-o] Aol A phorateo] thet ZHFFF AiE HH(Fig. 1, Table 3) EF T WIH7]= B+t 3.7Y0]%12 ™, 53] phorate
sulfoxide HE2 0GAHEE A== A= SRIFIT Phorate ¥H17]5 S4T thE AIE HH, 199949 phorate®] £33
SH R QA Aol it FAA A B vw S E LSS H7F Ao A= phorate®] W)= 8.3U 0] 131 (United
States Environmental Protection Agency, 1999), Pesticide Properties DataBase (PPDB)OJ|A] A|A] =]+ phorate®] ¥ 7]= 404 (A
FA £, 20°C)2 AJA|oFIL JUTHPPDB, sitem.herts.ac.uk/aeru/ppdb/). Dar 5-(2022)°] 2]5HH phorate”}t EF E43] mwet 2~30
o F=o 7S yEhd 4 oAl B ARE & W EYT phorate?] £51E 7 -2 AAAIE 4 s 54 2119
EAE 4 AL ALmETh 9HH, phorate -2 HAREES oA ATste 5] Aol tAEElR] siHete HolteER
Agte]= A4S AEsto] HaRtES] & A4tEY] gz, sig A5 23] HAeAFE A-E3thH phorate®] ¥H17]=
60Y oo & 4 Utk WA, sASF ] ik A W F2HE0] ditt E4 I3 5= FAIskL sty HsiA diAEE
9] AS7HA At ofof it

EQFof| 4 9] phorate] THAFEA-2 sulfoxide ¥ sulfone 271X FEf7F AEE R O™, oxon FEJL] phorate oxon, phorate oxon
sulfoxide 2 phorate oxon sulfone Z-2 T2 fAEA S HEHA] LUt o]+ phorate sulfoxide ¥ phorate sulfone®] $2&,
7] 9 Asta s 5o oal &A FAE AT oxon FEJZ Q] A= FAD Flavin adenine dinucleotide (FAD)-dependent mono-
oxygenases X! CYP450 984 50| Q57| Wliof|[11-13], EF W ol a7t TASHA] AY 7| A=A 2-85h= 7|
A7r glod A=A e Aor dEnh

AEEEY] ARG H ™, phorate sulfoxide & phorate sulfone?] TAX T H AJ¥ AT oA TS-1 @ TS-2 EFA]
=of vl3f TS-3 W ¥E4717F vi%- 71 Ao SRl=lth. o|He HAEEEC] A& o g ARsles s 9218 doth]
Al EFAIRY] EY3EHY EA F Aol UBUE 845 A¥ET & ZAXRAE &6 ¥ APAF AHEE A
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Fig. 3. Residues of phorate-sulfone over time in 3 types of soil
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