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Abstract: Chronic kidney disease of unknown etiology (CKDu) is a kidney disease with high incidence in rice
farmers in northern Sri Lanka. Exposure to the herbicide glyphosate is considered to be one of the important factors
associated with the disease. In this study, we prepared the glyphosate-calcium complex, and assessed its properties
in solutions with different pH. It is found that acidic conditions can effectively remove the complex, which could
interfere the analysis of glyphosate during the extraction and chemical derivatization processes. Based on the re-

sults, an analytical method was established for glyphosate and its degradation product by derivatization-GC-MS and
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applied to soil and sediment samples from Sri Lanka. Concentrations of glyphosate and its degradation product in

the soil were in the range of 26 ~340 pg-kg™' and 0 ~427 pg-kg™' respectively, and concentrations of the two

substances in sediments were 45 ~ 152 wg-kg™' and ND respectively. In the northern area with high CKDu inci-

dence, the paddy fields are not in the cultivation period when sampling, but the levels of glyphosate in the soil sam-

ples in this area are still higher than those in samples from south area. This is possibly due to the high hardness of

the well water in the northern area. The complexation of glyphosate with calcium ions in the water increased the a-

mounts of glyphosate used and the exposure risk of local farmers to glyphosate, which is one of the potential envi-

ronmental factors for the high incidence of CKDu in local rice farmers.

Keywords: glyphosate; chronic kidney disease of unknown etiology; complex; hard water
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Fig. 1  Structures of glyphosate (PMG) (a) and its degradation
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F Fi (FOMC-C1) 1 by 77 AR 3350 010 i A AH €2 335 I
TSI A R AT AR50 O = 8 £ R IF (TFAA) 5 1Y
HHLZ I (TFE) 8 £ 4 T B2 (HFB) B9 TR A ik 77 22
Freuze 2525 FI| ] FMOC-CI £7 4= 45 4 T b €6 1 5 B
JB T (LC-MS/MS ) 7 e £h b 7K S i), 2 B0
FELE SR ™, Y PMG FE KRB Y T
FH - B S AW ERT R R R E A KR
S BT T PMG BRI HEf R

AR R G ITHEBOR pH 42 8 B T i A
FN X+ TR Y PMG K B 52 0, LR H R -
2651 R AR BT PMG #2645 3008 R AR A3 M 3t 7
HR RS2 RN RE T B 2 R 2 K G S
W, A T TR T PMG K AMPA
B AH 1S - B (GC-MS) ke I 77 %, FF i FH F B
22 CKDu 5 & X1 + R TTRARE SR I, kY
b B 95 A BRI DR T e AT B A i

1 ##l57 % (Materials and methods)
1.1 357 51%#% (Reagents and instruments)

HH ¥ (glyphosate) (46 i >98.0% ) . & 5k H F [
I (aminomethyl phosphonic acid) (4l % >98.0% ) H
Dr. Ehrenstorfer 23 7] (Augsburg, f [#); [1,2-"C, " N]
FOH W bR E & ([1,2-"C, "N ]-glyphosate ) (£l & >
99.0% ) . =9 L BRI (trifluoroacetic anhydride)(Zf & >
99.0%).2,2,3,3,4,4,4-E 5-1-T #%(2,2,3,3,4,4,4-hep-
tafluoro-1-butanol)(4li & >98.0% ) FllF7 152 [ (citral ) (4L
J£>96.0% )3 [ Sigma-Aldrich 23 F](Merck KGaA,
Darmstadt, f&%[5); £, 2 £, i (HPLC 2%) ., " i (HPLC
)Y B Fisher 2y 7] (New Jersey , 52 [F]) ; B R (15 2%
af) ERRR (L) B b mt i R i Ak T A 5
R — A (gl BEPR A —8 (PR g ah) Fn s 8 Ak il
(Pe gty 40 VG Be Ak T A A BR S Al 5 5256 i
FIAZK R 47K (5% 18.2 MQ - cm), Poly-Pre
CAX /MI(AG 50W-X8 BRI FI 1 iff % 1% 52 30 F
B A R

S AFREL S mg PMG fil AMPA T3 24 ¥ K}
R K E 45 % 50 mL, J5 A — T L iR AL, fi
AL 100 pg- mL™ MG, 55506 0, Be il ak
2RI 1 wg-mL  BERIR ., T 0 ~4 CIRAT,
AT INZK FBEh 25 .50 250 1500 pg- LAY F 51
PRUES, T 4 h WAL,

GCMS-QP 2010 ultra < AH {433 5335 B¢ FHAY (Shi-
madzu, Kyoto, H A%); HLJBHHE A 55 B 71K 5 35 4%

(ICP-MS, Thermo ICP-Q, 3% [®); f % i f# {X (CEM
Mars-6, 3¢ [#); Milli-Q #8 2§ /K #l.(Millipore, Bedford,
) ; B H A B L HL(SIGMA 3-18K, SIGMA |, &
) ; B3 % T AL (DRC-1000 ¥ % T4, EYE-
LA, HA); $45 8 75 I 1 Ve #% (KQ-500DE, E i i
AR BR A ),
1.2 -3 DU BOoKRER &

TSRO ST 2018 4E 8 H—10 H R4
T 2R Y M FRK . 3R SORAE T 2
FE BB A RAE TR A 30 emx30 em, i FH
JERFEE NIEEZ) 10 om AbR4E 5 NERIE LR,
IR G . WHLZFR KR R VTR, H I
DU S FHER A S B B4R 3 A7 T -20 “C UK
Far . JKAESRAR T B i /K I, AR R 24 50
mL KFELRAE T R CAEH, T 4 CUKF IR A7
FEA R S ANE 2 iR,
1.3 FUHBERTALEE T A

4 75 1 6 I 1 $E O 4 51 AR (0.25 mol -
L™ NH,OH+0.1 mol-L™" KH,PO,,pH=10),B""(0.6
mol-L™" KOH,pH = 14), C"(0.1 mol - L™" i iz 4 2%
Wi, pH~=7); D"(10% H,PO,,pH~1), fif +
e K OTRIRE S 29I 50 g VRt B 5 AT A 50t
100 Hiffi A7 T HOff, ARFRETER 0.5 g #Edh T
10 mL B0 NA 05 mg- L R E 470 0 bR
R 100 pL([1,2-"C,"N]-glyphosate), #RJ5 , 43 7l
FnA 4 FPEEEGK AQ mL) B2 mL).C(5 mL)F1 D(1
mL), A/B/D #H7Z7% 90 min, C 4 /KIFHA 3 I,
W 10 min, BfiJ5 4 2134250 10 min@3 500 r-min"),
WedE WS, D AFRIMA 1 mL $EHOREE ik
BAEIRAIE LIS, B AR OR 1 mL BT
JE L ST E T, A T IR AL T A [l $ B
D7 BRI A H 1 mL 45 ORI A R M T e
(16 g Bl — A 8#+160 mL 7K+13 4 mL £hA2+40 mL
H )15 2 pH=1 J5 Rl gtk 5 A AR A

Poly-Pre CAX 2Z#4E:22 10 mL /KiGfL)5 , A
R, BEJS 1 mL CAX MR (160 mL 7K+
27 mL #58 +40 mL F )R UE 2 ¥k, #H] 13 mL
CAX VR AT Ve - WS R VRV W . T A IR T
TFESBHETIETEIA CAX VB ERZE 1 mL
FEf A B F 20 CHRAF
1.4 fiARiALBRA GC-MS 43t

SR FH CRE A 7= it s T B o i D <A
{63 REEE ) (GB/T 23750—2009)7 (1) 177 4 R A6
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Fig. 2 Sampling sites of sediment and soil samples (a), and pictures of paddy field in areas with different

chronic kidney disease of unknown etiology (CKDu) incidences (b)

Note: Well water samples were also collected at sites 1,2, 4 and 5.
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63K HP-5MS(30 mx0.25 mmx0.25 pm)E
A (AR HERE TR 200 °C ; THEARE 9 80 C %
#£ 1.5 min, LA 30 C +min™" F} 2 260 °C ,f%f 1 min, Ff
L 30 °C -min~' FF 2 300 °C ; Aoribee, PEREARA 1
wL; 35 25 (46 =99.999%), i % 1.0 mL -
min~';El BFJE(70 eV), BRI 250 C ;82 iR
FE 270 °C ;342 WE I 7 =X (SIM), PMG R 2E Y)Y
FEMEE TR 612,584 460, € 11 5 T4 611 ; AMPA 1if
I EER 1M 372 502, EEE T 446, PMG )
NEbRCHREME TR 615 586, ERE T4 614,
1.5 HHBE-% 8 &

K Hl Subramaniam 1 Hoggard™ %) J7 1 i £ &
HBE-A528 51 . FREUCEEH I 8.45 mg i T 125 pL
T H 4 mg NaOH WD i e i e iR in it s 5

125 pL %A 5.5 mg CaCl, ARG, EH P E
24 h, KRB A A TE AT 2K VE, T
o S IFREUS mg 45E ), HKIMAE] 0.5 mL pH
H1.3.5.7.9. 11 Al 13 A9 K I 8 (ff F HCL 5
NaOH L) I 7o G IR G345, WAL R A Y
VARG . BB VW 50 WL AT 1SR A A R
B Jo 08 R UTTE T B 2K vh e, TS PR, JF iR
BAT 05 mL pH=1 M/KEWRH, o s iR G
51,0050 wL B TR AR

1.6 KRS B8R H R b

HU10 mL KRS A 1% WERRER AL, (R 1% il
TR 7 TR IE e B4 0.05 ~ 30 mg+ L™ 1940 55 1 brife
W, FF ICP-MS &l KA b )s , BT
Poly-Pre CAX ¢ #u#:, Jf e 26 R HIA¥ 26 Ak #1-GC-
MS ko, Bk AR TSR o i P 3R S
FEATARTE]

1.7 FrafAiES i (QA/QC)

JITA B B U 22 fof P P Py O, b G B Y5
IR acEs 5 R DT YIRS PMG |, AMPA
PV R 2 mg kg™, AR ACAS ] B Fip Ak 3 0 1%,
P54 T 3 AT SES . B 3 MRS A —A
RS RS, AT R BT, PMG 5 AMPA 75 2
~100 ng-mL™" i Fil Nk R 47 (£ >0.999), 4 1 BR
20 ng-kg o AKFEES B FAE 0.05 ~30 mg- L
0 R N etk R4 (#>0.999).,
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2 #£R 544 (Results and discussion)
2.1 BRSBTS RHIE

PMG W5 ZM &R G T KNS &Y, T
PLILARICE 438, FRNAERT L 2% R CKDu = & X,
KR R e v ) AR SIS A Y T PMG S 5 R T
MG, PMG W] 54500 1:1 H R o3 T
KA, g Ca(Hgly)-2.25H,0% ) %
M ESCOr il 4 G )E S mg 4G TR
pH % P L & PMG 24 3.36 mg), — J7 I il E
W PMG & i, o5 — 5 TN 2% A Y08
HIEE o PMG &, FWER S AEREY
o PMG Wit i pH B2 LRGN 3 s, W
&3 AT, B -5 2% 5 e th M S T T R A
%, BERR M SO A 3G o, 5 BB T o L 7E pH =
1 8¢ pH=13 B} 52 471 .

HAF I R, FERRPE SR 55 T, PMG 78
ANEH M EER T EAE SRS BRAR
(336 mg)M T, FLH BE-F5 4 5 W DT vE 8 2k SCHR 7
Pl AR, H AR A %4 A W BTk
K H 1) TFAA-HFB i1 A= 53 #7777 s B8 70 B i 2 28
PMG, I, 5T R PMG )5 &P o4, ml
DLW T B rP M 451 R, PMG LI S A T
B, HOE FERRE AT, BIEWORTTTE Y
PMG Gk th s B AL T B A, Fe5I7E pH=13
I, B TG OLE AR  (BSAG H 52 1.77 mg, N

AWERRR BR AL S , BT A PMG 7] 8 58 446
XU TSR T (pH = 13) % H JBE-E5 25 5 W fiE
558 2 iR, (B2 KR R 53% 19 PMG LU BB
XAEAE, HoAb B PMG 1 545 LKA W X7,
R 1 53 M 75 o B HAIE X & 3 PMG 1
AR,
2.2 MrHL2ER DU AR S H AT A TS
Ak

KT B UEAS [ AT HRE B 1 6 7 L 2% R A R
H BRGSO R, (4 FlOR[A) pH R A4 32 B0
R AE ) SRR T IAR IFCSE 5 AR R e
J5(PMG il AMPA Jibrifk B340 2 mg-kg™), fifi
ASTR] B 42 U HE B, A/B 32 BOR R it (pH = 10 ~
14),C $2 B0 A it (pH = 7), D 42 B R 1% (pH
~1), 2 BOR 28 5L ¥ b F AT AR AL BE-GC-MS 4347, X
S DR RE S IZ O ik B AT SR, RBUS Y
W A E AT E S IRALE A 2 4, ¥89T pH H
Xof B BB AT A S AR AR R, S5 R 1 B

Ao 4 FhEEBORIEAT BT AR, A B T C X 3
ZH A [ W S A HA , h 60% 224, D ALY Al %
F(84.5%), FHELZ T, B $2 BOR R b J5 15 2547 i
A4 RO I 53 0 R 73.8% .83.7% .87.2%
F190.1% , XM, PMG 7 R[] pH $2 B 77
TEF A ], BT O (38, 384> PMG A&
TEAFTE , BR AR A B8 5 A v A A SR, i 7 A3

@ SR - - BAEE e i Ve
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£ OO o= .. 4: 1 ST S
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Fig. 3 Morphologies (a) and the dissolution of actual samples (b) of glyphosate-calcium complexes

in water solution at different pH values
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F1 4 MREUTERBUBENAREHZE

Table 1 Recoveries of four extraction method with or without acidification before derivatization
. HEfE Ak A
Direct derivatization Derivatization after acidification
Extraction solutions

PMG AMPA PMG AMPA
A 49.6% +34% 730% £1.0% 738% +7.5% 81.1% +2.6%
B 62.8% +122% 83.6% +7.6% 83.7% +1.3% 78.7% +3.6%
C 67.1% +10.0% 919% +19% 872% +7.7% 91.0% +52%
D 84.5% £34% 94.7% +8.0% 90.1% +2.0% 964% +2.1%

#:A 4025 mol-L™! NH,OH+0.1 mol-L™! KH,PO,,pH~10;B >4 0.6 mol-L™! KOH,pH=~14;C } 0.1 mol-L ' BfR#ILE rhi W ,pH~7;D N

10% H,PO, ,pH=~1,

Note: A, 025 mol-L~! NH, OH+0.1 mol-L~! KH,PO,, pH=10; B, 0.6 mol-L™! KOH, pH~14; C, 0.1 mol-L" potassium phosphate buffer solution,

pH=7; D, 10% H,PO,, pH=1.

AETTRRAC I RTEE T, B8 | Hh R 45 B 1 B A 4 b
PRI 3 B PMG F AMPA, 454 FiR% A TE
AT AT AL, IR AS R T4 5 W 5
{H pH=7 I} fir 45 3] (% B T R4 26 5 ) 1) R
t PMG HYVEE R 180 mg- L™, K T HR M PMG
WP 0.2 mg- L), H, 2 BOK pH 598 235
PMG MAFFEIE 20, (B X B S M  PMG AT
AMPA [EHL,  FaRE5 R UL IR1L 25 3% T PMG
A SO Y L

FRAE 1 3R TR [N AR S g 245 3R 4% B .C I
D $EEUGRT T 2 (1) 24 b 4 45 S TR AR S A T O TR
HVERYSETG 25 R B PR M I 0T FE > R 4
AR IR PO 2 i S i 2 JR S LR
ME M C D $2BOR RE S T A S80I 5 H > b 3 AN

(x10 000)
20 | 25000 612.00
| 446,00 AMPA .
[ 372.00 611,00 PMG
ol 584.00
| |

480 4.90 5.00 5.10 520 530 5.40 550 5.60 5.70
(x10 000)

2.0, y 615.00
: | 614.00 *PMG
I| 586.00
10/ f

4.80 490 5.00 5.10 520 530 540 550 5.60 5.70
it ] /min
Time/min

(a)

(x10 000)
2.0 615.00

. 614.00 *PMG
o | 586.00

TURI ) PMG il AMPA . 23645 R £ W] PMG
SEBRM R IE 2 0.1 mg-kg™' . PRI, A1 BREE MR
B 207 R TR 2 M 4 3 AR B (0.3 mg -
kg™ YIER ISR, % B C $R R 4L PMG [E1Ii R
1 83.4% +3.7% , AMPA [FIICE K 87.1% +4.8% , 1
D AR AL ARAS ) 1R I S R AIG, PMG 1Y IRl 3y
65.8% =11.2% , AMPA [ [EIL N 78.3% +9.3% .,
HRAE T ARZE R0 A, C PO 283 [ AH A6 BLd Ak s
FLAEATA ST, REAE = A8 mT  E rh 1fE
Bff i L vk B, IR, e 2R C SR B A T
B 22 RIAEEAE 1 20 B o 0T AR I R AT
AL F-GC-MS 7 Hr 3k 15 G Wl 4 B, WA
PMG 752 B -5 th g A 2B, I H PMG #il AM-
PA AT W] A0 | I 2% ot 14

(%10 000)

2.0 | 460.00
| 446.00 AMPA 612.00
Il 372.00 611.00 PMG

1.0 | 584.00 .
e = a T

480 490 5.00 510 520 530 540 550 5.60 5.70 5.80

|
IR

4.80 490 5.00 5.10 5.20 5.30 5.40 5.50 5.60 5.70 5.80
B 6] /min
Time/min

(b)

B4 EHBERHBEFESYRMRE(a) REGKEE (b) BIEE
I TR R MR,
Fig. 4 Gas chromatograms of PMG and its degradation product AMPA in standards (a) and samples (b)

Note: * represents the isotope internal standard.
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2.3 RUH AR L 22 R A R B S o A AR
FIFH 3R 5 o6 i L 2% Ry B R AR 1) 3
MPURYIAE o A7) 12 53, K 9 PMG AT AM-
PA WIMREEINZR 2 Fim . iz B HEERE S T 2 K
1T PMG Fl AMPA,, T LR i PMG 1975 &
AXTEAR , HJG AMPA 511, X ATRERE &8 S
B P 0 A T B 1 X L 1 W R
BT PMG BRI, MUY & K &8 m B
Y L A Z IR PMG K& AMPA i H
Rfigt . [AIRSE G RAE A Y MUK BRI T T 28T, e B
PMG [ AMPA TEKHE PR ARG ), 1X H iz 4 24
TEKH o) T AR B HLHRI AR AT | 75 22 53 B - HE AT AR
PIRE R R A2 B TS AR
AT Y SRR SR AN 2(b) s 5 A HE
S R e N o | N B A R O 2 R =R
A, RAEIE] FrdbE CKDu 1 & IX ARG H (4 1 5)

FEARLERERI P, 11 [F] B HE CKDu 99 X 1) e 3B A5
HH AL T #EF I, FE X B g &0 T, A6 AR B 4 58 rh
PMG 1 AMPA % &t (d5e i il 35 328 pg-kg iR E &
Fralx . xF i EAL A KEE A ES B 7k T T
SR, Fr R R T AR B AR G B v B
114 ~31.2 mg- L™, 1 b5 By 8% 7 715 45 by X K A
HAL B 1M B ik 677 ~778 mg-L™' . AILLE
AL L X AR e v TR AR L IX R T Rk
PRI, it P At R b R B 5 1 5K R 45 B T 4%
A, TEEINRAE A RE A R R 255k, o
fFFEAEIN T CKDu 5 X -5 h PMG (9% (n=
9), L 270 ~ 690 pg-kg™', AMPA VEE Jy 2 ~8
pg-kg ' X HAWFSE PMG YR K E A, X
FEHAt B R + e A P2 R B HE R PMG
AMPA 2K 50500 0.8 wg-keg™ A 10.4 ng-
kg "B BT AR AE AR FH 38 PMG #il AMPA H9°F257K

®2 LEES(SO) 5MMAMEER(SE) HE PMG 1 AMPA K&
Table 2 Concentrations of PMG and AMPA in soil (SO) and sediment (SE) samples

f dh 2 bt i () REEN) L)

Sample number Sample size (n) East longitude (E)/(°) North latitude (N)/(°) PMG/(pg-ke™) AMPA/(ug-ke ™)
SOl 3 80.6545 74010 159.7+120.5 257.1£119.1
SO2 3 80.6409 7.6761 8341127 10991192
SO3 2 80.6254 79631 101.1+37.1 2394+70.7
SO4 3 804184 83617 253.5+622 427.1£1022
SO5 2 80.6907 8.6559 132+583 130.7+126.1
SE1 1 80.3813 83338 ND ND
SE2 1 80.2077 84592 1045 ND
SE3 1 80.1821 82526 1314 ND
SE4 1 80.2269 8.1746 88.3 ND
SE5 1 80.4847 82494 1522 ND
SE6 1 80.4600 82080 1033 ND
SE7 1 80.5548 8.0145 149.6 ND
SE8 1 80.2447 8.1363 ND ND
SE9 1 80.5469 8.3896 79.6 ND
SE10 1 804411 8.6752 64.5 ND
SEl1 1 81.3094 62796 66.0 ND
SE12 1 804018 85771 88.5 ND
SE13 1 80.8351 87219 ND ND
SE14 1 80.7569 8.8125 705 ND
SE15 1 809717 63768 ND ND
SE16 1 80.6413 82607 493 ND
SE17 1 804473 92998 ND ND
SE18 1 80.7670 8.8247 56.1 ND

TE:ND R Rk,

Note: ND means not detected.
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SES3 1R 35 ~1 502 pg kg™ A1 299 ~2 256 pg -
kg P T e 5 5 5 AR 5T 0 45 SR AR AL, R A
Y AMPA RYHJE Z 5 T PMG AR, 25 | 22
RALER CKDu e i A& X ] G i T /K B Al i s,
004 Hb R P A Bl FH B R o 1 B, i R (R
I PMG 288, 1l A& CKDu % i & 1 &R
Z—
ARWFFEIRMT T 5 H W45 45 A W R TH) pH &
P AR 0 R AFTEIEZS  FRAE B SE b % £ 358/
TURRWIRE i v 5 H B 25 W o 1) 43 B O 3R A7 1A
b, B TIE AW H 22 R IX 3 b PMG K AM-
PA ) $2 BURIAT A2 ib BH-GC-MS 73 M7 )5 1%, ¥ it vk
IO FH 2 i X 38 R0 R 4 v s gl S o 1
o,k Bz E RS H A SERE SRR 2 K PMG A
AMPA . o b CKDu &5 & X A8 H B4R I A
AT HERZE  H 4% PMG Fl AMPA By #e %5
Tl - 48, ] R Pk AR R 3 oK e e
FEIE R TR BRI K, B B 5 A K S B I 4
VB FH 5 S5 B R e Bl ) it FH o 3 08 o, MG
I RE S ECY HFG A 1 PMG 55 5 52 , #E 00 1 > 3% Hb
CKDu %55 i & B TEA S N 2 —
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