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Abstract: Geothermal waters generally have far higher arsenic concentrations than other types of natural waters, and analysis of arsenic
speciation in geothermal waters is of great environmental geochemical significance. Methylthiolated arsenates are non-negligible arsenic
species under special aqueous environmental conditions, while little environmental geochemical studies of methylthiolated arsenates have
been done so far. In this work, various methylthiolated arsenates standards were synthesized, and an ion chromatography coupled to
inductively coupled plasma-mass spectrometry, capable of determining concentrations of common arsenic species as well as
methylthiolated arsenates in natural waters including monomethylmonothioarsenate (MMMTA), monomethyldithioarsenate (MMDTA),
monomethyltrithioarsenate (MMTTA), dimethylmonothioarsenate (DMMTA), and dimethyldithioarsenate (DMDTA), was set up.
Furthermore, the arsenic speciation in a typical geothermal water sample was analyzed. The efforts made in this study produced an
analytical method basis for future geochemical studies of methylthiolated arsenates in aqueous environments.
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Y 3 5 U0 G T L K i d R DL 25 O T
iR GAsCIT ) ) PR (IAs (V) ) — HY JE i i &1
(MMA (V) = H L8l 2 3 (DMA (V) %5 ; JT 4F
K, w B AL W R AR K b AR R R 59 B R A ER
55 g B i 32 2 & M (Stauder ez al., 2005 ;
Planer-Friedrich ez al., 2007 ; Suess et al., 2011,
2015 Ullrich ez al., 2013 Guo et al., 2017).

i Y B R RN BN 5 HAF IR S B IR G e
)i DL 2 v S A R 1 2 A2 vy T R R A R
BER R EL ; w UR R £k i 7 M AR A AR T e, (HL
I A R w5 R Y SR, 7R 2 A A 8 S R
IS e =t e A R = A T R = e S Ao
SR 2 1 R R AT ok FH Lt A a5 I e
i e TP gt AR B A E 7 A R 1 Ry 1 #E M (Styblo
etal., 1997; Styblo et al., 2000).324 H 1k, KIR K
5 v 7 A R e R R Y BT 2 R 100 P05 R A 2
W C AR BIRAMIGY B AR R £h 1Y PR 8 b BR AL 2 0T
S84 & W, T 3CHk (Suess and Planer-Friedrich, 2012;
Burton ez al., 2013; Couture et al., 2013; F 2 4 |
2015; M BIANEY B, 2015) 5 (H AR X B 3 i AR A 4
F 50 ) G A b R AR A (R 3m A ) B8 35 R A 088
ooF F A Ho 35 B0 W (Hansen ez al., 2004 ; Suzuki er
al., 2004; Ackerman ez al., 2005) , ¥£ ¥ 355 43 5% fF
TR TAEM A 550 b, 2 BT IR B 4R b A2
W5 o (08 i R AR O R PR B AR T R E
PE B PR B G A A A I RN RUL o =

e it b R K CRp ) 2 B i T 5 S A i B 30 5
T HL 32 5 U A i AR e Y b R OK ) rha i AR AR
FEAEAEAE # & (Guo ez al., 2019) , i 2 34 35 b i
) TR YA, HL o HE A #R DR T AR AR K Y
Al 2 B K AR K AR vh I I i 75 3 (Guo er al.,
2015) . B T YR, i R R GE N R AL R A
R PR T R AR BRI E Y MR KB
s A i R RE A SR AL 1 AR DR O ol L B X
SIS Y AR AR B T 25 5 A AR 58 05 1 i 2
UGPSR, > A A H A K b R 2S04 A0 DG BF
SEAER ) H WIEZS IR IR £R A R £ — HY L fi iR
R R £ ) Z Ab, 32 O TR Te LA Y i Bk
72y, BRI HLAR AR R ( E SR, 20165 FE T
4520165 FRIEHFSE, 2017) 5 F W L w4 57 5L 1k
7 CED R BB A A R k), U i ke = 22 o 1R A AR
it 12 3 1 [ Bof 5 o 0 7 i L AR IR IR A RSB
B BR AL S WE ST 4 T, 2B R S Ry T

B A B 1R 6 A o, I A BT M Bk A 2 R o L T
A SE 40 BT 22 443 I A7 1 R AR K v Y g A e
NI AR B S R TR B O R 4
(IC-ICP-MS), 343 1 LAY i L& Bl Ak 4 ok
B b R TR S A A AR N IR AR A T R SRR RE
sty PR A R k11 S o DU R AR A b
FOK R BT (T 2 HAh R OK 3R 85 ) 3 A AR
it 12 £ 1 M 2K Ak 7 B 9 B8 8 1 4 B Oy ik R

1.1 KFEEE

B 3L R — &1 (MMA (V) ) CH,AsNa,O,
6H,0 ( & [ AccuStandard ) ; — H & 1 )2 & ( DMA
(V) ) (CH,) ,AsNaO,*3H,0 ( £ E Strem Chemi-
cals) ; & H L 84 NaOH ( [# 24 4E H fb 22 3K 57 A R
AN s BB S (25 4 B Ak 2 R A BR A
7] ) 5 LK B AL 85 Na,S<9H,0 ( [H 24 4 [ 1k 24 3K 57
AR AT s #h R HCLCE 245 48 A b 2 3 7] A BR
N B ER 96 % HLSO, ([ 24 £ H 1k 2% i 57 A B
A ED) s Sk CH,O CH 24 4 H R 2% 3850 A R 2
Al ) OB CHO (KRB G E N 41k T3 Fr ) .

BT 3% A (1ICS6000 ; Thermo Fisher) ;
A A AR T % (iICAP RQ ; Thermo Fish-
er) ; FL M 28 — & 4 #F 3% {X ( Thermo QE) ; F
ERM(LBRFETSWARAA).
1.2 HAEFRMBIHRIREHNS
121 —HE-—HARMEBL(MMMTA) HERE
RN KOS i MMA (V) 3% 1R A6 40 7 R A il
Horh As: S=1:10. 1 0.1 mol/L 4 HCL % WK 18 &
W pH P8 3 = 3, I ¥ 30 min J5 , A 1 mol/L #Y
NaOH % W& %% pH ¥4 95 & 12.3, F 2 ¥ 60 min, A] 13
F| MMMTA %W B SO W I8 53 %€ T 2 mL /)
B T UK R, SR 5 B B W R T —20 C
UK AR, A ] HAE IR A N Rl Ak (Wallschlager and
London, 2008; Hinrichsen ez al., 2015).
122 ZHAE-—FRWMEIL(DMMTA) #FERHA
F8N L DMA (V) 7 WA B Ak 40 7 WOTR & W R
i B 22 38 XA P, 38 RUCTR AR R P IR AU B
T A AR 32 A B R ik 2 B, O AR FE R
P PE R B 1 h s As: Na,S: H,S0,=1:1.6:1.6,
A UL R R TG R R R S R A
A LTk 5y W 2L, AT #E 5 A2 I 5~10 min, ##
U R T Mo 2 AT I I TR R 2K R
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W Fhedr, )2 2Tk i T B B R B K
VS WP AR I3 UK, 9K 5 I 44 4R 1 & Tk A IO
afi K PEU— i, B3 3 DMMTA i 2 BF S W B %
VW5 F 2 45 L, A T S PR R 4 R T
3 3 DMMTA H & # K . ¥ fr 15 DMMTA
IR &L kO R AF T 4 °C UK 46 fF F ( Naranman-
dura et al. , 2006 ; Suzuki et al. , 2007 ) .
123 —HE_HmAMHEBELIL (DMDTA) 78 X
i K DMA (V) 3% W AR A 8 iE WO &, 8 i
VE A% 2 OO B R il & R, 3T B S RN
M, Ad i & As: Na,S:H,SO,=1:7.5:7.5, 1] i %
AR5 B TR R A I A W S /NN A AR O
T 3E XU o K SN VR B AR S Y C B
B AR A BCRE , DMDTA ¥ W% BT 4 4, 8
£y 10 mmol/L Y B IR ¥ ¥ W (pH=6.3) # DMD-
TA MCHE PN 8 M 2 45 5 L, 76 6 4803 5 op 4 K
T15 8] DMDTA 1 & & & ¥ K O T 5 DMDTA
TR & GRS T 4 CUk 48 7% B ( Naranmandura
et al., 2006 ; Suzuki et al., 2007 ).
1.3 ESI-HR-MS &

Tsh A A 30% HEE R 70% LR K (0.2%
), AR R B R 5 pL, i K 0.3 mL/min,
S R e R S K N S K e S B )
k150 F 500, 43 #E 2 24 70 000.
1.4 IC-ICP-MS &%

WL /3B i IC(ICS6000) 2K, (it bt /4
N AS/AGL6,KBERC N NaOH I R FHRS e 77
=, HAK N . 0~3 min, 2.5 mmol/L; 3~5 min, 2.5~
20 mmol/1L;5~10 min, 20 mmol/L;10~20 min, 20~
100 mmol/L.; 20~24 min, 2.5 mmol/L. 2 fifi i & &
T 100 pg/L BE &L 25 pL #ERE3R (K T 100 pg/L
FE S 50 pL #EFEIR i 3 1.2 mL/min. £ i &
R i ICP-MS(ICAP RQ) 5€ it , & JH] CCT 5L,
(collision cell technology) , & I A A & A, Wik
AsO" (m/2=91) LIk ArCl (m/2=75) T4k .

2 ZR51N8

21 RERKWMERIHIRENESI-HR-MSXEE
XiF 5 i B g A A R AR A B0 W 0 A
HEAT HLWE 25 5 4 B R 5 4r M, B A 1A DL A L
25 Tl B RE A R R A S B B e b (BT 1) 5 R
M OB B8 0 7 7= ) ) B8 0 A L (36 1) B % B 3
W], MMMTA 9 £z 38 Jit 3% 0 (m/2=154.916 1) 5
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Fig.1 Analytical ESI-HR-MS results of the solution samples

of three synthetic solid methylthiolated arsenates

[HAsSS (CH;) O,] (B8 m/2=154.915 3) X} h ,
DMMTA 1) £ 5 F1 i g (m/2=152.936 8) 5
[AsS (CH,), 0] (¥ ig m/2=152.936 1) X} )i ,
DMDTA 1 % 5 BT 3% 1% (m/2=168.914 1) W 5
[AsS,(CH;),] (i m/x=168.913 2) £ A —
BCOHEM, BT A R Y O HARIE A .
22 HEMARMBIRAEBTHEMIC-ICP-MS 51
25 b R A A AR R A B W A A Y 1IC-
ICP-MS 3 7 45 5 VLI 2. e oh , o JF 8 7 B 8 SE L
T A R AR AR ME T W (— BRAC AR AR £ MT A | DU AR
R £k TetraTA) B9 IC-ICP-MS 43 #7 , LA X%t Fb A [
T AR B )L 25 SR SR B R AR R R AR
JCAIL AR Al 2 £ LA #SR A [R] 1) H 0 e I mp g
IC-ICP-MS HX H & 4t A7 [m] I 5 5 50 B . e ok, e
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Table 1 Theoretic mass to charge ratios of various methylthiolated arsenates and their deprotonated products
BN b2 25 4 2 FLIE m/z
H,AsS(CH,)O,
— U — AR B R £ (MMMTA) HAsS(CH,)0, 154.915 3
AsS(CH,)0,” 76.954 0
HAsS(CH,),0
T FA R AR (DMMTA)
AsS(CH,),0 152.936 1
HASS,(CH,),
T A R R (DMDTA)
AsS,(CH,), 168.913 2
P i - <
< SE 3 & z < =
1 s = =
E Ei: = = < = e
v v v v

AH KT 58
=
<
=
—
>

—

1200 1400

T TTA
" MTA
0 200 400 600 800 1000
{5 51 5 TR (s)
B2 W3/ TEHLER A A R AL A Bl = M9 Y IC-ICP-MS i £

Fig.2 Analytical IC-ICP-MS results of the solution samples of synthetic solid methylated and inorganic thioarsenates
SR AR bR O 2 (3 5 5 (0 ] = A A R bR RO 2 (0 1 0

A LG AR A R AR b B RO HARRE A,
BTy £ 76 /D f 2% i, B4R . MMMTA 46 f£ h
91%,1H & 9% B MMDTA ; DMMTA 4l & X
4%, & 7% B DMA (V) F1 19% ) DMDTA
DMDTA 4l i 25 90% , {H % 10% % DMMTA.

{E A5 TR ABIESE 1Y J2& , 76 MMM TA Fr #E 9 5 6l
et B, QR bR S/ A S BE IR ELH i CEB 2 A o il 2%
i A S/As=10) , T & W BT i WY 1IC-1ICP-
MS 3 [ H o B MMA (V) MMMTA fl MMD-
TA Z AR IE 25 06, 06 B [B] 29 940 s (R0 4 S/As
JEE IR H A 20, SR 18] A 2 h) . 24 R IR MMA
(V) ML Py it , MMA (V) 5 5 Ak 52 1) 7= 9 75 B
1 bRl BE b B S 19 MMM TA | BUE 2 19 MMD-

TA L = % 3 0 — W36 = B AR A iR £ (MM T-
TA; HAE R IRIK A7 7E W A B UE T SCHk ) L X FE
R TE 940 s A2 A S U Y A 0 AR 25 W AT RE A
MMTTA. 2 e 5 R MBI 2, & 81
MMA Fl i Ak 8 0 5 W 5% 14, B 27 pH=3 . ] i
4 hJE A R R B Ok R R K
CCT JF % A6 A5 X T 6] IF 3845 T 1% KE 56 19 AsO™
(m/2=91) F1 SO (m/z=48) 15 5 , it & T H S/
As BEJR LG, HXF H #4177 ESIFHRMS 434

FE i B IC-ICP-MS 43 BT 25 28 (& 3) £ W, %
A AR IR 25 (& BN 6.15 wmol /L (HE A2 R 3
WOEBCH M, bR ME R 2= R 0.02) , B S & Nk
18.15 pmol/L (F &2 I3k 3 K B, b i 22
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Fig.3 Analytical IC-ICP-MS results of final products of MMA(V) thiolation at a high initial S/As ratio

WItH S/As BEIR R 205 pH 2 35 U

I [0y 4 s SEER AT W03 P, M 2 b B s B4 bk v 0 5 A A a7 1 3

25
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20
20F
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ey
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Fig.4 Analytical ESI-HR-MS results of final products of MMA(V) thiolation at a high initial S/As ratio

WG S/ As B

0.12) , H S/As JEE R o AH R 2.95 (A HE i 25 K
0.01),5 MMTTA W) B i& S/As BE IR b (S/As=
3)W) 4 RE S B9 EST-HRMS K6 45 5 0L 18] 4, H:
o 2 G B4 o B m /2 186.870 2,5 MMT -
TA Bt i 7 J5 I & [HAsS, (CH,) 1 m/z — 8 ;
£ m/z=188.865 8 &b W kit T M—+2 1y S [F] fi &
J i 0, ELIA) A 2R 0 S SR R IR Y
B 23T KRS F BE (4.2% ) 19 3 4%, 13 B % U %o

IR EE SR 205 pH R 35 52 B

i 1] 47 4 h

B RE 25 o8 [ HASYS™S,(CH,) | . 28 b, & A
Syt BLAE 940 s 22 A5 1 B OB S I Oy MMTTA ;
ﬁu&mPMsﬁmgéﬂiQHQEMMﬂTAﬁ
DAL FR) % A PR A A 1R R 1) 4 R ARG DU
2.3 &1mmmﬁm¢$%ﬁﬁm@ﬁm55
ik 2 R

TE [ P 32 B HE T BT B A6 AR ) M AR X (=
R R B B Bl ) SR AR T AR MR B (B Ak



5 3 ) S i 255 P A S 2 PR 3 1 19 [ o 1143
; . iAs(V)
1.0x10 iAs(IID) 5%10” Arsenite and Arsenate, 0.5x10” MMA and DMA |
. —— 10x10" Arsenite and Arsenate,1x10” MMA and DMA
8.0x10" ——50x10" Arsenite and Arsenate,5x10° MMA and DMA
. ——100x10" Arsenite and Arsenate,10x10” MMA and DMA
6.0x10" ——500x10" Arsenite and Arsenate,50x10” MMA and DMA
— B 1000x10” Arsenite and Arsenate,100x10” MMA and DMA
2 4.0x10°}
H DMA MMA
= 1.0x10°F |
op . ‘
gz 8.0x10°F
6.0x10"+ ‘
4.0x10°+
2.0x10°F ‘ [
LA A AL
1 1 1 1 1 1 1 1
200 300 400 500 600 700 800 900 1000
{7 B TN (s)
120 1200
100 - DMA 1000 iAs(IID)
< 80F <800
= =
ﬁ 60 ﬂ 600 [
¥ 40t ¥ 400t
=107x+0.035 44 y=10"x+0.176 5
20k R ) 200 R*=0.999 8
0 1 1 1 1 1 1 1 1 ) 0 1 1 1 1 1 1 1 1 1
0.00 5. 00x10‘ 1.00x10’ 0.00 5.00x10’ 1.00x10°
5 5 55 J% (cps) {5 5 58 % (cps)
120 1200
100 F MMA 1000 | 1As(V)
< 80 <800
2 .
= o0r &= 600F
X 401 ¥ 400
=10"x-0.064 7 y=10"x+0.159 6
201 R =0.999 5 200 R*=0.999 4
O 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1
0.00 5.00%10° 1.00x10’ 0.00 5.00%10’ 1.00x10"
{5 5 58 % (cps) {5 5 58 S (cps)
[l 5 O s o A 23 o 2
Fig.5 Calibration curves for quantitative analysis of four standard arsenic species
Y& ik 9.8 mg/Ls R AE J5 B T vk PR 38 R & 200000 TetraTA
AT 5 I 30T 3 BT R PR AR R ), I R R AR WF 9 T ST 160000y iAs(V)
S y N N a
19 IC-ICP-MS B FH & 42 I e 17 K i v i 19 B 2485 43 g 120000
o
BT . 1T A 508 09 0 3 45 2R 20 BT A0 Quegra 1% & 50000} A
. il
B2 X T 0 2 1 9 B wonnl -
- o . o e e o iAs(Ill) DMDTA
R FH AR A o 0 0 265 BT o I 2 AT S ) HOORP™ vora ||| o L
%ﬁ,ﬁj\%ﬂfﬂiAs(]ﬂ)\iAs(V)\MMA(V)ﬂI DMA 0 300 60;3 900 1200
I [H] (s)
V). 1) I A1 A B 7 TR 285 104 B A W, . . . N
2l T A5 b oE 0RO 25 0 IS R BE S xR ST

A& 0 Vg T AR 22 A B O AR R CED AR k), WK
5.0 T M A A v A A o R 2 AR AR 0 T AR 4
FEA5 A A il 3 530 v J3E 5 b T A o ob 80 A A

IR 25, TR 3 FG i v i UEE %A E T

f14 b v AR 25 A T AR il 2our R AT E I
PO RE B B O 25 B M A5 R DL IR 6. TR RE
sy HRORE 4 R AR IR £ A 45 — P R AL A

Fig.6 Analytical results of methylthiolated arsenates in a typ-
ical geothermal water sample collected from the

Banglazhang hydrothermal area, Longling

fig £k (MMDTA) A1 = B 3 = 5 4C fif iR £ (DMD-
TA), & H0.9 pg/L M 7.8 ug/L, 5 s & &
(97.0 pg/L) A 43t 43 5l 3k 0.93 % F1 8.04 %0 . Hoax ks
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1A B 2 A 4 WA R AR GAS ) ) il 2 3k (1As
(V)) . — i AL i £F (MTA) | — Bi 8 #h iR
(DTA) . = f AL ff B2 £k (TriTA) . DU B AR i R 8
(TetraTA) , &% & 43 5l 4 4.9.26.5.5.4,2.0,13.0,
36.4 pg/L, 5 B AN OE 4 L4 i ik 5.09% .
27.37% . 5.54% . 2.10% . 13.40% . 37.53%. H &
mACE R S EESM P S HE BT 9%,
R 2 EE MY A .

3 inb

L A R R BB Ak W K B 8 b AT fg
WM EEESZ — ARG RT 3FH
LB AR AR R AR L T B s - RS
AR TR RS B &R 48 (1IC-ICP-MS) , il % T 52
0 2 i A L B AR AR A VBORT AR 3R M M A
KRR v Y TR S A AL AR BF 5 T SR i
B AR A T2 £6 A i o M O Tk R RO L M
Al A $5 Hb BOK TE N 2 4L 5y FF FE R SR K AR
P LA A R R RS B E b B L E R
TAEA By T 42 2F b 380K R 55 R H Al K 8% UK 35 8
R B AR B R R A M BR Ak 2 BIF g, AR 1S X
B AR N N (o NI I N S S N B | A A
FOREME BB AR LA RGN
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