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Abstract: Analysis of thiotungstates in natural water is of great importance for systematically investigating the environmental
geochemistry of tungsten. In this paper, a method based on a system combining reversed-phase ion pair chromatography and
inductively coupled plasma mass spectrometry is proposed to simultaneously determine the concentrations of tungstate (WO,”) and
four thiotungstates (including WO,S*, WO0,S,”, WOS,” and WS,”). The speciation analyses of these five tungsten compounds
were performed by a high-resolution electrospray ionization mass spectrometer. Sulfide-rich geothermal water samples were snap
frozen at —20 °C and transported to the laboratory. After thawing under anaerobic conditions, the five tungsten compounds were
separated and determined within 30 min using optimized chromatographic and mass spectrometric conditions. The working curves
were established using tungstate as the standards for the other tungsten compounds, with good linear relation (correlation
coefficient R*>>0.999) in the concentration range of 0.001—20 mg/L. The limits of detection (LOD) for tungstate,
monothiotungstate, dithiotungstate, trithiotungstate and tetrathiotungstate were 0.82 pg/L, 0.34 pg/L, 0.22 pg/L, 0.79 pg/L
and 0.62 pg/L, respectively. This method has the advantages of high sensitivity and good reproducibility, and provides an

effective way for the detection and research of thiotungstates in natural water.
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5 )% V) 56 (Strigul et al., 2009; Roedel et al.,
2012; Kelly et al., 2013). K HR IK J& 5 17 £ 1) %
WA o, PR, SRR K A 0 & s OB S o A
o HC IR B R B 25007 F 5 B AT i (R T R
W iR ,2021). ek b iy & BB TR RE ) (R
GG FOE B E U . RRK 8 — DL &
A E (WO )BT B S ik K
SRk IR (WO, ) H Y 5 25 1 B 8 RO
B AT, DR AC S R 4L (WO,S," ,n = 0~
4;Mohajerin ez al., 2014) , B A5 1R T8 v A A 45 7Y
ANA] Z R B AR AR IR A TR R SR8 R R AR UK
(n i g AH D0 R AL R K L R AR B AR K )
LA R B ALY 2 5 AR S N TR R AR R
£k (Mohajerin ez al., 2014) . 518+ 1% 1k 6 48 24
1R 5 J5 Sk DL #E K 2 b & Bk 1 B W PR Ot
23 A HF K BR85S g 0 B9 1
(Lee et al., 2006 ; Couture et al., 2013 ; Mamindy-
Pajany et al., 2013; Yang et al., 2015; Mohajerin
etal., 2016). Z& I, B AUHES AR 5 09 98 A HR K
HETENIESEAMTRENCHAT ,EW
NSRRI =8 7i B G e U AT Ny AR S s
X AR K v g AR RS TR Eh Y B B M Bk Ak o o #E O
& & e Wt 58 BRI iy Y BB S

KSR KA i v AR TR R Y S B A3 BT O T
LA 85 M BR A A I 5 A 00 SR 4R L AR, Y TR AR
KRR AR 1R h 19 A ROE B IR R AL 2
WX AR TR Fh 7E R AR K R G b Hb sk 47 0 1Y
5% . Weiss et al.(1988) FI| FH 52 #H 2§+ % (1% (RP-
IPC) il i 45 JE Wk o0 B AN RDE S B sk 59,
FF R 2R AR I #5 (UV) 528 T X 52 56 2= 4l 45 19 3
o s A 5 1R R ¥ W A9 &z . Mohajerin ez al.(2014)
fifi 128 4007 UL 43 5606 BE 2 (UV-VIS) T T 7K ¥
i R TR AVE Y L el ST R R e O T
2, H T I AR S B ALY K T B 2 50 A (Guo et
al., 2019). 5 UV-VIS Ml It , L EHE 7 %5 & 7K
i (ICP-MS) B A o0 £ ¢ 5k AR 2 4t R iy 0t 4
(Dai et al., 2017) , J& KKK IR £ 9485 X OB &

SR RS ] 22 3% $% . Planer-Friedrich ez al.
(2020) F) FH 52 AH 25— X6 €0 335 — A JRoR 45 45 B 1R o
I & 48 (RP-IPC-ICP-MS) 76 B B b e &< 14
FE M 35 B A A R oK SR KRR AR
P R & hn, H DU 3K 45 SR A AE Y R 3k R AR 0 g3 Y
G LA R TR h 5w AR R Eh 1 43 B RO 25 5%
[F) 0, XoF 2% A 485 1 285 40 AT 1) o 8 R AT B R S )

A S AE Planer-Friedrich er al. (2020 ) #) #F 5%
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1.1 X5

B T {4 3% 1% (1CS6000, ThermoFisher Sci-
entific ) ; HL J& il & 45 B + 1K i % (iICAP RQ,
ThermoFisher Scientific ) ; H Wi 55 — & 70 ¥ Ji %
( QE, ThermoFisher Scientific) ; F & 48 ( I 1
BR BT AR A PR A FDD) .

5 T 1 Na,WO,+2H,0 (4 #7 4l , [# 25 48 A 1k
2 R A BR A A 5 A A Na,S+9H,O (Aladdin,
CAS No: 1313-84-4) ; DY fii 18 23 iz 4% (NH,) ,WS,
(Sigma-Aldrich, CAS No: 13862-78-7) ; £k i HCI
(Mg gl , v [ 7 B bl 5 48 AT 3 R Rfk TA IR
N 5 R 4N Na,CO, (P 4l , Kt ot &2 B4
KREARAF); MWT A A 8% (CH,CH,CH,
CH,) ,N(OH) ( 4> #r &l , [ 25 4 A 1k 2% L 5 A B
AN HED ;s S CHO (% 4l , =>99.8% , K # i )t
SR A A TR 5T ) B bR E I W (GSB 04-1760-
2004 , B KA €8 4 @ B f - Rk Ak ey )
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r S CIT) FY A A RIE i A 4 A 1R 6 1) 25 1R 6 1Y
T A Ak, 5250 3 A8 v I A 19 WA TR o) 38 4 ) 28 ik
T Al RS (Sl ==99.999 % ) i A AR B 1 h LA b (14 48
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2HO ¥ W Al 5 2 LA WO,” oy £ BIE 5 09 818 W5
Bie il 100 uM (NH,), WS, % 15 8 &4 WS, Ay
W5 T 100 uM Na,WO,+2H,0 fil 4 mM Na,S -
9H,O (S (I1)/W EE /K b =40: 1) IR & % W (B
0.033 0 g Na,WO,*2H,0 1 0.961 g Na,S*9H,O ¥ T
1L H,O), H HCI A5 pH=5 J&5 %% T IR &0 b &
HORAAH TR, AR FE & WO,  WO,S™ |
WO,S," \WOS,” WS, TR 8T 5 I8 W

122 EHRBBINIAKERNREMEX
KM TR E N R A B L b HOK Y
AR IX (2 1 op 3 s e B IR ) L R K
b2 RN R 1) 8 Ak P O AR 2 L 5 AR
i B AR BE AR A B A AL, AR S B AR R E P
B AERIRIK P I8 BN e Ak 52 31 pH (E A A IR TR
B (Eh) Ak 9 1 i 25 K B0 B 45 10 % s il (I I
Fra,2016). KFERI IR E . pH . Eh Al Hach LDOTM
HQLO0 8 4% =LK 51 43 B AL AE I 37 0 5, o Ak ) 7 =
JH Hach sension2 f# #5 3 o (A 31 76 B3 00 % . -+ FH
B/ s T R 43 B KR — e B3 R AT R Ak Ak
(M 4 4l HNO, AR i 2 H pH /N T 1) .1
K ETRYE 551 T 5 B ARG RN Y R £ R
S AR HITTE L DA T 52 e 5 v o A 25 8 1) B et
255341 s A2 AAL FR BT b, K rh i A48 ) m A
JUR A 2 N [ 55 TR R A Ak . PR, AR WA 5E A 15 mL
A5 SR B2 KRR IS A SR AR B 3 1 O L PR v
e, B s S0 5 R R 3 — 20 CORFR AR PR A7
% BIE B R PR AR R AR KRR A b B AR A A
Py Can B A8 R o AR B R £h ) B S 1 de 4 O ik
(Planer-Friedrich ez al., 2007, 2011 ; /™ %2 ¥ 4% |
2022) . M 3 4 A, E T A b bR B R
JH 0.22 pmn 38 B8 528 08 i VR A 5 S B AT ARSI
1.23 ESI-HRMS &% WMo —01% H
fRAK(V/V=5:5), i # K 0.3 mL/min, i} £ 2 min,
HRERFR L5 L, SR B 2, By
il m/z = 245~315, 43 $E 3 H 70 000.

1.2.4 RP-IPC %1 Deonex IonPac NS1 (% % 4>
Hr#E (250X 4 mm, 10 pum ) Fl Deonex IonPac NG1 £
P A (35X4 mm, 10 pm) ; #F £ & & 200 plL %
500 pL; 9t # A 1.0 mL/min; # & 30 °C; L 2 mM
(CH,CH,CH,CH,),N(OH) 5 1 mM Na,CO,IRE & I#
WO B A A RN 2 BE C 3l AH B) 247 466 B 1k i, A

B vk AR ¥ K 0~15 min, Wi 3h 40 B H1 12% b
BF TR £ PR BG o B 23.50% (B BE BE BE T,= (23.5%
—12%)/15=0.008) ; 15~23 min, % 3 41 B
23.5% B W} [a] 2% 1 1 n #) 35% ( Bk B BE B T,=
(35%—23.5%)/(23—15) =0.014) ; 23~ 24
min, Ji 2 A B 1 35% B B[R] 28 1 s 0 B 12% 5
24~28 min, Wi s A B AR RF 12% R AE .

1.2.5 ICP-MS &1 PFAZAL#;1.0 mm ol
s Pt R BE4E A1 P # BU4E 5 A Thermo Scientific
Qtegra HCFF /Y tQuant B X % 22 R £ 15 5 ; RF I)
1550 W; b3R8 1.6 °C; Z AL #s i & 0.705 L/
min; ¥ HA & 14 L/min; & B < % & 0.8 L/min;
CCT BRI B F m/2 184W. 160, H 4 < i it
7 0.438 mL/min; BR AR S A 15.09%.
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RAY . X F o ACE R £ I, 76 3 2h A o A
HHNE T (WO,S, ) n = 0~4) K 5167 (19 8 1
PR Y T R A A AR (TBA ), il 2 B A /K 1
BT E W (TBAT -WO,S,,% ), MTT 84 I AE 5
B (WO,S, 7 ) 7E [ 5 AH v i 5 g B ) ) 7 [ 52
A H B X TBA-WO,S, 2 %A Al 3 2 oA i
TBA' \WO,S, ) ,TBA" \WO,S, ,” 5 H & 1 i
AT, WO,S, [ BT S AHFTAT 5 )5 R R
WO,S, - 5 sh i i 89 TBA' &5 &, B W 4L Ak
TBA -WO,S,.," ...,k H . WO,S,,» 1
[#] 5 AR R Sl AR o R AR 2 R A3 BC L A AR TE S I
L [R] 64 43 TS B 7 10T 43 5, i 7K M 555 08 T8 285 S bk
Ve B KPR SR B TR S T S AE i AT A T (]
RY44 B4 . Bidlingmeyer ez al. (1979) 48 H &AL &9
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Fig.1 Mass spectrum of a tungstate-sulfide mixed solution obtained using a high-resolution electrospray ionization mass spectrom-

eter (ESI-HRMS) in negative mode
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Table 1 Intensity factors of common solvents used in

reversed-phase chromatography
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Fig.2 RP-IPC-ICP-MS chromatograms of the tungsten-bearing solutions prepared in the laboratory
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Table 2 Analytical RP-IPC-ICP-MS results of the thiotungstates solutions prepared in the laboratory
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Table 3 Quantitative analysis of thiotungstates in the solutions prepared in the laboratory

S % VAT WO,> WO;S8™ WO0,S,” WOS;™ WS WAL petic ELvES
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) M(mg/L)  (mg/L) (%)

100 uM Nay WO, 5 4 2.9 6.7 3.4 0.4 18.7 18.9 98.94

mM Na,S REER, #h (RSD=4.20%) (RSD=3.01%)  (RSD=1.73%) (RSD=2.05%) (RSD=0.33%)
i pH=5

100 pM (NH,), WS, ¥ 4 1.4 0.6 44 19.6 19.1 102.62
i/ (RSD=3.41%) (RSD=4.48%)  (RSD=1.40%) (RSD=3.26%) (RSD=0.28%)

100 pM Na, WO, ¥l 18.7 0 0 0 1857 17.9 104.47
(RSD=2.04%) (RSD=1.18%)  (RSD=0.37%) (RSD=0.52%) (RSD=0.11%)

R T AR 5 Rk B (28 DR 4 b o U R PR R D, =(ks )/ b, (1)

] 5 WO, —%0) i ¢ & & 28 &L G br
Tl 2R (I 35 4 ¢ &R 80 R*7E 0.999~1.000 Z [a] ) ,
i N R S A T A S M
oA R R A MR OB L S 56w C ) W (&l 2b~
2d ) AR A BT 3a 7 B 203 B R 45 R W& 3.

FIH ICP-MS 3 5045 & 1 © 9% 1z A T4
Fe W58 (Cui et al., 20175 Guo et al., 2019). [t ,
DL 50 28 W B 0 BE VA VRAE R A VS VR, B 1CP-
MS 3R i o SR Mk B JF 508 i RP-TIPC-ICP-
MS T 75 114 25 ol 559 78 285 B vk B 22 RN AT XT 1L, 3R
15 (A T S VR B 2 R VA R B Y LU B
AT A 5P 0 285 0 ) o 1 5 . S 0 T o VA T
[l iR AE 98.94 Y ~104.47 % Z [a] , & A8 250k
B AF X B M 22 (RSD, n=3)<C4.48% (£ 3).

H SRR B A5 B 1 A B O A 09 A s BR AT ] DL
FEIR 20 1) SR A% B SR 25 (1R o 45 21
1 Al (— ML 2 8 3) b o i 22 BT X I 9 v FE A
4y b B bR RS B (429 0%, 2010) .

oD R R (pg/L ) s 82 A (HO)fE
5B b E D 22, 6 S B 400G b ol 2k (L 3b) 1Y
BRI PR E 3. ARG HMRE  — MmN
iz gk AR R AL = AR R AR L R AR
iz b K PR 4 B A 0.82 pg/L. 0.34 pg/L.
0.22 pg/1..0.79 pg/L.0.62 pg/L, iZ K H BR Al %
ARt R R AR K R A TR 3 O A Y R
24 KHKKMRLER

TEA WA TE S K 2 A TSR v, Bk 1l 341X S
TR (WGQ) N RS, FH ICP-MS i 45 H: 4 483 55 i
J3 2.2 pg/L, JH RP-IPC-ICP-MS ) 15 i) 4% it 413 I 2%
i Z R 2.4 pg/L (R i &1 3b il g T AR -5 vk
KRMLITE) , B R IL 109.09% , % N TE B ik
JE B FH A AR 1 D 22 (RSD , n=3)<C4.46 % . SO
BT A M 45 S G 1] da T 7, A HS B 198 3 (1 F71E
W BB M AR XA R (LL10) B8 & &
267.8 pg/L, B ALY s ik 8 mg/L(S(I1)/W FE R
Fe=172) B4 IE 25 7 M 4 S WL IR 4b s ] B35 A5 5 1 46
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Fig.4 RP-IPC-ICP-MS chromatograms of thiotungstates in natural water samples
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Table 4 Analysis results of thiotungstates and relevant hydrogeochemical parameters in representative hot spring samples

T Eh #fk¥ WO, WO,S* WwO,S,” WOS,* WS, BIEAZ R OB R
R4 MK pH
(°C) (mV) (mg/L) (pg/L) (ng/L) (pg/1) (ng/L) (pg/L) (png/L) (pg/L) (%)
2.4 0 0 0 0
WGQ #ifg 41 552 —41 1.4 (RSD=  (RSD= (RSD= (RSD= (RSD= 2.4 2.2 109.09
4.46%)  2.57%) 0.81%) 1.22%) 4.41%)
15.0 7.7 13.2 175.7 62.5
LL10 M54 91 8.36 —306 8.0 (RSD=  (RSD= (RSD= (RSD= (RSD= 274.2 267.8 102.35
4.20%) 2.35) 2.13%) 3.54%) 3.79%)
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(LL10) which was stored at room temperature and under oxic condition after thawing

ARG RE:, b =mARERE N EEZEE
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RP-IPC-ICP-MS chromatograms reflecting the thiotungstates speciation change with time in a natural water sample
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BEER

Table 5 Change of relative contents of various thiotung-

states in a natural water sample (LL10) which

was stored at room temperature and under oxic

condition after thawing

itz WO,”  WO,87  WO0,S, WO0S, WSS

A (%) (%) (%) (%) (%)

<5 min 5 3 5 64 23
2h 8 5 6 57 23
24 h 22 2 9 47 20
2d 36 2 10 34 18
5d 57 2 8 20 13

PR AR B it e R (7.7 pg/L) AN A7 BB 19 300 %K i
WL Z Il 274.2 pg/L, W3R K 102.35% , %A
PV AR B AR AR S 25 (RSD ,n=3)=<4.20 %
25 REMXRAKBESFBESEZTSESET
B L

OO HE S b AR R AR K i — B AR
HARAABE D LREREHA, A SCERET —
A B A AR R AR R AR R (AR R
LLIO) , HRE AR HRIE RN LR =, EFEMH
kTR HE TERTESRFMETRAE,
R 9% Horp & R B AR B R S 1 B & R A R Y AR
b AR TR 5 T o AR R I R 4R K
B R T E A B B R L.

% BE S (i VR AT AE —20 “C Uk A6 R A 128 d)
HEFEFME SwEE, LM GE N BRES
R <<5 min) HIE &4 A, 45 R WK b, B AR S R
5 BE Y 9500, Hoh = m AR A R S Gk 6400
(Fs5). fFFEMENEgBP(IE5d), M
R R & EIFR WA, RmimgA LT (K 5%
BEE 890 ), LA 4 = B AR A R A U G AL A
B dhm g R —mA R R AR
FE LU T 449 (N 6496 B E 20%) , WA ]
e dh Ak 0 F B STER E s 5 =6 R R b A
Lo, PO AR By R R B A L A T 1026 (AN 23%
FEE 13%) ; — AR MR R e, NEW W
3% R % 2= 200, A ST 0 4 U 0 7E B 3 A T K
PR H Ve R KRR I 7E R AT — BV VR R A R E
HypBES T AREMNAERTE  RZ, S
SRR B A TR AR R D ) Y R R B AL

3 45t

22 ESI-HRMS 2% 22, 52 56 % e il 29 1R £ — 4% b
YR A W W IR S A A R AR R — L = AR
B R YRR b A S 58 = A W, B RN b
T TR B U G B AR B T X 0 - R A AR
T 2 (RP-IPC-ICP-MS ) [m] B 43 #r 7K 5 885
Hh A TR R 4 PP A A TR R DU O AR 1L S A
T 25 1) (0 35 V6 06 T2 R 4 5 3 1 R A . DL A TE VR
oy A HE N TSI E A O (W OE R >
10 pmol/L) Fl K 2R 7K ¥ i (38 % W & & <
10 pmol/L) i & AR 85 R 5 I 3 b o Bl 28, x5 3 4
S A ] A% T W 2 KR KRR S i AR
VAT b, I OR #E 98.94%~109.09% =2 [a] .
R EAREER EREE S0, KR
KRB AR TR Y A 5 2 E T IR S AL b L ik Ab
M ZBE ARG TREERRKER PEIES
eSS R R, a5 R RS R
R AR R (AR B = RS IR E) & 1 A R
b P FE b, BRI SR FE B 3 PR TV VR Ak DL TE
Bl — B AR AT (—20 °C) & R4 H T mAC 8 R
b B A KSR KRR S R b A

T =
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