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Thermodynamics of W and Mo sulfidation by
using new sulfiding agent P,Ss
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Abstract: Currently, molybdenum is removed from tungstate solution by taking the advantage of different affinity
towards S between W and Mo. Aiming at the problem of low sulfur content and high price of Mo sulfiding agent existing
in tungsten extractive industry, we try to utilize the phosphorus pentasulfide as a new sulfiding agent and wish the
generated HS  in the hydrolysis of P,Ss to provide the needed sulfur for Mo-sulfidation. Thus, the hydrolysis equilibrium
of P,Ss in aqueous solution and thermodynamic behaviour of W amd Mo sulfidation were studied detail. The results show
that the generated HS  in the hydrolysis of P,Ss can provide HS for Mo-sulfidation. And, when n(S)/n(Mo) is 8 and the
solution pH value is 7-9, MoO4> can be completely sulfurized to MoS,>, while tungsten still exists as WO4*". In
addition, although the impurity PO, is generated in the hydrolysis of P,Ss, it can be removed easily and economically
through the current technology in tungsten extractive industry. Therefore, P,Ss is expected to be a new efficient Mo
sulfiding agent in the separation process of W and Mo.
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CUI HoS+ S™ 1 HyO [IAGOH ) 25 43 31 4y )

—33.4. 85.8 F1-237.14 kJ/mol, HHELLF WV ITFER,
N BT g R a2,

Sb,S;+6H " +6e=2Sb+3H,S

@=—0.128-0.0591pH —0.029551g[H,S] (1)

28b0,* +38* +12H" =Sb,S, +6H,0
pH=13.7121+0.083331g[SbO;> ][S* T’ )
SbO,* +2H" +2e=8b0,> +H,0

9=0.5077 - 0.029551g {[SbO;> 1/[SbO,> 1} - 0.0591pH
A3)
2SbS,* +4e=Sb,S; +58%

9=—0.7864-0.014781g{[S* 1> /[SbS,> 1*} 4)

WL NG 2=—2E°F VL AG®=—RTInK ®J7FE X,
AFLAFF 2] SO, F1 SbS,> IAGO{H 433 h—596.84 FlI
—24.17 kl/mol. E®N Ji Hth (R bRvE HL B 34

]I}, G SCER[23] AT LU Y AsO3S° L AsO,S;
AsS;0° Fl AsS,> HIAGOAE 73 7 Jj—275.08 —309.33,
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Table1 AG® of MeO4~
MeSs~ (Me=P, As, Sb)

+ Me0;S*". Me0,S,> "« MeOS;* and

AGP/(KJ-mol ™!
Me G /( )

MeO,” MeO;S* Me0,S,” MeOS;" MeS,”
P -1018.8% - - - -
As  —648.4% 27508 —309.33 —138.33 30.39
Sb —596.84 - - - -24.17

B RCRIBR L [R Eeoc s, LIRS DU BRARIR Hh
MPE AL, DIUELL B, SRS B R 37
35 A 397 R 2 () A7 AR R RO R (R 1k A Fh RS
REAHRTNLR RSP R Z AR Rk,
P MeS,* IAGOME N MeO, FIAGOEAER, 3 e —
FHEZ L, W 1 PR, AL PSS IHAG
fE 4 393.61 kJ/mol. [RIIF, DA IF £5 DL A - i A R
I AGET I I 45 B SRR B MAGOTEIE, 5 45



F24 %S

fEfF—4HZ F, WK 2 fix, MNmfEE] PO,S* .
PO,S,” Fll PS;0° [IAGOME4) 1) —238.54. —309.40 Fll
44.40 kJ/mol.

400} «(PO;, PS)

e 300f

=

oL 200F

wn

[}

=

% 100F

22 ol (AsOF, AsSH)

(SbOZ", SbST)

00 1 1 1 1
-1050 -950 -850 =750 -650
A;G® of MeO3/(kJ*mol™)

1 Bl i B RS A R S DU A G kA0 5 A1 207
GREDIEES S A A

Fig. 1 Linear relation of AG® between MeO4> and MeS,”
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1.2 HEXANFFERITE
7t Me-S-H,0 & &, fE4E LU P4 (Me=P. Mo.
W, n=28{3):

MeO,"” +H,S <5 MeO,S" +H,0 (5)
MeO,S" +H,S <25 MeO,S," +H,0 (6)
MeO,S,"” +H,S «—2 5 MeOS," +H,0 (7)
MeOS,;" +H,S «—% 5 MeS," +H,0 (8)

KRG, A BRI TR AL B S R IR AL A 2 1377
H,S« X > H"+HS™ )
HS « X s g +87" (10)

K K PR A. SHmAGSAT, pH EEH AR
TR, PRITAS S RS A R AR 2 1 R AR 15 1
(7K A Y o

FIH CA AR B 1 e 5 A 7 I AG®
i, RIS ©) (DHFIE®) K P-S-H,0 &%
1087 B PT80S0 1107010 11079, 1
10790 F1 1X 10797, 25 “CI S W 2(5)~(10) 1) T4
BNz 2 s

F2 25 T Me-S-H,0 R4 V- SN I 5 2
Table 2 Equilibrium constants of relevant reaction formulas

at25 C

Equation No. lg Kp) 1g Kovio) lg Kow)
%) —0.101 5.19 2.79
(6) 0.048 4.80 2.10
@) —0.026 5.00 2.49
(®) —0.025 4.88 2.40
©)] —7.00
(10) —17.00

HI 8D 2 AT G TR R S S L TR T
LS RE TR S, ek, TR BRI
PORIE L . i3y 38, Wl DS DU e ok R

[PO,S* 1=1x10""""'[PO,*"[H,S] (11)
[PO,S,* 1=1x10"**¥[PO,S* |[H,S] (12)
[POS;* 1=1x10"""*[PO,S,* |[H,S] (13)
(PS> 1=1x10""[POS,* ][H,S] (14)
[M00,S8*" 1=1x10>"[M00,* |[H,S] (15)
[M00,S,* =1x10**[M00,S* |[H,S] (16)
[M00S,;* 1=1x10°*[Mo00,S,* ][H,S] (17)
[MoS,* J=1x10**¥[M00S,* |[H,S] (18)
[WO,S* 1=1x10*[WO,* ][H,S] (19)
[WO,S,* ]=1x10*'[WO0,S$* ][H,S] (20)
[WOS,* 1=1x10**[WO0,S,% |[H,S] 1)
[WS, 2 1=1x10**[WO0S,*" ][H,S] (22)

[H')[HS ]=1x10"""[H,S] (23)
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[H[S* 1=1x1077°[HS ] (24)

2 FHR51R

2.1 P,Ss Y7k AR 1
P,Ss AE/KHI ARV, e oy 1 i m]

=]
s

[P0, +[PO,S* 1+[PO,S, T+[POS;™ [+[PS,” I=[P]
(25)
[H,ST+[HS™ [+[S” [+[PO;S* |+

2[PO,S," J+3[POS;™ 1+4[PS,* 1=[S] (26)

o5 TE B I R S AR ZR 1) pH AR, BRA 2 (11)~(14)
A (23)~(26), FIFE] 1 AN 8 ANRAE I FEAL,
fiff Lt 77 A T AS S B R S R .
OO HE, T30 S B P A i B 1 RE pH (A
AR FEXTHUE,  BE ] L T g P pH BT PoSs
FEKEH KL RE IR . R T2 [S]=0.15
mol/L, HTHiJE B Ak 1l P,Ss Frde i, i e ffim i
JREE 1:2.5, KI[P]=0.06 mol/L, #%£°V-#7 pH {E X} T
P,Ss IKARAT AT RE I o

3 o K T4 pH EXT PySs AKEAT A 15
B 3 mT%0, pHAE N 7 B, PoSs KA = A8 1 2
J& H,S. HS A PO, WRFEAHIN 0.073. 0.073 Al
0.056 mol/L, &R )L FAfE{E. Mi%E pH
BT, HoS WL 50 HS™, 24 pH KT 10 1,
P,Ss /K fift = A (K B 1 LT 45 o HS A1 PO, . AT,
75 pH {H 7~14 FITEHEN, PoSs AKMRFFA = E 5 AR
BERRAL, F=A2f HS 44t TR D 5 Z M, X
h PySs AR KPP ARBR AL SRR AL T 5T 2%

lg[e/(mol-L™h)]

3 P pH BN P,Ss AKABRAT M FIS
Fig. 3 Effect of equilibrium pH value on hydrolysis of P,Ss

R HAR PoSs KA 2 PO, HE B RR B
W PO AR Syl i A MU B PO WA B B ki P
R, g I R P T S AT DL
29,

2.2 P,Ss AFLFIRT$EEERITRILITA
221 H-BAR

FERAEH-BRAR R, 5 P,Ss AF MBAL I
BRI 22 AT R, syt e A T LAY

[M00,* [+{M00;S* J+[M00,S,* ]+
[M0OS,;*™ ]+[MoS,* ]=[Mo] (27)
[H,S]+[HS ™ [+[S* ]+ [M00;S* ]+2[M00,S,* |+
3[MoOS;>” ]+4[MoS,> ]+[PO,S* ]+
2[PO,S,  +3[POS;> +4[PS,* =[S] (28)

ShEWE. L BRIREE AR RN pH H, BEG
(11)~(18), X (23)~(25) %\ (27)~(28), n#33] 1 MFF
13 N RENFUG T RRAL, Rty R 15 4 S A B T
WEE, HE—PHCREUE, ] 15205 5 80 5 1 Ik
FEXTEL, %52 P,Ss VE A B Ak A I A Ak 44 0 2
iTh. B [Mo]=3X10" mol/L, [S]=0.15 mol/L, #%I
P,Ss AT BE /K EL 1:2.5, JU[P]=6X 10> mol/L. #%%
F OB IR ERE pH AT DL, 45 LI 4(a).

[l A T % %2 P,oSs I X AR AL AT M IS,
I [Mo]=3X 10" mol/L, pH=7.5, P,Ss I hf% i fisH
FEIRFEECR A, 25K 5(a).

WK 4R, 24 pH=14 I, ¥WHSHE 74
A MoOy* o FEA W pH 1B AIFEAK, MoO,> & 2k
A, & PR IR B T s 78 pH N
11~12 i, MoS, W% FFH s 4 pH<9 I, il
AR JL T 42 LA MoS,™ I (A4, IRIEZA N
3X 107 mol/L. [Mith, FHFEH pH {E K, MoO,”
B, MR pHAE F MoOs* h = F BT A7 eI
KB NE pH {5 F MoS,” b EEE FIEAAf
1

W @R, B PSs AR K, MoO,”
BEHERAL, 24 n(S)/n(Mo) K 4 i MoO,* L& LA
A6, LR MoS,” k¥ B4 T m & 2.61X107°
mol/L. % n(S)/n(Mo) =8 i}, MoS,> Ik IA %] 3 X 107
mol/L, ¥ &4 T L&A N MoS,™ s
Ik, Bl PoSs IARIIHEK, MoO,” A itk
MoS4* .

ZE LR T A, AErR e 596 pH Y B K& —E
(1) P,Ss IMAEAAE N, B i sl ot A 4
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Fig. 4 Effect of changing pH value on Mo (a) and W (b)

sulfidation process

MoS,”", BET A AR AIHE— D B 3T dr FEa
222 AR
FERE—RRAR R R, %5 P,Ss 1 ABR AL I
MBI 24T, s IE e A mT AT
[WO, > +[WO,S* +[WO,8,” ]+
[WOS;* H{WS,* J=[W] (29)
[H,ST+[HS™ +{S* [+WO0,8% [+2[WO0,8,” ]+
3[WOS,* [+4[WS,* ]+[PO,S* ]+2[PO,S,” |+
3[POS,* +4[PS,* =[S] (30)
Y. B BRIIREE AR R pH (i, BLA R
(1)~(18), 3 (23)~(25) 5 (29)~(30), A3 1 A
13 DN RAHITRELL, R FE 20 AT 458 548 B 110
WRE, BE— DN HUE, #1528 &5 8 ik
JEXTEL, HEM AT AT fi# P,Ss AR AL S AIaR AL 4
AT H
P EW]=1 mol/L, [S]=0.15 mol/L, #%
I P,Ss AR BE R EE R 1:2.5, WIJ[P]=6X 10 mol/L.

LR IR ISR pH (ARSI, 45 R WL
4(b)o [HIIN T R T %% PoSs ARSI ALAT 4 15
Wiy, HX[W]=1 mol/L, pH=7.5, P,Ss I -k
ZAHE, M [Mol= 3X 10~ mol/L i £H & /R 5 Bk it
5, g R W 5(b).

WKl 4y, 4 pHAEN 7~14 I, P&
BB R E L WO, I Ar e . P s g i
pH i F, AR WO, Hifkh WO,8™, IHAhss
PRSI B ANTEAE, B pH TS, WO,S*
W ox /KM, AERRIEBSBEE T A JLT-A 3 L WO~ T
AT

WK 5) IR, (RS P,Ss I EH LU HE N,
WS LL WO . 24 n(S)/n(Mo) Hy 8 I}, WO,>
WEEH 0.99 mol/L, #ZBifUSMRIR LA i, b
# PoSs NI 2, B4 1) WO, K 2 ik o
LMK n(S)/n(Mo)h 50 I, WO, K EEF#{E N 0.86
mol/L, [FJIFF 0.14 mol/L ] WO;S* 4 ik

ZE EPTR AL, S TR P,Ss I, B
BT EE R WO, ERAAE, RATHRALHIC =
IMANEBL T, A SATIR/N 55 1 WO, B bk
WOs8*
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Fig. 5 Effect of P,Ss dosage on Mo (a) and W (b) sulfidation

process
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FEST RS IR AR AR, 24 PoSs AR AL TN FH4 T
S E AT DL
[H,SH+[HS ™ ]+[S*" [+[M00;S ]+2[M00,S,” ]+

3[MoOS;*” [+4[MoS,* H[WO,S* |+

2[WO,S,% [+3[WOS,* [+4[WS, > |+

[PO;S* 1+2[PO,S,” J+3[POS,* 1+4[PS,” I=[S]

(31

MR ERE L B BRI AR pH {H,

5 (D)~25), (27), 29)&(31), #AE 1A

18 N RENFU AL, ey RIS S AR B By
BB IR . B DI U, T A B
R B R P XU

Fo B TR EE SR, B [Mo]=3X 10" mol/L,
[W]=1 mol/L, [S]=0.15 mol/L, [P]=6X10 *mol/L. %
SRR AR IR PoSs A BRALTIIN pH R0 4H A 50 Ak
AT sgm, g5 WIE 6(a)FIE 6(b).

[ Sk T 2% S B TR BRI T PoSs I NS X 4H A
WAL AT M2, U [Mo]=3X10" mol/L, [W]=I
mol/L, pH=7.5, P,Ss I\t $ FAGi AH BE AR 5 Hok -5
SE LB 7(a) R 7(b).

lg[c/(mol-L )]
|

lg[c¢/(mol-L™1)]

6 MM pH (H AN BB AT A 52 R
Fig. 6 Effect of pH value on Mo (a) and W (b) sulfidation

process in tungstate solution
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Fig. 7 Effect of changing P,Ss dosage on Mo (a) and W (b)

sulfidation process in tungstate solution

Wl 6(a)ffis, 4 pHAEKT 13 I, # b &4
BT TN MoO,>, RSN 2.93X107° mol/L. B#
pH {EHIIFFIG, MoOs BEHBRifl, FHHIRACHHIRIR
WRPER KT s AE pH AEA 11~12 I, MoS,> W% |
THRRs R P I A 59 H i (pH<9), # i i 4H
FELL MoS,” A7 (e, WRIE N 2.84X 107 mol/L,
[l I AEAEAR /N — P83 1 MoOS;®, WRJEN 0.15X107°
mol/L,

W 7@FiR, B PSs AR K, MoO,”
B, HOREEETEAC, 4 n(S)/n(Mo) 8 i,
MoO,* T 4= #8516 4y G AR AH R AR . 4k 8298 In &2
n(S)/n(Mo)y 50 i, ¥ FEh MoS,™, IRJEIAH
2.84>107 mol/L.

BT R I BT O B AR R T Y
WAL T A LA [E] (] 4() AT 5(a)). BIAE I 42 550
pH {HVEH 21 P,Ss AL T, B3R Ehil
TR SOAT A MoS,”

Wi 6(b)Irar, 2 pHAEA 7~14 I, W5
BB PR EEELL WO, IR e K 5505
PE pH I, AR WO TRkl WOsS™, Bk
pH [FHE, WOsS™ H2 /KM, AR PERRGE Py
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JUF4s L WO,2 TE R A4

WK 7o) iR, (RS P,Ss I EH LU HE N,
WA E L DL WO, T 24 n(S)/n(Mo) A 8 I,
WO, HEHR 0.99 mol/L, BB BRI JLFALE
1E. BlAE PoSs IMANEIIIZ, M NEo (1 WO, ¥4
Witk . I n(SYn(Mo)ky 50 I, 25K/ NGRS
) WOsS* A=, #&JEh 0.13 mol/L.

gr Pk, R A R T A S R
A Z A I ERARAT R BEAAH [F](] 4(b) 1A 5(b)). BIAS
R ER T B HR B DL WO TR, AR
S AR ARE AR 1R A B

R, PoSs ABRALHINT, F&HlE Mm% ~, 2
P2 R T AR RRAR T LLIE R E B B AL, %% B
UERH T PoSs A& — ol B S R AR A 1), 425 SE e i
SR IR R VR 1) 25 B

3 Zig

b=}

1) 75 pHAH 7~14 JGHEN, P.Ss WU /K ik, 1=
A B BSR4 T EBR AL T T BB

2) fERB BT PoSs B, 5k
n(S)/n(Mo) Ay 8 I, PoSs 7K i /= e (B SR AH R 1R 3h %
P MoO,™ sE At A BRI ML, T WO,” LT
A NFAT )2 PR T PoSs AE A8 L s AL,
FURET ATV, T LS 47 b Sz IR0 8 6 v T A 6 22 4k

3) M ZE R, PoSs KA EE L PO,
ML AFAE, HREE H A s P R i L PR os
SEM A GAR T2 Rk, BB A 3 T
b B R Tl Y T 5
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