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1.1 IR

ST RS A ek ok BT R SRR, b
MEERR, KA/ T 3 mm, FENS56 gem’, 4R
BEPLE Z RN T 65 um JE R HTH 3 B
Iy, BERINFE 1 iR, XRD WK 1 s, SEM-EDS
PR s R i 2 Fos.

HIR 1 AT, SEEG AT ARS8 & Sh 1 2 B AR
43K Few W. Sn. C. Si, HEEDNAN 72%. 6.98%.
6.91%. 2.92%FH1 2%. It4h, EEH/DE M. Ta f
Nb, HAEE2HN 0.35%. 0.18%F1 0.74%. K 1 Fiw
NG A SR XRD . HE 1 ATAL, SRS
SHH Fe LLHLR Fe. FesC Al Fe;SnC JERAEAE,
HATCRTREH TS 28, BE R, Kkl
FXF R RENE . [ 2 B N ERES B & & 1) SEM
% F EDS w2 mE . HE 2T W, 2855

x= 1 PSSR EEEE Y
Table 1 Main chemical compositions of Fe-W-Sn alloy

powder(mass fraction, %)
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Fig. 1 XRD pattern of Fe-W-Sn alloy powders
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Fig.2 SEM image and EDS spectra of Fe-W-Sn alloy powders: (a) SEM image; (b) Fe; (c) W; (d) Sn
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1.2.1 BHMR %

MR RS & &8, HIEN 5 pm(3000
EDRIGLIEATIE AR E, DLARBFAEY): DAY
PG N ENR R, RS SR AR R+
0], FRLEEYES & 48 B S AR B ) & & R 4
F3BHR -

1.2.2 ARSI &

PL 316L A4E4M(65 mm>X 91 mmX3 mm)fE A
W, EFHER AB BRLAZEZE, IETH 2 5l FRL A0 44T B8
TS PR 10%M $hERTE e, 3G 2Rk st 2~3
i, WFRRE, fFH .

1.2.3 HLfEm AT

UG RATHKBEIN 2 LB, MR ik
JEE T AR (1.5 LRI 75 [ 4k Ho A o 1 I V. 48k
(AR, HEZAERMHRFAR LA IR (AR, ]
FHELE b Tt A IR A ST AL TR AR (AR,
7N 2GR O INBERR N, 1 22 58 A T A 7 N 28
WOKFRBESE 1.5 L, F pH iH(PHS—25, FEZ Mkl 2%
I BRA DI E AR pH IR 20K (P8 Bl ik T
JBEA A5 BR 2 =) B AR ER (AR, 5 R Y ML 745 BR 2 71
W#EZ Pl pHo
1.2.4 Hif#

Ve T 1) 47 P PR A 2 1 ) 5 D 9 2 0 e
(15 cm>X9 ecmX 13 cm), K FE RS B T 0 B fE IR /K i
B(HH-S2, E#GIEAER AR A 7)) i 2 idE iR
FE, W BABAAR AT BT R o U R A AR,
TR RGO R E YR, FERE A
JH(PS305D, AMIAKIAE TA RA T T HfE.
SEAHE, HUH AR AR 280K gk 3 3 DL 2 BR IS
HARIR, TIHZ BT, FRE, &,

1.3 SH58Rn
1.3.1 &7k

K X SHEATEHMY (XRD, Rigaku D/max—TTR 1II)
IHTRERIIM (RIEIEN Cu K, HE, BN 40 kV, &
WA 250 mA, 1=0.154056X10"" m, 260 J3 10.0°~
80.0°); K H HUBAR & 55 B 71461 {X ICP-OES, IRIS
Intrepid I, Thermo Eleetron Corporation)Z 7k
Mt E & & KHAR -5 (SEM, FEIQuanta
200) WL EAF: R T RS T TR 20T s K FH B TR 7
52 1:(GB/T1863-2008)il i FAF 1 1Y) Fe’ Al Fe' ik
J&E DL o3 H FLRAR R A S

132 HRAERITHE
1) BB EA X R.
n="2""5100% (1)
qlt

K g NHEIRECR, % my NHERE G R = 5
R, g5 my N FRARATBABAR &, g5 g N Fe*'
WE RS BSRBALYS &, 1.042 g/(A-h); T NHIHE
E’ A; t%%ﬁﬁﬂﬂ‘[‘m, ho

2 RAOFESH

2.1 HKEHESHIRRARIERE

BRESES G Ry LR 4> B Fe IS 45 WL Sn 1
VR THH & B I RS . LUERES & &M E N
FEAS, ANGEERRAERARG, BB 2R A AT FLARA,
2438 LA B LN, Fe M FSHARVE i B2 FIRAS 1E N Ffi
W, TEFAARAT H 4l B ik . BRASA5A Sob v 1 2% s U
NIRRT RENBHARYE ,  BGA ARE N FE BN T B A
M, BOEEIE N ERERROIEE RIS Fe JLUTRR, AT
S Fe 5 R4 % B 73 15 o BRAS 456 4k BH AR A i
ARV RE R AR B HLR R BT 2 BT o

M3 2 AT%1, W Sn HUFRHE AR AL LEE Fe (Y 1E,
Frildiie b W, Sn ASTERAMEME, Ta. Nb. Si.
Mn [ bRi#E AR AL L Fe B, SO TEPHARIE AR, (H
Ta. Nb [JHL PR R, TEKIEIR R 25 5 R AE A o] i
KRR R Si RN Si0,. Ak, HRRR Y 2,
ELWWAN P RSN 1, RS E &/
FHA T Fe 1ESN 1 ST HUAL T R ARV AR R
R A AR R Fe RS FE AT LA T 2R H Y,

RT
(] _ 0 3+
(/’Fez+/Fe - (/’Fe‘H/Fe + nF ln[Fe ]

XV G RIWNEE
303X8.314%
044 = 0,036+ 220 < E1AXDI, pesey

3X96500

KAF[Fe* )~ 3.1X1072 mol/L. #Ek4s45 &4k v
Rt R, PR E B R ARIAMN F IR 1, £
P2 Fe RN 2 AT, K Fe A A Fe' R
B3 AT RER A, FIEE, Hrdt &/ 14 5t
BT R R AP, RIS & SN s g R R B AR K
AR EE RN 1. 8. 94 104 11, 12, BAAE



2424 T EA O8RS

20194F10 A

T2 EBE SR MR AT A AR Y AR S R

Table 2 Electrode reaction which may occur in electrolysis

process of Fe-W-Sn alloy powders?®!

. 1
No. Electrode reaction Standard electrode

potential/V

1 Fe*'+2e=Fe —0.440
2 Fe*'+3e=Fe -0.036
3 Fe**+e=Fe®" +0.750
4 WO, +4H" +4e=W+2H,0 -0.119
5 WO;+6H+6e=W+3H,0 —-0.090
6 Sn**+2e=Sn -0.136
7 Sn**+2e=8n*" +0.154
8  Ta,0s+10H +10e=2Ta+5H,0 —-0.810
9 Nb**+3e=Nb -1.100
10 Nb,Os+10H +10e=2Nb+5H,0 —0.650
11 Mn*'+2e=Mn -1.170
12 Si0,+4H " +4e=Si+2H,0 -1.182
13 O,+4H +4e=2H,0 +1.229
14 2H"+2e=H, 0

R"3 W-H0 R Z N A 2 P 7 fE

AT RN NN 1A 14, g3 BB R G
Fe A1 Mn.

22 Fe5 W, Sn SBEA{THHER

Fe. W. Sn #REVEME TR, (HIH KAV AT TR (1
FREEA T2 5. 298 K B, W-H,0 &. Sn-H,0 5
Fe-H,O F 1] fig & AE 1A~1- 47 B o XAl ik kit 4 g 2
HAR IR % o—pH KRN UIFEK 3~5 Frdl, Ll B
) o—pH B35 & 3~5 Frw.

t &l 3~5 A1, 24 pH 7 1.53~6.57 3 B LA K HL A7
MNF—0.44~0.77V JEE N (W 3. 4. 5 BHsZIX k), Fe
WA AE Fer RaE X, W. Sn #25ILL H,WO, fl
Sn(OH),+ Sn(OH), KI[EAHTE AFEFE . BPFEX A%
LR, BRESE & &80 BLIN Fe AT DAASWT I i A 1, Fe?*
BENHRR, T W Sn WA AE Sy HyWO, Fl
Sn(OH),. Sn(OH), &4 TMHMIe . H4h, HE 5 AT
51, Fe* Gpia N Fe’ IRt — LK EN Fe(OH);, it
DR sun e s)VAL NS =E VS SN L ESaNICECEIDT 1N

Table 3 Reactions and thermodynamic equations for W-H,O system

No. Chemical reaction Thermodynamic formulation (298 K)
15 H,WO,—2H"+ W03 pH =7.9+1/2Ig a( WO?")
16 H,WO,+2H +2e=WO0,+2H,0 »=—0.071-0.059pH
17 WO?2~ +4H +2e=WO,+2H,0 9=0.396—0.118pH+0.031g a( WO3™)
18 WO, +4H +4e—W+2H,0 »=—0.154-0.059pH
19 W02~ +8H'+6e=W+4H,0 9=0.0296—0.079pH+0.011g a( WO3™)

4 Sn-H,O Z i3 B M ORI 22 1Al Uy FEaX

Table 4 Reactions and thermodynamic equations for Sn-H,O system

No. Chemical reaction Thermodynamic formulation (298 K)
20 Sn*'+2e=Sn ¢=—0.136+0.02951g a(Sn")

21 Sn*"+4e=Sn** ¢=0.151-0.0148lg [a(Sn**)/a(Sn*")]
22 HSnO; +3H +2e=Sn+2H,0 9=0.333+0.0295lg a( HSnO; )—0.0885pH
23 Sn(OH),+2H"+2e=Sn+2H,0 9=—0.091-0.059pH

24 Sn(OH),+4H +2e=Sn*'+4H,0 ¢=0.120—0.02951g a(Sn*")—0.118pH
25 Sn+4H " +4e=SnH, 9=—1.07-0.059pH

26 Sn(OH),+2H " +2e==Sn(OH),+2H,0 9=0.075—0.059pH

27 Sn(OH),+4H +2e=Sn*"+4H,0 ¢=0.033—0.02951g a(Sn*")—0.118pH
28 Sn(OH),+4H "=Sn*"+4H,0 pH=0.54-0.251g a(Sn*")

29 Sn(OH),+2H"=Sn**+2H,0 pH=1.05-0.5lg a(Sn*")
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Table 5 Reactions and thermodynamic equations for Fe-H,O system

No. Chemical reaction Thermodynamic formulation (298 K)
30 Fe**+2e=Fe ¢=—0.441+0.02951g a(Fe*")
31 Fe**+e=Fe*" 9=0.771-0.0591g (a(Fe*")/(Fe’"))
32 Fe(OH),+2H =Fe**+2H,0 pH =6.57-1/21g a(Fe*")
33 Fe(OH);+3H'=F¢e*"+3H,0 pH =1.53-1/31g a(Fe*")
34 Fe(OH)3+3H +e=Fe* +3H,0 ¢=1.057-0.177pH-0.0591g a(Fe*")
35 Fe(OH),+2H"+2e=Fe+2H,0 9=—0.047-0.059pH
36 Fe(OH);+H "+e=Fe(OH),+H,0 9=0.271-0.059pH

2 y)

| Fe3*
1H2W04 1® :

WO;

0 4 8 12 16

B3 W-H,0 % ¢—pH
Fig. 3 ¢—pH diagram of W-H,O system (7=298 K; a=10"";
Po,~Pu,=101 kPa)

'6:Ns‘njlt‘®_nnw“ Sn0%
s CpE /////////Ng
08l Sn Sn(OH), <

4 Sn-H,0 % ¢—pH &
Fig.4 ¢—pH diagram of Sn-H,0 system

EEPUEMAS . PLESITRE, EHEXS pH A
AL A PASZH Fe 5 W, Sn I 5.

3 ZR5TE

3.1 Fe 3R EE X B SR SR e R ek 4l FE O 820
TE LR E N 300 A/m?, WRFE N 45 °C, pHIEN

\‘\\\\\*

Fe(OH), H,0 ™"

2 4 8 i) 16
5 Fe-H,0 % ¢o—pH Kl
Fig. 5 ¢—pH diagram of Fe-H,O system (7=298 K; a=I;
pOZZpHZZIOIkPa)

4.5, (NH,),SO, ¥ E A 100 g/L, ik MERIKE AN 1 g/L
MIZAE T, 5 Fe IR X B AR FEL IR R0 5 A ri fif ek 4t
FERIm, 455w 6 Fian, HARERI XRD 1% 4l 7
Fi7R o

M 6 W%, B Fe” IREEMIIMKR, FfAekatifE
AR R I RIS T R JE BRI . Y Fe IRk
79 100g/L I, HLIFCETE Bl KN 90.9%, HLfigkal
FEIE B I N 98.2%. HHE 7 W%, FARLFTTS Fe A
%k, B Fe” IRIERING K, Fe BREIEN B L TR K
A, (RJHIESE BRSNS . XEER
Fe N HLPES R, 75 BIARE JFEAT H I £ £ A il 5 AN R
FEREMIHT AU . HRARE BE A 2 (2~ A
7 Fe™ WREE R oo 1 pH=4.5 I 189 9, W01 6 T
N, P WRBE MO BT, A N ERR R H AT
St AN 0.68V, (0;+/H2 FORI L A JE Hy 152
BRbT AL, BRI AT A BN, T AN

RT
P> ipe = (p}(?ez*/Fe +n—Fln[Fe2+] 2

Py, =—0-059pH 3)
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HH2 6 AT, K Fe? VR EEXT @ o0 o ISEMREL N,
2 P WRIEH 70 g/L HKZ 110 gL, @, .., (LIEF
0.006V, HIEKRT g, o KELFHLHLLLAH

100 — - 100
—— Electrolytic iron purity

—=— Current efficiency

95+

90

/l\- 190

85+ / lgs

1 1 1 1 1 80
80 70 80 90 100 110
Fe?* concentration/(g-L™")

Bl 6 Fe W HEd AL RCAE il L Ak 00 FEE 1

Fig. 6 Effect of Fe*" concentration on current efficiency and

Electrolytic iron purity/%
Current efficiency/%

electrolytic iron purity

«wamWMMWWWJt ~ 1ogL
kA 100 g/L

Jk 90 ¢g/L

Jk 80¢g/L

- ToeL
, . . ‘ _ Fe(ID:06-0696)

100 20 30 40 50 60 70 80
20/(°)

Bl 7 AR Fe WA T HURERI XRD
Fig. 7 XRD patterns of electrolytic iron at different Fe*"

concentration

6 ANF P WA pH Jy 4.5 I 1) A A A fir

H A HE 0 3 58 B R 94 22 W A R LA 2 AR A3 AP
Fe® IR FEBURET, WRZEMA ™ E, N2 858 s it
BRI, TEBAR R R ZR A2 WK S R A M A SR AL,
AR AT EURI 2, 5850 Ak H IR A0 A FRL A
i LB H T HE, BIMHE pH T, #8%9 Fe K
A IKARAE AL Fe(OH), TUTE PR 72 B AR R T W B4k i b
Ho BRI Fe WRBE A4 T HLIUR k36 R e At Ak i P 4
BA%. BEE FIRFERIIEA, BT AR ZE AR ALk
N, AEFTF F IR, i HLsD T B4R 44 5
(I R AN LE FAARAT HE B, Rk R T AR 13 1 7
o F DR BCR ARG R . (HBEE Fe’ ik
FERIE— 018K, BRI K, Fe™ i i Rk
18, FCRIFREY, HLBE s AR ] A RE K, R4
Fe?" 23 ASHAN A T 27 A R RIBE AR 2R T &5, AT BEL
1EFHMZ VA AR AT Fe® BB IR . N T ARIE IR AR m i
[l B2 e FLAR R 4, R Fe?IRIE 100 g/L AL
WITE.

3.2 pH {EXTEL IR E R fRER AL R =200

HABKAEAAE, 24 Fe® WEN 100 g/L I, %%
pH X S5 LI 83 A gk Al B ry s, 25 RN 8
fior, HEE) XRD WA0E 9 s,

& 8 AIA, B pH BITHE, IR FIR AR AN
ARk Al T 5 e Tt s JE PR i 35 . 7E pH A 4.5 B,
R AR L BB N 91.2%,  FRAR R4l ik 51 Bt o Ok
98.6%. 9 Fr7n XRD i3 B AR A S 2k, To
WAL, XA Y. 1) pH BARR, BT ™,
R R IR T FLBR P i PH AR A% 53 R AR AL 2 7
L2 FHAEFIRT s 2) SURAIHT 2 S Bk
DUAREE, JeoR i, H 22 38 ARk MBI
Wik . BE& pH Fhen, MrEmss, Him s f L
BRAFEF . R, ARAERBL(4)~6)FH1, BEE pH

Table 6 Electrode potential of different Fe** concentrations and pH 4.5

Fe’'mass Fe?* molar

concentration/(g'L™") concentration/(mol-L™") Prepe |V Prrm, V (0;/ H, v
70 1.25 -0.437 —0.266 —0.946
80 1.43 —0.435 —0.266 —0.946
90 1.61 —0.433 —0.266 —0.946
100 1.79 —0.432 —0.266 —0.946
110 1.96 —0.431 —0.266 —0.946
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= ‘5 g " .2
= 90t / 180 & 2 90} 185 &
g 90 . 80 5 = E:Q::,
=S 5 > —v— Electrolytic iron purity £
2 g 2 —=— Current efficiency 180 &
§ 851 1470 © iﬁ 851 5
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80 1 1 1 1 1 1 1 60 80 1 1 1 1 1 1 1 70
20 25 30 35 40 45 50 30 40 50 60 70 80 90
pH value Temperature/'C

(B8 pH Xof HLI R AN L A Bk 2 1) S
Fig. 8 Effect of pH value on current efficiency and

electrolytic iron purity

pH=5

pH=4.5

L

pH=3

_pH=2

Fe(ID:06-0696)

10 20 30 40 50 60 70 80
20/(°)

B9 AIF pH {H N HMELE XRD
Fig. 9 XRD patterns of electrolytic iron at different pH value

BB, Fet AR NP, /KR4 Fe(OH);
P4 /& Fe(OH), W& (EBIML IR, S2M Fe* Rk JR i
75 L RO AT F AR R I S BE PR . A T RIS 1
LR RCR AN A I i 1 AR R, IR 4% pH=4.5 AN
BAR AR EAT J5 2R

4Fe* +4H +0,=4F¢’ +2H,0 (4)
Fe'"+30H =Fe(OH); 5)
Fe*'+20H =Fe(OH), (6)

3.3 REXTELREE AN LA R

HAbSAAAR, 16 pH AE N 4.5 I, HEEENTH
W HL RS AN LR R Al S s, &5 SR &) 10 B,
FLAAER I XRD 15 11 fios.

B 10 5B L IR IR R FL AR R A 5
Fig.10  Effect of temperature on current efficiency and

electrolytic iron purity

90 C

75°C

60 C

JL 45 C

A 30°C|

‘ Fe(ID:06-0696)
1 1 1 | 1
10 20 30 40 50 60 70 80
20/(°)

B 11 AEREE T A XRD i
Fig. 11

XRD patterns of electrolytic iron at different

temperatures

B 10 mT, BEE R T, I RCRE A LR
BRI AERE RIS A . IR 45 CRY,
HLIRACRIL BB N 91.5%, R (1 40 B 1k 31 e vy
N 98.2%; LR ETHEE 60 CHY, HIRAFIEE] 92%,
FEL Ak O 400 P e v N 98.8%, AR T 45 C R HI I 6
WAL . B 11 Fis XRD 383 W s 4k N 5 R Fe,
BE A IRy, Fe BRI SR GG 58 S ek 55 . 4R
JEN 30°CHY, EREER, Fer HAILmin R, T
HEA K H+Hr2—P, S80KE HRE T Fe*'
PR 5, ARIR T Hy AN 5y 3 H B8 2k v 29T A RETE
FRTEEE VM . A, ARIER T A5 R A B R 25
o BT H AR AR R Y o [RIL, IR T IR AR
fRER AL FE ARG . IR TR 2 60 CHY, HJRALZA
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HURER AT B e (EBEE R R — 0T e, HIRAK
LR AT BT T . X R BN 1) R T,
BEARERT P M, B2 H TR R F R X
H B L T U BN . BT BLE ST
P, BIRRMHE pH FHEd Rk, 5 Fe® KA
Fe(OH), Fi3& £ BN AR M 3 & A2 UL, 520
F ' IONT . 2) WREETHm, AnPR T IR HA R 1
GrfifE, Fe BN P MR NP, Fe¥ B T R A K
fRLAS, Hor F TERIMARIEE N Fe’', Fe* ST
B 2B E AL Fe¥ T 5 ST A% B B R bl Ok 5
Fe®', WIMLATIRL, &l T RIS, 3) iR
BEMMPR T BARRACSI8 M, 2% BREE N FURIBOT B HL AR
IS 1A FY SAE AT CE B ARHIT H o 2 45 P AR VRE A1 0 vy P2 1
KT THRANGEIRAERE , 10 LA il T AR %
PR, T B R UK ) - SMUREIE R 45 CHE
NEH.

34 HRTEIREXERYERMEB RS E N

HABZAEAAE, IR 45 CHY, B
Stof [ A% FEL AT 20 R R R A Ak A R B, g SR 12
FiiR, HLARERR) XRD a1 E 13 s,

HH I 12 AT, BESE IR IR, HIR AR A
LA I Sl R T PR AIG . 24 FL IR B 200 A/m”
FLR AL BB RN 94.8%,  FR AR AR 41 1 ik 51 5t v Ok
99.5%; YHLFTH R CE 300 A/m? I, HIRRCERL
Bl KN 92.1%, HMFRAEIARIR SN 99.1%, #
ST 200 A/m® EH S B . I 13 A%, BEE HA
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Fig. 12 Effect of current density on current efficiency and

electrolytic iron purity
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Fig. 13 XRD patterns of electrolytic iron at different current

densities
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Table 7 Experimental results of continuous electrolysis

Experiment Current efficiency/ Electrolytic iron
No. % purity /%
Period 1 95.0 99.3
Period 2 90.0 99.0
Period 3 86.0 98.6
Period 4 80.0 97.6

8 PFHRIERIALE L)
Table 8 Chemical composition of anode slime (mass

fraction, %)

2429
Period 1
o A
Period 2
WL Period 3
|
|
— e L . Period 4
‘ Fe(ID:06-0696)
1 1 1 1 I 1

20 30 40 50 60 70 80

10
260/(°)
Bl 15 L AF SR AR XRD i
Fig. 15 XRD patterns of electrolyticiron in continuous

electrolysis experiment
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Fig. 17 SEM images of electrolytic iron: (a) Period 1; (b) Period 2; (c) Period 3; (d) Period 4
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By 0E iy NIT(TBE %3 /s A N = R L=/ s o £ SV
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Recovery iron from Fe-W-Sn alloy powders by electrolysis

FAN Ke-biao', ZHENG Ya-jie', WANG Fang', LI Hai-bo®

(School of Metallurgy and Environment, Central South University, Changsha 410083, China;
2. Zixing Hongjin Metallurgy Co., Ltd., Chenzhou 423400,China)

Abstract: The Fe-W-Sn alloy powders obtained by high-temperature reduction and smelting process of tungsten residue,
as raw material, were electrolyzed to recover iron. And the effects of Fe?* concentration, pH values, temperature and
current density on current efficiency and purity of electrolytic iron were investigated. The results show that, under the
optimal conditions of current density 300 A/m? temperature 45 °C, pH 4.5, and Fe*" concentration 100 g/L, the current
efficiency and purity of the electrolytic iron are 92.1% and 99.1%, respectively. The average current efficiency is 87.8%
and the purity of electrolytic iron is above 97% after continuous electrolysis for 4 days under the optimal conditions. The
contents of tungsten and tin in the anode slime are 19.7% and 20.0%, which are enriched 2.82 times and 2.89 times
compared with the tungsten and tin contents of the raw materials(6.98% and 6.91%), respectively. Meanwhile, the
recovery rate of iron is 92.2%, the anode slime yield is 33.0% and the power consumption for producing 1 t of electrolytic
iron is 4757 kW-h. The SEM image shows that the morphology of electrolytic iron is irregular-shaped stick.

Key words: Fe-W-Sn alloy powder; electrolysis; electrolytic iron; current efficiency
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