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Fig. 1. Microstructures and elemental distribution images of Pb-1%Ag alloy and Pb-1%Ag-0.4%Al alloy: (a) SEM analysis for Pb-
1%Ag alloy; (b) SEM analysis for Pb-1%Ag-0.4%Al alloy; (¢) EPMA analysis for Pb-1%Ag-0.4%A1 alloy.
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Fig. 2. Potential changes of the anode and anodic polarization curves: (a) Variation of anodic potential during zinc electrowinning;

(b) anodic polarization curves.
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Fig. 3. Corrosion rates and Tafel curves of Pb-1%Ag alloy and Pb-1%Ag-0.4%Al alloy: (a) Corrosion rates; (b) Tafel curves.
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Table 1. Self-corrosion potential and self-corrosion current density of Pb-1%Ag alloy and Pb-1%Ag-0.4%Al alloy.
GLSES B AT Qe (v5. MSE) /V 85 ok L B o/ A-crn?
Pb-1%Ag 0.226 1.037x10°

Pb-1%Ag-0.4%Al1 —0.347 2.698x10°°
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2 pm

K4 KRS & e A B 2 RIE A (a) Pb-1%Ag &5 42; (b) Pb-1%Ag-0.4%Al A 4

Fig. 4. Morphological evolution of oxide layers of different lead alloy anodes during polarization: (a) Pb-1%Ag alloy; (b) Pb-1%Ag-

0.4%Al alloy.
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Fig. 5. Backscattered electron images and elemental distribution images of oxide layers on different lead alloy anodes: (a) Pb-1%Ag
alloy; (b) Pb-1%Ag-0.4%Al alloy.
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Lo i0pm
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Fig. 6. Backscattered electron images and elemental distribution images of longitudinal sections of oxide layers on different lead al-

loy anodes: (a) Pb-1%Ag alloy; (b) Pb-1%Ag-0.4%Al alloy.

1 —— Pb-1Ag
2 — Pb-1Ag-0.4Al
1 151 5 L
1 1 1
2| 3 |F )
5 (1 4 33 2 3
5
7
~
2 [ W = 1. PbSO,-PDF#36-1461
w0
=1
2 IH THH TT- I teels MT MR B Y- IR L T T )
& [ v 2. a-PbO,-PDF#37-0517
Y v YYv v vy v TY Y w
3. B-PbO,-PDF#41-1492
20 30 40 50 60 70

20/(%)

B 7 Pb-1%Ag &4 Pb-1%Ag-0.4%Al &4 4LZER XRD
i

Fig. 7. XRD analysis of oxide layers of Pb-1%Ag alloy and
Pb-1%Ag-0.4%Al alloy.
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E 9(a) 41 T LA Pb-1%Ag &4 M Pb-1%Ag-
0.4%A1 G 41 A BHAR #E 47 FL U AR o A% b Fa i TR
A A R AL, 45 RER I R R 24 h ),
Pb-1%Ag & 4 FHAR X 0 ) iRl P B & =8
2.204 mg/L, T Pb-1%Ag-0.4%A1 & 4 BH A X 1
B B 7 SR AT S M 0.323 mg/L, # Pb-1%Ag
G 4 BAM RRAREY 85.3%; Fifi & B FL T AR s (1] f19 7
K, MR BB S R, B TR 120 h
J&i, Pb-1%Ag A 4 FHAR O I ) H i v 4 5 1o
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Fig. 8. Accumulation of anode slime during zinc electrowinning for different lead alloy anodes: (a) Pb-1%Ag alloy; (b) Pb-1%Ag-

0.4%Al alloy; (c) accumulated weight of anode slime.
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Fig. 9. Lead content evolution with electrolysis time in the electrolyte and cathode products during the zinc electrodeposition pro-

cess: (a) In the electrolyte; (b) in the zinc product.

3.314 mg/L, 1 Pb-1%Ag-0.4%A1 & 4= PFHH% X} 1
) FEL TR TP S S il 2,841 mg /L, AL Pb-1%Ag
B4 B R L 14.3%. X 1EH Pb-1%Ag-0.4%Al
B 4 HAT A At JE pie R R, A RS T A ) FL A
TS A T3

K 9(b) 45 T UL Pb-1%Ag & 4 F1 Pb-1%
Ag-0.4%A1 5 4 VE 0 B A 7 5E H TR A 78 ]
BBE P b TR S Y Ak, ERERUI 24 h R,
Pb-1%Ag & 4 FHART W A BIAR B 7 i rh A 5 2R
0.008%, T Pb-1%Ag-0.4%A1 4 4 BH % X 137 14 BH
WEE = i TR S AU 0.002%; Bifi 35 B B URRL A
B P ZE A, BRARCEE P i i B 1 S, e
DU 120 h )5, Pb-1%Ag & 4 BHAR X W Y B B 57
FER AT BN 0.034%, 1 Pb-1%Ag-0.4%A1 &
G BHAR X I 1) BRI AR 8 7 i 4 2 120 0.013%,
THES Pb-1%Ag & 4 PHILBEARZY 61.8%. il 5 =,

Pb-1%Ag-0.4%Al &4 P AT DL G 25 FAK B AR B
P B, O TR e i LA L

4 bE s
4.1 Al TTRFMISHT R R AL AR

MRS R, Ag TR MAER D TIBRA
AHEILTETER 8-PbO, MITE AL, MR A 4 AT
S LA 2630, ZEL R 1 Y Pb-1%Ag A4
Pb-1%Ag-0.4%Al & 4 W HOW AL AT UL, Al o &
(M5 AFRPER (Ag, Al) B /58 B0RLIIE 15 38
in Ag MHIAIML, XA R TR Ag TR MY
At R 456 1E 5—E 7 B EPMA fil XRD
ABTEE SR UL, Pb-1%Ag-0.4%Al &4 A2 &
HE L 5-PbO,, 1ii Pb-1%Ag &4 LE F5
i PbSO, 4H. 5 PbSO, ML, 3-PbO, HA W
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L L | B 2 LA A5 AL S D B 2R R B,
NI, Pb-1%Ag-0.4%A1 & & HATH 2 1T /G
AL, AL Pb-1%Ag 4 HAT AR M 4 f .

4.2 Al TR 14 B A 22 Nn A28

R T i B AL TR INX Pb-Ag &4
it JE ol B OS2 AL EE, X Pb-1%Ag-0.4%Al1 &
4 B ol A Ak 2 R R A B T A 1 fOE 2 2 s
77 TEM 4387 (WL 10), 25850, fEEMZES
Pb-1%Ag-0.4%Al G 4 F AR Z [W fE7E — A JLgh K
JEHHZ, BEIS T & I HEE 8k ALF O JT
RN, = PRBE ST B s R R, %)=

HAADF

10 nm

& 10

Pb-1%Ag-0.4%Al £ 4 i 1l S0 AL 2 5 4 & 4 25 VR FLTT Y TEM 2387 45 R

) b TE B EEZ 4 0.29 nm (WL 10(g)), X5 AlLO,4
AH A i T 1) B — S B2 B W R, ALO, 7E
H,SO, i h BA L A P 1591,

El 1145 T Pb-1%Ag Fll Pb-1%Ag-0.4%Al
B aMIEAR LML, B bR Y
HLfbA BT R, O1: Pb 4N PbSO, #l; O2: Al
Sl ALO; #; 03: PbSO, %L A PbO, AL
KM S i ; R1: PbO, A JF A PbSO, AH; R2:
PbSO, AN Pb; R3: & A K PbSO, A
RJERE Ph. 7E Pb-1%Ag & 4 WG ERR 2 1E 10 49
1 B R, RGN B ALO, AHAY A= (I 11(a));
SR, 7E Pb-1%Ag-0.4%Al F & W96 IR 22 1E [7]

10 nm 10 nm

Al,O layers.

10 nuy M 2-hm

(a) 15 F0 R W5 3 B 5 (b)—(f) TC &AM B %

(b) Pb, (c) Ag, (d) Al (e) O, (f) S; (g) 1 4b i) 785 43 9% 3% 5 v 7 B 3t K145
Fig. 10. TEM analysis of the interface between the corrosion oxide layer and the substrate of Pb-1%Ag-0.4%Al alloy: (a) High-angle
annular dark field image; (b)—(f) elemental distribution maps of Pb (b), Ag (c), Al (d), O (e), and S (f), respectively; (g) high reso-

lution transmission electron microscopy image at the interface.
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Fig. 11. Cyclic voltammetry curves of different lead alloy anodes: (a) Pb-1%Ag alloy anode; (b) Pb-1%Ag-0.4%Al alloy anode.
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Hid b, BT ALO, MR AL (K 11(b)
02 W), (HHAE K 433 R A L ALO,
(YR B S B U, 3K FE—2PAIESE T Pb-1%Ag-0.4%Al
4 AR AL R ALOS BRI AR 1 M HiAE H,SO,
WP R E L. I, Xt Pb-1%Ag &4 5
Pb-1%Ag-0.4%Al A 4 HA LS AT il RE.

LR, H A A PR T & AR B
o7 S BT 480N B BH R 2 1T A B AL 2 TS R K
WIREAFAE, R AW DT A KB 75 -2 K A6 2R
AR FERX A A, AR AR 2 / f A T
O R EHTFHAS R Oy, Hrik A S 1 E AL
EHRRELY R A 4 AR AR R B, [
T IR AWE ). Pb-1%Ag-0.4%Al &
43R ALyOq [ A7 76 W] o LA AL i 52 i J ok
i 1) ALO, BEI S T O, 75 4 He ik A L B
JZFUEAL F 1 TR, AR TG A AR Y i —
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5 SR P 45 A iR B, DT Pb-1%Ag-0.4%Al
B A HA TS BT E i ERE.

AIGEMTE Pb-Ag 4TI AL TR, it
W& T —FEs ol AT AU AL Y Pb-Ag-Al &
LM, BRI T AL TR IS Pb-Ag & 4 il i ik
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Abstract

Lead-silver alloys have been extensively used as anode material for the nonferrous metal electrowinning. In
the electrowinning process, the electrolyte is usually sulfuric acid solution, and the oxygen evolution reaction
take places at the anode, which leads to the corrosive and oxidizing conditions. There are some challenges when
conventional lead and lead alloy anodes are used for electrowinning. One is that high oxygen evolution
overpotential increases the cell voltage and leads to a low electrowinning efficiency. Besides, the severe corrosive
environment caused by acidic electrolytes extremely reduces the service lifetime of the lead anode and promotes
lead contamination in the cathode and environment. With increasing requirements for anode service life, energy
conservation, environmental protection and product quality, the demand for anode materials with high
corrosion resistance and low oxygen evolution overpotential is becoming increasingly urgent. This study
constructs an anode alloy by adding Al element into Pb-1%Ag (weight percent) alloy. The zinc electrowinning
experiments, microstructure characterization, and electrochemical performance testing have been carried out
with the developed Pb-Ag-Al alloy and the widely used Pb-1%Ag (weight percent) alloy. The results indicate
that the addition of Al into Pb-Ag alloy modifies its solidification pathway, significantly refines the Ag-rich
eutectic phase and promotes the formation of spherical or near-spherical core/shell (Ag, Al)-rich particles.
Compared to the Pb-Ag alloy anode which has been widely used in industry, the Pb-Ag alloy with Al addition
not only enhances the corrosion resistance, but also reduces its oxygen evolution overpotential. When the Pb-
Ag-Al alloy is used as anode for 120 h electrolysis, the generation rate of anode slime is decreased by about
69.5%, and the lead content in the electrolyte and zinc product are decreased by about 14.3% and 61.8%,
respectively. Besides, the oxygen evolution potential of Pb-Ag-Al alloy decreases by approximately 0.023 V. The
underlying mechanism of Al addition were clarified by microstructure characterization and electrochemical tests.
It demonstrates that a thin and dense Al,O4 protective film forms during zinc electrodeposition process when
the Pb-Ag-Al alloy is used as anode material, which is responsible for the improvement of corrosion resistance
performance and the reduction of anode slime. The formation of spherical or nearly spherical (Ag, Al)-rich
phase and the transformation of PbSO, to active PbO, phases in the oxide layer increase the catalytic activity
of the alloy, and thus reduces its oxygen evolution overpotential.

Keywords: znic electrowinning, anode, corrosion resistance, oxygen evolution overpotential, energy saving
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