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1.1 LG5

HELAR YRR FH ) IR AR KA A — 52 R IR 4 BT
afi — K& B4R (MnSO4 H,0) BilRE#((NH,),S0,)
LR (SeO,) il

1.2 HUAASLLE

HL TR SLIRTE B i A ML ES A R dh AT, LA
HOC BRI A AR BHAR =R R, Sl BRI, A
A BAERN 0.2 Lo B 304 AN S ES R ,
W HATEI K 20 mmX20 mm X3 mm FREE, £088
Cu FLRA S FFTM g 2 3815 TAE AN 4 cm® )
TAFEN. FIMRA Pb-0.9%Ag &4&(REDH), ¥
HAEIK 15 mmX 15 mm X 3 mm FIRFE, FIFEL R
Cu LA S EFCH e 2 E 315 2.25 em® I TAETH
.

RSB 4 AT 0.4 L ID N FE R, K
TN R AR B ARIRLE 5 B NH;-H,O BR H,SO, 177
PR ) pH 2 HbRE. BT BE HIE e ir i Fa Al e A
PR, DREFBA FEARAR(AIFERN 3 cm. KRR
P PSS, E A K AR ) PR R AR Y
FEITE£] C, LUt PR S A F R0 A% FEAE R84k
FAR 2 b Ja PR EH B A 5 FH 25 B 1K s P Al SR T
FRAR T AR, T BIRE B AROION. 3% 1) R 4% TR VT
LGS 1 min, KB TR EPURR T K
W BT G R RAR I AE 70 'C R T4 12 h JE AR,
THE AT S IR T = AR, s (D) TR Bk
maE, Q)i HE R,

mnkF

. x100% (1)
KA APIERRCE, % m NIRRT S0
BN, kg n NHETE, n=2; FRNEREEL,

F=96485 C/mol; [ AWM, A; t NHEME], s;
M ONERIAIS R F &, My,=55-

QMn xU
n

W= ()
X WoNBERE, kW-h/t; U NFEHIE, Vi Ou NE
JRERATHERFE B, 975.87 kA-W/t.

B R = AR BRI ES, R A SEM-EDS
(Quanta—200) M % =¥ ¥ 3 . @ik XRD
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em®s TAEBARAT BRI V05 fE R BRVE (AR EL N 1:1)
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£ FE B B P P SR H 22 Hy O AE FEARR
TS AE O PR (L (6)) « IR U A A BT (I
(7)) BT B 2L ) FAL 2R AT (L 2(8)) LA B B,
n=a+b log J (5)

H,0+e=H,.+OH (=118 mV/dec, a=0.5) (6)
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2H,e—H, (b=29.5 mV/dec) )
H,0+H,gote=—H,+OH ™ ($=39.3 mV/dec, a=0.5) (8)
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NH, +e—>HogstNHsqq )
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Pra i ARl I IR B S A AR, TR S AR AR
FIEAAT LR, AT FAEAG P TR A 30 £ S Iz e

2 HBREDH

2.1 EBRREMHMALEE

K BRI ZAR 77k, 5 AR 1) 304 N5
BBARS EE, 25 SRR BARRAE AN [F] FLJA % B (NH,),SO4
WRE . WU Mn® MR WIEARANGR pH {E. ¥4 SeO,
WL AR E 6 25 F T X B IR R AN REAE (1) 52
2,11 BRI A

SIS SAFAN R . FARETIA] 2 he WA pH 1E
7.00 (NH4),SO, K 110 g/L. #JH4 Mn® W 20 g/L.
YR SeO, W FE 0.02 g/L. HFRIRSE 30 C, MR
HLRE RS, 58 A FR I B AR DU s g . S
ZER NP 1 R,

F B 1(a)mln, il BA B AL O 25 P 3, R
MR I H A R AR AR, B B IR /N T 400
A/m® B, AR R RE 8 N BT RO 4
e B IRR 7T BT AU R N2 4, IEAF
EE VIR IR N, o 8 A DU B AR B R I, [
M F A it A FELAL 2% B2 PR v T ) 77 I B 3. — FROR
Ui, BAMREEAIECIERS, FR00 E R R RO, &R
P26 I R AR PR AR . BN 400 A/m?
B, ANEEANRHER FF B 1 P I kR 35k 3125 5 Bl A 1)
BKAE, PN 82.68%F1 82.93%. i {E HL %
JE I IR AT 06 T B, (RN BRI R B e K

83.5
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Fig. 1 Effects of cathode current density on cathodic current
efficiency(a), energy consumption(b) and average cell voltage(c)

with different cathodes
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Fig. 2 Effects of cathode current density on cathodic current
efficiency(a) and energy consumption(b) with different

cathodes
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BH(NH,),S0, ¥ FE 38 Iy /Iy, A4 7 Mn®" )
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L B B S Minggs s 3) Minggs JBUCHRLJE FEN df S T
G JB AR RS SIS T &R
MEFET, 5 3 I A B T IR e A FE P T s v BT
[ BN, BB THT 1) Hag, t B (NHL),S O, ¥R B 38 i 4
o, R BIAR AT LA SO AN Hags 2B, WE IR FE
(1(NH,),SO, W, FRFARR I B % B v, A AR
FEAR T AN IR 1 o

S HTBARR = TSR AT A, AR (NH,),SO, WK
N, VBRI AR EZ R, 2 (NHy),SO, M
T 110 g/L G R i 2k o {H(NH,),SO, 3 i i
NH, WM 2 R = KR, g 2F
BB ST P, DT s A e A R 45
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2.1.3  HIE Mn® VR

SERGC AN « BRI ] 2 he HRLIR B 400 A/m’,
WILAFARK pH 18 7.0« (NH,),SO, K 130 g/L. #144
SeO, #JF 0.02 g/L. HARIEE 30 C, MWL Mn*
WP, 5 Mn™ IR EEXHR TR AR . 256 45 H 40 B
3 B

P 3 T, BRI A IR AR BE I 4G Mn™ R EE A T
FTIE N, AR BERTSS Mn® ¥R B T R T PR . 3
WA E B Ma™ BERILE Mn® WREEI T g n, 4
Mn® W ERRIS, MR T SR AR, IR
() pH (B RGERE N, 24 M2 WREBGER, HE RN %
FHmIUH, G R AR, PRARAERE. (H24 Mn®>
WHERT 30 g/L J5, mRMHER OH A S5 HH
Mn> FE % Mn(OH),, 34K 7 Hafifd 2 R B A4k o R
Mn* ¥R T 30 o/L 5 AR R M AL S KA K, F#
KT R E R PR

SHECAS R BAMR AT A, 404G Mn® IR BEK T 20
g/L I, TEPURE BRI Rt , ASSEA B A ) fi
RIS TR AR . R R R AT BE Sk T Mn® 7245
FA A b 0 R i T E AR AN IR LA 24 Mn®*
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Fig. 3 Effects of Mn®" concentration on cathodic current
efficiency(a) and energy consumption(b) with different

cathodes
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Kl 4 Fis.
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Fig. 4 Effects of initial pH value on cathodic current
efficiency(a) and energy consumption(b) with different

cathodes
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Fig. 5 Effects of SeO, concentration on cathodic current
efficiency(a) and energy consumption(b) with different

cathodes
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SeOs™ fE MR 5 Ay Se®s AL BAMR 7 5 4k 452459 3l 1
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JEdE N T A HINT AR, MnSe &I AT
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Fig. 6

concentration in catholyte after electrolysis with different

Effect of SeO, concentration on total selenium

cathodes
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(K A% P~ 34T SEM-EDS 2341, SRBA B AT AN AR 4N
WER T =Y R & =0 508 0.34%F1 0.72%, 4=
SN 99.66%F1 99.28%. 45 BH MR =4 Hh i & 5 B
RARTAFENAN, %455 55 PIRGR T ICP Al 25 3R
FAWIE, B R FH 45 I A R AR 4 S8 B mT DA PR B A =
YIh &5, JRD SeO, VHFE.

N T XFEE SeOy” 1 B R BA MR I ) AL £ AT A,
EUHI4G SeO, ¥REN 0.1 /L [ HLIRBCATF AT %, 1E
—0.8~—1.9 Vi Bl W AT R IA R 2294, VTR B N
30 °C, HFEHEEZ N 20 mV/s. HaE Bl 7 Fios.
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Fig. 7 Cyclic voltammetry with different cathodes
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Effect of initial temperature on cathodic current
efficiency(a) and energy consumption(b) with different

cathodes
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Table 1 Confirmatory experiment results under optimum
conditions
Current Energy consumption/
Experiment efficiency/% (kW-ht™")
Ne- St::Z:l:SS Aluminum Stzsiizéljss Aluminum
1 82.96 85.38 4940.03  4879.84
2 83.35 86.21 4917.26  4862.38
3 83.78 85.74 4898.85  4870.46
Average 83.36 85.78 4918.71 4870.89
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Fig. 9 SEM images of electrolytic manganese from different cathodes: (a), (b) Aluminum; (c), (d) Stainless steel
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Integrated graph; (b) Partial enlargement graph

Cyclic voltammetry with different cathodes: (a)

HIMT SRR, 5 SEIRir—8. BRI
XA A S AL L ARE], SRR T a I f A7 5
ANEEAN I JLTAR R, B8 4 DTS R A B R 52
B 1) 4, ERT—2.0 V EALX AN, BIRE
FFIAR 1) FRLAL 25 B /N T AN AN AR 1Y, (EER B AR THI (1)
AV AR B R KT AN AR (), 356 B % B A X ]
W, S8R BE A RO AR BT EUR B, IS Mn® (TR,
T R =G I S A AR R, 245 R 5%
PESEES AW 5 o

3 Zhip

1) RSB L BRI R i
J& 400 A/m*. (NH,),SO, ¥ 130 ¢/L. ¥4k Mn* ¥ E
30 g/L. #JUA pH E 7.0 SeO, WK E 0.04 /L. HLfFEIRE
35 Co %A T LA 2 h 7] LUk 2| 86% 1 BA MK FL i 24
2, HILHEFERA NI RPEIL 47 kW-ht. BTS2



28 B 12 M 17

M, 5

SR AR A A B R Bl VP B TR R

2577

LT G
2) HRII BT L b 5 AR, AT

RAREOR S BUREGE 9 ER a-Mn.,

PERTANEANAR ] o I E — 5 PR P V0 BBl P 41 i) 20
Fpr i, RPN FN, AR L)

SeO> IR IR, IR/ Ji Se LT,

RIFHAR Se

b e

3) SAEGAGANAMRAR L, o 5 e i B AR H

B BRI B AR SeO, THAER, A& BRI
AR A o R R B AR AR 7

REFERENCES

(1]

(2]

[3]

(4]

[3]

(6]

(7]

RS, A E AR M]. Kb PR AR TR, 2004,
MEI Guang-gui. Technology of China manganese industry[M].
Changsha: Central south University Press, 2004

Fiaf. T E R IR RS R R ], T,
2004, 22(3): 26-30.

WANG Yun-min. Resources of Mn-ores and development of
EMM][J]. China’s Manganese Industry, 2004, 22(3): 26—30.
W, T E RS R AT L R R A, R, 2014,
32(1): 1-4.

ZENG Xiang-bo. Development trend of EMM in China[J].
China’s Manganese Industry, 2014, 32(1): 1-4.

e, AR, kT, T OB, &R, 7 Kl HRE
ATEi5 AR BRI BT L[], 38 TREHAR 2 30, 2013,
3(6): 514-518.

LI Xu-hua, ZHOU Chang-bo, ZHU Ning-fang, WANG Fan,
DANG Chun-ge, FANG Gang. Evaluation of the technologies
for EMM industry pollution control[J]. Journal of Environmental
Engineering Technology, 2013, 3(6): 514—518.

By, (EA, ARFIR. ob B A AR AT ML AR BOR AR
PURFTT I []. 35 TREBOAR 2R, 2011, 1(1): 75-81.
DUAN Ning, DAN Zhi-Gang, SONG Dan-na. Current status and
directions for development of cleaner production technology of
electrolytic manganese metal industry in China[J]. Journal of
Environment Engineering Technology, 2013, 3(6): 514—518.
ERA, WEW, ¥ BB, BB, T B R
AP RURE TP BAR BERER S D). Th A R R,
2016, 26(8): 1774—1781.

WANG Hong-cai, SHI Zhang-ming, LIU Bo, CHEN Bo, YANG
Qin-hao, YE Zheng. Influence of material flows in electrolytic
manganese metal process on its optimal energy intensity[J]. The
Chinese Journal of Nonferrous Metals, 2016, 26(8): 1774—1781.
IMETT, BRIREL, FREES, TRl R e R A R
SHT[I]. FXE SO AR (E AR RHF ), 1997, 17(1): 33-38.
SUN lJian-zhe, CHEN Hu-kui, GUO Jin-bao, YANG Xin-ke. On
the electrochemical for metal

principles of electrolysis

[10]

[12]

[13]

[14]

[15]

[16]

[17]

manganese[J]. Journal of Baoji College of Arts and Science
(Natural Science) , 1997, 17(1): 33—38.

XUE Jian-rong, ZHONG Hong, WANG Shuai, LI Chang-xin,
WU Fang-fang. Influence of sodium silicate on manganese
electrodeposition in sulfate Transactions of
Nonferrous Metals Society of China, 2016, 26(4): 1126—1137.
JIAO Peng-peng, XU Fu-yuan, LI Jian-hua, DUAN Ning,

CHEN Guan-yi, JIANG Lin-hua. The inhibition effect of SeO,

solution[J].

on hydrogen evolution reaction in MnSO4-(NH4),SO, solution[J].

International Journal 2016, 41(2):
784-791.

PADHY S K, PATNAIK P, TRIPATHY B C, BHATTACHARYA

of Hydrogen Energy,

I N. Microstructural aspects of manganese metal during its
electrodeposition from sulphate solutions in the presence of
quaternary amines[J]. Materials Science and Engineering B,
2015, 193: 83-90.

PADHY S K, PATNAIK P, TRIPATHY B C, GHOSH M K,
BHATTACHARYA I N. Electrodeposition of manganese metal
from sulphate solutions in the presence of sodium octyl
sulphate[J]. Hydrometallurgy, 2016, 165: 73—80.

XU Fu-yuan, DAN Zhi-gang, ZHAO Wei-nan, HAN Gui-mei,
SU Ze-hui, XIAO Ke, JIANG Lin-huan, DUAN Ning.
Electrochemical analysis of manganese electrodeposition and
hydrogen evolution from pure aqueous sulfate electrolytes with
addition of SeO,[J]. Journal of Electroanalytical Chemistry, 2015,
741: 149-156.

RUDNIK E. Effect of gluconate ions on electroreduction
phenomena during manganese deposition on glassy carbon in
acidic chloride and sulfate Journal  of
Electroanalytical Chemistry, 2015, 741: 20-31.

DING Li-feng, FAN Xing, DU Jun, LIU Zuo-hua, TAO

solutions[J].

Chang-yuan. Influence of three N-based auxiliary additives
during the electrodeposition of manganese[J]. International
Journal of Mineral Processing, 2014, 130: 34—41.

SUN Yan, TIAN Xi-ke, HE Bin-bin, YANG Chao, PI Zhen-bang,
WANG Yan-xin, ZHANG Su-xin. Studies of the reduction
mechanism of selenium dioxide and its impact on the
microstructure of manganese electrodeposit[J]. Electrochimica
Acta, 2011, 56(24): 8305—-8310.

LU Jian-ming, DREISINGER D, GLUCK T. Manganese
electrodeposition—A literature
2014, 141: 105—116.

Pk, fROCTT, FEMRAE, RN, A, BT MM
WFEREE R RO AR BORE TR HT]. HfkE, 2013, 2003):
282-287.

review[J]. Hydrometallurgy,

HAN Gui-mei, XU Fu-yuan, JIANG Lin-hua, DAN Zhi-gang,
GAO Xiao-juan, DUAN Ning. Key Factors and techno-

economic analyses of manganese electrolysis process[J]. Journal



2578 o E A SRR 2018412 A
of Electrochemistry, 2013, 20(3): 282-287. [26] #FARA4E, FREEAE, 2 2R, WNERENN BEER G 4 rB TR L I 11

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

ELSHERIEF A E. A study of the electroleaching of manganese
ore[J]. Hydrometallurgy, 2000, 55(3): 311-326.

ILEA P, TISSOT P, ONICIU L. Hydrogen overpotential on
several materials for the electrodeposition of manganese from
sulfate solutions[J]. Bulletin of Electrochemistry (India), 2000,
16(3): 133-135.

RADHAKRISHNAMURTHY P, SATHYANARAYANA S,
REDDY A K N. Kinetics of hydrogen evolution reaction on a
stainless steel electrode[J]. Journal of Applied Electrochemistry,
1977, 7(1): 51-55.

OLIVARES-RAMIREZ J M, CAMPOS-CORNELIO M L,
GODINEZ J U, BORJA-ARCO E, CASTELLANOS R H.

Studies on the hydrogen evolution reaction on different stainless

steels[J]. International Journal of Hydrogen Energy, 2007, 32(15):

3170-3173.

O, OB, WS BEEE SE NIRRT
FEHH B HALEAT 0] TRERFEAIR, 2016, 38(6): 767-772.
LI Tao, HUANG Hui, GUO Zhong-cheng. Electrochemical
behavior of the super high strength aluminum alloy as a cathode
in zinc electrodeposition[J]. Chinese Journal of Engineering,
2016, 38(6): 767-772.

METIKOS-HUKOVIC M, BABIC R, GURBAC Z, BRINIC S.
Inhibition of the hydrogen evolution reaction on aluminium
covered by oxide[J]. of Applied
Electrochemistry, 1994, 24(4): 325-331.

‘spontaneous’ Journal
VIJH A K. Electrolytic hydrogen evolution reaction on
aluminum, oxide-covered electrodes[J]. The Journal of Physical
Chemistry, 1969, 73(3): 506—513.

KOZIN L F, MASHKOVA N V, MANILEVICH F D. Hydrogen
overvoltage at manganese in ammonium-bromide-perchloric
solution[J]. Protection of Metals and Physical Chemistry of
Surfaces, 2009, 45(1): 25-30.

[27]

(28]

[29]

[30]

[31]

[32]

[33]

WESLI]. HBES IR, 2002, 21(1): 1-4.

SHU Yu-de, FU De-xue, MIAO Juan. Studies on the effect of
sodium selenate on electrodeposition of zinc-manganese alloy.
Electroplating & Finishing[J]. 2002, 21(1): 1-4.

LU Jian-ming, DREISINGER D, GLUCK T. Electrolytic
manganese metal production from manganese carbonate
precipitate[J]. Hydrometallurgy, 2016, 161: 45-53.

KOZIN L F, MASHKOVA N V, MANILEVICH F D. Kinetics
and mechanism of the discharge-ionization of manganese in an
ammonium chloride solution[J]. Protection of Metals, 2007,
43(6): 537-541.

FHR. RS BRI R RIER]. PR, 1994, 12(1):
47-49.

WANG Jing-ming. Approach on the cathode process of
electrolyte metal manganese[J]. China’s Manganese Industry,
1994, 12(1): 47-49.

FAN Xing, XI Su-yun, SUN Da-gui, LIU Zuo-hua, DU Jun,
TAO Chang-yuan. Mn-Se interactions at the cathode interface
during the electrolytic-manganese process[J]. Hydrometallurgy,
2012, 127: 24-29.

DHANANJAYAN N, BANERJEE T. Structure of electro-
deposited manganese[M]. National Metallurgical Laboratory,
1969.

WEI Qi-feng, REN Xiu-lian, DU Jie, WEI Si-jie, HU Su-rong.
Study of the electrodeposition conditions of metallic manganese
in an electrolytic membrane reactor[J]. Minerals Engineering,
2010, 23(7): 578—-586.

SULCIUS A, GRISKONIS E,
ZMUIDZINAVICIENE N. Influence of different electrolysis

KANTMINIENE K,

parameters on electrodeposition of p-and a-Mn from pure
electrolytes—A review with special reference to Russian

language literature[J]. Hydrometallurgy, 2013, 137: 33—37.



328 5 12 B L, 5 REBIRGRER SR I h i JR 2579

Electrodeposition of Mn from manganese sulfate solution by
aluminum cathode

YANG Fan, JIANG Liang-xing, YU Xiao-ying, YANG Jian, LAI Yan-qing, LU Xiao-jun, LI Jie

(School of Metallurgy and Environment, Central South University, Changsha 410083, China)

Abstract: Aluminum was adopted as cathodic material for manganese electrodeposition from the MnSO4-(NH,4),SO4
solution. The influences of the current density, electrolyte composition and temperature were studied on the cathodic
current efficiency, energy consumption and cathodic products. The results show that, the cathodic current efficiency and
the energy consumption can reach to 85.8% and 4870.9 kW-h/t, under the following conditions: Mn*" concentration of 30
g/L, (NHy4),SO, concentration of 130 g/L, SeO, concentration of 0.04 g/L, temperature of 35 C, pH of 7.0 and cathode
current density of 400 A/m?. The purity of product can achieve more than 99.5% and the crystal form is a-Mn. Compared
with traditional stainless steel (0Cr19Ni9), the onset potential of manganese electrodeposition on aluminum cathode is
not changed, while the hydrogen evolution is suppressed at initial period of electrodeposition. Aluminum cathode can
accelerate the discharge rate of Mn>" and improve the cathodic current efficiency, and then decrease the energy
consumption. The reduction of SeO;*~ on aluminum cathode is weakened, which can reduce the consumption of SeO,
and improve the purity of product. This study indicates that aluminum has the potential to be candidate of stainless steel
for manganese electrodeposition.

Key words: manganese electrodeposition; aluminum cathode; current efficiency; energy consumption; SeO,
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