823 B 12 1 FEEREBFIR 2013 4£ 12 H

Vol.23 No.12 The Chinese Journal of Nonferrous Metals Dec. 2013

TEHES: 1004-0609(2013)12-3410-13

Kb EERTE KRN F

A&, bk TAAEY, ZHE!, RP4EL?

(1. FRRZE REEHEER, Kb 410083;
2. HEIRE WA EIR S SMEHIZ M mEAE LS, Kb 410083)

1 . FHm Mg A Li 5t L SR s K SR AE I 1), 2 A 2R A LiMny O, % #hil) sl 7K HEAT e R 1k f2 4,
HEFER S A SRR 22 T 298.15 K I Me(Li, Na, K, Mg)-Mn-H,0 1A Z ) o—pH &, 1HER A LiMn,Oy
Jii Li* )5 BTG A-MnO, 3 35351 Na's Ky Mg?' 5 Li' kB4R B . 25 R80T M8 7 IRIE N 1 mmol/L,
A ZIA AL AT FE A 0.79 V(vs SHE), A-MnO, T Mn* & J5 2 Mn®, [ LiT i T 30422003 7 ik
A A-MnO, fi#& A B LiMn,Oy; I ARAL AL T A ZE 0.61. 0.55 F1 0.48 V I, A5 MgesMn,O4 KMn,O,4 F1
NaMnyO, A2, Ui WA sd Bhat LiT BBt T4 Na™y KO0 M a8l . sbah, MR PE & 35 T3 /R Eh 7K
o 3 TR R FH B R ([Li]=30 mmol/L, [Na]=5 mol/L, [K]=0.2 mol/L, [Mg]=0.5 mol/L)%: | Me(Li, Na, K,
Mg)-Mn-H,0 &M o—pH K. #MIEHRRY: NTHAERKERG pH &0 F ¥ &R BB AL 7 2
0.70 V<9<<0.87 V, \-MnO, BN AT 52BN} Lit 5 ki Naty Me*'. KIRIE RO B Btk LitJE B LiMn,Og i 1 175
ARG 2R 0>0.87 V, 1 SEBL Lit e A & 4E

XK#EiF: Me-Mn-H,0 &; LiMn,O,; 72 /KR
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Thermodynamics of Li-extraction from brine using spinel LiMn,04
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2. Hunan Key Laboratory for Metallurgy and Material Processing of Rare Metals,
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Abstract: The spinel LiMn,O, was chosen for extracting Li" from brine with high mass ratio of Mg and Li. The
corresponding ¢—pH diagrams of Me (Li, Na, K, Mg)-Mn-H,O systems at 298.15 K were plotted and analyzed
according to thermodynamic calculation when the concentration of Me (Li, Na, K, Mg) was set as 1 mmol/L. The results
show that when the redox potential of Li-Mn-H,O system is controlled less than 0.79 V (vs SHE), Mn*" in A-MnQO,
crystal structure can be reduced to Mn®*, meanwhile, Li* in solution can be inserted into A-MnO, crystal lattice due to
memory effect to form LiMn,0,. However, the redox potential for Mg, sMn,0,4, KMn,0O,4 and NaMn,0O, is 0.61, 0.55 and
0.48 'V, respectively. It indicates that Li" is prior to be inserted into A-MnO, from solution under the same condition
compared with Na‘, K and Mg?'. In addition, based on the main cation compositions ([Li]J=30 mmo/L, [Na]=5 mol/L,
[K]=0.2 mol/L, [Mg]=0.5 mol/L) in West Taijnar Salt Lake brine, the ¢p—pH diagrams were overlapped. The
thermodynamics analysis shows that, in natural brine, it is possible that Li" can be extracted effectively using -MnO,
when the potential is controlled between 0.70 V and 0.87 V. After that, the formed LiMn,O, can release Li~ when a
voltage 0.87 V is applied. By this means, Li" in brine can be extracted and concentrated.
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Fig. 1 Potentials (vs SHE) in solutions with 1 mol/L H' or
1 mol/L OH at [Li‘]=1.0 mol/L
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S LiMnO, #5855 s, R A 2z
FH I [R] Rk PE R NaMin,O4 &2 NaMnO, ()75 A

&1 Mn. Li. Na. KAl Mg &5 AL ED )2

B B T fh 5

R ) R e, AR 1 P B S
AGOHE, LB SN AGO AR, Btk &
(1) ALGO P AR TS, g B 2 PR,
HIE 2 W, B AEA I AGO Bl LT —
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LEPEMI R R?=0.999. tItHs LiMnyO, 11 A,G® AR
ANJ7FEAT 3R 45 NaMin,O, [ AG® = —1 255.72 kJ/mol..
¥ LiMnO, 8 A,G® fC A J5 F 7T 3K 3 NaMnO, [
A;G®=—741.85 kJ/mol.
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Table 1 Thermodynamic data of ion and compounds containing Mn, Li, Na, Mg and K

Component A¢G®/(kJ'mol ) Reference Component A¢G®/(kJ'mol ) Reference
Mn?* 229,84 [20] Li* 292,61 [20]
MnO, ~465.08 [20] LiMn,0, ~1315.61 [22]

Mn,0s ~879.66 [20] LiMnO, ~792.85 [22]
Mn;0, ~1280.77 [20] H,0 ~237.19 [20]
Mn(OH), ~616.61 [20] Na' ~261.89 [20]
MnO; 44730 [21] K* ~282.48 [20]
MnO,* -500.80 [21] Mg* —454.83 [20]
Mn(OH),> -902.93 [20] LiAlO, ~1126.30 [21]
LiAlSi,04 -2 880.31 [21] NaAlO, -1 069.20 [21]
NaAISi,O% 2 808.73 [21] LiFeO, ~710.60 [20]
LiSiOs ~1557.20 [21] NaFeO, ~640.07 [20]
Na,SiO;3 1 467.39 [21] LiNO; ~381.10 [21]
Li»SO, ~1321.70 [21] NaNO, ~387.01 [21]
Na,SOy4 —1270.20 [21] NaAlSiOy4 —1980.01 [21]
Licl ~384.40 [21] LiOH —438.95 [21]
LiCIO, ~254.00 [21] K»SO, ~1319.68 [21]
KAISi,O¢ —2 871.40 [21] KAISiO4 -2 005.33 [21]
Na;PO, ~1788.62 [21] KNO; ~394.71 [21]
K»SiO; 1 455.73 [21] KOH ~378.86 [21]
K4PO, ~1 858.94 [21] NaOH ~379.74 [20]
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A:G® of sodium salt/(MJ+-mol™")

B335 20 s 10 <050

A;G® of lithium salt/(MJ-mol ™)

2 Li#h'5 Na hi0A: GO REME LR

Fig. 2 Linearity relation of A;G® between lithium compounds

and sodium compounds

A:G® of potassium salt/(MJ-mol ™)

B335 20 s 10 <05 0

A;G® of sodium salt/(MJ-mol™")
3 Na#h5 K A GO R LR
Fig. 3 Linearity relation of A;G® between sodium compounds

and potassium compounds

KMn,O, [ A;G® = —1 275 kJ/mol, £ NaMnO, [¥] A;G®
FRNTT FEAT =K 45 KMnO, ) A;G© =757 kJ/mol.»
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Fig. 4 Linearity relation of A;G® between lithium compounds

and potassium compounds

=766 kJ/mol.
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2LiMn,0,= Li,0 + Mn,0; + 2MnO,

Combination
ARGE,
R~ LiMnO;
LiMnO,
Combination
C d 0
ompoun ARGLianO4

2KMn,0,= K,O + Mn,0;+ 2MnO,

Combination
©
ARGKMnO2
KMnO,
Combination
Compound )
ARGKanm

E5 Li. Na. KM Mg rirsrz&

2NaMn,0,= Na,O + Mn,0; + 2MnO,

Combination

®
ArGravino,

NaMnO,

Combination

Compound

®
ARGNaMn304

2Mg, sMn,0,= MgO + Mn,0; + 2MnO,

Combination

ARGIS[g\LSMnO2
Mg, sMnO,

Combination

Compound

®
ARGMgo sMny Oy

Fig. 5 Schematic diagrams of manganate for Li, Na, K and Mg divided into separate oxides

2 Mn. Li. Na. K 1 Mg S0 LR ER 134 ) 22 50
#

Table 2 Thermodynamic data of ion and manganate
compounds for Mn, Li, Na, K and Mg
Component Ar Ge/,l Component Ar Ge/,l Ar Geil
(kJ-mol ) (kJymol ") (kJ'mol )
Li,O —562.10 | LiMn,O4 -—1315.61 —64.83
Na,O —379.09 | LiMnO, —792.85 —35.98
K,0 —322.77 | NaMn,O, -—125572 —80.64
MgO —568.94 | NaMnO, —741.85 —56.24
MnO, —465.08 | KMn,O4 —1284 —108.73
Mn,0; —879.66 | KMnO, -766 —82.28
fH.
MR SR 23] A
~ARG® =AW, + B (4)

e W 2B FHAERRRES G A B 2hE—Fh 54
12 2R IR H L

ST H SCHR T BT BRI KoCOs 1 ARG (KT
W=96, A=0.87, B=0), Wi 3 s,

Wk, FIFH PRI R SRR ER R I AR G® ik
PER AR, BEGIEE Liv Na. K BRER AR GP WAk
FR(x), AT ERIRER I A G P ABKR () A TER MR
&, REBLMETTRE N 1y=0.245x-19.21, R*=0.996. #t

il

MgCO; ] ARG® RNTTFET, w]3k15 Mgy sMn,O4 f
ARGO M. PFLALiv Na. K R BAHIREEN ARG N
BEAEFR(x), JEARERIRER I AR G WAL KR(y), BEATLL
PERLG, SRAGLME TR N »=1.039x+29.91, R*=0.992.,
B MgosMn,Op 1 ARG® L AC AN J5 #2, 7T 3k 75
Mg, sMnO, () Ag GO 1E, 3k 3 Frai.

%3 Li. Na. K1 Mg &R R Y H R g
Table 3 Reaction free energy of oxysalt for Li, Na, K and Mg

Component Ar Geil Component Ar Geil

(kJ-mol ) (kJ-mol ")

Li,CO; —174.72 KMn,0,4 —108.73
Na,CO; -276.3 Mg, sMn,04 -35.29
K,CO;4 —349.11 LiMnO, —35.98
MgCO; —65.63 NaMnO, —56.24
LiMn,O4 —64.83 KMnO, —82.28
NaMn, 04 —80.64 Mgy sMnO, -6.75

BRI AGY vo ., =AGy o +A:Gyo +AgG
PRNHIRBE, TS ArGyg, nj0, = —1 224.66
ki/mol ¢ A¢Gytg, wino, ==731.06 kJ/mol.

14 AHZFTEWITE
Xt T E AR AT REAEAE R BN, FTELR  BUR

3 Fpe,
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55 DRI pH A5 H B 735 2 R ROk AR i
R R K RS, AN

AfG2®98A15K = —2303RT1gK (5)

5 2R i A I IR BN, AR N
Ji R TR N aA+bBrze=cC+dD, LA o THE A
W)

_ Gagisk _ 0.0591, aéal
P208.15K =

(6)

zF z aiag

55 3) R N AR SR K RS AE R Y, LR
N FE AT R IR N aA+bB+zethH =cC+dD, 4 H'I{]
WREREON 1, WAL o5 A TR R A
Gygisk 00591 alaf h

Ig
zF z azag z

Pro8.15K = x0.059 1pH

(7)

BT Bk 3 KRN ETTEU R Mn-H,0 5

Me(Li, Na, K, Mg)-Mn-H,0 & 47 7€ {1 ) ., 1E

298.15 K LA O, #l H, 143 3424 101 325 Pa ), 3K

ARSI RNV o—pH ks, W3k 4~8 B
b1,

F 4 Mn-H,0 F P45 N7E 298.15 K FHIRN I o—pH TR
Table 4 ¢—pH formulas of equilibrium reaction in Mn-H,O systems at 298.15 K

Number Reaction formula ¢—pH formula
1 Mn?*+2e=Mn ¢=—1.19+0.03 1g[Mn*"]
2 MnO,+4H'+2e=Mn*'+2H,0 ¢=1.24—0.12pH—0.03 Ig[Mn*"]
3 Mn?*'+2H,0=Mn(OH),+2H" pH=7.68—0.5 1g[Mn*']
4 Mn(OH),+2H +2e=Mn+2H,0 ¢=—0.74—0.06pH
5 Mn(OH),* +4H+2e=Mn+4H,0 9=0.24—0. 12pH+0.03 Ig[Mn(OH),* ]
6 Mn;0,+2H +2H,0 +2e=3Mn(OH), ¢=0.49—0.06pH
7 Mn;0,+8H +2e=3Mn>"+4H,0 ¢=1.85—0.24pH—0.09 Ig[Mn*"]
8 3Mn,0;+2H +2e=2Mn;0,+H,0 =0.83-0.06pH
9 Mn;0,+8H,0+2e=3Mn(OH),> +4H" ¢=—2.43—0.09 1g[Mn(OH),* ]+0.12 pH
10 2MnO,+2H +2e=Mn,0,+H,0 ¢=0.97-0.06pH
11 Mn,05+5H,0+2e=2Mn(OH),* +2H" ¢=—1.35-0.06 1g[Mn(OH),* ]+0.06pH
12 Mn,O5+6H +2e=2Mn>"+3H,0 9=1.51-0.18pH—0.06 Ig[Mn*"]
13 MnO, +4H "+3e=MnO,+2H,0 ¢=1.70—0.08pH+0.02 Ig[MnO, ]
14 MnO,* +4H ' +2e=MnO,+2H,0 ¢=2.27+0.03 1g]MnO,* ]-0.12pH
15 MnO4 +e=MnO,> ¢=0.55+0.06 1g[MnO, 1-0.061g[MnO,* ]
16 Mn(OH),+2H,0=Mn(OH),* +2H" pH=16.48+0.5 1g[]Mn(OH),* ]
17 4H"+0,+4e=2H,0 ¢=1.23-0.06pH
18 2H'+2e=H, »=—0.06pH
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£5 Li-Mn-H,0 R PH7 VAR 298.15 K RN S o—pH 5L
Table S ¢—pH formulas of equilibrium reaction in Li-Mn-H,O systems at 298.15 K

Number Reaction formula ¢—pH formula
1 LiMn,O,+8H +3e=2Mn*"+4H,0+Li" 9=1.33—0.16pH—0.04 1g[Mn*"]-0.02 Ig[Li"]
2 3LiMn,O,+8H +5e=2Mn;0,+4H,0+3Li" ¢=0.92—0.09pH—0.04 Ig[Li*]
3 LiMn,04+4H +3e=2Mn(OH),+Li" ¢=0.73—0.08pH—0.02 Ig[Li"]
4 LiMn,0,+4H,0+3e=2Mn(OH),” +Li" 9=—0.57-0.02 1g[Li*]-0.04 1g[Mn(OH),* ]
5 2MnO4* +Li " +8H +5e=LiMn,0,+4H,0 9=2.01+0.01 1g[Li']+0.02 1g[Mn(OH)*,]-0.09pH
6 2MnO, +Li"+8H +7e=LiMn,0+4H,0 ¢=1.6+0.01 1g[Li"1+0.02 1g]MnO, ]-0.07pH
7 2MnO,+Li"+e=LiMn,0, ¢=0.96+0.06 1g[Li"]
8 LiMn,O4+Li +e=2LiMnO, ¢=—0.23+0.06 1g [Li']
9 LiMnO,+2H " +e=Mn(OH),+Li" ¢=1.21-0.12pH—0.06 Ig [Li"]
10 LiMnO,+2H,0+e=Mn(OH)* +Li" 9=—0.74—0.06 1g[]Mn(OH),* 1-0.06 1g[Li"]

11

3 LiMnO2+4H++e:Mn3O4+3 Li++2H20

0=2.64-0.18 Ig[Li"]-0.24pH

& 6 Na-Mn-H,O F V4 i NWAE 298.15 K NI WA o—pH 115554
Table 6 ¢—pH formulas of equilibrium reaction in Na-Mn-H,O systems at 298.15 K

Number

Reaction formula

¢—pH formula

10

11

12

NaMn,O,+8H +3e=2Mn*"+4H,0+Na"

3NaMn2O4+8H++5 CZZMH3O4+4H20+3N3+

NaMn,0,+4H +3e=2Mn(OH),+Na"

NaMn,O+4H,0+3e=2Mn(OH),* +Na"

2MnO,* +Na ™ +8H +5¢=NaMn,0,+4H,0

2MnO, +Na+8H +7¢=NaMn,0,+4H,0
2MnO,+Na+e=NaMn,0y
NaMn,0,+Na+e=2NaMnO,
NaMnO,+2H +e=Mn(OH),+Na"
NaMnO,+2H,0+e=Mn(OH),* +Na"
3NaMnO,+4H +e=Mn;0,+3Na"+2H,0

NaMn2O4+2H++e:Mn203+H20+Na+

9=1.43-0.16pH~0.04 1g[Mn>"]-0.02 1g[Na']
9=1.1-0.09pH~0.04 1g[Na']
¢=0.83-0.08 pH—0.02 1g[Na']
9=0.47-0.02 1g[Na'1-0.04 Ig[ Mn(OH),* ]
9=1.95+0.01 Ig[Na']+0.02 lg[ Mn(OH),>] - 0.09pH

9=1.55+0.01 Ig[Na']+0.02 lg[ Mn(OH), ]-0.07pH

9=0.66+0.06 1g[Na']

0=0.35+0.06 1g[Na']

0=1.42-0.12pH~0.06 1g[Na']
9=0.53-0.06 1g[Mn(OH),>]-0.06 lg[Na']
¢=3.27-0.18 1g[Na‘]-0.24pH

9=1.27-0.12pH~0.06 1g[Na']
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#£7 K-Mn-H,0 B P RV AE 298.15 K RN S o—pH 155

Table 7 ¢—pH formulas of equilibrium reaction in K-Mn-H,O systems at 298.15 K

Number

Reaction formula

¢—pH formula

10

11

12

KMn,O,+8H +3e=2Mn*"+4H,0+K"
3KMn,0,+8H +5e=2Mn;0,+4H,0+3K"
KMn,0,+4H+3e=2Mn(OH),+K"
KMn,0,+4H,0+3e=2Mn(OH)* ,+K*
2MnO4* +K " +5e+8H =KMn,0,+4H,0
2MnO4 +K'+8H +7e=KMn,0,+4H,0
2MnO,+K +e=KMn,0,
KMn,044+K+e=2KMnO,
KMnO,+2H +e=Mn(OH),+K"
KMnO,+2H,0+e= Mn(OH)* +K*
3KMnO,+4H +e = Mn;0,+3K"+2H,0

KMH204+2 H++e:Mn20 3+H20+K+

9=1.41-0.16pH~0.04 1g[Mn>]-0.02 1g[K "]
9=1.05-0.09pH—0.04 1g[K"]
0=0.80-0.08pH—0.02 1g[K']
9=0.5-0.02 1g[K']-0.04 1g[Mn(OH),> ]
0=1.96+0.01 1g[K'1+0.02 1g]MnO,*]-0.09pH
9=1.56+0.01 1g[K1+0.02 Ig]MnO, ]-0.07pH
0=0.73+0.06 1g[K]
0=0.36+0.06 1g[K']
0=1.38-0.12pH~0.06 1g[K"]
9=0.57-0.06 1g[Mn(OH),>]-0.06 1g[K']
0=3.16-0.18 1g[K'1-0.24pH

9=1.21-0.12pH~0.06 1g[K"]

#* 8 Mg-Mn-H,0 B J P N AE 298.15 K FTHIRMN R 5 o—pH 155
Table 8 ¢—pH formulas of equilibrium reaction in Mg-Mn-H,O systems at 298.15 K

Number

Reaction formula

¢—pH formula

10

11

12

Mg sMn,O,+8H +3e=2Mn*"+4H,0+0.5Mg*"
3Mgy sMn,0,+8H +5e=2Mn;0,+4H,0+1.5Mg*"
Mgy sMnO,+4H +3e=2Mn(OH),+0.5Mg>*
Mgy sMn,0,+4H,0+3e=2Mn(OH),> +0.5Mg>"
2MnO4* +0.5Mg> +8H'+5e=Mgy sMn,0,+4H,0
2MnO, +0.5Mg*+8H +7e=Mg, sMn,0,+4H,0
2MnO,+0.5Mg>" +e=Mgy sMn, 0,

Mgy sMn,0,+0.5Mg> +e=2Mg, sMnO,

Mgy sMnO,+2H +e=Mn(OH),+0.5Mg*"
Mgy sMnO,+2H,0+e=Mn(OH),> +0.5Mg>"
3MgsMnO,+4H +e=Mn;0,+1.5Mg*+2H,0

Mgo_5MH204+2H++C:MH203+H20+O 5 I\/Ig2Jr

9=1.42—0.16pH—0.04 1g[Mn*"]-0.01 Ig[Mg*"]
¢=1.07-0.09pH—0.021g[Mg**]
¢=0.82—0.08 pH—0.01 Ig[Mg*"]
¢=—0.48—0.01 1g[Mg*'1-0.04 1g[Mn*"]
¢=1.96+0.01 1g[Mg*1+0.02 1g[Mn*']-0.09pH
¢=1.56+0.004 1g[Mg>1+0.02 1g]Mn*'1-0.07pH
¢=0.7+0.03 1g[Mg*"]
¢=0.10+0.03 1g[Mg*']
9=1.17-0.12pH—0.03 Ig[Mg*']
#=—0.78—0.06 1g[Mn(OH),* ]-0.03 1g[Mg*]
¢=2.53-0.09 1g[Mg*"1—0.24pH

9=1.24-0.12pH—0.03 Ig[Mg*"]
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FIHIA LiMn, Oy HEAT K428, W Z0ORAIE
MnO, {E/KE T R EAAAE . B RS 21l
[Mn]=[Li]=1 mmol/L K} ¥] Mn-H,0 F(K&l 6) % Li-Mn-
H,0 &K NI o—pH K. MK 6 ATLLE Y, fE/KI
FEX N, BRI A MnsO4 A1 MnyOs, #43
MnO, % Mn(OH), {E/KIFEEEX A, 1T Mn JI584x 7%
IKIRE X Sh e LEKIIREE X, %A RERAE pH
FM MR E L M RS T bES AT, U“J
4 MnyO3+ Mn;O04s MH(OH)zﬁMU(OHM Rt g
AR RS T B SRR E l:uﬂzt/?tlﬂﬁﬁfmk
JE AR X3, Bt T, A = A0
K DU B T AL A B g X

XTEGEE 6 F 7 WA 24 4E Mn-H,0 (ARSI Lit
J5 . I ELSAT N Mn,05 8808 XA FHAAE, T
FERRE X LiMn,O4 AHE; MnO,+ Mn3O4s
Mn(OH), & Mn(OH),> [ A8 B A7 8 K30 40
LiMn,04 2 5. I 7 @O nr 41, pH EHAE
4.59~10.85 Ju[FHN, UERIAIMMAHA, <079 V
I, MnO, ' Mn*" K430 504 Mn’', B R A7 4E
Li', Li'ZSHRA MnO, a4 8 LiMn,Oyo LiTHRA
MnO, R, KRR, LiMn,Os PIARAT
3. 4 A ACMnIDMn(IV)O0,), 24 Li 4 d i
13 B R FRE I A 4 M R A I (A-MnOy),  BLIHR
KA, TR AT A= B 1% DY A4 BURT Li+
S YR R, A AR Y L AR A
Ry Jse Lt o007 A O WA Li R4 Iﬁﬁ

pH
6 Mn-H,0 Z[# g—pH K" ((Mn]=1 mmol/L)
Fig. 6 —pH diagram of Mn-H,0O system!” ([Mn]=
1 mmol/L)

0 4 8 1I2 1I6
pH
7 Li-Mn-H,0 Z[# g—pH K" ([Li]=[Mn]=1 mmol/L)
Fig. 7 ¢—pH diagram of Li-Mn-H,O system!"*! ([Li]=[Mn]=
1 mmol/L)

Li 2k A MnO; @itk 17142 8 LiMnyOge RIS, ATELE
#], {E[Li]=1 mmol/L i, JEZ4K LiMnO, XK, ¥t
BAEAR LiW 5 R, G LiMnO, 2 .

R K TP AEAE K Na*y KO Mg?", X seE 1
BRI HEXT LiMn, Oy i FEPESR PR IE T4, DRI b 22
#%¢(Na. K. Mg)-Mn-H,0 %. H#% LiMn,0, X}
Na' R FHPERE, PR B PR AL 1 mmol/L f¥) Na'5]
A Mn-H,0 #&&H, 715 %] Na-Mn-H,O %, W& 8
Fizm. B8 8 W%, fF Na-Mn-H,0 &, # 2 Bt
HITAS Mn,O, F85E X H IR 46 pH (A 7.27~16.87 (1)
Yo, 4i/N3 pH {HN 7.27~10.55 A/ R,  KHB
53 8% NaMnyO, W o [F]ISS, NaMnyO, iR 13557 1)
MnO, fll Mn;O,4 F8EX . HIE 8 h@LknT %, 5 Li'
kA MnO, AL, AR R BB AL HLAT 9<<0.48V. pH

pH
8 Na-Mn-H,0 &[] o—pH & ([Na]=[Mn]=1 mmol/L)
Fig. 8 ¢—pH diagram of Na-Mn-H,O system ([Na]=[Mn]=
1 mmol/L)
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e

i} 8.20~14.39 i, 1] & E 2MnO,+Na'+e— NaMn,0,
(R BV o

[ B, 76 Rk Mn-H,O A& H15] A 1 mol/L ] K*
Jis AR 9 Fias i K-Mn-H,0 % o—pH K. 5 &
8 KWL, fE K-Mn-H,0 &1, #2 Lok H g
Mn,O; F85E X HH 546 pH A 7.27~16.87 HIFEH4 /)N
2 pHAEA 7.27~9.38 HE/NX L, K58 KMn, 0,4
s A, KMnyOy 45 0E T #5750 MnO, 1 Mn;O,4
MASENX . HE 9 TIHIGZAT %, ik RIEIR K
LHLA. 9<0.55 V. pH & 7.02~13.80 K}, A k‘E
2MnO,+K +e—>KMn, O, [ )W o

FHEC Li. Na F1 Lis K, Liv Mg 48852 H i A48
RIS — KA. Rk, 4kEEAE Lid Mn-H,0 AR
FEIN 1 mmol/L ] Mg>' 5, Al 10 fia
Mg-Mn-H,0 &) o—pH K. 5K 8. 9 KWL, 1

pH
9 K-Mn-H,0 £ o—pH Kl ([K]=[Mn]=1 mmol/L)
Fig. 9 ¢—pH diagram of K-Mn-H,O system ([K]=[Mn]=
1 mmol/L)

E 10 Mg-Mn-H,0 &I g—pH K ([Mg]=[Mn]=1 mmol/L)
Fig. 10 ¢—pH diagram of Mg-Mn-H,0O system ([Mg]=
[Mn]=1 mmol/L)

Mg-Mn-H,0 &1, #J7% FiFEATRE Mn,O; o€
X H R 4A pH {H N 7.27~16.87 [F5EH, 46/ 5] pH {8
N 7.27~8.45 /MK I, K5 B Mgo sMnpO, 0 5
[ B Mgy sMn,04 AR T 850 MnO, Fl Mn3O4 1
X, HE 10 FR@ZnTEn, Uik R PIRRAL
A7 9<0.61 V, pH & 6.09~13.11 I, 0 K’E
2MnO,+0.5Mg” +e—Mgj sMn,O, I Y o

LA B 6~10 AHSG XAV R 2R 9 e tHER 9
ATELE S 7E Mn-HyO AR 4300 5 NAH ] 1251 52
1 mmol/L {J Li*. Na". K Mg™' 5, ¥HHBLT A
MR AR IR B X 8, Litfde K, Mg iIsE—, K'
M=, Na'fff/N, XAl MnO, fft Li's Na'. KAl
Mg> A IER SR o 24 MO, R B 1 K A IR i
NPT AT (R B BB A A )AL B sy, T 1% 1
1R 12 R A DXCIGEROK , 158 R B8 1 IR R P T
RZIFR o

9 Li. Na. K. Mgo—pH X EEH4 L
Table 9 Comparison of Li, Na, Mg and K areas in ¢p—pH

diagram
Transferred range
Mn,O; stable (MnO,/Manganate)
System
pH range - Polarized
P potential/V

Mn-H,O 6.09-16.87 - -
Li-Mn-H,O 0 4.59-10.85 0.79
Na-Mn-H,O 6.09—-10.55 8.20—-14.39 0.48
K-Mn-H,O 6.09-9.38 7.02—-13.80 0.55
Mg-Mn-H,0O 6.09-8.45 6.09-13.11 0.61

DA By o R, € LiTy Na's KA
Mg? Bk 1 mmol/Lo AR 92 FRER M i K Li*
WA, M Na™s Mg® s KON A LitWe g L1
H FEA. NI 2552 LiMnyO, 4] 55 Fr £R 15
i K IR O B 00, B DL B R R i Mg, Li
S LG ERIIK—T5 6 75 T 7Rk Eh I s 2K b 3 B B 2
THIKREES %P, Ik 10 Fisl, 2 H[Li]=30
mmol/L, [Na]=5 mol/L, [K]=0.2 mol/L, [Mg]=0.5
mol/L, 3 [Mn]=1 mmol/L, BT 125,

B2 Hlf) Li-Mn-H,0 % . Na-Mn-H,0 .
K-Mn-H,O %1 Mg-Mn-H,0 % ] o—pH &34 T E 0,
g B 11@)Fn. BE @)%, R Li'
WL A% 15 LiMn,O, AR 2 XK TH 55K, 11 NaMnyOy s
KMn,0, 1 Mgy sMnyO, 75 545 AH 4 X35, HLFR K4,
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Table 10  Partial compositions of salt lake brine and
intercrystalline brine in West Taijnar®”’
Ton Salt lake brine/ Intercrystalline brine/
(mgL) (mgL)
Li" 201.5 256
Na* 103 268 101 175
K 6 895 8 444
Mg* 13 650 15 737
‘@ o
~.MnO; n®4 (Na/K/Mg, s)Mn,0,
S e MnO?”
LiMn
ZS O_:l;/iil‘z;—\\l\f!l}ggtx; 20,MnO3N@
(Li/Na)MnO,
-1t Mn(OH), | -
Mn
27 Mn(OH)§>\
0 4 8 12 16
pH
@

»/V

0.1+ @
(©
o 0O
n
=-0.1F o Mg, sMnO,
3707 KMn,0,
-0.31
Mn2+
-0.4} _ z
Mn(OH), LiMnO,
-0.5r~ _
—f } N 1 1
0’68 10 12 14 16 18
pH

11 Li-Mn-H,0 %#. Na-Mn-H,0 %#. K-Mn-H,0 &#F
Mg-Mn-H,0 R o—pH &N

Fig.11 ¢—pH overlying diagrams of Li-Mn-H,0, Na-Mn-H,0,
K-Mn-H,O and Mg-Mn-H,O systems ((Na/K/Mgjs)Mn,O,
means combination of NaMn,O,, KMn,O, and Mg, sMn,0y):
[Li]=30 mmol/L, [Na]=5 mol/L, [K]=0.2 mol/L, [Mg]=0.5
mol/L, [Mn]=1 mmol/L

Li's Na'fl Mg ¥ HILT 2R LiMnO,« NaMnO, &
Mgo sMnO, ]335,  HJZR MgosMnO, 1 X i K.
NTEMAEERE, K 1121 MnO, #k Li's Na's K
H Mg B I AR A AT R IR R 10 XKD T 2R
MR AR X IR@TBOR, 4357 T B 11(b)Fl(e) s

B 11(b) T WL #7254 T A m R B AR
WAL HL A7 (9=0.87 V) Nk W] BLR 2 MnO, 36 J5 4
LiMn,O, {1 N, BER pH {EYE RN 3.85~9.75; Tt
MnO, 1 J5i 4 NaMn,O, AR AL HIAT 9=0.70 V, pH {E {1
[k 5.29~11.91; 14 J5 K KMn,O, IR AL AT 9=0.688
V, pH G 5.41~12.07; &R K Mgy sMn,O, Itk
AT 9=0.686 V, pHAHIEMHE N 5.42~12.09. Ub4F,
7t pH {HYLFH N 3.85~8.10 fI4ME R, Al k/E Mn* -
LiMn,0, E@&W 5 1M NaMn204\ KMn,0, Lj Mgy sMn,04
WIAREH Mn® BB A, 75 B S w8 i & pH
ZE R 25 My O3 X Mns Oy, S8k S5 A0 T 75 21
A AT, 75 pH 41F R, Li's Na's KR Mg™
192 it A1 B R AR A Be AR T A7 e . I 11(c) T I,
LiMn,O4. NaMn,O, 55 Mgy sMn,O4 8 J5 % LiMnO, .
NaMnO, K Mgy sMnO, AL HLAL 7350 h-0.32 V.,
—0.31 V 1 0.10 V. 0] WL, 7EJE il Z R BRI 3R 1 2
Mg 8RB 3

CLEAHTRI A, AEPEE S YRR K, R
Na' il Mg® (R BE LG Li 1 i B P2 4%, LiMn, O, H<1H
X L R R, pHAAEVEHY 3.85~9.75. RAR K
K pH (HAE 7 Zidi, HHURHENT, W E R XK R 46
pH B4 PF i 5 il & i B AR AL Ha AL 0.70 V<
0<<0.87 V, RiaJsc MnOZU\i7J<EPi§E€F2ﬁﬁi’\ Li' ¥
A LiMn,Oy; Btk Li'JG 19 LiMn, Oy 18 3318 1514 R 1A%
AT 9>0.87 V, B &4 LiMn,O4— MnO,+Li'+e
(RO B S A, AN AT A 12 R AT S M i 7K a4
PESRELIH Y.

3 Zig

1) AW ZHH T 1, HOSER A LiMn,Oy
MR HREC Lits Na's KA Mg*'isf, LiMn,O, X}
Li' RO RAFMIESETE: 76 Liv Na. K. Mg fil Mn
(B PR PE 40 1 mmol/L ¥R IR AR AL I, 5257
A A-MnO, HH 5 BIHERIIGF 4 Li'sMg> VK" Na';
2 I AR AL 2] 0.79 VIR, LiTsiA SG i A TE R
LiMn,Oy; Y20 R3] 0.61. 0.55 F10.48 V
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i, Mg*. KA Na" A3 BHR A o

2) PRI AE Na 0 Mg™ 1k 5 3z i T
LiWRBE (P8 & 35 T3 /R R 7K i, L SR A 56 T3 oAth
GBI BB E 0.70 V<p<0.87 V
VG, AT A-MnO, RIFTSEHLN LitH Kt Na's
Mg” B K AT 305 B9 # ik Li'J5 19 LiMn,O, 38 1 1
AR AT 2 9>0.87 V, AT SEHL Lit (19 B A 4
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