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Thermodynamics analysis of
Li-extraction from brine using FePO, ion-sieve
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Abstract: LiFePOy/FePO, material was chosen as ion-sieve for selectively extracting Li from high Mg/Li mass ratio
brine. Thermodynamic analysis was conducted about selectivity of adsorption of Na®, K*, Mg®" and Li" by FePO,
ion-sieve. The corresponding ¢-pH diagrams of Me (Li, Na, K, Mg)-Fe-P-H,0 system at 298.15K were plotted and
analyzed. The results show that, under the condition of ion concentration 0.1 mol/L, the redox potential of Me (Li, Na, K,
Mg)-Fe-P-H,0 system is controlled not higher than 0.36V (vs SCE), Fe*" in FePOj is reduced to Fe**, and, Li" is inserted
into FePO, crystal lattice to form LiFePO, synchronously. KFePO4 and NaFePO, will not be obtained until the potential
of the system is reduced to 0.132 V and 0.073 V, respectively. Li" is absorbed preferentially compared with Na" and K
by FePQ, ion-sieve. Mg, sFePO, can’t exist steadily in the studied range, which means that Mg2+ can’t be absorbed by the
material. Therefore, the FePO, ion-sieve can be used to selectively extract Li" when the redox potential being set within
0.173~0.33 V. After extraction, Li can be de-intercalated from LiFePO, by setting the potential of system above 0.33 V.
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Table 1 Thermodynamic data of ion and compounds containing Fe, Li, Na, Mg, and K
Component AG/(kJ-mol ) Component AG/(KImol ) Component AG/(KImol )
Fe?' -78.751 H,PO, -1135.776 Na'2! —261.885
Fe* ' —4.545 HPO,> ] —1 094.709 Mg —454.829
Fe(OH),™*! —492.582 PO -1 005.905 K —282.476
Fe(OH),” —683.835 H;PO," -1 148.02 KC1# —408.754
Fe(OH), —845.043 Fey(PO,), —2 444.80 KNO,* —394.705
Mg(OH),?" —833.644 NaCl1?! —384.024 K,SO,# -1 319.684
NaFePO,*! —1459.2 NaNO,;?! —387.007 K,Si0,* —1455.733
MgHPO,-3H,0"% —2288.9 Na,SO,2! —1269.848 KAISi,04* -2 871.401
Mg;(POy),*! -3 538.696 Na,Si0;! —1467.389 KClO,# -300.277
Na;PO,! —1 788.622 NaAlSi,O¢?! —2 854.075 KAISiO -2 005.333
Li‘?% —292.607 NaClO4*! —254.234 KOHP? —378.858
H,0™! —-237.19 NaAlSiO —1 980.009 K;PO,# -1 858.94
FePO,2H,0™! —1 645.483 NaOH™"! —379.737 LiFePO, -1517.7
0 R2 BARBIR TR R AC T A A R g g
‘—;; Table 2 g; values of each basic unit needed in Hazen model
g 500 2]
5 (kJ-mol )
= ~10001 Basic unit g Ag;
é 15001 P,0s -1636.94 8.44
g FeO —269.53 3.17
2 ~2000F MgO ~628.52 3.87
@é -2500f
< MeAlSi,0 51 KRN pH 5B T 2 AR5 R T

| | |
-3000 -2500 -2000 -1500 -1000 -500 0
A G® of sodium salt/(kJ-mol™")
1 Na#hl K SBIAGOHIIF RENEL R
Fig. 1 Linearity relation of AG® between sodium compounds

and potassium compounds
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%£3 Fe-P-H,0 &. Li-Fe-P-H,0 &, Na-Fe-P-H,0 #. K-Fe-P-H,0 &L} Mg-Fe-P-H,0 F H 1167 WA 298.15 K R I o
{5 p—pH i
Table 3 ¢—pH formula of equilibrium reactions in Fe-P-H,O, Li-Fe-P-H,O, Na-Fe-P-H,0O, K-Fe-P-H,O and Mg-Fe-P-H,0O
systems at 298.15 K

Number Reaction formula ¢-pH formula
1 Fe**+e=Fe** ¢=0.769-0.0591 Ig c¢(Fe*)+0.0591 Ig c(Fe’")
2 Fe*'+H;P0,=FePO,+3H" pH=—1.871-1/3 Ig c(Fe*")~1/3 Ig c(H;POy)
, . ¢=0.437-0.0591 g c(Fe*")—
3 FePO,+3H " +e=Fe*'+H;PO,
0. 05911g ¢(H;P0,4)—0.177pH
4 FePO,+Li +e=LiFePO, 9=0.420+0.0591 Ig ¢(Li")
5 FePO4+3H,0+3Li'=Fe(OH);+Li;PO,+3H’ pH=8.003-Ig ¢(Li")
6 Fe*'+H;PO,+Li"=LiFePO,+3H" pH=0.098 —1/31g c(Li")~1/31g c(Fe*")~1/31g ¢(H;POy)
7 LiFePO,+2H,0+2Li"*=Fe(OH),+Li;PO,+2H" pH=11.537-1g ¢(Li")
) } . . ¢=2.6278—0.118 lg ¢(Li")—0.237 pH+
8 Fe(OH), +Li;PO4+4H +e=LiFePO,+2Li"+4H,0
0.0591 lg c(Fe(OH),)
9 Fe(OH);+Li;PO4+3H +e=LiFePO,+2Li'+3H,0 ¢=1.840-0.118 g ¢(Li")—0.177 pH
10 Fe(OH), +H'=Fe(OH);+H,0 pH=13.316 +lg c(Fe(OH), )
11 Fe(OH), +et+2H '=Fe(OH),+2H,0 9=1.263 —0.118 pH+0.0591 g c(Fe(OH), )
12 Fe(OH);+H "+e=Fe(OH),+H,0 ¢=0.476 —0.0591 pH
13 H,PO, +H'=H;PO, pH=2.146 + g ¢(H,PO,")
14 HPO,” +H'=H,PO, pH=7.4 —Ig ¢(H,PO, )+lg c(HPO, )
15 PO, +H'=HPO,’ pH=15.556 —1g c(HPO,* )+lg ¢(PO,*)
16 Li;PO4+2H"=3Li"+H,PO, pH=5.305 —1.5 lg ¢(Li")
17 0.50,+2H'+2e=H,0 ¢=1.229-0.0591pH
18 2H'+2e=H, »=—0.0591pH
19 Fe*'+H;P0,=Fe3(PO,),+6H' pH=2.554 —0.5 Ig c(Fe*")—1/3 lg c(H;PO,)
20 3FePO,+2H +3e=Fes3(PO4),+H,PO, ¢=0.0924-0.0394pH—0.0197 lg c(H,PO,")
21 3FePO,+H +3e=Fe;(PO,),+HPO,’ ¢=—0.0494-0.0197pH—0.0296 Ig c(HPO,>)
22 Fe3(PO4),+6H,0=3Fe(OH),+2HPO,” +4H' pH=8.793+0.5 Ig ¢(HPO,* ")
23 3Fe(OH);+2HPO,* +7H +3e=Fe;(PO,),+9H,0 9=1.170-0.138pH+0.0394 Ig ¢(HPO,* ")
24 3Fe’ +2H,P0, =Fe3(PO,),+4H' pH=0.414-0.75 lg c(Fe*")~0.5 lg c(H,PO4")
25 3FePO4+3e=Fe;(PO,),+PO,’ 9=—0.356-0.0197 1g ¢(PO,>")
26 Fe**+H;PO4+Na ' =NaFePO,+3H' pH=1.720—1/31g c(Fe*")—1/31g c(H3PO,4)—1/31g ¢(Na")
27 FePO,+Na'+e=NaFePO, 9=0.132+0.0591 Ig c(Na")
28 NaFePO,+2H,0=Fe(OH),+Na'+HPO,* +H' pH=14.786+1g c(HPO,” )+lg c(Na")
29 Fe(OH);+Na"+HPO,* +2H +e=NaFePO,+3H,0 9=1.35140.0591 Ig ¢(Na")+0.0591 lg ¢(HPO,* )-0.118pH
} ) } 9=2.138 +0.0591 Ig ¢(Na")+0.0591 Ig ¢(HPO,* )+
30 Fe(OH), +Na'+HPO,* +3H +e=NaFePO,+4H,0
0.0591 lg ¢(Fe(OH),)—0.177 pH
31 Fe3(PO,) +H,PO, +3Na'=3NaFePO,+2H'’ pH=-0.996-0.5 Ig c(H,PO, )—1.5 Ig ¢(Na")
32 Fe*'+H;PO4+K ' =KFePO,+3H’ pH=1.388—1/31g c(Fe*")—1/31g c(H;PO,)—1/31g ¢(K")
33 Fe*'+H,PO, +K'=KFePO,+2H’ pH=1.010—1/2 lgc(Fe*)—1/2 1gc(H,PO, )—1/3 1ge(K)
34 FePO,+K ' +e=KFePO, 9=0.191+0.0591 Ig ¢(K")
35 Fe3(PO,) +H,PO, +3K ' =3KFePO,+2H' pH=-2.490-0.5 Ig c(H,PO, )—1.5 Ig ¢(K")
36 Fe(OH),+K'+HPO,* +H '=NaFePO4+2H,0 pH=15.781+lg c(HPO,* )+lg ¢(K")
37 Fe(OH);+K +HPO,* +2H'+e=NaFePO,+3H,0 ¢=—0.118 pH+0.059 11g c(HPO,*)+0.059 11g c(K")+1.410
38 Fe**+H,PO, +1/2Mg*'=Mg, ,FePO,+2H' pH=3.476—1/2lg c(H,PO,)—1/4lg c(Mg*")—1/2lg c(Fe*")
} ) } 9=2.197 +0.0591 Ig ¢(K")+0.0591 Ig ¢(HPO,* )+
39 Fe(OH), +K'+HPO,* +3H'+e¢=KFePO,+4H,0
0.0591 lg c(Fe(OH),)—0.177 pH
40 Fe?"+H;PO4+1/2Mg*' =Mg, ,FePO,+2H' pH=3.032—1/31g c(H3PO,)—1/61g c(Mg*")—1/31g c(Fe*")
41 FePO,+1/2Mg? +e=Mg; ,FePO, 9=—0.102+0.0296 lg c(Mg*")
42 Fe3(PO4)+3/2Mg” +H,PO, =3Mg, ,FePO,+2H' pH=4.908 —1/2lg c(H,PO,)—3/4lg c(Mg™")
43 2FePO,+MgHPO,-3H,0+2e+H =2Mg, ,FePO,+H,PO, +3H,0 ¢=—0.0648-0.0296 lg c(H,PO4)—0.0296pH
44 2FePO,+MgHPO,-3H,0+2e=2Mg, ,FePO,+HPO,> +3H,0 ¢=—0.490-0.02961g ¢(HPO,>)
45 2Fe;(PO,),+3MgHPO,-3H,0=6Mg, ,FePO4+H +9H,0+H,PO, pH=12.657-1g c(H,PO,")
46 14H +4HPO,* +6Fe(OH);+Mg3(PO,)r+6e=6Mg, ,FePO,+18H,0 9=1.144 —0.138pH+0.0394 1g ¢c(HPO,?)
} ) 9=2.401-0.236 pH+0.0591 g c(HPO,* )+
47 2Fe(OH), +Mg(OH),+8H"+2HPO,> +2e=2Mg; ,FePO4+10H,0
0.0591 lg c(Fe(OH), )
48 8H ' +4HPO,* +6Fe(OH),+Mg3(PO,),=6Mg; n,FePO4+12H,0 pH=8.470—1/2lg c(HPO,”")
49 2Fe(OH),+ Mg(OH),+6H +2HPO,> =2Mg, ,FePO,+6H,0 pH=9.610+1/2lg ¢(HPO,*")
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Fig. 2 ¢—pH diagram of Fe-P-H,0O system ([Fe]=[P]=0.1
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Fig. 3 ¢—pH diagram of Li-Fe-P-H,O system ([Li]=[Fe]=
[P]=0.1 mol/L)!'¥
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Fig. 4 ¢—pH diagram of Na-Fe-P-H,O system ([Na]=[Fe]=
[P]=0.1 mol/L)
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1.5
1.0

0.5
2
S

0

-0.5

-1.0

Fe(OH),

-1.5L1 I I I I 1 I I 1
2 0 2 4 6 8 10 12 14 16

5 K-Fe-P-H,0 % ¢—pH K/([K]=[Fe]=[P]=0.1 mol/L)
Fig. 5 ¢—pH diagram of K-Fe-P-H,O system ([K]=[Fe]=
[P]=0.1 mol/L)

KFePO, + Li'=LiFePO,+K", 1gk=3.87 (51)

RRAF RS DT K=7.5X10°, [AFEA]
K1 FePO, X Li R B K F K.

AL TR0 7 B AR o3 B, BRI 70 B 2 SRl
K PERE R 2, e R )@, X2 R H HT
IR — KAES . HIE 6 FTni Mg-Fe-P-H,0 % ¢
—pH Kl Al %0, &EP PEIR B, Mg EE U
MgHPO,-3H,0 Fil Mg;(POy), [MIEAFAE, Fe NILL

FePO, Ml Fe;(PO,), ML & A7 e . RAETIHTL
Mg sFePO, 1182 8 X, W4 ) =ik & 4FF
Mgy sFePO, 74K R R RERE A7 45, B Mg R BEIEN
FePO, /i1 Mg, sFePOy, #52, FePO, B 1
Mg BATR R

2.0

-1.5L1 I I I I 1 I I 1
2 0 2 4 6 8 10 12 14 16

6 Mg-Fe-P-H,0 & ¢o—pH K| ([Mg]=[Fe]=[P]=0.1 mol/L)
Fig. 6 ¢—pH diagram of Mg-Fe-P-H,O system ([Mg]=
[Fe]=[P]=0.1 mol/L)

Mg, sFePO,+ Li'=LiFePO,+0.5Mg>", 1gk=8.8  (52)

TSR TR (52) ) 5 SO PR B K il
6.3 X 10%, Ut W Rl 48 17 7/ MgosFePO,, LA )
LiFePO, I3 2 a3l R o

LA BT E T R, B3 Na™y K Mg
LiVREHR 0.1 mol/L. 4R, SEFRERA =ik Lit ik
JERME, 1 Na's Mg s KR EIh Litf L+ 22
EEARE . AT EFEEE FePO, B Tt SE R 2Rl
Bl 7K B (R BRI 0, 3 DA ] Y i Mg 1 Li Joit i
LU BRI 7K—G 5 75 P 2K BRA e 7K 2 B RH 251 1)
WEEAESZE, WK 4 i), 43I [Li]= 0.03 mol/L,
[Na]=5 mol/L, [K]=0.2 mol/L, [Mg]=0.6 mol/L, HX
[Fe]=[P]=0.1 mol/L, HEATHIIZIH . WLl
Li-Fe-P-H,0 %. Na-Fe-P-H,0 & fl K-Fe-P-H,0 & ¢o—
pH i TE 0, P RwE 7 o tHE 7 w4,
LiFePO, [f1fs e X AR IH I K. 1 FLRIAE Mg® ik g JﬁJ
0.6 mol/L, {E#IJTHEAAF T MgosFePO4 K IHAfE
SEAFAE

HE 7 THO. @, @ 3 LT H: R
(AL IR S HAT (9=0.33 V) FEiAT LR A: FePO, 165
4 LiFePO, I [ N, 1142 NaFePO4 F1 KFePO, P
IR R LA B 47, 4393 R 0.173 V. 0.150 V., 7E pH=
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Table 4 Partial compositions of lake water and intercrystal

brine in west Taijnar salt lake!"

lon Salt lake brine/ Intercrystalline
(mg'L™) brine/(mg-L ")
Li" 201.5 256
Na* 103 268 101 175
K 6 895 8 444
Mg* 13 650 15737
2.0

1.5 I I I ! |
-2 0 2 4 6 8

| | 1
10 12 14 16

7 Li-Fe-P-H,0 #. Na-Fe-P-H,0 F#Fl K-Fe-P-H,0 %
o—pH &Nk

Fig. 7 ¢—pH overlying diagram of Li-Fe-P-H,O, Na-Fe-
P-H,0 and K-Fe-P-H,O system ([Li]=0.03 mol/L, [Na]=5
mol/L, [K]=0.2 mol/L, [Fe]=[P]=0.1 mol/L)

1.27 I, BIAT &2 Fe*"—LiFePO, ) [ W ; 1] NaFePO,-+
KFePO, )55l 75 BiAE pH=2.15 M pH=2.28 it} 4 i
o fEm pH 44 F, Li' B LisPO4 YTUE, 1fi Nav K
KIH LA Na"Fl KT A2 4E, b S 80E s pH &4 T,
£j NaFePO, fll KFePO, L, LiFePO, f s PEAHX T4
7. HEL BT, P IR ER KK FePO,
BT IR IHRT Li A i s BEIE Rk o RAR 7K pH {HL7E
7 FeAT, HbAERT, SRR kK 5SS pH (4 R
TR RIA R AT 0.173 V<¢<<0.33 V, BTz
FePO, & Tkt 5 Li' [ BV AE B LiFePOy: Kk
Li J&1f) FePO, -1 i i ok 1 15 4 2 1) S A ade J v 47
9>0.33 V, BIA %L LiFePO,— FePO,+Li'+e [/}
BN, ANWTIE PR 0 A5 BT SO0 A s B L sl B
KR PRSI H AR

FET RSB, AR SCVER 4 H A FH IRk 2 ik
A7 K IR, SRR RE A 1) TR N SRR

AN TR RO AIE R HATL, Al LiFePO, ) —
MBS AR, SOE R Lit g5k i, ki
il % H FePO, 25 1-ii; 2) Ff FePO, & T A2 kiZK
o, PR ER LAY, A RSO R S AL SR A
TR I IR ) FePO, B 1 4 Mt Lit fikd¥
PE, K Li' S RN BB 10 fn kg, 5B R
A1 84 [ LiFePO,: 3) MMMt Li J5 M Bs 0,
LiFePOy, {EfENTARTPER(D)ISRE, BInPEE Li 2647
JRE PR —a 4, SEIL I /KIE BB, LI LiFePO, T3
A FePOy B0t MEIMEH . 5 &S50 R 514l
b, FePO, &1 L5 Zd= bk R AL, Joigiitr
VAR AL, W] DLRE S B 1R R . BESR LiFePO,
KV RS AR IR AR AR LF, W LA
SRR I S A R A FH R

3 Zig

1) IEHFAREMEEN] KFePO, ] AGOHEAT T
5L, FHE HIM AR Mgy sFePO, 1] AGOBEIT T
s, %7 29815 K. B 7Kk E 0.1 mol/L ¥
Fe-P-H,0 %. Li-Fe-P-H,0 %. Na-Fe-P-H,0 %. K-
Fe-P-H,0 %Ll J Mg-Fe-P-H,0 % o—pH K. A&
LrF%F] 0.36 V If, Li'fik \ FePO, fi#%E i LiFePO,;
KFePO,. NaFePOy (142 e 73 1) 75 42 0.132 V #10.073
V B R HLA .

2) KR4 P & 35 J9 R ERi e K A R S
(Li~ Na. Mg. K)# 21 Me(Li, Na, K, Mg)-Fe-P-H,0
RS o—pH &, MR EY : A5 RIRpGK GG
pH &1E N, BAA R HA N 0.173 V<p<<0.33 V (]
TG FH, FePO, B 79I AT SEBT Lit 55 AR Na*s Mg?'
KPR 80000 25, ik Li J5 16 FePO, 2510 i ik 1 1744
IR AT 9>0.33 V, A SEIL Li 1Y M B AT s 4R

3) WIS EERT FePO, B 11 p /K S8R4T
G387, UEW] T FePO4 851 i s BRBEEL . iy i pi /K
HPIE PSR T RENE, D SEIRBR AL T B ARE
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