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BOA 1,53 AR KT 0.1 mol/L i HCLL X
D5 R AL T P507. (H AR A 25 /N T PSO7HY
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Cyanex 272 S0 T HUBLAGAE 77, (EA0 4% B 5t B 161
THAET R . B R E R 5B A R A T
WA L T 2 90 20 M 2 R o N
N'-Z(2- 2,3 O ) Jig 35 P 35 Jg 1R #L-2- 20 O ST
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N

P R 2 UM R S 48 A D 2 B AR IGRI 9 TR
AR FR B A P A IR R | 0 R A IO B R
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1 KR ERSY

1.1 AT FEHE

K P507 (> 95%, = "1k ik b T4 BR 2
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Fig. 1 Chemical structures of PS07 and HEDEAP
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[M],, = Vo ;o (D
E = %x 100% 5 (2)
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B= g;o (4)

A (M KA LB R0 1RV B2 mol/Ls
[ Moy — A LR B0 20 12 25 90 45 ¥ B, mol/ L;
[M ], —7K M i - 8 F ¥ 2. mol/L;
[M ], —A VLA F 4 B F F 4 % B2, mol/L;
Vo — KB . mL; Ve, — A LA . mL,
1.2.4 RERRK
FHRS MRS B A (AR FELY £ 280 MLAH I B A6 39 1%

WO T v 285 T PR P R TR T R 4 R
HF25 CHRY 15 mins ZJ5 BOH AT 0 70 AR
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AP EE Y 0. 03 mol/ L(HEDEAP-P507 JRA 1A
Z 1 HEDEAP F1 P507 SR 0. 03 mol/L) , /KAH

S x 100%, (5)

B LulD IR HEEE J9 6. 0X 10 ° mol/L. ¥tk pH=
2.0,MilL V, : V,=1: 1.l IR AR R b HE-
DEAP FEE R 7380 Coperap ) » I 28 AH S (8 Lu (1D #E
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Fig. 2 Distribution ratio of Lu( Il ) extraction in

different systems
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Fig. 3 Synergistic enhance coefficient of Lu( I[ ) by
mixture of HEDEAP-P507
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HIR A R 2 LuClD A9 2 BCE A B 5 09 1E P [
B . H 3 AT AE 2yenear = 0. 4 BF IR SRR
XF LuCllD B P28 REGR R KAE (1. 42)
AN 158 T HEDEAP-P507 1A 14 2 % HiAlb
i LB 2O . IR A 1R & T HEDEAP #
P507 & ¥k A 0. 03 mol/L, La** , Gd*" , Th*" |
Dy*" \Ho'" \Y*" \Ef" \Tm®" \YB" #l Lo’ 197K
WItE pH 43514 5. 68.3. 76.5. 12.4. 91,4, 81.4. 46,
3.25.4.45.2.81.2. 0, MLV, : V,=1: 1, HHE T
Zyepeap XA B PR AE RECH R, S5 R AN 4 B
No ATUEH IR AR R R 1 (L) P A R K
FEAF/NT 10, BHRA IR RN La B2 BCHA
PRV o i = (Gd) Y A6 B3 B 3085 10 1E
PR X E A £ (Th.Dy.Ho. Y. Er. Tm . Yb
L (9 % B ¥y 32 30 B &8 19 0F B 1) 2 i, B 7
Zyoeap = 0. 4 X T 4 (1 P 4K R B0 38 i KA
AHRE F P AE REOLER 1,
2.5
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Fig. 4 Synergistic enhance coefficients of REs at

different xy;ppap

# 1 HEDEAP-P507 BEEXEMBZLIHHMERY

Table 1 Synergistic enhance coefficients of REs by
mixture of HEDEAP and P507

TR L HEDEAP Ry x
La 0.2 1.26
Gd 0.4 1.43
Tb 0.4 1.53
Dy 0.4 1.71
Ho 0.4 1.83
Y 0.4 1. 80
Er 0.4 1.71
Tm 0.4 2.35
Yb 0.4 2.03
Lu 0.4 1.42

2.2 HEDEAP 5 P507 BEEZBEEXNER
B2 B s
W5 %) b T HEDEAP-P507 14 1k & it —

P507 Xof 5 s 4 11 i e 10 A R AT BILAE VR B Ry
0. 03 mol/ L, ZKAH Hh B - B ¥R FE4 0. 015 mol/L
(BT B T4 M 0. 003 mol/L) . Witk pH=
3.0, Hi— P507 {k & .HEDEAP-P507 B & 1k %
XEM RSB RSN E 2.3, ATLEH.
HEDEAP-P507 1B & % UM F % AH €5 51 7 4 19 43
BPEREML T 5 — P507 (K & ;2 pH=3. 0 i}, HE-
DEAP-P507 & & % W1k & %I Y/Ho. Er/Y.
Tm /Er.Yb/ Tm £l Lu/ Yb #4385 2 %053 5 1. 67,
1.76.4.50.1. 67 F1 2. 11; 4[] S 4 F , B — P507
PR R XX S TT R X 43 B R B 1. 46,1, 10,
1.32.1.19F1 1. 04, £ W5 & 8, HEDEAP-P507
TRA A BUAZRNT Lu/Yb B4 B R B T HoAth 25 B
R (F O, B0 5] A HEDEAPA B T4& 7+ P507
Xof AF AP FE A b A e B

R2 B-PSOTHEMERINSBERY
Table 2 Separation factors for adjacent HREs by P507 system

B Y Er Tm Yb Lu
Ho 1. 46 1. 37 1. 81 2.15 2.24
Y 1. 10 0.54 1.81 2.49
Er 1.32 1.57 1. 64
Tm 1.19 1.24
Yb 1.04

%& 3 HEDEAP-P507 BAGEMNERLIIERY
Table 3 Separation factors for HREs by mixture of
HEDEAP and P507 system

B Y Er Tm Yb Lu
Ho 1.67 2.94 13.2 22.1 46. 8
Y 1.76 7.94 13.3 28.1
Er 4. 50 7.52 15.9
Tm 1.67 3. 54
Yb 2.11

R4 TREBRMER/BERANESER TN E R
Table 4 Comparison of separation factors for adjacent HREs

using different acidic phosphorus extractants

R pH 8 2%
Er/Ho Tm/Er Yb/Tm Lu/Yb 3CHk

P204 1.0 1.70 1.50 1. 30 1.03 [20]
P507 Lo 1.25 1.33 1.12  1.13 [20]
HEHAMP 1.0 1.78 1.93 1. 36 1.24 [21]
HEHHAP 4.5 2.28 4. 29 1.59 1.63 [22]
HEHAPP —0.4 3. 36 2.65 4,12 2.20 [23]
Cyanex272 2.8  1.93  2.66  2.40  1.32 [24]
P227 0.7 2.27 3. 36 3.28 1.43 [25]
EEAMPA 1.0 1.71 1.97 2.37 1.63 [26]
USTB-1 4.0 2.16 2.32 2.85 1.52 [27]
USTB2 4.0  2.15 2.30 2.75  1.63 [28]
INET-3 2.4 2.28 2.96 2.82 1.74 [29]
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2.3 HEDEAP 5 P507 B &FEBEZE X Lu(1l)

B 1 [5] 25 BX AL 51
EAW5 20, HEDEAP (H, A,) TEth R A

S T L B T A O R
RE!, +Clo, +2H, Avy—>REH, CIA, o, +2H., .
7
K, Ky,—HEDEAP # B 19 52 - i 5 50,
P507 (H,B,) 2 BUR + 18 5L 5 f = ohBod,

REY +3H,B,,—>REB, « 3HB, +3H,. (8)
A rf . Ky —P507 AR - 19 SR F- 1 % %8

AT LR E RS HOR) o 1 AR/ AR R R
I CUNIE BEdse) DL = SRR A e % 0k
B ClATAES 5 B, L Lo® i 2 BOR 4], H: By
I7) A% H S 7 7 A XA 2 A

Luts, +2H, Awy + yHLB, -+ (3— ) Cl,
LuCli—o Ao Boy Hevoy-o0 FeHa o (9)
K, K HEDEAP-P507 R 4 1k & % R +
1 5 4
Do M K ap BB AT .

DAB _ [LU(/lm—.n ?ﬁ:’l}j}\jH(zﬁzra ] ; (10)

K. — [LUCLB—J-) Az.z BZy H(zﬁzrz >] [H{ ]:
v [ AT THB I [C T

XD AR A K 1o, I X (10) Bt %, #4328
(12),
lg Doy = lg Koy + 2zpH+ 2lg HL A, 1+
ylg[ H,B, ]+ (3 — 2)1g[Cl™ ], (12)

M E R 2y Moz R B AR IR
W% BCHLH, A LA A 0. 018 mol/L P507-
0.012 mol/L. HEDEAP, /K #1 4 0. 006 mol/L
LuCl, —0. 2 mol/L NaCl, 143k 2 % B3 47
R 4 R B P M E RS, B A K M pH,
Pilg Dag XF pH fE K, a0 & 5 FF 7=, W 51,
HEDEAP-P507 & & f LuCll) # lg Day-pH
MR R 0. 87, KM (OHOH W ¥R 1,
BPAE B B iz IR A R R S B 1 A 7 #
JKAH .

AFBL L 380 2o PR 22 U R rfoKORE 2 2 R 4 )
BN A LA [(P507 ]=0. 018 mol/L, 7K
L™ ]=0.006 mol/L.[Cl” ]=0.2 mol/L,
pH=3. 655 1F T . 8¢ HEDEAP ¥ &£, LA Ig Das
Xt gl Ho A, IWE & &5 R an &l 6 ff7m s A5 HLA [ HE-

(1D

DEAP] = 0.012 mol/L, /K # & [Lu" ] =
0.006 mol/L.[Cl” ]=0. 2 mol/L.pH=3. 65 &4
T Lok As P507 W BE, L lg Dap ¥ 1g[ HL B, WWE KL 45
BINE 7 i,

0.4 r

0.2
##50.87
s 00}
Q

2 —0.2
e Lu(ll)

—0.4
— A, R =0.99

_0.6 1 1 1 1 1 ]
08 1.0 12 14 16 1.8 2.0

pH

B 5 kKEBEXSELENFIE

Fig. 5 Effect of aqueous phase acidity on distribution ratio

0.5
[ ]
o3l AERN0
2
Q
L0
0.1F o Lu(ll)
— #WA,R*=0.99
_0.1 Il 1 1 1 1 J
—23 —22 —2.1 —2.0 —19 —1.8 —1.7
lg[HzAz]
E 6 HEDEAP iR & Xt 4 B Lt B9 52 g
Fig. 6 Effect of HEDEAP concentration on
distribution ratio
0.5 [
0.3 |
Qﬁ FEN1.15
L0
0.1 e Lu(ll
— #A,R*=0.98
p— .1 ) 1 1 1 J
—23 —22 —2.1 —20 —19 —1.8 —1.7
1g[H,B,]

B 7 P507 KEX B L H R

Fig.7 Effect of P507 concentration on distribution ratio

& 6.7 A 41 HEDEAP-P507 {4 Z& ' Lu (1D
1 1g Dap-lgl Ho Ay JHI g D ap-lg[ H, B, Tl £t 4
3 0,94 F1 1,15, RBIX (O = My ¥k
1, B ZE B 2 b A 2 4~ HEDEAP 43 F 1 2 4
P507 43 2 5 AU .

T B [ 26 BORE & P 52 A v P AR A A
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SFiE . HEDEAP-P507 1A R A + & F i &
T2 TFTABE TS S5 RN, Wik, HEDE-
AP-P507 1R A & 2 6 i £ 19 A B hy X nT 3%
RA
Ll 4+ H, Ave, + Hy By +2C1, 0%
Lu;A,B,Cl,, +HS, . (13)
B —ZE A R RINR G 25 A FR A B Lu DD 19 °F
firH B0 2% 5, HEDEAP-P507 184 4K &% Lu(llD
PR AE BT 4 50 g K N 3. 665 B — A UK 2 AR
B AEBUAR 2 LD i 26 BOP-5 5 B NEF N
K=Ky > Ko BUR R ZE BUAR R 2 G AR E TE N
H, A,-P507-Lu>P507-Lu>H, A,-Lu,

x5 AEEBRFRER Lu(ll)FEHEH
Table 5 Equilibrium constants for extraction of

Lu( 1l ) by different extraction systems

I ZEE e E M R B T
x6 BEEBRGRERLu(I)WBREEH
Table 6 Stability constants for extraction of Lu( I )

by mixed extraction systems

lg B lg B lg Bz

1. 90 0.74 2.64

lg Kal'? lg Kgb®! lg Kap

1.7640. 02 2.9240.03 3.664-0. 05

2 b A BRI AE [R] — 2 U 28 v ol o 2 A il
FasE 2 A, X (7). 8) M (13) HE
HEDEAP-P507 IR & WA R p ol g kA
S

LuA,Cl » 2HA -+ H,B, + HCl >
LUHABCIZ ° HA ® HB+H2A2; <14)

LuB, » 3HB+H, A, +2HCl >
LuHABCL « HA » HB-2H,B,:  (15)

. SHB 4 3HCI >

LuA,Cl « 2HA+LuB,
2LuHARBCI, - HA « HB+H,B,., (16)
TR A% G SV R A E H R B AT LR R OA
lg i = lg Kas — g Ka; (17)
lg B, = lg Kap — lg Ky; (18
lg B = 2lg Kag — lg Ky —lg Ky, (19
b3 2 2R A A RS E R R AR AR

6, ATLAHH: B >0 >R XA (16) L=
ADHFA T 5 kA H ARG % BUEA R
Uk UL E HEDEAP-P507 1R & # KUk &
WL P507 i [7 T HUC HEDEAP JE % 3 £ i (10 A4
&% LuHABCL, « HA « HB, X #fh34 a] J] 2
[] 457 BHL %% 17 £ B . B T HEDEAP %5 Ja] {3 fHL K F
P507, H B A5 & W) o BEL B, 25 4 AN FE
A, 78 P507 AR5 HEDEAP 195 72 v fir i

S ) B A B A G 2 g R 1A A T A7
FRAE L X 5 — A B IR A AR O B P AR T
WAk HE AT Hr . 25 R B 8 TR .
Tuﬁtﬂ HEDEAPYS P507 78 iR & Wi J5 % 45

fIE "B RE H i R i 0 R R AR B B L (HL 3R
LuCll) 5 s HEDEAP-P507 iR & & % th P=O
KM R BARMN1220em ' BEABE
1165 em " R B BB A R F2 5
Bepr; (A B & IRA R P-OH A&
2 603.2 330,1 682 F11 698 cm ' 45 &b ff) W Wiz I 55
JBE R B IR A R R B P—OH 3 4]
MR R T G S 5 18 F I AL,
MARARE LD BTN, HE L, RE
R EXT LuCllD) B 2 BGEAE FH 25 7 22 e pL i I 1
Bif 5 v E A B

HEDEAP-P507-Lu
HEDEAP-P507

. 233 693
= [ps07 Y

4 2603 1683
o

% | HEDEAP 3 603 2330 1 682

1 1 1 1 1 1 ]

40003 5003 0002 5002 0001 5001 000 500
PWH/em™!

B8 FEEFMESYWHLLIEIE

Fig. 8 IR spectra of extractants and extracted complex

2.4 REX HEDEAP-P507 B & &k & th 5 % BX
Lu( 1) m

FHHLA K 0. 04 mol/L. HEDEAP-0. 06 mol/L
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Synergistic Extraction of Heavy Rare Earths Using Acidic Phosphine Mixed System

CHEN Luyan'?,ZHOU Jie"? ,DENG Bicheng"?,KUANG Wangqgiang'?,ZHOU Jieying'*?,
HUANG Yabin"? ,KUANG Shengting'*, LIAO Wuping'**

(1. Institute of Material and Chemistry ,Ganjiang Innovation Academy ,Chinese Academy of
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Abstract: The extraction and separation of heavy rare earths (HREs) by a mixed extraction system
composed of N, N’-di ( 2-ethylhexyl) aminomethyl phosphonic acid mono-2-ethylhexyl ester
(HEDEAP,H, A,) ,2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (P507,H,B,) and n-heptane
were investigated. The results show that the HEDEAP-P507 mixed system exhibits positive
synergistic effects on HREs extraction. Under optimal conditions (HEDEAP molar fraction of 0. 4,pH
2.0,phase ratio(V, : V,) of 1 : 1 and temperature of 25 C).the maximum synergistic coefficient for
Lu(lll) extraction can reach 1. 42, The separation factors for Y/Ho,Er/Y,Tm/Er,Yb/Tm and Lu/Yb
are determined as 1. 67,1.76,4.5,1. 67 and 2. 11, respectively, surpassing those of the single P507
system. FT-IR analysis result reveals the participation of P-——OH and P=—0O groups in coordination
reactions. Slope analysis indicates the possible formation of REH;A,B,Cl, as the synergistic
complexes. The loading capacity of the mixed system containing 12 % HEDEAP and 18 % P507 for
LuClll) is measured to be 32. 4 g/L (calculated as Lu, ;). The HREs loaded in the mixed system is
easy to be stripping. The Lu(lll) stripping rate is 80% with 1.0 mol/L HCl,and the stripping acidity
required for the same stripping rate is much lower than of P507 system (4.0 mol/L). Compared to the
sole P507 system, the HEDEAP-P507 mixed system significantly enhances extraction selectivity for
HRESs while reducing stripping acidity requirements, demonstrating substantial scientific significance
and promising application potential for selective separation of HREs.

Key words: heavy rare earths;separation;synergistic extraction;aminophosphonic acid; P507



