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Abstract

In Japan, the mid-1980s, the fluoride source electrolysis of Nd and other rare earths was
developed and commercialized. Commercial fluoride source electrolysis is an electrolytic process
that was transiently used to change to the oxide source electrolysis, for the release of global
warming gas, it is currently not done method. But fluoride source electrolysis is important to
consider the characteristics of the electrolysis of rare earth. Single electrolysis of some of the rare
earths from the La to Yb, the influence of rare earth impurities, further behavior of each rare
earth in rare earth mixed system, in particular, from the viewpoint of the influence of ion valence
on the electrolytic, are summarized. Rare earth has generally a trivalent ion. It shows a unique
phenomenon in the case of the divalent or tetravalent element is present. Ce has trivalent and
tetravalent, in the fluoride source electrolysis, the current efficiency is extremely low, it is
presumed that happened Ce’" 2 Ce®" of electrode reaction. Sm has divalent and trivalent, there
is Sm*" 2 Sm?®" reactions at the electrode, and at the electrolytic temperature, the
disproportionation reaction of the Sm + 2SmF; 2 3SmF. has been found to occurs in the bath.
Sm in Nd electrolytic bath results in a decrease in current efficiency. As a result, we have
established a mass-production process of oxide electrolysis of Nd-Fe and Dy-Fe, less oxygen and
carbon contamination, which can be used as a raw material for functional materials.
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Table 1 Physical properties of rare earths

Element Sym- Melting  Boiling  Stable
bol p.(C)*  p.(C)*  valence*2
Scandium Sc 1,541 2,836 2+,3+
Yttrium Y 1,522 3,338 3+
Lanthanum La 918 3,464 3+
Cerium Ce 798 3,433 3+,4+
Praseodymium  Pr 931 3,520 3+,4+
Neodymium Nd 1,021 3,074 2+,3+,(4+)
Promethium Pm 1,042 3,000
Samarium Sm 1,074 1,794 2+,3+
Europium Eu 822 1,527 2+,3+,(4+)
Gadolinium Gd 1,313 3,273 3+
Terbium Tb 1,356 3,230 3+,4+
Dysprosium Dy 1,412 2,567 2+,3+,(4+)
Holmium Ho 1,474 2,700 2+,3+
Erbium Er 1,529 2,868 3+
Thulium Tm 1,545 1,950 2+,3+
Ytterbium Yb 819 1,196 24,3+
Lutetium Lu 1,663 3,402 3+

* Beaudry ; Hand book on the Physics and Chemistry of RE, 1,225(1978)
*2  G. Adachi; No.1 Summer seminar text (1984)
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Fig. 1 Decomposition Voltage of rare earths
Fluoride E° or AG® from W. J. Hamer (1965),

O. Greis (1982), Gmelin (1976)
Oxide AG® from Gmelin (1976), Battelle (1959)
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Table 2 Results in 10 A scale electrolysis by consumable cathode

Rare Cathode Source Temp. Current Voltage Anode gf};irg:;cy
con-sumption(%o)**

earth & C A \Y% %
Y Ni F 839 75 6.3 202 67
La Ni 0 854 4.0 2.8 249 80
Ce Fe F 809 9.4 3.8 26 22
Mm Ni F 806 9.0 3.8 63 31
Pr Ni F 835 4.0 75 147 80
Pr Fe F 833 5.9 6.7 240 73
Nd-Pr Fe F 840 52 6.5 184 62
Nd Fe F 835 5.9 6.3 171 70
Sm Co 0 904 44 3.0 146 0
Sm Co F 837 6.3 6.8 194 0
Gd Fe F 880 9.2 6.0 171 58
Gd Co F 831 8.0 6.0 173 71
Gd-Tb Co F 815 75 7.2 146 79
Tb Fe 0 938 4.0 2.5 236 53
Tb Fe F 901 6.2 6.4 89 80
Tb Co F 791 7.2 7.1 121 59
Dy Fe F 894 9.1 5.9 211 59
Er Ni F 899 8.9 5.4 55

*  F:Fluorid, O:Oxide, ** Vs. Theoretical value

OFREMCE G AEE SN, I IcSm? S-S N5 L1

FETHESm? —>Sm?*, % 7l TISmt —Sm®* o K \ ®

BHLZ B b AR ST, PO, t/

_...nl | ﬁ

2.2.2 50 ABBBERLEER —ﬂ"——ﬁ b ? 1
— 7750 AU O B AR T 1L E AR B O 2 R i ' 1 G =

EORBEANYL L, BHR, SRR O AR, ‘ J

LA GOWEORELHR, 7 v (CHEHCOBMRTE | OFeder | lﬂ:"

7ACCD% % MI5E L 7o, & t#kitLla, Nd, Pr, Th, @Shooter I

Gd. Dy#i3 U, WHiLIKE Tk~ %7 182575 %, Mm @mold @%ﬁ, p |

SRAGHRTH S, 50 ABMMOERR 4 Fig. 2Ry, | @ewmbde @_ J] 'ﬁ]

BRSO DEI b RGETIECH 5 5 5 icmaeo [ St @] L e =

BiE 72 [EL b TR T A B g N % IS
ACCDIE ST, BALHARD b7 o femBmicests | gom ot L | !

+5ACCDBEET HH, & 6127 v (L BMO B W iray " =

IO RARD 5, JETH LN AR OMEFE. IR, @Alloy formed |

1000°CLLF T3k ERE D ACCDIX0. 25 A/cm?E TT (Electrolytic bath

BDHMNT AL ERE TIIRE L, TRICL > TELRDD0.5 ({Graphite crucible

~1.75 A/em* T - Tz, & HIZEIE TREDyIX 7 v (@Inconel chamber 5

TIS0CUUETIEF L. — At EM D ACCDILR & (@Electric furnace

O ERICE Y EMLI00CTIEL A/em? Bl Elc s, T | ©SUSid Lo ”\

61T IE850°C LA _E1000°C UL T T 7 AL M A £ L <, @®Gas nlet ube (ﬁé// EK)S (9

1000CEL E CRALI BRI C B = & o7z, 7ogs | DO outletiwbe ®

Al T EBMIF OAREREEI130. 8 A/cm*BETH S,
PLFIZ, £5ED10 A, 50 AEBROSEEITOER %

(30)

-124 -

Fig. 2 50 A Electrolytic furnace




4 2.00

5 OLa-Ni(F,95)

< 1.75 ©Pr-Nd-Fe (F.95)

> ADy-Fe(F,95)

'z 1.50 ODy-Fe (F, 3N)

=l 5

N IR LR AN

~— . A . _

5 Fluoride / L\ Pr-Nd-F(OD5

S 100 H

- / ‘

= ?

8075 A *

20.50

= / 1/ I*

2 y " -

s 0.25 — A U} Oxide

< - < __
0.00

800 850 900 950 1000 1050 1100 1150
Temperature(‘C)

Fig. 3 Anodic critical current density against tem-
perature

O : oxide, F : flouride, 95:95%grade source,

3N : 3Ngrade source

6
@)
@)

5 ©0 6. 8 O 8 8
S @) @)
\%’3 Fluoride
s 4
S
; @)
S 3
8
2 Oxide

1

0

Y La Ce Pr Nd Pm Sm Eu Gd Tb Dy
Element

Fig. 4 Decomposition Voltage measured for rare
earth fluoride and oxide

Fig. dicond, D REL CIEEEMbMIEe~2.5 VRERE, 7 v
1bixs VEEETH D05, Cel2iFidf3.5 VEKv, —fik
DICRIC DWW TIIMM DO IR REE L V0. 1~0.4 Viz &
FEVMERSE LN TWDS, —F, Efx#E 2 Fig. S5ITR7,
Ce. SmPISMFE0~85% 7R LTz, T REBROFER TILE
HTHEIY bEHHEOFPETFRERVMEZ R L TWD A3,
ADOHERLIZI000 ADRUF 27— VIR TOMEIE. 1§
ERBEDME TED2ND T, T REROERITIAH L 27 >
DK 72 EDHETERI b EEZI LD, Rl
DT ELCeCSMITMVMETH 5, 7238, THEBKLTILT »
b E MR IENd75%,. Dy85% T bW EM TITZ L V5
~10%IEFT25 L9 THD,

100
90
80 © A
S, BA gl --baem
g 60 - A ™~
. — T’ U
= ~To~—
250 (@)
g -
2 40
6 30 OLab. scale fluoride source [
Alndustrial fluoride source
@ Industrial oxide source
10
0 o

N4
Y LaCe Pr NdAPmSmEuGd Tb DyHo ErTmYb Lu

Element

Fig. 5 Current efficiencies obtained in the electrol-
ysis for bench scale and industrial scale
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Table 3 Results of various mischmetals electrolysis

Chang Cur-
Mixed Sour- | Ele- Bath Alloy ratio of rent
rare com- com- com-
ce memt .. .. . effi-
earths position | position | posi- .
. ciency
tion
(Alloy/
* 0, 0, 0,
& /o Bath) /o
La 27.5 43.8 1.6
Ce 50 26.0 0.5
(6] 57
Pr 53 7.2 1.4
Nomal Nd 17.2 22.6 1.3
Mm La 27.5 36.1 1.3
Ce 50 22.8 0.5
F 21
Pr 53 8.5 1.6
Nd 17.2 27.0 1.6
La 56.6 41.8 0.7
i Ce 13.5 17.6 1.3
La-rich F 43
Mm Pr 8.01 9.8 1.2
Nd 21.8 28.9 1.3
La 68.8 234 0.3
- Pr 8.2 17.6 2.1
Ce-free F 73
Mm Nd 223 58.8 2.6
Dy 0.08 0.2 2.9

* 0:0xide F:Fluoride
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R LTz, ZhiZPorterd CeBfit TERMRILTT v b
P CIHEW DL ER TITE N E WO RR ALY,
USBM T O 5 0 B i 805 37 %0 1LAK N S TE AR 1L AT BE O f
HBYLFERETH D, ZHEOMmMOFRILY B OB S EEE
IATONERDFEIO~8E%BHE=NTNDY, £, FE
BRCIRaBis b B s, BRnI3MoCeF,; & LiFo
RBE7 T DA, ZhicaflioCeO. % ANd Z L
XY, KOG

4Ce0O, + 2CeF; — 6CeOF + O,

BRIV REEL., BRSETTD LHEL .

225 BRICBI3FLTETROES. A4 U EHK
DEEDFELD
(1) FmHEOT AL O3 fREEL, 24l > 3l > 4 DIIE
IZE <, B TIEMfl >4l TH B,
(2) Celd3ffi. 4Min’d V. 7 v bW FEREMRTIL. Bif
RTINS <, Ce " 2Ce® " DB Z >
TS LRI NAEIIRETHD, LrL, Bbo
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CeO. JFEIDEMIIFTETH 5,

(3) SmiF2ffi, 3MMHAH Y, EMTSM* 2ZSm®* O K3
HY . FREMEE TIXB P TSm+2SmF, 23SmF, o
REHCITEBEZ D Z L3l o Te, T ORSRERSIRIT
KT 5., NdEMF AR SmILEMRICACCDIK T @
HEEMEEZD,

4) YbbSme& ke E 2R, DyEMICACCDILT,
ETSRIE TOESEY 5.2 5,

(5) Pr. ThiZafAFET 20, BE OMMOITHE L DR
A LT2REE TIERRITHTHE LT\,

6) 2 723l > Laldfh oo @ % o 3l 755 D BT % D
BATIEHERITHLIC <, FEICY I L 722vn,
(7) Mm7 v {b¥EfE TiECeZ %R TidLanfrHi 4 2 23,
BIRNEIPEN, Cenb i (Laz\WR) Tid, Ce

O HIEZ W Laoir iz e,

3. FIXMEEMR
31 FrELBRHERE

BAETEDS &R LEEBOBEELEICHN LN TND
kD E & aTable 412787, SmITETCIEDZETLARE
ECTL¥EMICESN, BRlROERS LOREKEREIZCa
BICECAESND, f DEOBRIIRCYFE B FE T,
EALY BRI E TIREREEREN H U BIET bt TV,
HAD 7 o LW FEHZ1990448 Tk L 72,

Nd & To#gEA - TIHKELS THi4 R O E TIRIE TH
DENEES T D, HIRTiEDL, Nd, Pr, MmizZ o
FiEThs, —J. Dyo X5 CEBSOHE. WA TH
W52 ePFRTHLOT, HEEREREEZHNS, &t
HeRL L TOMRTZOREPBEERE L DAE. &8
FLEYDOIEHTH Y, BEERE L DAL ETORNT
LR EE LA TH D, k. ZORKAERT I EED

KRR T, FEAHER IR BRI TIX, SR AR L IAE
B &R DOIRIE X O E AR EE T OIRIEIRARRARR & 72 5.,
Table SICPGEHMOBEBMBPEH CLrT. B, £
TROBMRELEFETHEONTZE&E. B80T E 4
AT, FAFEMEEEM B CESR S e, B (100 ppm
LLF). fR3E (300 ppmELTF, 3Nk TIiE100 ppm i)
REDRMB DY ERE e T e R AEY — AL L
TEMEMZLTnD,

Table 5 Specification and the results of commer-
cial electrolysis

Oxide or Fluoride

Type of electrolysis electrolysis

Products Mm, La, Nd, Di, Pr
Nd-Fe,Di-Fe,
Dy-Fe,Tb-Fe,Gd-Fe

Current 1~30 kA

Voltage 8~15V

Anode current density 0.3~3 Alem?

Cathode current density ~ 0.5~30 A/cm?

Hlectric on 7~12 kwh/kgRE

Current efficiency 80~90 %

Yield of products 90~98 %

Content of RE R:>99%

n R-Fe:R75~88%

3.2 BERFOBK
EfEE ORI D E E L TiE, AloEME & Rk B
FhrLBBEREL, FTHDA XN — L EZRIRIZT S S

Table 4 Classification of production method for rare earths

Method Source Type Lab. Preparation Comercial production
Country in
2015*5
Chloride K, Mg, Ca, Li La~Nd -
Oxide La, Mm, Sm, Eu, Tm, Yb Sm C *4
Thermal Fluoride Reductant C
Reduction Y, La~Lu except
Y, La~Lu except Sm,
Ca Eu. Yb Sm, Eu, Yb,
’ (small quantity)
Chloride Non-consumable*1 La~Nd Mm
Liquid *3 RE-Al RE-Mg Mm
) Oxide Non-consumable La~Nd Di, Nd, Mm C,JV
Elegtro_lytlc ) Cathode Consumable *2 Y~Dy Dy-Fe CJ
winning (Fluoride bath) ittt | etttk ettt ieeteieielnl Sttt
Liquid Y-Mg, Y-Al Mm
Fluoride Non-consumable La~Nd Nd, Di
Consumable La~Er RE-Fe

*1 non-consumable: Mo, W
*4 Reduction-distillation method

-127 -

*2 consumable: transition metal
*5 C: China, J: Japan, V: Vietnam

*3 Liquid alloy with Mg, Al, Zn and liquid Mm
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Nd-Fe, Dy-Fe. 61, MR T 1+ A7 . BREZERIC,

3N# D Th-Fe, Dy-Fe., Gd-Fe® 7 v {t¥)EfiE TORE N
fbxsek LT, 0%, PFCOREENH Y 19904EK127 v
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FEio, 7 oA EEMERE LV b BRI AR EE A3 1050~
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4. #E
(1) ORI BRI OREL 2 L 72, Mmi320

A O 2> AT OIS, 2 BER L TENAP R TH 5.

(2) NAdDOBEIZOWTIE, AARTIIIEEEREE ORI
FRIEMRZ BEICBE L 7205, 7 v EEF BRI X
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YRRV MR A ST L T2,

(3) AT A A TH B, 2UlLAME I FELE
T 5K TR 2B S 2R d. SmeCed 7 v LR
BFEM TITERDRITEV, Sm, YbO Rl oE
RICEZ B bz 25, CeldLMEMRMBATRETH S,

@) BE#, RFEOaL X IDA RV, Nd-Fe, Dy-Fes
DEET v 2 &SI LTz,

7 LHA R OBMBEICOW T MBI L 72, BA
RIS AR 57 HEO BRI O EFE T L. H
RTIEZEDEMZ L TWHDEN, ITHFESCX N FAICE
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