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Why do we have to recycle rare metals?

What will be the bottlenecks of
rare metal supply?
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Background and Keywords for Materials Research for
Development of Highly Sustainable Society

Smartphone, PC (Precious metals and rare metals)
Pro d U CtS Next Gen. Automobile (Running rare metals)
Next Gen. Airplane (Flying rare metals)
Next Gen. Robot (Moving rare metals)
Energy, Marine, Aerospace industries, etc.

Toward the global initiative of recycling
Advanced, sustainable society
Affluent life

Recycling technology
Rare metals & Precious metals

Global deployment of new tec “— _REdUCtion O_f _enVironmental
iImpact of mining

Mate”a.ls Environmentally sound recycling
Smelting technology Resource Sustainable system

: Human resource development
Environmental teChnO|Ogy Education of the Value of Nature

Improvement of global —
competitiveness
Direct global research topic

ogy

Materials engineering for establishing an advanced sustainable society /
Development of new integrated academic field for resource, environment, and recycling /
Inducing the paradigm shift of global vision related to resources and environment.

Fig. 1
Aiming to establish an advanced recycling society through various approaches, the pivotal items necessary to
realize a materials recycling society (rare metals and precious metals are shown as representatives) are listed. In

the future, recycling and environmental technologies for rare metals and precious metals will be key for a highly
sustainable society.



Background and Keywords for Materials Research for
Development of Highly Sustainable Society

Smartphone, PC (Precious metals and rare metals)

Prod u CtS Next Gen. Automobile (Running rare metals)
Next Gen. Airplane (Flying rare metals)

SN XFEEN. Mot%ving rare metals)
Energy, Marine, Aerosp®ag industries, etc.

Recycling technology S
Rare metals & Precious r}ﬁetals

Global é#€ployment of new tec “w— _REdUCtion O_f _enVironmenta'
Impact of mining

7 Materials | |
E I d |
p " Csmiiing chnoiog,  RESOUTCE  Smnamfnereerin

: Human resourgf€ development
Environmental teChn()logy Educatiory the Value of Nature

Toward the global initiative of recycling
Advanced, sustainable society
Affluent life -

Improvement of glgil —

competitiven?
Direct glopal‘research topic

ogy

Materials engineering for establishing an advanced sustainable soci;ty/
Development of new integrated academic field for resource, envirofiment, and recycling /
Inducing the paradigm shift of global vision related to resour and environment.

> Scope of m)Lr.eS'earch

Fig. 1

Aiming to establlsh anmanEeTrecyclmg society through various approaches, the pivotal items necessary to
realize a materials recycling society (rare metals and precious metals are shown as representatives) are listed. In
the future, recycling and environmental technologies for rare metals and precious metals will be key for a highly
sustainable society.



Development of new
up-grade recycling process of
titanium

Environmentally sound technology
for producing high-purity Ti
directly from Ti scraps



Up-grade recycling of titanium

Virgin feed
(Ti sponge)
(~ 500 ppmO) Secondary feed
(500 ~ 4000 ppmO) A deoxidation method,
l/ﬁ Scrap 2 that reduces the oxygen
concentration of Ti to

~ 2000 ppm.
(500 ~ 4000

ppmO)

. Direct the level of 500 mass
Let OXygen ppm O, decreases the
iy removal cascade use of Ti scrap

00 ~ 4000 ppmO) for Fe—Ti alloy.

Scrap 1 | In the future, recycling
(cascade recycling or of Ti scrap will be an

Ti product disposal) ke
(500 ~ 4000 ppmO) essential technology.

Fig. Material flow of Ti and its alloys with respect to the
oxygen concentration [16-Tanil].

[16-Tanil] Taninouchi Y, Hamanaka Y, and Okabe TH (2016) Electrochemical Deoxidation of Titanium and Its
Alloy Using Molten Magnesium Chloride. Metall. Mater. Trans. B 47(6): 3394—-3404.
doi: 10.1007/s11663-016-0792-9 10



Okabe Lab.

Resource Recovery and
Materials Process Engineering Laboratory

Process development of value added inorganic
materials.

Development of new titanium production process

Production of rare metal powder (Nb, Ta) production
for electronic application

Recycling of valuable met fL;sw :f/
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: Rare Metals

PGMs, REMs, Ga, Ta...




Material flow (substance flow)

People In developed countries import
rare metals from overseas, and produce
high-performance or high-tech products.
They believe that it contributes to the
environment...
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Material flow (substance flow)

D

People also know that
wastes are generated
when making things.
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Material flow (substance flow)
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Some people can imagine that an enormous

amount of waste Is generated in mining and
smelting
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Most of the people do not know that serious
environmental destruction occurs when mining or
smelting.
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Pipes coming from a rare earth smelting plant spew polluted water into a
vast tailings dam near Xinguang Village, located on the outskirts of the
city of Baotou in China's Inner Mongolia Autonomous Region
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Regarding the production and supply of

rare metals,
the main three items to consider

bottlenecks are as follows:

A: Resource Supply Restriction

B: Technology Restriction

C: Environmental Restriction



A: Resource Supply Restriction « Only this item “A”
attracts attention in

the media,

and the technical and
environmental
restrictions are not
reported much.
(Business companies
also often have
trouble with “B” and
“C” if they are

B: Technological C: Environmental reported.)
Restriction Restriction

Pt, Pd, Rh, Ru, Ir..

Fig. Key factors that determine rare metal supply.
Environmental and technological restrictions are the major
practical constraints, not the resource supply restriction,
especially for rare earth metals and many other rare metals.
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Fig. Global material flow for production of metals and alloys
of rare earth metals and waste treatment of the scrap.
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Why do we have to recycle rare metals?

What will be the bottlenecks of rare metal supply?
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of

rare earth ore

kfrom Australia

— . Metals, alloys,
purified oxide

Fig. Global material flow for production of metals and alloys
of rare earth metals and waste treatment of the scrap.
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China has extremely high quality mineral resource and
cheep labor.

Worlds’ 97 % supply is dominated by China.
Problems in supply of REE

Dy: ~$ 50 /kg Dy metal
Nd: <$ 10 /kg Nd metal

i China Dy ~$ 400 /kg Dy metal
i /,J\/‘“//\{Q&\ (max.> $3500 / kgDy !)
o Lt , o 4 Nd: ~$ 150 /kg Nd metal

OB T (max. $450 / kgNd 1)

Change in amount of production of REE, and share in supply of REE in 2006.
(USGS Mineral Commodity Summaries (2007))
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Grade of Nd & Dy in the ore.

Ore lon cray Bastnaesite Monazite
Mining Site Longnan Bayan Obo  Mt. Pass Mt. Weld
g (China) (China) (USA) (Australia)
REO grade in Ore 0.05~0.2 6.00 8.90 11.20
(Wt%)
Nd 3.00 18.50 12.00 15.00
Grade in REO (wt%)
Dy 6.70 0.10 trace 0.20
_ Nd 0.0015~0.006 1.11 1.068 1.68
Grade in Ore
(Wt%) 0.00335~
Dy 00134 0.006 trace 0.0224

Dy grade in ore Is very low, but
very easy to extract directly from ion clay...

O



Table 4 Unit mass of rare earth used for industrial
products (rough estimate).

Product Unit mass of RE
(kg RE / Unit)

Hybrid vehicle (HV) 0.25~1.25°
Electric vehicle (EV) 1.3~ 13kg RE magnet/EV
Power steering 0.09
Alr conditioner 0.12
Hard disk drive 0.01
Mobile phone 0.0005
MRIP 1500

a: In the case of hybrid vehicles (HV) unit mass of RE varies with

output power of motors.

Small HVs use about 0.25 kg/unit RE and large ones about 1.25 kg/unlt
b: Magnetic Resonance Imaging (MRI) units.



When producing high performance motors for HEV or EV,
about 1.3 kg of Rare earth magnet (Nd-Fe-B) Iis necessary. £

1.3 kg of Rare Earth magnet contains 7z .
21(~26)% of Neodymium (Nd) R 2
10( ~5)% of Dysprosium (Dy) ‘
(Rest: Boron)
— Magnet with high thermal stability requires large amount of Dy.

Ore grade of Nd is about 1% (Bastnaesite)
Ore grade of Dy is about 0.01%-0.003% (lon cray)

When producing high perfomance motors:
about 0.27 kg of Nd (31 kg of Bastnaesite ore)

about 0.17 kg of Dy (1 to 4 tons of lon cray)

are required.
For producing one motor, large amount of ore is required, and
environment problems are induced when mining and refining.

Far larger mass of ore compared to the mass is automobile is consumed
when producing high performance automobile. m



Key points:

= Production of Nd-Fe—B magnet for industrial
motors will drastically increase In the future.

= Large amount of magnet scrap will be
discarded.

"Resource of Dy (from ion cray) is scarce and
iImited (now available only from China).

i
\
1 Production of Nd from mineral ore
vJnduces environmental pollution.

= Minerals for heavy REE, such as Dy, are
unevenly distributed in the world. O

L ——



Before starting the talk on the real problems,
following topics has to be introduced...

1. NORM
(Naturally Occurring Radioactive Materials)

2. Goldschmidt's classification of elements

3. Relationship between main products and by-
products.

28



NORM:

Naturally Occurring Radioactive Materials

BRERBSIEME



NORM : Naturally Occurring Radioactive Materials

Natural radioactive elements Radioactive elements

existed since the generation generated by cosmic rays
of the Earth (Terrestrial NORM)  (Cosmogenic NORM)

K-40 H-3
Rb-87 Be-7
La-138 Na-22
Sm-147 C-14
Lu-176 Cl-36

Th-232 system @
U-238 system
etc. (their decay products)

http://www.nirs.gojp/db/anzendb/NORMDB/1_NORM.php
HEHRE 2B S AT DHR—LR—DKY
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Long-life radioactive elements, such as uranium (U)
and thorium (Th) still exist even after 4.5 billion
years of earth’s history.

Earth just after born Earth now

Naturally

occurring Stable
radioactive elements Still now, naturally vy,
elements generated occurring radioactive
@ after elemental  gjements exists, and
decay contained in natural

http://www.nirs.go.jp/db/anzendb/NORMDB/1_NORM.php .
RS R 224 ST R D AR— LR — kY minerals
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In some cases, wastes containing NORM & is
produced when extracting useful elements from
natural ore.

Valuable elements

Industrial Product_ = =
usage ® -. = ®
« EE Sl e o

y

Natural ore

NORM
Environmental (O~
problems occurs R

http://www.nirs.go.jp/db/anzendb/NORMDB/1_NORM.php
B AR EF AR AR DR—LR—T KLY
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Radio activity of rare earth ore

Typical rare earth
ore U-238 Fb|

mhezaz 51

k=40

IAEA Standard
U-238 5]

222 %51 [ s

k=40 Bq / kg

100
1,000
10,000
100,000

Representative values
(Values largely differs depending on types of ores

~ 1 000 000

http://www.nirs.gojp/db/anzendb/NORMDB/1_NORM.php
TR 2 AT R DA — LR — D&Y
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Before starting the talk on the real problems,
following topics has to be introduced...

1. NORM (Naturally Occurring Radioactive
Materials)

2. Goldschmidt's classification of elements

3. Relationship between main products and by-
products.
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Goldschmidt's classification of elements

Lithophile elements (rock-loving)

Siderophile elements (iron-loving)

Chalcophile elements (sulfide ore-loving or chalcogen-loving)

Atmophile elements (gas-loving)
or volatile (the element, or acompound in which it occurs, is
liquid or gaseous at ambient surface conditions).

Biophile elements (bio-loving)



V-T-E

Goldschmidt classification in the periodic table

Group » 1 2 3 4 r—TB—gh—,m—nﬂz 13 14 15 16 17 18
| Period C alcop Ile
| (sulfide ore-loving or 2
e
A chalcogen-loving) 5 e |7 [ &g w0
Li | Be B C N | O F [ Me
9 elements
11 || 12 13 || 14 | 15 || 16 || 17 | 18
)—-ﬂr'mr\—\ Al || si || P s | C || Ar
s |.- 2 23 | 24 30 | 31 | 32 | 33 | 34 | 35 | 35
( Zn Ga Se As Se Br Kr
37 | 38 | 39 M4 41 43 47 || 48 | 49 || 50 | 51 || 52 || 53 | 54
Ie S| 21 | wo Tc Ccd | In | Sn | Sb || Te || I | Xe
ﬁ;—55--@3 - ?4 80 | 81 | 82 | 83 | 84 || 85 | 25
Cs | Ba Hf || Ta Hg || TI | Pb | Bi | Po | At | Rn
. 87 | a8 | ., |(104)[(105)| (108)| (107) | (108){ (109) | (110) || (111} (| (112) [ (113)[ (114) | (115) | (116} || (117) | (118)
Fr Ra Rf Db 50 Bh Hs Mt Ds Fag Cn Lut Fl Uup | Lv || Uus || Uuo
+ Lanthamides | 7 || 58 | 89 | €0 | 61 | 62 | 63 | 64 | 65 | 66 | 6 | 68 | 69 | 70 | 71
La Ce Pr Nd (| Pm | Sm || Eu Gd Th Dy Ho Er Tm || YD Lu
o actinides | 59 || 90 | 91 | 92 | 93 | 94 | (85) | (96) | (97) | (88) | (99) | (100) | (101)| (102)| (103)
AL Th Fa u Mp Fu Am || Cm Bk Cf Es Fm (| Md Mo Lr
Legend
Lithophile .Sidernphile Chalcophile Atmaphile very rare

http://en.wikipedia.org/wiki/Goldschmidt_classification




Lithophile elements (rock-loving) BHAax®x

Al, At, B, Ba, Be, Br, Ca,,gl CL.Cs F 1, Hf, K l_l_,NIg_J\Ia Nb,
O, P, Rb, Sc, Si. Sr, Ta% Th ‘Tl' U,:\/ Y, Zr, W, Lant anldes ¢

'll ""apfhgmnnn®

Rare earth
Siderophile elements (iron-loving) [e|ements BT R

Au, Co, Fe, Ir, Mn, Mo, NI, Os, Pd, Pt, Re, Rh, Ru

Chalcophlle elements (sulflde ore Iovmg or chalcogen-loving)
Ag'As‘Bl'Cd"Cu ‘Ga Ge,’Hq,In,',Pb Po, S, Sb, Se, Sn, Te,

A ®ent Tans
Tl "Zﬁ.: S TR

.-’

Atmophile elements (gas-loving)

or volatile (the element, or a compound in which it occurs, is liquid or
gaseous at ambient surface conditions). & ST

B
H, C, N, noble gases §

Biophile elements (bio-loving) BETR
C,H ON,S, P, Ca, K, Mg, B, Na, Mn, Zn, Fe



V-T-E Goldschmidt classification in the periodic table
Group » 1 2 3 4 V_B i 10 'I'I\ 12 13 14 15 16 17 18
| Period Chalcopshlle
| (Sulfide ore-loving or 2
N chalcogen-loving) s 6 [ 7 88| 0
Li Be M
9 elements :
(-g 11 12 N 15
. - __'__ Ar
4L| 4 5 -
(ro¢ % Kr
41 43 54
_celé i 2 «
6 73 35
Ta Fn
- (108) | (106) |[ (107 ("1;5’ (117) 1| (118)
Fr Ra Uup | Lv || Uus || Uuo
* Lanthanides 62 63 64 65 GG 67 638 B9 70 71
Sm || Eu Gd Th Dy Ho Er Tm || YD Lu
. 94 |[ (95) || (96) || (97) | (98) (| (99) (| (100 C101) | (102) ) (103)
Fu Am || Cm Bk Cf Es Fm (| Md Mo Lr
[Rare earth
elements Lithephile .Sidernphile Chalcophile Atmophile very rare

http://en.wikipedia.org/wiki/Goldschmidt_classification
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Oxide ores such as rare earth metals (REMSs),
niobium (Nb), titanium (Ti) ores, generally,
contains uranium (U) and thorium (Th).

& vy

-> Lithophile (rock-loving) elements.

Sulfide ores such as copper (Cu), lead (Pb),
and zinc (Zn) ores, S Sl
contains arsenic (As), cadminium (Cd), and
mercury (HQg).

-> Chalcophile (Sulfide ore-loving or
chalcogen-loving) elements
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Before starting the talk on the real problems,
following topics has to be introduced...

1. NORM (Naturally Occurring Radioactive
Materials)

2. Goldschmidt's classification of elements

3. Relationship between main products and by-
products.
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Relationship between
main products and by-products.

Relationship between
root of radish and leaf of radish

Good stories....



Important by-products

Gold (Au) —by-product of copper (Cu)
Silver (AQ) —by-product of copper (Cu)

200t of radish

42


http://www.asashina.net/archives/061103hananae%20013.jpg

Important by-products

Indium (In) —by-product of zinc (Zn)

Gallium (Ga) <«Dby-product of aluminum (Al)

Scandium (Sc) «by-product of uranium (U)
and tungsten (W)

Rhodium (Rh) «<—by-product of platinum (Pt)
Ruthenium (Ru) «<—by-product of platinum (Pt)
Iridium (Ir) —by-product of platinum (Pt)

: ) g
& N \
~ : .
. l ‘ .
-
U .
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Root of radish Leaf of radish
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Relationship between
main products and by-products.

Bad stories....



Harmful by-products

Arsenic (As) gﬁ<—by—product of copper (Cu) or
Mercury (HQ) zinc (Zn) or lead (Pb)
Cadmium (Cd)

Uranium (U)@Hby-product of rare earth
Thorium (Th) metals (REMS)
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When producing metals from natural ore,
harmful/toxic materials are also generated.

Majority of the harmful/toxic materials are
treated at mining/smelting site.

Most of the people do not realize the real
situation of waste treatment.
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Transaction of rare earth ore production
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G.B. Haxel, J.B. Hedrick, and G.J. Orrs, USGS Fact Sheet, 087-02, (2002). _ _
Courtesy of Prof. Osamu Takeda / Tohoku University



Supply of REE
= Worlds’ 97 % supply is dominated by China.

Reserve Production

India
1%

Australia

6%

China
120 kt
(97%)

~
eral reserve
1S

abundant !

J

Fig. REE reserves in 2005. Fig. World share in supply of REE in 2006.
(http://homepage3.nifty.com/bs3/Magnet/) (USGS Mineral Commodity Summaries (2007))
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Harmful by-products

Arsenic (As) gﬁ<—by-product of copper (Cu) or
Mercury (HQ) zinc (Zn) or lead (Pb)
Cadmium (Cd)

Uranium (U)@Hby-product of rare earth
Thorium (Th) metals (REMS)
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pen-pit Bayan Obo Mine
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Huge tailing dumping site /
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Separation / purification of rare earth

Oil Oil
Wat : Water

Metal production by molten salt electrolysis

—> 54

/Y Molten salt RV ERY A

|
Molten RE metal or alloy RE metal/alloy ingot

RIEXRFEXZR IFHREERIOLT+7IFER fTH € 8L X

SE)VEIBHE (HTEOMEELISA L, CMCHR(2006); BIZKthiR: [F T EOM BT/ VKT w41, NTS (2008); JOGMEC NEWS, Vol. 27 (2011)
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http://www.rootforce.org/2013/05/01/clean-and-green-rare-earth-
elements-and-technology/

When googling
“Baotou Tailing Dam”
various images can be
obtained

http://blogs.unimelb.edu.au/sciencecommunication/2013/09/08/whats-all
this-commotion-about-rare-earth-elements/



http://www.rootforce.org/wp-content/uploads/2013/04/toxicree.jpg
http://blogs.unimelb.edu.au/sciencecommunication/files/2013/09/The-Dam.jpg

Pipes coming from a rare earth smelting plant spew polluted water into a
vast tailings dam near Xinguang Village, located on the outskirts of the
city of Baotou in China's Inner Mongolia Autonomous Region

ure. r '?

om/article/2011/07/06/us-china-rareearth-

.v.
.-
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Mountain Pass
Mine (USA)

Re-stating

Mountain Pass
Rare Earth Mine
had been

the largest mine
In the past.

This mine also has
NORM problems!




Mining methods of rare earth

I Ammonium sulfate solution is
directly injected to the weathered ore body

Mining of rock type ore (Northern China) Mining of ion-absorption clay (Southern China)

Rare earth
compounds
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Table 2
Overview of rare earth elements (REE) market (2013) (Unit: REO t)©). Supply
source of REE is expanded, but supply source of Dy is still limited in China.

La Ce Pr Nd Sm Eu Gd Th Dy

China 28492 40622 6352 19374 2762 389 1946 250 1247
(north &
south)

Australia 255 467 53 185 23 4 8 1 1
Lynas

USA 1328 1964 174 480 32 4 7 1 1
Molycorp

Russia 521 1081 101 265 20 3 4 - -
Lovozerskiy

Industrial Rare Metals, Annual Review 2014, Arumu Publ. Co.
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Recent projects:
Development of new recovery
process of rare metals from scraps

N

: Rare Metals

Environmentally sound technology
for producing and recycling
less-common metals



China has extremely high quality mineral resource and
cheep labor.

Worlds’ 97 % supply is dominated by China.
Problems in supply of REE

Dy: ~$ 50 /kg Dy metal
Nd: <$ 10 /kg Nd metal

i China Dy ~$ 400 /kg Dy metal
i /,J\/‘“//\{Q&\ (max.> $3500 / kgDy !)
o Lt , o 4 Nd: ~$ 150 /kg Nd metal

OB T (max. $450 / kgNd 1)

Change in amount of production of REE, and share in supply of REE in 2006.
(USGS Mineral Commodity Summaries (2007))
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Bottlenecks in supply chain in EV (with respect to REMS)

Global market share

Mining & feed supply

l
Smelting & refining

!

Alloy and magnet production

!

Motor production

l
EV production

Serious bottlenecks in REMs supply chain is
monopoly on smelting and refining plants by China.
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Grade of Nd & Dy in the ore.

Ore lon cray Bastnaesite Monazite
Mining Site Longnan Bayan Obo  Mt. Pass Mt. Weld
g (China) (China) (USA) (Australia)
REO grade in Ore 0.05~0.2 6.00 8.90 11.20
(Wt%)
Nd 3.00 18.50 12.00 15.00
Grade in REO (wt%)
Dy 6.70 0.10 trace 0.20
_ Nd 0.0015~0.006 1.11 1.068 1.68
Grade in Ore
(Wt%) 0.00335~
Dy 00134 0.006 trace 0.0224

Dy grade in ore Is very low, but
very easy to extract directly from ion clay...

O



Table 4 Unit mass of rare earth used for industrial
products (rough estimate).

Product Unit mass of RE
(kg RE / Unit)

Hybrid vehicle (HV) 0.25~1.25°
Electric vehicle (EV) 1.3~ 13kg RE magnet/EV
Power steering 0.09
Alr conditioner 0.12
Hard disk drive 0.01
Mobile phone 0.0005
MRIP 1500

a: In the case of hybrid vehicles (HV) unit mass of RE varies with

output power of motors.

Small HVs use about 0.25 kg/unit RE and large ones about 1.25 kg/unlt
b: Magnetic Resonance Imaging (MRI) units.



When producing high performance motors for HEV or EV,
about 1.3 kg of Rare earth magnet (Nd-Fe-B) Iis necessary. £

1.3 kg of Rare Earth magnet contains 7z .
21(~26)% of Neodymium (Nd) R 2
10( ~5)% of Dysprosium (Dy) ‘
(Rest: Boron)
— Magnet with high thermal stability requires large amount of Dy.

Ore grade of Nd is about 1% (Bastnaesite)
Ore grade of Dy is about 0.01%-0.003% (lon cray)

When producing high perfomance motors:
about 0.27 kg of Nd (31 kg of Bastnaesite ore)

about 0.17 kg of Dy (1 to 4 tons of lon cray)

are required.
For producing one motor, large amount of ore is required, and
environment problems are induced when mining and refining.

Far larger mass of ore compared to the mass is automobile is consumed
when producing high performance automobile. m



: Rare Metals

PGMs, REMs, Ga, Ta...




Novel recycling process for Nd-Fe-B magnet scrap

m - <: Efficient recovery of
/ N — rare earth compounds
[? Nd-Fe-B magnet

for driving Nd & Dy

XE flow

A_cé‘m

Moto

Electric vehicle

Reaction with molten salt

Motor for driving
(Scrap) : S Discarded
Development of effective recovery process
by utilizing molten salt as a rare earth extracting agent

1



Okabe’s dream:

Development of efficient and environmentally sound
recycling processes:

MgCl,(g) + NdCl;(g) + DyCl,(g)

T. High T. Low
OC000OPOOOOOOOOOOO

vy

OO0OO0O0O0OCOO0OO0OO0OO00O00O0YgO OO0

Magnet scrap NdCl,(s) + DyCl,(s)
Fig. Schematic illustration of novel recycling process for magnet scrap.



Current Status on Resource and Recycling Technology
for Rare Earths

OSAMU TAKEDA and TORU H. OKABE

The development of recycling technologies for rare earths is essential for resource security and
supply stability because high-quality rare earth mines are concentrated in China and the de-
mand for rare earth metals such as neodymium and dysprosium, used as raw materials in
permanent magnets (neodymium magnet), is expected to increase rapidly in the near future. It is
also important to establish a recycling-based society from the perspective of the conservation of
finite and valuable mineral resources and the reduction of the environmental load associated
with mining and smelting. In this article, the current status of rare earth resource as well as that
of recycling technology for the magnets is reviewed. The importance of establishing an efficient
recycling process for rare earths is discussed from the characteristics of supply chain of rare
earths, and the technological bases of the recvcling processes for the magnet are introduced.
Further, some fundamental researches on the development of new recycling processes based on
pyrometallurgical process are introduced, and the features of the recycling processes are eval-
nated.
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material flow and the recycling of metal resources. Rare ie uently cﬁsposed of in landfills.

meta]?, especially rare gar?hs d(pr rare eammno gyuc value™ is typically used to evaluate the
are olten a major {opic In diSCUSSIONs value etdls, particularly in countries that prioritize

METAELURGICAL AND-MATERIALS TRANSACTIONS

_ Ire speculation, foreign an mEstic the environmental cost generated through the produc-
affairs, and Ero a burarA J : 2 al he " » (or value of
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%*neta]s,lw}uch are often essential resources in }pgh—tech metals were initially produced should be considered.
industries, has led to rapid progress in quant]ty:Ea“s:Eiq Therefore, fundamental issues, including the essential
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Comparison of costs for producing metal and alloys of
rare earth metals

Japan US Australia
Feed cost X high X high |© very low] O low
Energy cost X high Olow O low

Environmental X very high X high |© very low] X high

cost
Employment X high X high
cost

X high




4% | Material flow of
N9, %, .~ rare earth metals
” and alloys in the
world.

)

9 Japan imports

&F only purified

-3 materials.

~ . §&  Practically, we can
X ““ notimport ore

< which contains

~ radio active
~elements (NORM).

/Processing site
of

rare earth ore

kfrom Australia

— . Metals, alloys,
purified oxide

Fig. Global material flow for production of metals and alloys
of rare earth metals and waste treatment of the scrap.
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A: Resource Supply Restriction

Pt, Pd, Rh, Ru, Ir..

B: Technological C: Environmental
Restriction Restriction

Fig. Key factors that determine rare metal supply.
Environmental and technological restrictions are the major
practical constraints, not the resource supply restriction,

especially for rare earth metals.
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Novel recycling process for Nd-Fe-B magnet scrap

e

Qj Efficient recovery of
J \ — 4

rare earth (REMs) compounds

Dry

d—Fe—B magnet

Nd & Dy Our

Motor f ﬁj;iving flow new
| method

Reaction with
molten salt
(No waste solution)

— ¥

Electric vehicle

(Scrap) Discarded
Fig. 3 (current situation)

A representative scheme for the development of an effective recovery process by utilizing molten salt
as arare-earth extracting agent. A novel environmentally sound recycling process for Nd—-Fe-B magnet
scrap, which does not generate any waste aqueous solution, is currently under development. (T_H.
Okabe, S. Shirayama: International patent PCT/JP2009/056079 (2009.3.26), US Patent No. 8323592
(2012.7.19), Chinese Patent No. ZL200980119301.3 (2013.7.10), German Patent No. 60329388.3 (2009.9.23),
British Patent N0.1512475 (2009.9.23), Japanese Patent No. 5424352 (2013.12.6), Y. Miyamoto, T. Okamoto, T.
H. Okabe: Japanese Patent No. 5709164, International patent PCT/JP2012/056032 (2012.3.8), etc.) This




When considering the bottlenecks of
supply of rare metals (including REMS),
many people put heavy weight on the
resource constraints of rare metal supply.

However, In practice, environmental and
technological constraints are the major
bottlenecks, rather than any problem with
shortage of resources.
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Value of nature

(a) Nominal value of rare metals based on
the current economic principles

When ignoring the “Value of Nature”,
economic merits are maximized while
abandoning the wastes

Does not generate
wastes containing
NORM &3

when recycling

Deficit when recycling { Other cost
................ Distribution
cost
Other cost Processing cost
Disttribution m V\(/)asstte treatment
cos N -
Processing , \\\\\\ ESImz:na%ién
cost Waste treatment cost
Smelti ost :
cost 0 Q‘“ aste treatment Collection
Mining cost N\, Ny Leost cost
Metal production Metal production
from natural ore by recycling

> Hatched parts in the figure are often carried out in
mining countries or regions.

Fig. 9 The concept for evaluating the value of metals. In the current societal
system, the value of nature is not considered. Recycling prevents
consumption of natural resources and suppresses loss of the value of nature.


http://www.google.co.jp/url?url=http://www.radioactivewastealert.org/rad-articles&rct=j&frm=1&q=&esrc=s&sa=U&ved=0ahUKEwi89bGu3MvQAhUJnJQKHTqzAFg4PBDBbggcMAM&usg=AFQjCNG-br_fh7eGdsS_EjrxQxX_gG1qhQ
http://www.google.co.jp/url?url=http://www.radioactivewastealert.org/rad-articles&rct=j&frm=1&q=&esrc=s&sa=U&ved=0ahUKEwi89bGu3MvQAhUJnJQKHTqzAFg4PBDBbggcMAM&usg=AFQjCNG-br_fh7eGdsS_EjrxQxX_gG1qhQ

Value of nature

(a) Nominal value of rare metals based on
the current economic principles

value of nature.

. . Generation Other
When ignoring the “Value of Nature”, of cost
economic merits are maximized while Distribution
) value t
abandoning the wastes : cos
by recycling. Processing
cost
Deficit when recycling Other cost Smelting
EEEEEEEEEEEEEEEN D|Str|but|0n
h cost
Other cost Processing cost Migionsq[
Disttribution km V\(/)asstte treatment |
cos \\\\\\ . Value of
. Refining /
(I?cr)(;gtzessmg Waste treatment & \ purification Nature
. cost inherent
Smelting ost _ :
Mining cost NN, Ny Leost ore

Metal production
from natural ore

Metal production
by recycling

> Hatched parts in the figure are often carried out in
mining countries or regions.

(b) Real value of rare metals counting the

Real value
of metal
extracted
from
natural ore

Waste treatment
cost

(Although

it is impossible

to evaluate,)
~rare metal ores

have extremely

high value

from natural

The case of producing metal

ore

When considering the value of nature,

waste treatment cost also increases

Fig. 9 The concept for evaluating the value of metals. In the current societal
system, the value of nature is not considered. Recycling prevents
consumption of natural resources and suppresses loss of the value of nature.


http://www.google.co.jp/url?url=http://www.radioactivewastealert.org/rad-articles&rct=j&frm=1&q=&esrc=s&sa=U&ved=0ahUKEwi89bGu3MvQAhUJnJQKHTqzAFg4PBDBbggcMAM&usg=AFQjCNG-br_fh7eGdsS_EjrxQxX_gG1qhQ
http://www.google.co.jp/url?url=http://www.radioactivewastealert.org/rad-articles&rct=j&frm=1&q=&esrc=s&sa=U&ved=0ahUKEwi89bGu3MvQAhUJnJQKHTqzAFg4PBDBbggcMAM&usg=AFQjCNG-br_fh7eGdsS_EjrxQxX_gG1qhQ

When extracting rare metals from recycled
feed material, harmful wastes generated
from natural ore processing can be
avoided.

This Is the primary advantage of the
cyclical use of rare metal resources.
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Development of new recovery
process of rare metals from scraps

N

: Rare Metals

Environmentally sound technology
for producing and recycling
less-common metals




Rare metals are less common metals that are
generally perceived to be scarce. The media
often presents one-track thinking on the
depletion of mineral resources.

Despite this common notion, the supply of most
rare metals — including rare earth metals
(REMs) — in terms of the amount of minerals
available in known deposits, iIs not a serious
problem.

Key factors that determine the supply of rare
metals are the costs of mining and smelting, and
related environmental destruction. These are the
major practical constraints, rather than the
amount of mineral deposits in the earth.
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Innovation Changes
Rare Metal to be recycled efficiently

(Carnegie

Museum of Art,

Pittsburgh,

_ Pennsylvania,

=29 cover page of
= JOM, Nov.

2000)

Environmentally sound metal
production / recycling technology
has to be developed
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Bottlenecks in supply chain in EV (with respect to REMS)

Global market share o

Mining & feed supply

l
Smelting & refining

!

Alloy and magnet production
l _ .

Motor production S
J |

EV production %

EU

USA

L 4

China's presence is growing further.

Serious bottlenecks in REMs supply chain is
monopoly on smelting and refining plants by China.
In the future, downstream market will also be dominated.
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Current Status on Resource and Recycling Technology
for Rare Earths

OSAMU TAKEDA and TORU H. OKABE

The development of recycling technologies for rare earths is essential for resource security and
supply stability because high-quality rare earth mines are concentrated in China and the de-
mand for rare earth metals such as neodymium and dysprosium, used as raw materials in
permanent magnets (neodymium magnet), is expected to increase rapidly in the near future. It is
also important to establish a recycling-based society from the perspective of the conservation of
finite and valuable mineral resources and the reduction of the environmental load associated
with mining and smelting. In this article, the current status of rare earth resource as well as that
of recycling technology for the magnets is reviewed. The importance of establishing an efficient
recycling process for rare earths is discussed from the characteristics of supply chain of rare
earths, and the technological bases of the recvcling processes for the magnet are introduced.
Further, some fundamental researches on the development of new recycling processes based on
pyrometallurgical process are introduced, and the features of the recycling processes are eval-
nated.
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