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Nd, Pr, Dy, Gd, Tb, Sm

La, Ce, Pr, Sm, Nd

Eu, Th, Y, La, Ce, Gd

La, Ce, Pr, Nd

Nd, Pr, Sm, Dy, Tb, Y
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Luminophores _

Polishing
9%
Permanent magnets
29%

Batteries /SN
6% A

Mobile phone

0.0005 kg

Air conditioner

Toyota Prius

Lockheed-Martin F-35

Navy surface ships

Navy submarines

0.12 kg

15 kg REE per unit

416 kg

1818 kg

3636 kg
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Rare Ingredients

Here is the breakdown of rare-earth materials
used to make each.

F-35

Arleigh
Burke
DDG-51

5,200
Ibs.

SSN-774
Virginia-
class
Submarine

Source: Congressional Research Service

9,200
Ibs.

Rare Earth Elements Used

Rare Earth Technology

Function/Application

Selected Examples

Dy;;;“ymns'lam Terbium

Compact / Powerful
Permanent Magnets

Guidance & Control Electric

Motors and Actuators

3
[II ctuator

Unmanned Aircraft
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yilasgienaanlyn AINUUIANS 5991 (UN/A)

wesideusanled (Tb,0,) 99.9-99.99% 68,228,358 - 69,286,162
nalnsiweueanles (Dy,0,) 99.5-99.9% 13,645,671 - 13,910,122
wsBleflleueanlud (Pr,0,,) Pr.0,,/TREO 99.0-99.5% 4,813,008 - 4,918,788
flefileneanien (Nd,0,) Nd,O,/TREO 99.0-99.9% 5,024,569 - 5,130,349
glsieueanlan (Eu,0,) Eu,0,/TREO 99.9-99.99% 1,004,913 - 1,057,804
wasiluweanlas (Er,0,) 99.5-99.9% 1,877,602 - 1,930,492
uwnladifleusanlen (Gd,0,) 99.5-99.9% 2,432,949 - 2,538,730
gnwseueanla (Y,0,) Y,0,/TREO 99.99-99.999% 465,433 - 470,722
waumueanlas (La,0,) La,0,/TREO 99.0-99.9% 43,370 - 44,957
H3eueantyn (CeO,) CeO,/TREO 99.0-99.5% 45,486 — 47,072
guTenoantys (Sm,0,) 299.5% 121,647 - 132,225

Source: http://www.metal.com/Rare-Earth-Oxides; 15 April, 2022
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Value of REE with increasing purity
100% - $125,000/t

90% - $75,000/t
80% -
70% -
60% -
50% -
40% - $35,000/t
30% -
20% -
10% -
0% -

Rare earth content (%)

<$100/t

I

Mixed Oxide Separate Oxide Metal
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2018 PRODUCTION

Tonnes
China -
Australia-
Myanmar-- 5,000
Russia - 2,600
Indig-o 1,800
Burundi- 1,000
Thailand - 1,000
- Brazil 1,000

Source: USGS

Brazil

Russia

Burundi*

_ RESERVES
Million tonnes

44 | China
million
tonnes

India

Thailand-*
Myanmar*

22 Vietnam

@ Australia

*Data not availoble © 4P
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China
Japan
Vietnam
United states
South Korea
Thailand
Taiwan
Ireland
Philippines
Russia
Estonia
Germany
Houng Kong
Neterlands
France Distribution of rare earth metal imports worldwide in 2019, by country
Singapore
United Kindom
Turkey
Malaysia
India
North Macedonia

Rest of world

15%

SHARE OF IMPORTS
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Composition of selected rare-earth minerals

name
allanite
apatite

bastnasite
euxenite
fluorite
gadolinite

laterite clays
loparite

monazite

perovskite

sphene

xenotime

zircon

idealized composition
(Ca,Fe”)(RALFe*),Si,0, H
Ca(PO,),F

RCO,F
R(Nb,T2)TiO, * xH,O

CaF2

2 .
R,(Fe“*,Be),Si,0,

Si0,, ALO,, Fe,0,
(R,Na,Sr,Ca)(Ti,Nb,Ta,Fe*")O,

RPO,
CaTio,
CaTiSiO X, (X = 0%, OH, or F7)

RPO,

ZrSi0,

primary rare-earth content
R = light lanthanoids
R = light lanthanoids

R = light lanthanoids (60-70%)

R = heavy lanthanoids plus Y (15-43%)
R = heavy lanthanoids plus Y

R = heavy lanthanoids plus Y (34-65%)

R = heavy lanthanoids plus Y
R = light lanthanoids (32-34%)

R = light lanthanoids (50-78%)

R = light lanthanoids

R = light lanthanoids

R = heavy lanthanoids plus Y (54-65%)

R = both light and heavy lanthanoids plus Y
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ILS Bastnesite 9 b3 Monazit L5 Xenotim
Y 0.1% e enotime ® Yb 6.2%

Er 0.1%
EU 0.10/0 Eu Ol(yo __L— m 0'90/0 . Lu 0.40/0

Sm 0.5% Gd 0.3% Er 5.4%

5 Sm 3.5%
Nd 13.5% Ho 2.1%

- Nd 18% Dy 8.7%
La 32%

TbM%

Gd 0.3%
Eu 0:2%

Pr 0.7%
Nd/2.2%

M La 2%
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Cumulative REEs in mine tailings and recycled waste generated in 2019 were compared with the extracted REEs from primary sources in

2019 and the individual secondary sources of REEs in mine tailings and recycled waste generated in 2019

2000000
1800000
1600000
1400000
1200000
1000000
800000
600000
400000
200000
0

Tons/year

Overall 2019- Red Mud Phosphate  Iron ore and Coal and Coal Electrical
2020 by-Products Apatite By-Products waste

B Secondary Resources M Primary Resources
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> Magnetic separation: lfanautinnuduidminvessimmennlunsasaueniagifiunii
AUTUTINAUNENNIT gravity a1u150aiAkeNs1IMeInaINksutaulleduazwsluunlodlaang
UTUNINGS 55% WAy 58% ANNARU (ADTIN1IAIVANAINLIILIWAN NN EN)

» Electrostatic separation: fUszansnmgslunisanausdlulyg Falauunfazdusdaluduy
dosannusvis 2 wile fgauaudRnisivanias gravity IndAesiuvinlvlgisn1s magnetic
separation uenaanléenn Fsldmmuant@niniluiwesusdawludlunsusnusdlulnided
AnuautAlilniheanin (@anmznisuendeus fduyulunissdsdindidundn)

> Gravity separation: 51menniliAnuasd Nz AsuiaeUsTINY 4-7 geniusdus MAdes
wangdmiunensamennluiraasiilunsenumemie
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» Leaching: fuuldainsinmennainiiaus low-grade uag high grade 1o wsunauled usluunles wazusdlulngd lae

lansaviinnnge taun sulfuric acid (H,SO,), hydrochloric acid (HCU), nitric acid (HNO,)

" Sulfuric Acid Baking: l¥gaumqiigs 200-500 serwaitiud, 519N, wiliawiadaiesinoenleanidesiide,
NAYBRALUIN LU gypsum NAIMNAZNBUNIEY carbonate, Th(PO,), and ThP,O, MiinluAsudadyskazll

avansluivisensawn vinliAady radioactive waste

" Roast Hydrochloric Acid Leaching: leaching 38 HCL #i 600-700 ssrniwalded, Ti3euitainldazvudou

menalseudaduatsiuiunsed scudsliaunseanauen REE fluorides 1o
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> Leaching:

a

" Caustic Soda Leaching: 1 NaOH #igaumndl 120-130 sariwaldoa mudenis leaching #e HCL,
NSTUIUNNTIVelSpLLAzISIAE 6’?’5&L{‘Jumiﬁ’uﬁum%’ﬂ?ﬁa’mﬁagﬂﬁﬁmlﬁaﬂwﬁﬂﬁzﬁmﬁmwﬁaf—Jmﬁ solvent
extraction La¥ANAZNBURIY barium chloride way sodium sulfate, SveadeimAnlunszulunisios, ldiin
WAgEldeE1 HF, byproduct FAsTulaun sodium phosphate wag NoL5EH @1UTAUTMTIANITLANY, UpLFY
AduveavanfiinTusyminenszuiuiitos

" Sodium Carbonate Roasting: {uisnsiidiarlddnes [amgiifl 500-700 esrwaidea wdausons

Y

leaching MeNIA ausadesaay silicate lon wazvunvesoynaliiinaseyssdnsnmnisana

> Extraction:

" Judsnsiildiuegnininemine nandauasnalafigeanindeweuiunssuiunisuaniaeulossu (ion

exchange)

" gunsadntlesldne mixer settler uay solvent itlwlunisannlaun TBP, HDEHP versatic acid
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Major REE mining companies and beneficiation techniques employed based on REO feed grade

REO Feed grade,

REO Concentrate,

Mine Location Technique

wt.% wt.%
Lynas Western Australia Flotation 15 40
Moly corp Califonia USA Flotation 3-6 60
Bayan Obo Mongolia, China Magnetic-Flotation 6 65
Sichuan Minning Sichuan, China Gravity-Magnetic-Flotation 3-6 60
Shandong Weishan Weishan, China Magnetic-Flotation 3 60
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Various methods for extraction of REEs from phosphoric acid solutions

Methods Reagents or condition Advantages Disadvantages
Crystallization Evaporation at 200 °C for 2 h * REE recovery around 98% * High energy consumption
* Pressure-resistant apparatus
CePO, and CeF; * Relatively high purity around 54 wt% REO « Passivation of seeds

* Using cycle leaching to concentrate REEs ~ » Expensive seeds
* Low REE recovery around 50%

Precipitation Ammonia neutralization » Simple process * Required high dosage of chemicals
NaOH * Relatively high REE recovery almost 90%  + Low REE punty around 2.5 wt% REO
pH=2.0-3.0 * Fe, Al removal simultaneously oceur
Fluondes: partial neutralization (209%) + High REE recovery almost 99.8% * Impunity 1ssue because of fluorine more
Using 154 gL F in WPA * Removal of U than 15 gL F left in WPA
Double sulfates: 10-15 wi% H-50,, =+ Relatively high REEs recovery around 91%  + Impurity 1ssue because of H.SO,4 in WPA

23-35 g/ Na,SQ,, or NaCl * Low cost and availability of chemicals more than 10 wi%
* Low REE punty around 5 wt% REO

Solvent extraction MEHPA * Mature technology for U * Insufficient for LREEs
D2EHPA * Recovery of U and HREEs simultaneously + Needed extra process to separate REEs
D2ZEHAP + TBP/TOPO oceur from U (green cake)

DOFPPA * Recovery of U, HREEs, and LREEs at the = Needed exta process to separate REEs
DNPPA + TOPO DOPPA + TOPO same time with high efficiency from U
* Good extraction performance
Ion exchange Tulsion CH-90, 93, 96, and T-PAR  + Simple process * Low recovery for REEs less than 60%

DOWEX-50WX4, 8
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Summary of leaching technologies in primary rare earth elements production

|. Hydrochlorid acid (HCI) leaching to
remove non REE carbonate « The oldest way to producte

85-90% X Outdated
II. Calcination of esidue to form rare earth bastnaesite concentrates.
oxide
« Acid choice depends on further
l. Dlgestm_nrmth_ nitric acid (HNO,) 989% processing: solvent_ extractlon to n_|t1r|c Outdated
or sulphiric acid (H,S0,) acid (HNO,) precipitation to sulphiric
acid (H,S0,)
. = Cerium+Ill oxidises to cerium+IV
|. Roast at 620°C to drive of carbon . ! .
S during roasting — will not leach REE
dioxide (CO,) S Outdated

Il. 30% HCI leach « Residue is marketable

BASTNAESITE

I. Alkine conversion rare-earth metal-

. : *» Process can be preceded with
fluoride REF, to rare-earth hydroxide
RE(OH) . ¥ - hydrochlorid acid leach to extract REE In use
z

carbonates before alkaline conversion.

Il. 30% HCL leach

|. Sulphiric acid roast « Precipitates are converted to chlorides

Il. Sodium chloride solution leach - for further purification with solvent In use
lIl. Precipitation as sodium double sulphates extraction.
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Summary of leaching technologies in primary rare earth elements production

= Process conditions determine what is
|. Digestion in hot sulphiric acid (H,50,) - leached: only light REE or light + heavy Outdated
REE + thorium

« Cerium cannot be leached if

. Digestion in hot 60-70% sodium hydroxide manganese is present
Il. Washing residue with hot water 98% = Thorium is leached together with REE  In use
Ill. Leach with mineral acid of choice = Trisodium phosphate (Na,PO,) is

marketable by-product

|. Heat under reducing and sulphidising * Requires no fine grinding
atmosphere with calcium chloride (CaCl,) and « Thorium does not leach, remains in

calcium carbonate (CaCO,) 89% " residue as thorium dioxide (ThO,) nuse
II. Leach with 3% HCI » No manganese problem
I. Salt leach with ammonium sulphate « Targets physisorbed REE through
(NH,),SO, LIS cation exchange ih use
L . . Research &
. Leach with saltwater 40% -« Inefficient but cheap process development

IRON CLAY

« Dissolves entire cla
l. Acid leach with strong acid (pH<1) 100% - . » Not used
» Incurs significant additional costs
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Average Rare Earth Element (REE) concentration and total global flow for a variety of industrial and consumer waste streams

1000000 ® Polishing Powder
o ® NiMH Batteres ®
E- 100000 Phosphogypsum
2
T 10000
o ® Earbuds  Smart Phones spent Catalyst
= % LFL
o CEL ® ® Bauxite
o 1000 Lapigps Ash
w ® Bottom As¥1
g ® LED ® Desktop Comp.
g 100 ® DTV
[14]
|
?,-." 10
L=
1
1,000 10,000 100,000 1,000,000 10,000,000 100,000,0001,000,000,000

Annual Global Production (tons)
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The concentration of REEs in different waste materials/waste streams

Sources Elements (FPM) References
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc

Phosphogypsum 1450 2310 235 809 163 34.9 98.7 7.4 45.5 7.4 15.7 1.4 5.6 0.6 180 1.21 [11]

Red mud 114 368 28 98.6 21.3 5 22 35 16.7 43 135 1.9 14 2.4 757 121 [188]

Fly ash 01.4 195.6 235 BE.6 18.2 3.4 16.4 25 12.7 28 6.0 1.2 6.5 1 621 NM [187]

Mine tallings 003 2047 239 906 148 19.1 138 16.2 101 17.3 54.1 5.3 35.3 4.00 Ge4 NM [46]

Acld mine dralnage 0.01-09 007000 0.006-0.02 00201 0.006-006 0001002 000801 0.001-0.02 0005-0.07 0001001 0.002-002 0.0002-0.002 0001-0.01 0.0002-0.002 NM NM  [59]
(Xingren coalfield,
Guizhou, China)

NdFeB Magnets NM NM 34 259.5 NM NM KM NM 42.1 NM NM NM WM NM NM NM  [66]
NIMH batterles 237 67 WM 6 NM NM NM MM NM NM NM NM WM NM WM NM  [69]
Phosphor 3.8 4.9 NM NM NM 4.4 25 7 NM NM NM NM NM NM 1121 NM 78]

NM = not mentioned.
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The recoverable REEs as % (w/w)
from LED lamps , CRTs, batteries,
fluorescent powders, magnets
and LCDs

41-85%
e

45-85%
— °
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Coal and coal byproducts:

ANNNTURRsVRIsWeINtua WLk anTunasslaand AU laneg NUTEN 445 ppm enviuly

LAy Western Siberia, Inner Mogolia, Kentuckey USA fia31uLiudu REE ganinAiage

a

AAINTUYDY REE Tu coal ash wudilArgeninlu coal wazndnsdnuginasalndus Fafnanmnlningamgl

g9
75115 Combined low-intensity and high intensity magnetic separation ﬁiﬂmmiﬂa’lmmLLEJﬂﬁ’WJ‘ViWEnﬂ
310 coal fly ash Inlaadudutuved REE gegaie 1611.4 ppm

a\

Leaching ¢he HCL figamndl 85 ssmiwaiiua Tiuszavsniwnisarda REE 990 coal fly ash gafile 80-90%
Leaching A7 HNO, M1UA28 solvent extraction @1u150@nn LREE wag HREE 910 coal fly ash 151/@\‘16;{91 90
WAy 94% MINANU

Cyanex 572 uay D2EHPA a@nunsasiudnsinisade REE 910 coal fly ash Téidnlng 99%

Alkali fusion wag acid leaching @wnsaana REE 310 coal fly ash e 72.7%
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217

Recycled materials:

Cracking catalysts La, Ce Leaching, solvent extraction 90% lanthanum and 82% cerium

Nd-Fe-B magnets Nd, Pr, Gd, Dy, and Ho Pretreatment and pressure leaching, REEs > 99% of REEs

oxalate precipitation

Hard disk drives, magnets Nd, La Slag extraction, leaching, solvent extraction, Up to 98% of REEs using leaching in
solid sorbent H,SO,
Phosphor powder from Y, Eu, La, Ce, Pr, Tb Leaching (using H,SO, and HNOS), solid-liquid  The separation of REEs and Fe, Al, and
waste lamp separation, liquid-liquid Zn occurred effectively.
extraction
Industrial waste water La, Ce, Pr, Nd, Sm, Eu, Gd, Leaching using nano—f\/lg(OH)2 The uptake rare of REE can reach 99%
Tb, Dy, Ho, Er, Tm, Yb, Sc,
Y, Lu
Nickel-metal hydride La, Ce, Pr, Sm Leaching using H2S04, solvent extraction with mixed REO of about 99.8%
(Ni-MH) rechargeable 25% bis(2-ethylhexyl) total yield of REEs about 93.6%

phosphoric acid in kerosene, precipitation

with oxalic acid, calcination



REE biorecovery
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y REES

The mechanism of REE-microorganism interaction involving REE

biorecovery: (A) mobilization of REE, (B) biosorption and
bioaccumulation, (C) bioreduction,

(D) bioprecipitation.

Dissolved

e
-
‘a

Organic
@ acids

\0“ \ .
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) ‘ A _
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. Dissolved >4 . Dissolved REEs _s ' phosphate
= REE P b S i
~ ~ 3
\\\~~ s _‘o" \~\~ "—’
- Rl = R
~% Redoxolysis = 0 Teesmcnmea=-

Dissolved REEs




REE biorecovery

Microorganisms involved in the dissolution of REE from different sources

29

Source Organism Substrate REE dissclution agent Process Temperature pH Mechanism REE Leaching
efficiency (%)
Monazite Acidithiobacillus ferroocxidans, Fe’* Batch  30°C 1.8 Redoxolysis Ce 2
Acidithiobacillus thiooxidans La 1
Ho50, Acidolysis Ce 9
La 5
Waste electrical and electronic equipment  Acidithiobacillus thivoxidans NM Ha50, Batch 30°C 1.2-1.5 Acidolysis Ce, En, Nd =99
(WEEE) La, ¥ 80
Magnets Acidithiobacillus thicoxidans NM Ha50, 25°C 1.8 Acidolysis/redoxolysis  Pr 100
Acidithiobacillus ferrooxidans Fe'* 32 Nd 86.4
Leptospirillum ferrooxidans H,50, 3.2 Pr 100
Synthetic phosphogypsum Gluconobacter oxydans NRRL B85 Glucose  Gluconate Batch  25°C 21 Complexolysis Y 91.2
Ce 36.7
Nd 42.8
Sm 73.2
Eu 50
Yb 83.7
Coal fly ash Candida bombicola Glucose  Sophorolipid Batch  28°C 3.3-35 Complexolysis/ Yh 67.7
acidolysis
Er 64.6
5C 63
Fluid catalytic cracking (FCC) catalyst, (rluconobacter oxydans Tryptone Gluconate Batch  30°C 3.3 Complexolysis/ Th, En, Ce, 49
phosphor powder acidolysis La, Y
Bed mud Penicillium tricolor Sucrose  Oxalate, Citrate, Gluconate  Batch  30°C 9-10.4  Complexolysis Y 78
Se 75
Lu 67
Yb 66
Tm 65
Er 63
Ho 65
Dy 57



Recovery of REE from wastewater

The possible adsorption mechanisms of REEs by algae: a) dried algae and b) living algae

Physical adsorption
(a ) lon exchange Porous
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Recovery of REE from wastewater

Possible ways in which the resources associated with living algae

could be used following the recovery of REEs
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Chemical compositions of monazite concentrate
Monazite concentrate
Element Rare earth content (%)

EE o K 5 Phosphorus (P,O,) 21.32
=N Cerium (Ce0,) 30.33
Lanthanum (La,0,) 10.93

Neodymium (Nd,O,) 10.51

Yttrium (Y,0,) 2.74

Praseodymium (Pr,O,,) 1.93

Gadolinium (Gd,0,) 1.10

Dysprosium (Dy,0,) 0.50

:mwe Erbium (Er,0,) 0.14
| Uranium (UO,) 0.50
Thorium (ThO,) 8.27

Other elements and associated minerals 9.80
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g 4 . . . Monazite
YUN 1: N1SUALAZE LI IUU LA 1
" yinnsuansiuunlealrlauunai S
grinding
Wlgad (325 L)
B gogmgn1a NIy 50% TUIUnBUTYY 1 .
50% NaOH ——1 {jgestion ——SM’ crystallization |=—> Na,PO
Tolaslodeunaawmndunanassls < S
(Na,PO,) anunsatluvinugdnsousidn 1 cake
éﬁﬂ‘ﬁ%@ﬂﬂiéj HCle=——> jissolution —— Gangue and undigested monazite
B N15YNaangnenIALaTANAENDY l ,
. solution
AILATNVY 20% LNBKENTTH ,
LYY v A P P 0 Th andU
AUTUNTIE (BLSLHYULATBLTIN) 20% NaOH —
Y precipitation
panld calje/ \sol‘ution
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Y A YY) Y= Th and U
YUN 2: NISHUNSINNUAUNSIFDINAINTINN 20% NaOH ——
! ! precipitation
RRIGE wfi’/ \\$&Mml I——anp}gmL
" nsuensINutunSdeenaINEIIEN
HNO, =——b : : TR cake
3 dissolution Ra precipitation RaSO. & BaSO
WU l 4 4
. solution
" A7uve9 cake Nlgsioukarnas ey 1
¥ Sxtract RE precipitation +—— 20% NaOH
asrUsenauilUaiauenesilonuiay 5% TBP — |  SOIvent |
= vl a s A Y a o extraction
noseulvitAINNUITaNEgeu lanansioud v
JuAnnges yellow cake (U,0,) wae l
2 s Solvent : :
nolseueanies (Tho,) 0% TBP —. tract dissolution |+— HNO,
| 5 v extraction
" ydiuvesansazatginluanagnoun e ‘ 1
al ¢ A& o o a = o extract
LulsEuAaalsalitamdnLsneudadugn @ l— Solvent |[*+—350% TBP
= 1 o 1% 1 t[' t
Yoagisillenean neuthlunnngnaumienis I

LALANALYNTLSUDDNN

l



VUABUNITANASINNIINAINLT U YAV AU IAYUATHAUIFTINWIEIN

% N " evaporation
YUN 3: NI1FENALYNTINNIYINLANISAY
o = Q‘ v
LLASNIINIUIGNS
5 L L 5 extract Solvent S0% TBP

. ﬁﬂﬂﬁ]ﬂﬂLLﬁJﬂsﬁLﬁﬁJﬂJ@BﬂlﬂLLa’D NINIIENA l extraction ’

LENSINMLINNGUAUNLALNGULUIBEN evaporation | ratfinate

INAY ' evaporation
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HANNMINLARINNITANASINMIEINAINLIINUN leAva AU IRBUaTNAILISIANIEIN

_ . _ Chemical compositions of mixed rare earth (enrich-cerium)
Mixed rare earth (enriched cerium)

Element Content (%)
CeO, 65.22
Nd,0, 15.18
La,0, 6.14
Y,0, 5.35
Pr.O,, 2.44
Dy, 0, 0.92
Cl 1.53
Na, O 1.04

Cao 0.23
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HANNMINLARINNITANASINMIEINAINLIINUN leAva AU IRBUaTNAILISIANIEIN

Chemical compositions of yellow cake (U,O,)
Yellow cake (U,0,) Element Content (%)
uo 87.56

2

ThO, 6.33
Na,O 0.61
P.O
SiO
Fe,O,
Cao
NiO
CuO

Pd

Ru

Rh 4.96
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HANNMINLARINNITANASINMIEINAINLIINUN leAva AU IRBUaTNAILISIANIEIN

Chemical compositions of thorium oxide (ThO,)

Thorium oxide (ThO,) Element Content (%)
uo, 0.58
ThO, 87.00
Na,O 11.53
P,O,
Sio,
Fe,O,
Cao 0.26
NiO
CuO
Pd
I
Ru

Rh
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Chemical compositions of tri-sodium phosphate (Na,PO,.12H,0)

Tri-sodium phosphate (Na,PO,.12H,0) Element Content (%)

uo, 0.09
Tho,

Na,O 61.66

P,O, 37.13

Sio, 0.44

Fe,O, 0.07
Cao

NiO 0.02

CuO 0.02

Pd 0.09

| 0.42

Ru 0.07

Rh
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Compound

HAANITINIEINUTENSNIanmatianisuanilasulossuy

Element content (%)

0.01

<0.01

0.01

<0.01

0.01

98.68

1.28

CeO2

<0.01

<0.01

<0.01

1.05

98.76

<0.01

0.01

0.01

0.14

0.05

94.92

4.53

0.3

0.01
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XRD patterns of synthesized and commercial La,O,

20/degree

Commercial La203

Counts
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XRD patterns of synthesized and commercial CeO,
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XRD patterns of synthesized and commercial Nd,O,
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AMANYAIZLANIZYDISINNILINNFNALA

BET surface area, total pore volume and average pore diameter of synthesized and

Rare earth oxide

La,O,
La,O, - C*
CeO
CeO,-C*
Nd,O,

Nd,O, - C*

BET surface area (m?%/g)

commercial rare earth oxides

5.146

3.855

5.287

0.714

3.166

4.989

Total pore volume

(cm?/g)

0.014

0.014

0.034

0.005

0.028

0.013

Average pore diameter

(nm)

10.97
15.28
25.95
29.08
35.17

10.64
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SEM images of synthesized rare earth oxides

Magnification

3,000 W v - -

20,080,577 mim x8.00k SE _— I 0. 0KV 13 6mim 3,00k SE

10,000 W=

20.0kV 13.7mm x10.0k SE
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Synthesized
REE oxides

Commercial
REE oxides

SEM images of synthesized and commercial rare earth oxides

20.0kV 13.2mm X

20.0kV 10.4mm x3.00k SE
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nanlulofwa (Synthesis of rare earth catalysts for

biodiesel production)
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" lasensnsiauismsiieseiviinasamentuiiegi
Aunaziu (Development of analytical method for
determination of rare earth elements in rock and soil
samples)

" Jasensmsiaundasauiisousd maanieldlunsg
wanlulofleaanindudifinsaluiudassgs (Development
of mixed rare earth catalyst for biodiesel production
from high free fatty acid oil)

" msdszgnaldinadannidileadindiussduasnsinsen
\Wessdindivateiiuls lunisdrsanazussliudnanin
uwdssmennlukssavaunznauuinuiuiinialives
UszwAlne (The application radionuclide techniques
and geochemistry multivariate analysis on the
exploration and assessment of rare-earth elements
bearing sedimentary deposit in the southern part of
Thailand)
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Ufnzenlunsudnlulediwa (Improvement of coal ash
from coal fired power plant by rare earth elements
derived from domestic resources as catalyst for
biodiesel production)

" TassnsmAidemslismmerniiieisdsyansaimns
L3AulaLazHaNanURITIEULEE 105 (The use of
rare earth elements fertilizer for improving growth and
yield of Thai Hom Mali 105)

" Tpsamsnisdvenisuszendldsimmenduiifianiunis
yzdaimansvesiuuInaiuiimamilevetive (The
Application of Rare Earth Elements as Tracers to

Assess Soil Erosion in Northern of Thailand)
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Microwave digestion system
| |

Geological,

rock and soil

sample

Ce, La, Nd, Pr,
Sm, Eu, Er, Dy,
Gd, Th, Y, Yb,
Tm, Ho, Lu, Sc,
U and Th
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i |
I o 1 aaa a = : 100 -
L ALseUfAsensuanlulefiua | —
N s J —~
S 80 -
v -
- 94.97 —
100 88.91 89.1 S 60 -
e
— i : -
g 80 S 40 -
= w | —a—with La203 synthesized
S 60 - =
-S- E 20 ——-with La203 commercial
z 40 - —8—without catalyst
E 0 L} L} L} L} L} L} L} L} 1
w 20 - 0 20 40 60 80 100120140160180
- Time (min)
La203 Ce02 Nd203
Physicochemical properties Test method | ASTM D 6751 and | Experiment value
100 19497 9288 9251 91.37 91.18 EN14214 limits
Lo
L 80 -
= Ester content (% wt) EN14103 96.5° 95 + 0.62
£ 60 -
*E Density 15 °C (kg/m?) ASTM D 1298 860-900° 880 £ 0.13
0 40 -
o 20 Kinematic viscosity, 40 °C (mm?/s)  ASTM D 445 1.9-6.0° 5.01 % 0.01
E -
= Oxidative stability, 110 °C (h) EN 14112 Min. 62 15.56 T 0.01
0 = T T T T
1 2 3 4 5 Water content (%vol.) ASTM D 2709 Max. 0.05° 0.01 %+ 0.01

Number of runs

% Limits specified in EN 14214
P Limits specified in ASTM D 6751
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