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Global annual production of niobium is only around 100,000 tonnes; however, it is a critical metal for
modern industry and is mined in only a limited number of regions. This study reviews the current sta-
tus of niobium smelting and recycling technologies. Approximately 90% of niobium is produced as
ferroniobium (FeNb) for use in steel alloys, although niobium is also utilized in superalloys, supercon-
ductors, capacitors, semiconductors, and other applications. Niobium coexists with tantalum in colum-
bite and tantalite ores. These ores are decomposed by hydrofluoric acid digestion or alkali fusion, fol-
lowed by solvent extraction to separate Nb,O; and Ta,0,. Niobium metal and FeNb are produced from
Nb,O; primarily via aluminothermic reduction, although metallic niobium can also be manufactured by
thermal reduction using Mg, Ca, or C, as well as by molten salt electrolysis. Crude niobium is subse-
quently refined into high-purity niobium through molten salt electrolytic refining, high-temperature
vacuum treatment, and electron beam melting. Because most niobium is used as an alloying element
in stainless steel and high-strength low-alloy steel, recycling practices for niobium remain poorly doc-
umented.
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1. Introduction (Charles Hatchett)7} o] 3¥& HEJA 2L YAE TAsH
LHAA F et A E= o] F=Eo] HoH|gj7tito| B g A9

o] @ E(niobium, Nb)2 €+&¥(tantalum, Ta), HF}-E(vana- HAo| A ZHH|oHColumbia)ZHE FE2 ZHHO|E, Ui
dium, V)@ §7 F7|1&312] VBFo] &3t Ho|lg&52 s R Z 45 (columbium) 2 & FH5to][2], o] o]Fo] ;- Ft A

Aol 1§3(2,477 T) 50t} NboJ A2t F d4 EQ=E 20 S T 18020 A SFekA} o A 2] ((Anders

ppm(33¢DL.2 VO] 100 ppm(209]) Erh= Z A Ta(2.0 ppm,
529) [1] Brhe 358 F&olch. Nb2 & AlA| A7k AYAkko]
oF 105t & $ol Bt slaggolAnt 1379 i 948
H|Zoto] AR 2 A== g4lF4olr)

Nb3d4]Q1 ZHHIo] E(columbite)i= 1734101 1|=2] mhA}ZA]
Z FAroll A HAE QAT 18019 F=9] SHehAl A E
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Gustaf Ekeberg)7} TaZ 'T75to] Nbi H|F0] thFol| = 2eh4]
‘gdo] vje- FAfste] FUAISHATHS]. T2t 1844 HU9] 3t
S}A} 24(Heinrich Rose)”t A#HIO|E & Nbt Tas #2]5H]
Nbo| Tadt ThE YAE IAEHA =itk 2A4= Nb Taol gt
HolomZ Taol o]l A A5}t & shekz A 9o Tel Y
2H|(Niobe)d] ©o]&& T Uo|LFOE PYstoirH4]. Lt
1950'd°] = ojA{oF Nbe] 5-48k=lem, 19709 2R7HA] &
HH2H(Cb)olst A= AH&SH7 ] = 53l

Table 19i= Nbe] =2]3}eH4 J4-E 22 £9| V, Tax} B 15}
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Table 1. Physical and chemical properties of vanadium, niobium and tantalum

Symbol/Atomic number V/23 Nb/41 Ta/73
Atomic weight (g/mol) 50.9415 92.906 180.948
Density (g/cm’) Room temp. 6.0 8.57 164
Liquid (at melting point) 55 - 15
Melting point (°C) 1,910 2,477 3017
Boiling point (°C) 3,407 4,744 5,458
Heat of fusion (kJ/mol) 21.5 30 36.57
Heat of vaporization (kJ/mol) 444 689.9 753
Specific heat C, (J/(mol-K) 24.89 24.6 25.36

Magnetic ordering

Para-magnetic

Para-magnetic Para-magnetic

Thermal conductivity (W/(m-K)) 30.7 53.7 57.5
Electrical resistivity (at 20°C) (n{2-m) 197 152 122
Mohs hardness 6.7 6.0 6.5
Crystal structure bec bec bee
of UERHQITE Nb2 FElo] Sl= 349 A o] F7et 120
o1, sk Ao vl A, FE, 24, 254 e e o
= tjokst AARS UrebdT NbQ) 832,477 T) Ta (3,017 C) < 1001 ores and mineral concentrates.
Hop ot v (1,910 T)Erh o1, WrE(8.57 g/em’)7} Takrh % (Souree: LUSGS)
woul, Yaa 24 S4S AN k. B9 Nbe B g
H|5Rt Bt AAGS 7HA AL ARt Aol A d7lstol = é 60 4
Aot Wa/dol dEol E7de FadasE ARREHL QU & Cﬂé
=R AL o3t Nbo] A4k, 829} 37 A|d 2 ejijo| 27 = 40,
Aol Tsto] ALY, 5
20
=
2. H012=2] g 8 1560 1970 1930 1990 2000 2010 | 2020

o

Fig. 191 Nb 3+ 7159 A AlA Nb 88 P4l Hst
(1964-2024)2 JEFHATHS]. NbQ] A7F AAFS 1960 3
HHRE] A3 S7II o 1990d ) FH7HA] = 25t & wjglo]
ek 1Y 199695 E5739] BARF S71et 3 F4 5]
7¥ste] 2024 0l= 109F & oS AAlstoint. T A A4t
9] Z7P7F BAE AL Q) ot B4 =29 A&HH ST} i
I RHEA E 2AEA 59 a0 Yol Nb BARFE X420
2 37H 0= AAfsta it

Fig. 201 20244 7|5 Nbe| =7PE o fat Ak vl &S
e SicHel. Bekdo] d AlAl Nb v} AAkee] oF 90 %
£ ARk 9lo, Afuttol 9 % vt wiRE o] St 1 9 &
2 7ol 4] AP BAletE R Wi o] Qg Ao R A7 AT
BACl= FolA &AL = 5 57 =7telet |A = of Ut o] A
Nb2 AT A1 APA=rE = 0] Sl S|Ag4olA| T,
F749] " A7 fao|ng ARl 34 gEot F ettt
- o

2]
W &4 Nb2 /o] S5et 78 S04 &eE0] S0

o

N

ool o

¢
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Fig. 1. Changes in world mine production of niobium mineral
concentrates, 1964-2024. (Source: USGS).

7V A7t FEe] 2 27 A7 AASEH 551 Nb 4
AFFO] 9F 90 %= ¥ 2 1o] @ E(ferroniobium, FeNb) FE| & 1L
7%, 2ER A7 59 AFAel A7EE o AEAF 2wt v
I Ei7|A g S BE F2A, A 2R gol g, o 8718
5 5ol AEE AL Stk 71 9]of & Nb A= 33} A= 47t
Al, A-foet S 5o AREY, gelE2 2FE YRR 27
T2 ARED E 545 Nb2 AWAIE Y BHEA & Bl g =
AREE AL AT E Nb 7 NiAl g2 WE4go] 95to] 7k
ElHl 5ol AREHIL Qlrk 183 Nb 471 sRle2 112 24
%= £790] o1 Nb-Ti, Nb-Sn 5-& 2= #4419 =2 MRI
(Magnetic Resonance Imaging, Z71-5% 34}, NMR (Nuclear
Magnetic Resonance, #27]31), &Ho] HE7} 5o AMEE]
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Reserves

Brazil
89.9
>17,800 kt
(2024)

(%)

USA 1.2

Productions

Brazil
92.2

108,470 t
(2024)
(%)

Others 1.3
(Congo, Russia,
Rwanda)

(Source: USGS)

Fig. 2. World niobium reserves and mine production in 2024.
(Source: USGS).

3 9)ek. 53] Nb& Tarich ool g /2% Agstel Ta
A &A% AFGET ek,

3. LI0|12=2| M=

Fig. 3°] Nb A3l 4] FeNb, &4 Nb 52 W=+ ZHEE U
EFAQITH7,8]. Nbd} Ta F4] Fof TEol22 YR g HA o}

o 4% Bejst & o7 7] oz sty JA sl F4S
THE AT, FeNbe] T3 o] 222 2 (pyrochlore)2 % ﬂﬁi
T Al 93 BRSO 2 whET

3.1 LI0|2E°| 87
_‘%

Nb3} Tal 22 %02 3} 42|} ezje] o] & ulo] H]
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Zoto] ZHz2te] AkskEo] 4
O] E(columbite), EFEEto| El (tantahte) 507
20] 8 F=T 24 HAE Ui eH(10], NbJ)r Ta2 i
= ot AskE 9 AR FE] EAsH, Ao 2= A
3k2o] F8 FECIXR mol2F = E(pyrochlore)”t Nb A|&-2]
2F 90 %T‘::— A A|5l= FeNb AR AFEE= 8 FEolth 1

549 AEQ1 AYulolE EP%}E'}O]E(columbne -tanta-
lite) NbJJr Ta2 3t ﬂt 49 (cassiterite) 50| ATt HHH}O]
E-glgglo|EL Nb g&o] =0 AYHo|E, Ty go| =0
H g ER HEUJ] o] F YAi9] go| HxolH HEE
AgHlo|ERt B E

3.2 Z49| Fall & Nb,0:2t Ta,0:2] E2|

Nb g4te] of 99 %= Hepd} Ayt 9low, sfojzgdzs
7} 5= FEC|ARt Ta ?F©] FeNb(standard grade)®] 51-& 753t
FEOE U9 wol ¥ F4 Ffut £ kAl ¥ ATt
W 2P dyvte] By ' Elo| Eol= Nb¥ Tao] 55511
- QPgste] B4t o, ¢EEl 881, I SoE e

wofsto] Z42te] 4kekEQl Nb,0,2t Ta,0,2 Z25HAY &3,

$_

Nb-Ta 442 HFY HF+HNO,/H,SO,°l &38o=z A&
ol FYHrE EAF E3He 7MY wol AMgRit B3 & Nb
I Ta2 tif2 B3k Hf 804 &&2(octanol), DEH-
PA(di(2-ethylhexyl)phosphoric acid), Alamine 336, MIB-
K(Methyl Isobutyl Ketone), TBP(tri-nbutyl phosphate) E+= Al
Z2 3 Al=(cyclohexanone)?t 22 81 & AF8oh= 81 &4
O % RERI Fig. 49l 349 £319 Nb2] MIBK &4 &
s YERSITHI 1L Nb 32 & ¥ 52o= vl4fstr, &3
Fol|l A tha A3 o] 70 % HF= -8-SiITH12].

Nb,O5 + 10HF = 2H,NbOF; + 3H,0 1

Tas0s + 14HF = 2H,TaF; + 5H,0 2

o]o]A] Ta,0s+Nb,0,2] B 100 g/Lofl thall 4 M o]42] 4t
< H7F & dF nEgA 502 e ofik- gt ofdS
MIBKZ &1 &35} Nb¥} Ta2 971422, Fe, Mn, Si 59

BB P WA AT, FEUSL TR 2o,

4HF + Nng_ + 3MIBK = HoNbF7 - SMIBK + 2HF;, (3)
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Resource Columbite Tantalite Tin slags Pyrochlore
. I S 2 2 v TR v I
esource HF di est on Ca stcf sion Chlorination Reduction
treatment ‘ Ii : }‘—| il | l I. I | | Li ! ‘
Hi Y v Ferroniobium —
Solvent Fractional Fractional
extraction crystallization distillation
I i ! Chlorination
| HoNbF;  HpTaF,  Tasalt  Npsalt i
Separation| 2L 2T (1K TaFy) . ' FeCl -
(For Ta recovery) ) |
- i i NbCls
—>{ Conversion to Nb2Os }4——-' i Mg
4 ) e, v
v i """""" v v v Reduction
; Alumino- Carbo- Calcio- Manesio- & vacuum
Redueion thermic thermic thermic thermic H, distillation
Purification Blectro- EB. [ ] Vacuum EB.
refining melting sintering melting
- v ! v
Product I Pure Nb Purified Nb FeNb
Fig. 3. Process flow for extractive metallurgy of niobium.
Table 2. Composition of niobium-/tantalum-containing minerals [10]
Mineral Chemical formula Nb,O; (wt%) Ta,0; (Wt%)
Pyrochlore (Na,Ca,Ce),(Nb,Ta,Ti),(O,0H,F), 34.3~86.8 Tr.to 4.3
Columbite (Fe,Mn)(Nb,Ta),0 46.8~81.2 53~31.2
Tantalite (Fe,Mn)(Ta,Nb),0, 0.3~26.8 56.5~86.2
Microlite (Na,Ca),(Ta,NDb,Ti),(O,0H,F), Tr.to 3.4 73.7~86.0
Tapiolite (Fe,Mn)(Ta,Nb),0, 0~35 Up to 86
Ixiolite (Ta,Nb,Fe,Sn,Mn), O, 8.3 68.96
Wodginite (Ta,Nb,Sn,Mn,Fe, Ti)O, 1.35~7.1 67.5~70.1
Loparite (Ce,La,Na,Ca,Sr)(Ti,Nb)O, 9.7~15.1 0.8~1.0
Lueshite NaNbO, 81.1 Tr.
Latrappite (Ca,Na)(Nb,Ti,Fe)O, 439 NP
Euxenite (Y,Ca,Ce, U, Th)(Nb,Ta,Ti),0, 21~34 1~22
Striiverite (Ti,Ta,Fe)O, 6.5~9.3 33.1~35.5
Tlmenorutile Fex(Nb,Ta),,4Ti,-xO, Upto33 Upto 14
4HF + TaF2~ + 3MIBK = H,TaF; - SMIBK + 2HF,  (4) o] Nb,0.2 #=31AY, KFE 7150 Nbe E3k4E S
§hSo] FAAY 5 Ylek14]

AHF %o A%= NbF? Hrh NbOF; 7} $43olA ebgsia
2, 7149 & ZAES ATsho] NbRE A0 2 &5,
Ta% 71730l A Rejgitt. 4430 NH,OH 8%4& H7}5to]

b SatEER YA o3k A% 9 shasto] Nb AHE:

UF—EP [13].
1 9ol EgHAte] o] HieE W0l 7HiA Nbe 58 52
B FE0V|= AT E T A3 o] g9 diYokE H7bet
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2H,(NbOF5) 4+ 10NH,OH = Nby,O5 | +10NH,F + 7H,0 (5

Hy(NbOF;) + 2KF = K»(NbOF;) | +2HF ©6)

() Yzta| 28

Fig. 50 &) 8890l ofet g2 23l 4= HEH A
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Columbite-Tantalite Concentrate
v
Chemical
decomposition

HF-H,SO, —

| Filtration }—» Residues to waste

MIBK* & H2SO4 —>| Solvent extraction }—» Raffinate to waste
Organic (Fe, Mn, Si, etc.)
Dil. H,SO,—| Nb/Ta separation |
Aqueous] [L—— oOrganic
H,SO, _,I | (For Ta recovery)
MIBK* —|

Acidification
v
Nb extraction

}_> Effluents
(metal impurities)

H.SO,—|  Nbstripping | MIBK* recycling
NH.OH & H,0—__Nb precipitation |
Purified water—>| Filtration I
| Calcination |
v *MIBK: Methyl
Nb20s Isobutyl Ketone

Fig. 4. Flow diagram for the extraction of niobium oxide.

[15]. NaOH, Na,CO, 59| TH=< 2F 400 CTolA &84 & &
BES WHIEHHA] 2F 0.1 mm Z7]9] AP H7tote] 88417
oF 800 C7HA] 7FdsHH thg Al1} Zo] Nbt Tao| Ho] F4kA
Hsodium niobate)2} EF&4tATHsodium tantalate)”t H T},

g

Fe(NbO3), + 6NaOH = 2NazNbO, + FeO + 3H,0  (7)

Fe(Ta03), + 6NaOH = 2Na3TaO4 + FeO + 3H;0  (8)

2822 1Y ol FUslol The A7} o] +UBE WAE
sj=5t], 718491 Si, Sn, W, Al 52] B2 A7
12Na3NbO4 + 43H,0 = (9)
TNas0 - 6NbyOs5 - 32H20(S) + 22NaOH

NagTaO4 + 30H2O =

4Nas0 - 3Ta305 - 25H,0(s) + 10NaOH (10)

LS 7hEshA T A3t o] 20 % HCIE HE3H Nbt
Ta 247} Yol @Akt SrAto 2 A=A, Atofl 7H8-9< Fe,
Mn 59 YA] Seaso] A=

7NasO - 6NbyO5 + 14HCI1 + (X — 7)H20 (1 1)
= 6Nb205 . XHQO(S) + 14NaCl
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Columbite-Tantalite Concentrate
v
| Size reductionion

NaOH+Na,CO3
(Alkali:Conc.=3:1 )_’I

| =0.1 mm

Alkali fusion

v
H20(>5 %NaOH —>| Aqueous processing |—> Ssollugr?nvc\JllsTc_:a;?c)
v

| 400 °C—800°C

Precipitate
Sodium tantalate and niobate,
Fe203, Mn304, Na2TiO3s, and other impurities

+ o
HCI |  Decomposition (S:el,xuct:onMnCI )
¥ > ’
Precipitate

(Nb, Ta)20s5°xH20,
and impurities(Si, Ti, Fe, etc.)
v
Washing of precipitate
and filtration

v
Mixture of oxides;(Nb, Ta)Os,xH20

To the separation of Nb and Ta

Fig. 5. Production of a mixture of tantalum and niobium oxides by
fusion of the concentrate with sodium hydroxide.

4Na,20 . 3Ta205 + 8HCl + (X — 4)H20 (12)
= 3Tay05 - xH,0(s) + 8NaCl

ito 2 gafsto] gl FE= FAISHL Nb

1/5Nby05(s) + C(s) + Cly(g) = 2/5NbCls(g) + CO(g) (13)
1/5Ta305(s) + C(s) + Cly(g) = 2/5TaCls(g) + CO(g) (14)

o] #HoflA NbCL, TaCl,, WOCL2} Si, Sn, Ti 9] 493=
(tetrachloride)= 3 SFEH, YA BEEEES A =
o} TaCly7} BHE]A] = 2721 450~550 T ollA4] NbCla= H,Oll
o5 A FLFHEZ, H,e A NALY & dSES
500~550 C= 744 9r-&7° 355H NbClL7t *"*45401 Elecy

7] Bof] S55H, TaCly= 714 Aol A 2dM =2 S87 35
t}. o]t ehof ot AEiH kY §he-2 that Zi16].
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NbCls(g) + Ha(g) = NbCls(s) + 2HCl(g)  (15)

o e ok Al 98 50 % ThE FeNbe|Y FeNbTa
N

#7519 NaFeCl, S A1&24 0.2 A gA|1AHof gttt
8NaFeCl; + 4Cly(g) = 8NaFeCly (16)
FeTaNb + NaCl + 7NaFeCl, = Ta/NbCl; + 8NaFeCl; (17)
o|2et Fad A2 A AshHE ZhstaL AAIA Rl

ot} £3] FeNb2 25 75013 NbCli= <=7} o &ot

3.3 Nb MstZ2| &t
(1) thakz gHelo st
A Rel o3t A= (M,, 0,)9] $H ¥HE-2 th2-at 2t

M,,0,, + 'R = mM + R, 0, (18)

Nb,0,9] SHdAl= NbE T At4: %15t FomHA Nbo| 89

Temperature (K)
2000 1250 1000 667 500
0 —— .

(2m/n)M+0,=(2/n) M,,0,,

— M/MO

-------------- H,/H,0
———.CICO&C/CO,
————— C0,/CO

¥ Pcoz/pco=1
=104, ™

logpg, (atm)

06 08 10 12 14 16 18 20
10%T (K™

Fig. 6. Oxygen potentials of various oxidation reactions.
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W3, FEEIES WEA on], eakso] Fok gk, E
BB B4 NbO| Helvh 9lok ok, AshaA A4
44§ 270]ojof gt} 941 Aba Ashela) Balslo] B/Ab
A the A0 LeRd 5 9lom, Table 30 Nbat
7 B0 AbstaRg o] Tt 1 ALgolU A WSl eyl

It
&
10
o,
ol
r

2\ 40y = 2M,,0, (19)
n n

24715 Akshikgo] W AEN(4G=0)0l OH 4G The 4]
3} 2.

/n

2/n

. a

AG’ = —RThn MM—"’O —a+Br (0
ay - PO,

o714 AekEM,, 0,)% F5M)S 44 &5 &8 & 7Hdstd
aym on=aM=1°122 logp,,~1/T] A= th33 Ztt.

A B (1)
2.303RT  2.303R 21

Fig. 69l Table 39] 4G° 258 4219 At5}E Aol &gt
logpo,-1/T9) TAE Uehfglth. C/CO,, C/CO BEAAE
=103 CO,2F CO9 E<to] 2+ 1 atm¥ wj9] TAE 71 A
Ao2 CO,/CO FHANME peoy/peo’t 17107 o] IAAE
o Mo Yepfiglth. I1- o 2RE Nb/Nb,O, BFol Al
Mg, Ca®} 7t AtshEo] BP K} &o] 9J2|5t0] NbHTh Ak4 2
steo] AA FHsHH o 2= o]g 450 Nb,OE ST &
et 2831 12041 Nb/Nb,O; B3] C/CO BPE} 9%
off 9Jx15te] Coll 2]t ghelo] 7Fs3HA|T, H,/H,0 F R} o}
o gx]5to] AAstH 0 & o] O3t H3 FAL BIM53 AL

o 2 9.

logpo, =

= m

Table 3. Standard Gibbs free energy changes of oxidation

AG® = A + BT ()) No.
-754,030+166.99T (1)
-1,116,200+207.31T ©)
-1,126,890+211.81T

Reaction
4/5Nb(s)+0O, (g) =2/5Nb, O; (s)
4/3Al1(s)+0, (g) =2/3Al, O, (s)
4/3A1(1)+0, (g) =2/3AL, O, (s)

2Ca(s)+0, (g) =2Ca0(s) -1,267,840+2064T 3)
2Mg(s)+O, (g) = 2MgO(s) -1,202,400+215.2T (4)
2Mg(1)+O, (g) = 2MgO(s) -1,219,200+233T
2Mg(g)+0, (g) =2MgO(s) -1,465,400+412T

C(s)+0, (g)=CO, -393,500-2.99T (5)
2C(s)+0, (g)=2CO(g) -221,840-178.01T (6)
2CO(g)+0, (g)=2CO, () -565,160+172.03T 7)
2H, (g)+0, (g) =2H, O(g) -493,070+109.88T (8)

J Powder Mater 2025;32(6):517-528
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(2) Nb,O52| Al B2t
Fig, 691419} Z0] Nb ASHE-S AL Mg, Caolth C 5-& 4183t
AU WFS0E AU 5 9LOU, T4 Nb 90 % oL Al
O

3kl WSS Nb,0.7} NbO,, NbO2] AF AslES AA 3%
Nbo 2 x|, S804 33 ArHis).

(22)
3NbyO5 + 10Al = 6Nb + 5A1,0;

AG® = —925,300 + 136.2T (J/mol NbyO5)

ATR(Alumino Thermic Reduction)HoA+ Ik GF oL}
(ALO,) =71 FollA &8t =24 FETE 10 % Z= Y] Ale
E HSAIA 9F 3 wit%Al 32 Y=t Nb-Al Foll= Al &j0l=
< W ppm FE9] Akds, A4 o] BEEER FeEo] Jleng A
T FollA ola 2y HAH] 8§22 AlE T AAot] Aikh
9] C-free Nb= TH=TH12, 19].

(3) Nb,Os2l Mg, Ca Tt 3 A 2+

Fig. 60l Yehd v} Zro] Mgolu CaC 2% Nb,0.5 T
4 9. 53] 800 T olollA Mgel 57190l F83] ol th&
4|3} o] Mg %712 Nb,0,5 $HIAIZ] F 4H&s}0] Nb £

< Al = U201

NbyOs(s) + 5Mg(g) = 2Nb(s) + 5MgO(s) (23)

olo

T2y o] 23t ¥Rl AFAES] Nbak MgO7F A48 21 Bt
< AdlistE® 85 FollA A717] vzl ¥H-S(electronically me-
diated reaction, EMR)= ©]-&5to] €-5t7] = 513t E Nb,O,
e} EEA(CaCo; B), ABAE Eoto] HFT & Mg 5712
ST F A4 AEE FAES AAT F Nb 248 A
[21,22]. 53] Mgo & 2Hist Nb 22 11719] Ta A A|El(ca-
pacitor)E AT 5= U= A2 AT A Ut

S Caoll 2J3t Nb,0,9] 2 §H3-2 th 4|7 Zron], A3}
2 o2 FARL TaNt-golojA Sl 1/F42] Bal7h Aot

Nby05(s) + 5Ca(l) = 2Nb(s) + 5Ca0(s) (24)

ut2dAlo} A BEO] Nb,0,2 Caol 23S Aeista, oF
950 €] Ar 29171 oA 2417 A& H-gA|# A Nbo.&2
gtk AR5 Catt FAHER] CaOE EF 2 GAtoz HEA
A AASHH Nb 28-S & 5= Art23]. 12 Mg oA et
kA 2 AAJEQl NbeF CaO7f HH-g Aoz 2835182 Ca
o] gd=]o] QU= CaCl, 59 EYA FolA Totar24,25].

T Ca°] €350} Q1= CaCl, 59 22 S04 Nb F4ekE
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< O 43 ol gdsto] AMAIEE Nb #8& A £37]%e ©
.

2Nb(OH), - nH,0 + 5Ca =
2Nb + 5Ca0 + (2n + 5)H,0(g)

2 Fig. 691412 o] 2ol 213 Nb,0,9] T2 dojutA|
oL, Nb,O, 5 tha 43} o] 4=z ghdsta] Ag Atekadl
NbO,= "E1L, o]ojA AR|EE Hg7]olA Mgz 25t
5 NbE thelen, TA4d=l Mgot vHh&3t Mg &
< Gitez HEste] AL, Nb 222 35t ArH26].

Nb,05 + Hy(g) = 2NbO, + H,0(g) (26)
NbO; + 2Mg = Nb + 2MgO 27)
(4) Nb,O52| EtA Hat

C¥} Nb,O, 5 S33F T3-Z oF 1,950 T ZF2of|A] thg 4]

I} o] e A el AAA SUFITH27,28].
NbyOs5(s) + 7C(s) = 2NbC(s) + 5CO(g) (28)
5NbC(s) + NayOs(s) = 7Nb(s) + 5CO(g) (29)
A deto g TEoiZl Nb Fol= ¥8 5 A8/484 Nb &3t
7} NbO,, NbO 5] ZgtE|e] 9lemg (0], [C] 52 AA

=
flt AA g5 5 e FES doh AR &8 = [C, (O],

NI 22} 80, 100, 90 ppm 2 WEFH ITH23].

FeNb< d3tA[Zl & SR/ 285t d2 & NbCLE
Mg(Kroll®)o|t+ Na(Hunter™) 2. & helsto] tha 2|3} o] &

% Nb2 & 4 It

2NbCls(1, g) + 5Mg(l) = 2Nb(s) + 5MgCl,(1)  (30)

NbCls(1, g) + 5Na(l) = Nb(s) + 5NaCl(1) (31

sk

= 9loH, 4] 2% NbCL2

s
)

3HH NbCLE 4=

SheiuhS2 that At
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2NbCls(g) + 5Hy(g) = 2Nb(s) + 10HCI(g) (32)

E Nb9 AF FsHE FollA Nb,ClLel 45t NbCLE= H,
715 S0l A th2 A3} o] Nb,Cly(s)E A4ttt

3NbCls(g) + 7/2H2(g) = NbsClg(s) + 7THCl(g)  (33)

F 400 T4 NbCLe} H,9] §h&-o] A|&=o] 1,200 T °]/4do]
= Nb,Cl(s)= NbCL(s) 5= AA A 84 Nbo.=2 S¥rt. o]
23t NbCl(g)2] H,(g) T¥-2 1,000~1,200 T2 7}t = Yo
A 714 glog dojud, CVDY 5o 93t <4 NbHol} %

OAET AlE 5ol o]-8= AL Sl

(2) 28=2| ot

K,NbF, 2 E274 £%1719] 900~1,00
NaO = ghelsto] 54 Nb 28 ¢4
3l K,NbF,°] 2 =0} 54 Nbe] A4

o

CollA] th A7} o]
2o}, K,NbOF,]

fgo] obdl % et

%

d

K>NbF(1) + 5Na(l) = Nb(s) 4 2KF(s) + 5NaF(s) (34)

T K,NbE,Z th2 4]3} o] 650~700 C 2] K,NbF,-NaCl-KCl

A &84 FolA Adfiste] 54 NbE 2= & Utk
NbF2~ +5Cl~ = Nb + 5/2Cly + 7F~ (35)

3.5 HZL}0|2E(FeNb)2| H|=

FeNb(Nb 40~70 wt%)2] thF-E-2 mo| 222 2(Nb ASE)E
Al G3hsto] RHEH, Table 40 B2 CBMMAFS] FeNb A%
(11 t/chyE $15t A< =] dlE Yepf et HEo] R=s1H
AtE S B3] 51, Nb,0,2} AFsld o] Al g3k uhg-&
T3} o] rduk-goltH29].

3Nby05 + 10Al = 6Nb + 5A1,03, ”

Hygg = —276.1 kJ /mol Al 36

Fezog + 2A1 = 2Fe -+ Aleg, ( )

Hiyyy = —438.7 kJ/molAl 37
FFo] BT w= Y= E v g EsAY BaO,, CaO, KCIO,,

KClO,, NaNO, 52 &¢oto] g2 253t

3.6 2% Lio|2E2| Hx|

2545 Nb2 9= 32 Ad FAoA e =& A7E A8l
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gAIStodof Bt} 254 Nb 59 ExEol= MIYd 949 O,
N, H, CE& HI£5}0] Fe, Al, Ta 59 &% 48] §
Nb2 &6%F AsigAl, L& X342, -85 44 (zone refin-
ing) 502 1% Nbe WHEAIRE tiFE AR -&-8(electron
beam melting) &= A3t}

(1) 88F MalEx|

Kamat 52 574 £49] 52 NaCI-KCl°f 26.2 at% K,NbF, &
A7kt 800 T &84 FolA AsigAlste] Ale] 2 wt%ollAl
0.002 wt%=Z, C, N, OX% Z+Z} 200, 100, 1,800 ppm =714 ZA|
St C[17] FHanode) 2= 5 =7HY ahiol] Al o= A
23t ZNDE T3t 2& AHESF3l o1, S=H(cathode) 2= AH|QL
227 A8ttt Lorthioir 5= FARE 249 889 FollA
Nb Bld= g Aoto] =2149] 15 Nb& @ AUTH301.

Nb2 g0l FouE 84 olste] 124 s A=std 5

71%o] B2 E4Ee SR AT & At 531 H, N, O, C
5= Nb2| &4 olstoll A AA=7|%= ohH, A 883 A5
o] i Nbg @& = ot ok Nbo] vlald] 2449 g4o=
22l B 4ot 4A vhgstER axlgolu 524 917100
A 312 A2} stojof gt

Fig. 791 12 ZZAEolA H, N, O, CY AA de& 24
A& U HH31]. H,, N, 59 2921 2 714]9] SE& AlH
E(Sivert) 2ol whet £917] Fo] Fow et sk
U E o]-&3t Aolrh. 4 4% °F 800 T ol gollA A= e
9] H7} Z%=]o] H7F El5& Nb ZHolA A4 AA=H, i
T N,7F Hof Bl A A A|AHE

Nb %2 O H, N# 2] Nb EHJA Fig. 7(c)2F Z°] NbO
2} NbO,7} o] AAH,. 12|31 C= Fig. 7(d)2k 2ol CO7H =
ol AAEERE vl WA A4 FE7F S v COoll 97t 28 vhE
7} NbOU NbO, 9] Fol] 9Jgt &4t ghg-o] Aol Yo7 & 5}
Ak, A4 s e7F O $g AlShE AY/gol ot gkt do
et

Table 4. The typical charge for one batch of ferro-niobium
production at CBMM [29]

Raw material Charge amount(kg) Remark
Pyrochlore conc. 18,000 Nb205 60 %
Fe oxide 4,000 Fe 68 %
Al powder 6,000

Fluorspar (CaF,) 750

Lime (CaO) 500

J Powder Mater 2025;32(6):517-528
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(3) HXH 88 HA A giet. whetd] A3 ADE HR0 ofa] Nbe] £42 Zo]
87 B4 Nbe DAY Ay §8L 5ol B A 2ol Baste3l,
o]0l ute} Hf 5} 37]970] & AL 1|53 ofe] 2482 A

A 4= ik T2u NbET F7190] 2 163 5529 Ta, W (1) A3H U FHAZ0| 5 Nb 3l
Solu 371l fARSE 521 Mo, Hf, Zr 52 AIAT 4= 9L Table 591 7¥¥&0] F Nb¥} Ta2] ohid2 e ATH33].
HH 2559 SF AACNA Nb} vl E5-E Me2 2%74101] b g+ é*ﬂ% U e REolE A7]2 FollA &5fistd Nb
A Me9l 3718 (py) Tht 2o, py= 5 AH9) 71 4 Z15}eo] FeHlth o} 4tatE]o] Sl 1402 Fuject,
OIH, dyi, 7o Xy A2 Me2] E5 5%, 5T, 2282 Y 53] ‘I}'T’ gt SollA AT S A off At gt AQlE A
ghuict, Zoznt BRsly ¢S M2 BRHA| oot W72 59 &
PMe = Page - 8Me = Prge " Yate - Tve  (38) 3 TPEOIA Nb2 iRy Sejaatom SAE fH ol

jg
01|

47} wS thepstel ejstol2ee] FET) et A
S44, Sto|Bel = SO AolEYsh o] At
U, 5 Ni, Co 59 24101282 918 Holeh33].

oo} o] MF B2 V1Y pus P2t ENb T EEE
Me®] B-5=(ay, =7y %)l BEEHER 2¢E2 & AHl
*14 571l NbET ot A7} 2t o= Sl wehA =

2 =] e AHIAY S71%E HESH 2] A (2) PCB S0lIM2| Nb 2]+

3@ > ol
o 2 du

74 9}74]@ -Stofof gitt. PCB (printed circuit boards)°lli= Cu, Aa%3 37 Nbx A
|51 Qlth. Montero 5+ PCB 59 Au, Ag, Cu®t 37 Nb=

4. LI0|RF9| EIAI-OI%EC-J 3)5=5t7] 9ol 2 A& (column leaching) ¥ 2-85F% 0.H,
Fig. 80l 39 =5 YePHACH34]. 3.33~0.42 mmZ 143t PCB

Nb2o] tiFE-2 AE|Q1Z|A7F HSLA (high strength law al- £ pH 119] NaCNL2.Z A7 &3l5to] PCB 5 Nb2 <F 48 %
loy)39] a4z EAste] gate]Zgo] A= Yotk 53] £ HEA1711, S5 (activated carbon)O.Z 8 F Nb& 98.2

giREo] Nbol @ A7 Ajol2] 88 BN AF A4 wrHA Sisstalct
2 S48} 491 BejEo] £AHnE ajol2u o) &

Shredder &
Hammer mill
(a) Hydrogen (b) Nitrogen ]
H2 H> N2 N2 | Sieve |—> Fine particles
Hl  HeH ND NN T 1

i Centrifugal
Metal(Nb) THl TNl | Leachlnglcolumns |.7 s
| Centrifugalpump | %

(c) Oxygen (d) Carbon T Feeding & Feeding &
reception reception
H20,02  NbO&NDO: 02 | Adsorption columns | tank 1 tank 2
ol nb+ot o} c+oTl T ; ;
Tl Tl | Centrifugal pump I
() O C
Fig. 7. Schematic illustration of degassing. Fig. 8. Flow sheet for Au, Ag, Cu, and Nb recovery from printed
circuit board scrap.
Table 5. Niobium and tantalum contents in superalloys
Material number Short name Content X(Nb+Ta) Brands
2.4600 NiMo29Cr Up t0 0.40 % NicroferR 6629, HastelloyR B-3
24619 NiCr22Mo7Cu Up t0 0.50 % InconelR G-3, NicroferR 4823hMo
2.4660 NiCr20CuMo 8 x Cup to 1.00 % (CX0.07 %) NicroferR 3620, IncoloyR alloy 20
2.4856 NiCr22Mo9Nb 3.15 %~4.15 % InconelR 625, NicroferR 6020
2.4868 NiCr19Fe19Nb5Mo3 4.7 %~5.5% InconelR 718, NicroferR 5219
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Monofilament bar

Cu can

Cross sections of
monofilament bar

Nb barrier

Multifilament bar k

Cu core
Resin

Fig. 9. Structure of NbTi superconducting wire.

(3) Nb &g =H= Mx{ 5 Nb &[4

IA7)% AR AH8BHE MRIE= Fig. 99+ o] Cu iEZ A
of Nb-Ti g=<] viAl BepiEZF e 24% AAE ARSRtt
[35]. MRI & ?id Cu”} F 4,12 kg, Nb 212.8 kgol AH&-=]3L ]
om, MRIE A22 o 17 kg®] 2330] Wsh= Z o= A=A
ATt whebA] o] et AT oA o] TRl MRI 74 Al =9
Ajg-go] BasHARE, 2|AtelEd Aol tsiA= & LA A
%th 53] MRI® 24 % F UL go]o] Afojof] 25 A9 5L

we 5 7o} A A=} 9lomE Nb} Cu Aol 2517 9l
K 2204 B2l 3 7t T4 Eelsjof s 2ajol o]

oj# Ao& LA UrH36l.

StH o]#st 2ALE AAE anode?} cathodeZ ARg-5}o]
H,S0,-CuSO, A3 FolA Cu2l M3 gAIe}t TLsH Y= Cu
£ &EAA AASLL, Nb-Ti ZHE Elste] slgict. I3
Nb-Tix= o 413} Zo] 2k 200°C2] CL(g)= AsHAI#, NbCly(m.
p. 204 T, b.p. 253 ©)¢} TiCl(m.p. -24 T, b.p. 136 ©)2] &3

4 Z=7 2lo| g ol8ohH SRl sl T 4= UrH37.
Nb — Ti(s) + 9/2Cly(g) = NbCls(s) + TiCly(g)  (39)

Nb;Sn A= Cu-Sn To] e} Nb 52 Y=okl FA st
Sng A THEEE Cue AHOR AAZ . 1231 Nb
Zol &F3h= Sn SnCl(m.p. -33 C, b.p. 114.1 ©)2} NbCL9]
S71 Aol7F 231 A% STt glonE ASAA B 4
AUtk & Nb,Sn& A5 o224 Edt2unt §32 Sng FTAIA
95t Nb G342 471 %= 371
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5. Conclusion

£ =Ro| A Nbo| A4HE, S5 2 AlAT gAlolEY 7|e &
ol sl =oAL 245 Nbel A7 ARFS oF 108 & &
FolA gk Ao ARG Q] SAFEoln TE Ao ARt A& T o]
AR FF41E Sk Zlo] Pasiet. Nb A4kge] F 90 %
£ H 20| 2 E(FeNb)O.Z THEoA A7 FFE8 o2 AR,
1 Qo= 234, 2HEA, A9, A ol ARSE I Qlct.
Nb2 Ta¥} $HA ZAulo| ES} etgtalo|Eo] Z&alnz JAS &
df5tal Belslo] E&slojof St whebA SFAS BAF BaHo it
U7 884, 9k 5o Hofgt & 5 508 Eesto]
Nb,O, 5 TH=T} 345 Nb2 Szl uet AsHE9] 2hel, &=
AskEo] g¥o =z FEZ T2y Nbo| #7237} FeNb<
Nb,O, 5 Al @39 ¥h&0 2 T, ASHES Mg, Ca, C 522
s | & gtk ® E2ASHES Mgl Nal 2 SHelstAY
489 Asfste] e 234 NbS 889 HalgAY 129
B2 et MR 88 5 o= FAote] Tk NbO = HA|ghct.
NbY] o] AHQlg A7 olu HSLAZ S| 394 = AgE o]
2ate| 25 A7t & defA QA gk ey % =871 50
U BHeA g BRlo g2 ARG AT fiolu =A% A= AR
NbY] X332l glAtelE 7| 7ido] ¥ asict.
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