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INFODLEE:--

The

periodic table of elements

1 2 | 3 | 4 | 5 |68 7 | 8 9 10 [ 11 | 12 [ 13 [ 14 | 15 [ 16 | 17 | 18

Hydrogen Helium

+H 2He

Lithium | Beryllium Boron Carbon Nitrogen | Oxygen Fluorine Neon

sLi |«Be sB|sC | /N|sO| oF |[1cNe
Sodium |[Magnesium Aluminium| Silicon |Phosphoru$ Sulfur Chlorine Argon
1nNa 12Mg - 13Al| 14Si| 5P [ 6S |7 Cl|sAr
Potassium| Calcium |Scandium | Titanium ﬁnadium hromium |Manganese] Iron Cobalt Nickel Copper Zinc Gallium |Germaniun] Arsenic | Selenium | Bromine Krypton
18K |20 Ca|21 S| 22 TI<€VJZ4 Crlzes Mn|2s Fe |z Co| 2s Ni |20 Cu| 30 ZN |31 Gals. Ge|ss AS|4 Sel s Br|ss Kr
Rubidium | Strontium | Yttrium | Zirconium NMm Molybdnum{ Technetium] Ruthenium| Rhodium | Palladium Silver Cadmium | Indium Tin Antimony | Tellurium lodine Xenon
57 RD| 38 Sr| 39 Y | s0Zr |41 Nbls2 MO 43 TC |44 Ru|4s Rh| 46 Pd[47 AQl4s Cd| 49 1IN |50 SN|51 Sb]s2 Te| 55 | |54 Xe
Caesium Barium Lutetium | Hafnium | Tantalum | Tungsten | Rhenium | Osmium Iridium Platinum Gold Mercury | Thallium Lead Bismuth | Polonium | Astatine Radon
ss Cs|ssBa| 7~ Lu| zHf|s Ta| W |s Rels Os| 7 1Ir | s Pt |79 Auleo Hg g1 11 |s2PDb| &3 Bi|ss POl &5 At [ss RN
Francium

srFr

88 Ra 103Lr 104Rf 105Db 10689

Radium |LawrenciunRutherfordiup Dubnium |Seaborgiun] Bohrium

107 Bh

108 HS 109 Mt

Hassium | Meitnerium

T LD

@ ELEE(6.11 glcm3)h DO ERE
@ SXEHAIMF| - ALK (FREAEE)~DFI A
@ EEREETTOELKEIEREAE

1=(1915 °C)
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(Ref. Bridgestone Corporation) (Ref. PARIS MIKI Inc.) (Ref. Matsushita Electric
Industrial Co., Ltd.)
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FTELY
Titanomagnetite Ores (1.4 —1.6 mass% V,05) EEEE\:IE}EEE
Table TTRDHMFLTFEE Other
Crustal abundance (ppm) Element 0.4 %
>10° O, Si
105~ 104 Al, Fe, Ca, Na, K, Mg
104~ 103 Ti, H, P 13.0x 106t
109~102  (V)Mn, S, C, Cl,--- (ViRE
2 ~ 1 i -
10 : 10 Cu, Ni, Zn Nb, Co, Pb, South Africy
101 ~ 1022 Hg, Ag, Pd, Se 23.0 %
102~ 1073 Pt, Au, Rh,- - -
(Ref. Tadashi Watanabe, Element Cyclopedia (2007).) (Ref. USGS Mineral Commodity Summaries (2006).)

ERIMIZIZEETH., SLERD SRELHEL
BERDODIREENKELNLTAZIL
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Table F/ERTZEDEE=LMIE (20074F)

Element Amount of production Price
(103ton / year) ($ - kg™
V (in Fe-V) 58 30
Fe 1,100,000 0.06
Al 30,000 3
Cu 15,000 7
Ni 1,600 40
Zn 11,000 3

(Ref. JOGMEC 2008.5 €B&ELHR—F pp.110-112 R—R A% JLERENFA.

T#L7A4)UN0.123 7 )L L kR4 pp.77-79.)

EMEERE/NTIOILOT—
REXETENIEHT-L4FE

HARDODVEmDEEG

Total
6.42 x 103t
(FEVIRE)

Others
1.1 %

(Ref. Bf#®, 2007.3 JOGMEC £EB&FELHR—~
NFODLOFE- G- MHRBmE)

VEEMN

MREFTED
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PERDEREE
FZILZ-TILSYRE(ATR)

3V,0; (s) + 10 Al (s, 1) (+ Fe (s)) — 6V (in Al (I)) + 5 AL,O, () §
(Fe—V(—Al) (1)

Alloying
process

Electron
beam melting

e EL) S L %
, 7 V metal
\ 15 ~ 25 mass% Al /

B © EMAOREMETOELRTHS
O TOhRDILEMAE
X
X

EESHEVHLAGLNLLY (Al FeNNELTHY)
EEVERAOIZE, BYRLEFE—LBHFEETL
RETIVENDHD
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) %Wé e ——
T 74— L3R TTiA(PRP)
/ MO, + Flux + R — M+ RO, \
Flux MO, Binder .
IR
Mixing / Casting
!
Preform fabrication
Reduction
]
Leaching

v
Metal powder Lotar
\ etal powde Reduction by reductant vapor /

¥ O MERIKY—IOEHELEEMR"D
SLEMNARETH D
© TOtADEHIE. KE{EMNTRETHS
© BREOEAENDVLEL BFHSNIBERODEHN DL
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Standard Gibbs ener

gy of formation, AG’; / kJ mol'-O,

% = TR
ANFHEE
0 g 1
I :
-200F | -
I~ = Oy
O, = 1/2 Fe3 4.
_a00l 32 Fe + Ly :
3. = 2/5V,05 :
oo} APV IO | 25 Vs
T‘ + 02!:‘_ T‘Oz
-800 I
2 Mg +|OZ =2 Mgo
-1000¢ "
=2 CaO
1200l 2CaIHOz . N
1173 K 1273 K
| . .
-1400 . . d el -
800 900 1000 1100 200 300
Tefnperature, T/K
m.p.(V,05) Reaction
963 K temperature

Cat LLIEMgZER TMIETIF1173 KLL L

0 . r— -
Mg
g -5 yu.- I .................................. ]
= l
P |
S |
(@))
2 l
)
)
n
n
o
o
o)
3 |
= .25 l : .
! 173K 1273K
| : :
'30 | 2 1 A . -
800 900 1000 1100 1200 1300
Temperature, T/ K
IRl Reaction
963 K temperature

&

EE70FX T CHH#MAREMN
HBT) I+ —LERA-ZETT
TAtANDEF
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EEBEIJO—Fv—Fb
Fllux V,05 (+TiO,/ Ti) Binder  Flux : CaO, MgO

y v
Mixing / casting Binder : collodion

v

Preform fabrication

Feed preform ......................... :

y

873 K—1173 K, 2 h Calcination
y

Reductant (Ca or Mg)_| :
1273 K, 6 h Redtictlon
50% CH,COOH ag., | Reduced preform ...
20% HCl aq., !
Distilled water, > Leaching o
Isopropanol, m—» Waste solution
Acetone |
Vacuum drying

v
V powder (Ti—V alloy)
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& V,0; + CaO/MgO — Ca,V,0,/ Mg,V,0,
= VOESERILMIETRES A S
(e.g. Ca,V,0, Mm.p.1300 KLL L)
¢ EEREE: RRHP 873 K— 1173 K
WEREFME: 2 h
Stainless-steel
° ° chamber
@ ‘ ®— Heating element
(@) \ @
° o Thermocouple
© — . Alumina crucible
@ @
4 W Feed preform
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FHRUOERZEEX [[Zx])
® J)IA—LFCat LLIFIMgE G TIETT
& EEREE: 1273 K RIGHEHHE: 6 h

(~ald

V,0; (+ TIO,/ Ti) + Flux + R — 2 V(—Ti) + RO,

T1G welding

Stainless steel cover

Stainless steel reaction vessel

Feed preform (V,0s, Flux)

Stainless steel crucible

Reductant (Ca, Mq)

Ti sponge getter
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Table WEREHERUVT)IA—LOWRIEE

Cationic .
Flux molar ratio  Calcined temperature

RCat./V* (K)
A MgO 2 1173 )
B CaO 2 1173
C MgO 3 1173
D CaO 3 1173
E MgO 2 873 — 1173
F CaO 2 873 — 1173 J
G  MgO 3 873 — 1173 h

—
H CaO 3 873 — 1173 D
£

"Reat jv = Neat /Ny, Nyt : mole amounts of cations in flux, = J‘IR I:IJ HE l

N, : mole amounts of vanadium.
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£ [BEak]

V,05E7 590 AD GRS

\ 4
=
W
>
7
c
Qo
£

© o
‘hb o o |a
20 30

¥ CaO  JCPDS # 77-2010
¢ Ca,V,0, JCPDS# 72-2312

A MgO  JCPDS # 77-2364
A © Mg,V,0; JCPDS# 70-1163

40 90 60 10 80

Angle, 26 (degree)

St SR 15
BE: 873K - 1173 K
B : 2 h

V,0: m.p.963 K

1

BRIOERXTTY
WWRREERT ST T4 — L
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X [=x]

Table &It

FHERUEBRAIEROFAMNES

Mass of preform, Mass of reductant, \ass of sample Mass of sample Mass of sample

Ex.# Reductant Flux Wore / 9 wr/g after calcination, after reduction, after leaching,
V,05+ 3Ca0 Ca wilg Wyl g wsl g
V.05 + 3MgO Mg

ex.1 Ca CaO 4.537 3.976 3.474 3.642 1.805

ex.2 Ca MgO 4.226 4.906 3.670 3.955 0.981

ex.3 Mg CaO 4478 2.573 3.604 4.435 1.071

ex.4 Mg MgO 4.158 3.345 3.937 5.086 0.729

O IRaE: 1273 K

) ST

H]:6 h

®ETHFINE=: B=D2E
O®ISVIRNEE: V,O.DEJLLLIE

2008%F10A78 EIR-FMZE
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ex.1 Flux: CaO, Reductant: Ca ex.4 Fqu MgO Reductant Mg

(1) After Ca|c|nat|on ¢ CaVv,0, (1) After calcmatlon . V
v CaOo A MgO
\4 A
¢ Ca,V,0, @ Mg,V,0;
El v 3
L L
:>. (2) After reduction = (2) After redlictlon
= =
5 v 5
IS v” = A
% ¢ VY o v A i AGA
h“ L A
(3) After leaching (3) After leaching
¢
S O g PN o [
i L -LL-L AL,‘. ) ,AJLL. g | W LA L A ] L
20 40 60 80 20 40 60 80
Angle, 260 (degree) Angle, 260 (degree)

Fig. RERFIZDEHDXRDIZKDHEDEITEHR
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Vapor pressure, log P° / (atm)

RO
o

BHFICabMgD AR IE
1273 KIZHULVT

=0.457 atm
ng > 261%
Pcs = 0.018 atm

800 900 1000 1100
Temperature, T/ K

7200 1300 -_—
MgDZEKED AN 26FERELDT
BERXREICEZEZSZA-AIREELNH S
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Table XRFIZXAEBSHT

iti 0
Ex # Reductant Flux Composition of sample (mass%)

V Ca Mg Fe Cr
ex.1 Ca CaO 79.0 20.4 — 0.1 04
ex.2 Ca MgO 85.4 13.0 — 0.3 0.5
ex.3 Mg CaO 86.0 24 10.6 0.2 0.5

@
X
IN
=
=
@

Mg MgO — 02 001

ORISR 1273K  RIGHRE:6 h

BITHIIZMg., 7Y X IZMgO%E AL -EER
— EMEERVODERZTER
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Table EERRIZOFAHMEER FVIRFELLE

Mass of CaCl, Mass of sample Concentration of Yield of
in preform, after leaching, V element,

Ex.# Reductant Flux Mass of preform,

V element,
Wpre / g

welg wsl g Cv? | mass% Yv° I mass%

ex4 Mg MgO 4158  — 0729 997
ex.o Mg MgO 4593 0.302 0.89%4 08.6

aXRF analysis

, . W,
bYield of vanadium element, Y, = —_hPowder oo (%)
o
WV , preform

WA°, sreform = initial mass of vanadium element in preform

W\, powser = Mass of vanadium element in powder after exp.

BERIZKY . CaCLANARIL TI) 74— LHFDHEI L DHEETIRYT
= T+ —LDOYEREEN LY IREA LA D
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EMEERENTUODLORAEFBELT-
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D) I+ —LBTTEICKDERERIZDINT
® MgZRULV-IEE . #99.7%DEB/NF Y LE
BETAHEMNTET -,
® CazRALVEBE. 2BN\FUHLETIE
BILIEETLESTEEZEND,

all

T4 —LETTEIZKY.,
ESMEER/NTUOOLTRETELEZTERLT-,
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VIS

South Africa
39.1 %

(Ref. SiERT—RT vV E24R, pp.714~723 ER-ZMFR - RRAFEERKMATATER.)

V,0.. Fe—VELIZIFIEEN CTEESA TS
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Intensity, / (a.u.)

After reduction ¢ v JCPDS # 22-1058
v CaO JCPDS #77-2010
v
v
v
o oY v oV
‘ ) f L a
After leaching
®
® o
A
20 40 60 80

Angle, 20 (degree)

)04 —L%
_d— L)’J/Sibf:*ﬁaﬁt
EECa KT ES

!

1273 K, 6 h Ti=JT

!

ERBVHIERK
SRR X
‘ARG O

2008%10RA7H ER-#=MFR MFEXR

25



"
Ca®ig b - it ¥

CacCl, MgCl, CaO MgO

= (g / mol) 111.00 95.21 56.08 40.30

il = (K) 1045 987 2845 3073
#HR((K) 2208 1685 3123 3873
ZE (g/cmd) 2.16 2.33 3.35 3.65
KB GRS A A 29N

(Ref. Physical and chemistry dictionary fourth edition, lwanami Shoten. (1987). )

2008%10RA7H ER-#=MFR MFEXR
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Chart of O2 potential for oxides

-500

-1000

Oxygen potential, RTInPo, / kJ * (molO,)”’

Temperature, ¢/ °C

600 700 800 900 1000

[ - | " | ’ | [

-~ Méliing of V,05  VO2/V20s.

[ I | | | I 1 I |
800 900 1000 1100 1200 1300

Temperature, 7/ K

(Ref. A. Roine, “HSC Chemistry”, Ver.5.1, Outokump Research Oy, Pori, Finnland, (2002).

T.H. Okabe, R.O.

Suzuki, T. Oishi, K. Ono, Mater. Trans. JIM. 32 (5)(1991) 485-488.)
2008 10A7H ER-ZFMFR MFEXRR
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Ca0—V:0s system

!
1400 | . 1380° !f —
(200 - ' —
s 1015°
1000 | ied —
o
L=
2
| 0 7o
o <=
800} 778 = |4
o o
S 8
618° ™=
1=1818, % t [ N |
Va0 0 20 30 40 50
2+5 - CaQ =

(Ref. A.N. Morozov, Metallury, 32 (5) 24 (1938))
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MgO —V:20s system

| I v
S _ ! z)2°
| 200 : P
. ‘r’
(65%),~ 13ze
7
. r'd
- - ,’
elolel oo Liquid J —
! a1z |8
/" a
-~
-~
| PR
800} e 260°
- A (25%)
Fd
! 650°
{1 5%
600— . 576° 8 o -
o 3
Sl IS
pry ™ =
=1 =
. [« K=L L=
Fa I I E E E
. 25 50 75
VO MgC
275 Mol % 9

E. 1. Speranskaya, fzv. Akad. Nauk SSSR, Neorg; Mater., 7 [10]
1804 (1971); Inorg. Mater. (Engl. Transl.), 7 [10] 1611 (1971).

2008 10A7H ER-ZFMFR MFEXRR 29



"
V—0 binary system

Weight Percent Oxygen

0 10 20 30 - 40.
—r SN AN AR—— DI ST AR PN b
20003 ' ° E
1910°C e F -
't e., L ‘I \\ E
3] . mw s ' -
3 Thsal el 1780°C ) F
1800 ] _‘\“ -“q..‘ : ) _-—"---7“.‘\\ |' vﬂoa 3
b N Sl _-.-“" P "\\‘ i
- )IQQP‘_ i N e ad /v,o, 3
1600-: e L 1840°C [ Pt 1642°C 3
# \ ' ? ] E
i W SN ' A HH
g s 8 i oF N \ boofeoriie |
o, 14007 s % ! ! -—V0p [
° é ll’ I" . \\\ tl 6 l: i ‘07
£ 1200- VA e d —-VsOp |
e . f A Ry
i 1 ] i E
ks 1000 ¥ 7 7 ' Y * V'r°13:_
o 3 'l : " .‘ |‘ I‘ 3 ;
E : i / fod \ 810°C kg
g 800 ', .l " " : “ P 870 £
] ' i 1 [} 1 E
5 ! fooodr VoS 200K 676 |
600 ! ' / i A 5
i 1 519°C ! ! : ¢ & B 865}
1 ey peec = A v B :
U R AT & LA ' ' A O
A A S . S - ' |
| F oiell 4 7 @1 = o
2004 | 1y 1 ' ' ' ; VO
{ 1 11t : b B
3 H ' 1 ] ] 1 1
3 H ¢ [ | ] t i H
VI S N s i S S— - S P—
0 10 . 20 30 40 50 60 70
' Atomic Percent Oxygen
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|
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|
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LT EDY L |

BET7UEZYL ( B A
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'
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!

AN 3
'
RBERAE/NFODL

Fig. 1 Production of vanadium pentoxide from vanadium slags.

(Ref. BARFv2RXLHA2)L(#), Youichi Watanabe, Journal of MMIJ Vol.123 p768 — 771(2007))
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Table Vanadium main ores

Mineral Producing countries mass% V
Magnetite South Africa, Russia <05-1.5
Patronite Peru 16.8
Carnotite Madagascar 10.3
Vanadinite Namibia 10.2

(Ref. Fathi Habashi, Handbook of Extractive Metallurgy (1997))

Titanomagnetite Ores
B 7 7VHEFIE D #965,000km2 | ZFE Sk S B A TFET D
bR V,04 14 - 1.6% Fe 55.8 - 57.5%
TiO, 12.2 - 13.9%
= HBEEROBIEMELTNFTOILRTITERD,
AT DoNFTO) LBEIEYMERR TS,

2008 10A7H ER-ZFMFR MFEXRR 32
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Table VZECIMEIREE DML

Mineral and chemical formula %V %V,0,
Roscoelite [KV,(OH),/A1Si,0, ] 11.2 - 14.0 20 - 25
Montroseite  (V,Fe)OOH 45.4 81.0
Carnoite K2[(UO0,),/V,0,]3H,0 10.3 18.3
Tyuyamunite Cal(UO,),/V,0.5H,0 11.1 19.8
Francevillite (Ba,Pb)[(UO,),/V,0.15H,0 9.9 17.7
Corvusite V4V ,5*0,,*nH,0 40.8 72.8
Vanadinite  Pb,ICI(VO)),] 10.2 18.2
Descloizite Pb(Zn,Cw)[OH/VO ] 12.7 22.7
Patronite VS, or V,0; 16.8 ca.30

(Ref. Fathi Habashi, Handbook of Extractive Metallurgy (1997))
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(B, 2005%)

- -8 T i o
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I i T 300 Lo : 98
ME{EE
TUAKERE 2 FIOVSFIOLEA [EofeomE]
e A 4,700
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E-!IE A9 TELT
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BlE
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T

INFTD L

1SR

120 [Ty ——
__ VPEEP L L RN EE R (EREER) ANPEr 2 1y

1o Gz i O QR OFREE BEHEHE LI LA HIETETE 1] pg

100 QE7IEESTBOGH F I P x 1 e s

90 \ { Mg %

80 A‘mgmt{uﬁwmewﬁ;m \ DET U0, [7HF s O B ] '

Lo | losnEnenyiiiagzs = || ssrropusegens 1 |

|| pesmieiER0ES L], (

00 \ QETIINEHER(TIEL ] ( n [

50 @ndeclbb. KR SRETRE 05

o/ | BECIZEEEORE % e % RN )

10 /

T A

#0 Zf\'\'\_ﬁ
10

0

—

fo—""__ Y/

a0 N

(ref : http://www.jogmec.go.jp/mric_web/organization/japan/g3/data/price.html)

a2 a3 94 93 96 a7

98 3 00 m 02 03 04 03 06 07 11

2008%10A7H ER-ZMFR MFEXRZ

35



KBRS E
ZINZTS | Y VA
it a% KFRIEY KEREE wt % KFRBEE MPa (RE °C)
AB, LaNig LaNigH, 1.4 0.4 (50)
LaNi, Al , LaNi, Al ;Hs s 1.3 0.2 (80)
MmNig MmNigHq 5 1.4 3.4 (50)
MmN, sMn s MmN, sMn sHe ¢ 1.5 0.4 (50)
MmNi, Al < MmN, sAly sH, o 1.2 0.5 (50)
MmNi, sCo, s MmNi, sC0, sHs 1.2 0.6 (50)
MmNi, 5Cr, 5 MmNi, 5Cry 5Hg 5 1.4 1.4 (50)
Mm, sCag 5Nis Mm, 5Cag sNisH; o 1.3 1.9 (50)
CaNijg CaNizH, 1.2 0.04 (30)
AB, TiMn, 5 TiMn, §H, 47 1.8 0.7 (20)
TiCry 4 TiCr, gHs 6 2.4 02~ 5 (-78)
ZrMn, ZrMn,Hy 46 1.7 0.1 (210)
ZrV, ZtV,H, 5 2.0 10 (50)
AB TiFe TiFeH g 1.8 1.0 (50)
TiFeosMny TiFe sMng ,H o 1.9 0.9 (80)
A,B Mg,Ni Mg,NiH, o 3.6 0.1 (253)

BREGTVREEEI ~ 4 W%BELVWOKZERBEDTHRENHY. HE !
(Ref. H. Tamura, Hydrogen Storage Alloys, NTS. Inc. (1998). )
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" JE
V%7K§ I&Eﬁéﬁ Bl V-TiNiELDKE

iTav
{a) THJ}JJD

NFOHLITERBETKRORER. WA AL
= KEAYTREKEDR 2 15.
BEEH=YLaNi;D#I 3 FDKKRZERKEK
R

© KF=WEFF (VH,) DERFERREH LaNiHLYUE

1.5 HKELAS, BBHELIZCL _—
© FLBRAZRHESLYLEETHY.

EXBEBEICFHIAREE
X VEBRARREEBRICIEEBEENIZEALEGL
X TFILAVBELPTL

':L o 5 i 5 e
! | Y16 w80 0 36 W 40 30 VaoMiTo
——

Fodfath

_Tie o = Y N i V-Ti-NiRRIZE T HKFRREE (a)
V-TISE ([N RIERE . BAEREETHA ! AN eyt

(Ref. H. Tamura, Hydrogen Storage Alloys, NTS. Inc. (1998). )
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Ti-V alloy production

Thermocouple

Ar W ! | eotanut

ﬂ- Stainless

Ca(0) : : steel disk ) )
CaCh() ; f Fig. (a_) |Ilustrates.the apparatus for the co-
- | Stainless reduction. The oxide mixture, Ca and CaCl,
| . 10 6 steel vessel

Ta tray (about 300 g) was filled in the vessel by two
Q- Heater methods, as shown in Fig. (b) and (c).
Stainless It was set in the furnace, evacuated and heated
sestdsk|'in a purified Ar gas atmosphere upto 1173 K.

Starting oxide mixture

(b) ()

Fig. Schematic illustration of the experimental apparatus (a) and two filling methods, (b) and (c).

(Ref. R.O. Suzuki et al. Journal of Alloys and Compounds 385 (2004) 173-180)
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Table The composition of recovered catalyst from oil-desulfurization process

A 1B {2 R F fr 0 [T 43 5 1 o
(mass %) (mass %)

Mo 3~6 6~9

V 0.5~ 12 <0.5

Ni 2~3 0.5~ 1
Co 0.5~ 1 1.5~ 3

Fe 0.5~ 1 1~ 2

P <1.5 05~3

S 8 ~ 12 3~38

(Ref. BARFvA)RMFA4)L(¥), Youichi Watanabe, Journal of MMIJ Vol.123 p768 — 771(2007))
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Fig. 2 The general recycling processes of the spent catalyst.

(Ref. BARFvA)RXMFA4)L(¥), Youichi Watanabe, Journal of MMIJ Vol.123 p768 — 771(2007))
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Fig. 3 The recycling process of the spent catalyst at Taiyo Koko Co., Ltd.
(Ref. BARFvAJRLHA5)L(¥%), Youichi Watanabe, Journal of MMIJ Vol.123 p768 — 771(2007))
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