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Received Abstract

14 January 2021 This study was carried out magnetic separation experiments for vanadium recovery and mineralogical

Final version Received characterization on domestic Vanadium Titanomagnetite (VIM). Additionally, a beneficiation

17 February 2021 process was developed to recover not only vanadium but also titanium. The head ore used in this study
was 0.54% based on V,0s, and it was analyzed that more than 80% of magnetite and ilmenite were

Accepted contained. As a result of the magnetic separation, it was found that the magnetic intensity of 0.05 T is

23 February 2021 effective in improving the grade of vanadium and 0.1 T is effective in improving the recovery. Based

on this, a magnetic separation process was developed to recover concentrates with a grade of 1% and
a recovery of 82.39% based on V,0s. Also, based on the previous experimental results, the
development of a process capable of recovering titanium as well as vanadium was developed to
simultaneously recover vanadium concentrates with V,Os grade of 1.06% and 88.41% recovery, and
titanium concentrates with TiO, grade of 42.20% and 73.39% recovery.
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H2Fa<4(Strategic metal) £ Ul U $-ths,
FA W g Fof| frtE|o] FANE R TR AR,
we oI 2w W wEAY So E4L sbxc
(Moskalyk and Alfantazi, 2003). 3t 20| F<&o| 22 &=
=70 %31, t414do] Fol Thabet A1e] Hotol M Mg
o}, ), vhHR-S Aol 22t H7bstol i 7} o}
3 AT vk o] e BAL 2 S SO ol
sto] ehibg o] =22l Y= o|th(Lee, 2009; Lmtiaz et
al.,2015; Wang et al., 2018). Bl o}zl Z XAt of)
U XA AR A~ Bl(Energy Storage System, ESS) S & HjL
EFHEASEHR|(Vanadium Redox-Flow Batteries, VRFB)
7} 2133l Qlol Mg 9] =87 71 A 0= o4 fH
th(Moskalyk and Alfantazi, 2003). HFUE-2 21 A A1 & S
2 9F6,3007F & F= ufgEo] Qli= Ao R dEA gle
s, @A) 71 9 7HA 52 ALefgt A A o) Sl vl
22,0009 B Qe g A= AL QI A AA w4
%, 3%, Aok, Folaoll ¢k 90% HErt BEE o] 9le
o} A4k Sk v 3t Aol EUSGS, 2019).

whHE AH10] B 58S 2 SR} v o
EH21 3 Vanadium Titanomagnetite, VIM) 2 2 L= = )
t} s AR= TR Stone coal), ¥-5{(Crude oil)
9 @A MY 5ol 9o, A A vhkE 3354 10% ©]
&& AHAIBEAL IEHUSGS, 2019). o] % 2 5-o1gk A Ab
H 74, Ao o8f g ES AA o F, e H
FAERE HFS 3ot A7 A A oS W Eskgloh
(Tang et al., 2016). VTM 2] &, vlig AJAto] glo] 7
ZAA o] lom il 71 Wol AbE = R
% shtolch A Am W HhbES A QShH o) vt
U2 58409 371 A = SR oF Wiell 4k=] o] SIAY,
A, FATEEE, AEA, EerE A 59 FE Yol
27} A& #|ghsto] £A)817] %= gHK(Kim and Jeon, 2020).
VTM 33/ 5 BlubEo] A A 9 Beha A Yiof 2]gka}
o] EA81aL QS ThsAd o =k F|E A ER o] gl o]
2 AEAEE o] &3 A A Y E e E S 34510

Hhbg Y Akt A7 stk Xu ef dl,
2017).

S21e] WipE A7 EE M Arhe] Hgol)
A F3E 912 AST 9lk Ek B3 Rt
B2 OFEo] ZRAEo] A8t o] 2R A% 5
9] Atof| HEE]o] Qlo] VIMof| th gt d3t= uju]3t A4
otk 9] A, 1990 At | vhkE F=9] 5 &
A7} A gste] S5 L4 D A7) A3 A Yof virtgo]
el e A& glstaL ofof gt 71 % A7) 218
=)o YthKim, 2013; Lee et al., 1997). E3] AH R 2]
7%, VIM 340 & g|ebd A igitof H2E o] 9l =24
ol vhugo] FEE Y Qe Aol FAEUTHGo et al.,
2020).
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2 Aol A AREE Alme 7] AR Yol fAIeE
AFrtol A AlE_t 2 0.2 Table 12 A5 g4 & of
3t skl B EAS 301517 98l ICP-AES(Inductively
coupled plasma Atomic Emission Spectroscopy) & XRF
(X-ray fluorescence) 412 AAITH A S LEbd Zlo]Th
A Yol vhHE AE-2 V2057|120 & 0.54%2 vhHE©]
FHElo] Qs AL FRIFYLOn, Feo] L 39.97%,
TiO, BHFL.20.46% 2 5 4 Ho] 714 Hho] ghisl A 0w
ekt

Fig. 1-& XRF 4.0 2 SHo1E] 2 74 fao] %%

Table 1. Chemical analysis result of raw sample from Gwan-in mine

Chemical composition (%)

V505 SiO, ALO; Fe Ca0 MgO
0.54 7.86 4.64 39.97 1.26 424
K>O Na,O TiO, MnO P,0s lg.loss
0.16 <0.02 20.46 0.28 0.18 2.13

"The grade of V,0s is analyzed by ICP-AES.

A58 A=



A Sanl - JEd

Intensity

¥ Imenit={25-0733)
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4 Chlorite (52-1044)
% Hornblende (01-071-1060)
B Biotite (01-080-1106)
# Hareynite (01-070-9100)

Fig. 2. Microscope analysis result of raw sample. (A) reflecting microscope, (B) polarization microscope opened nicol, (C)
polarization microscope crossed nicol. Ma=Magnetite, il=IImenite.

=2 195H] $15ke] XRD(X-ray diffraction) 4247}
2 Ukl 20|, Table 24 XRD Hh4 2218 Lyl
Zolty. B AT, AH 4] (Magnetite, Fe;04) 3} EJeHd 4
(Ilmenite, FeTiO;)o] JHEES Z}X|51aL ¢llom, 1 9
0] %%, A BelAlo] WA BT o] ol
wheiela WHe phelo] itk AS BE 248 £A &
Ql, XRD Ax}o} tj x5}t 183 thKim ef al., 1994).
1 Axf, WA3FE-0 719 A (Hornblende, Cax(Fe,Mg,Al)s
(Al1,S1)3022(OH)y), 51 Al(Chlorite, (Mg,Fe,Al)12(Si,Al)s
020(OH)6), B~ (Biotite, K(Mg,Fe);AlSiz01o(0H),) &
o} 28 74k FER SRIFIICh 9 XRD SA4 2%
o) g e vl Qi gm0 79 Aol E(lllite) 2 7}
A0l Aokl e, A f AsFolx|nt HHA

Table 2. XRD quantitative analysis result of raw sample from
Gwan-in mine

Phase Weight (%)
Magnetite 472
Ilmenite 36.7
Hornblende 7.9
Cholorite 3.97
Hercynite 3.77
Biotite 0.46
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Fig. 3. Particle size analysis of each ground product by rod
mill.

Table 3. Degree of liberation of magnetite according to
grinding time

Grinding time

(min.) DL > 80% DL > 90%
5 72.84 59.36
10 88.45 80.17
15 91.49 84.41
20 92.53 87.15
30 93.64 88.89

AME519EE. Fig. 3-8 Rod millo] o]t 24 A8-& 35}
o] Z} EafikEe] tigt YA AoE vehfar Qick
Rod mill&] E4 272 33N 70%, Rod 2] F+4+=10.6
kg, rpm 70 0.2 R3¥3}] o, EHAIZH 5, 10, 15, 20,
30202 2Asto] ZystAek. 1 A3k SEL v Ht

= 7321 pmojlA] 302w Pt Yre(d50)= 18.450
um7HA] 247} E= A gheldd o= Qloh
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=, 5 AR AR vlarsto] 1042 Z4fe A= uf A
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Fig. 4. Result of magnetic separation (0.05 T) according to
grinding time.
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Fig. 5. Result of magnetic separation (0.1 T) according to
grinding time.
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A 23} 0.05 TO|A 348 A A2 vl v
59 BII7H e 22 & 4 glom, 0.1 To4 48 %
AgarEe W T wRE o] S48 8 A S o 4 9l
w2bA] 0.05 T= 9] &l 0.1 T 3]& ol &114]
of2He A1S o 4 Q1glom, 71 91752005 T, 24
AIZE 158, AR A E9= V20571822 0.99%
2 e 3531,

Fig. 62 SFA] 22148 A9 ks viek o &2 7id v
U 345 3 A A 342 vEh L ik AR
= E aresto] Wk Y= 33.199 pm, FAAIE 1545 Al
25 A B2 AT B ER} o] 13,27 7
Ao A= g S Z2sb7] f18te] 0.1 TollA
Mag. 1, Mag. 2 AFE-S ]85} 0.0, 32 212 4 8ol 1=
0.1 THT} W& 0,05 To| A 43k AAATHE 3]5:510]
F912 AR Table 42 A AnFE ekl Ao,
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Raw Sample

'

1 Crushing [by jaw crusher]

24 Crushing [by cone crusher]

Grinding [by rod mill, d(0.5): 33.199 jm ]

Magnetic separation

[wet drum type separator, 0.1 T ]

Mag. 1 Non-mag. 1

W BT T (TS BT R 00 B [wet drum type separator, 0.1 T]

Mag. 2

Non-mag,. 2

Y BT T TS P T () | B [wet drum type separator, 0.05 T]

[Final conc ]

Fig. 6. Proposed magnetic separation process for recover
vanadium.

Z.9] 1% V,0s, 3|48 82.39%<] ABL 3)4=8 4= gl
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Table 4. Result of proposed magnetic separation process

A4 - o] - M3 A
Raw Sample

.

1t Crushing [by jaw crusher]

204 Crushing [by cone crusher]

Grinding [by rod mill, d(0.5): 33.199 pm ]

v

0 BTGV TS FTR 1 (0 B [wet drum type separator, 0.05 T)

v v

Mag. 1 Non-mag. 1

|

0 BT ey GoTe BV LT (B [wet drum type separator, 0.05 T ]

v v

[Final conc.]

Fig. 7. Cleaning magnetic separation process for recover high
grade vanadium.

¥ 112005 Tol| A AP A qHS: 3l4=310] kg #9152
olstAch 1 A}, Table 5o UePd A} o] vlgE2
3482 62.5% 5 thd wol AU F917} 1.06% V205
= ke AL sl 4 Al

HILIS. ElEhs 314
Ao H A A7 Bl AR A9, ¢

O 31
A A=) S0l ARt af 2ol whuE ek ofy 2t

=X Jfer

. V205 Fe
Product Weight (%)
Grade (%) Recovery (%) Grade (%) Recovery (%)
Mag. 3 44.63 1.00 82.39 61.10 63.19
Non-mag. 2 43.65 0.087 7.01 25.6 25.86
Non-mag. 3 11.72 0.49 10.6 40.2 10.92
Total 100.00 0.54 100.00 54.17 100.00
Table 5. Result of cleaning magnetic separation process
. V7,05 Fe
Product Weight (%
rodue eight (%) Grade (%) Recovery (%) Grade (%) Recovery (%)
Mag. 2 33.74 1.06 62.50 69.70 48.17
Non-mag. 1 59.06 0.25 25.80 35.00 42.34
Non-mag. 2 7.20 0.93 11.70 64.30 9.48
Total 100.00 0.57 100.00 48.82 100.00
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Raw Sample

|

1%t Crushing  [jaw crusher]

2" Crushing  [cone crusher]
>
Grinding [rod mill]

(over size)

Screening  [60 mesh]

i' (under size)
Magnetic separation ERETOrecN RSy
Mag. 1 Non-mag. 1

v

l ) |

Conc. Mid. Tail.
»|
Re-Grinding [rod mill, d(0.5): 32.147 um ]

|

Magnefic separation FREEVRRTIN T §)

Non-mag, 2

b

Magnetic separation [JEUZIERTINILE )

Mag. 2 Non-mag. 3

/,05 Final Conc.) (TiO, Final Conc.)

Fig. 8. Proposed process for recover vanadium and titanium.

tHFo| EjBhg R o-r-3tal Qlek(Table 1). whebA] oAl
A o] ot v ol 38S v SR ElEks
9P B4 2 4 9 AL A sk

Fig. 8.2 MHLHE Bt obvje} ks T 814 758 ot
e, Elehs 2 35S UERU AL k. S ek o]
zZ38 A, 23 A 4 Rod mill-S 0|83} 60 mesh& &

5 gk A B E ARA R R ARSSHA T a2
ElelE2] %, A2 4171 0.05 T, 0.1 Tof|A] Bjx}d4kE
2 50| "ot 12 A AEL2 0.1 Toj| 4] 4=3Y3}o] H|=}
A4S o4 © & Shaking table]] 231 H|FAES 414
ST HlsA o 9ol F4H H|FANRES e 2 |
2 A A8 AgabEat A AR 58S J3sHT
o], BEaihE0] H Q] E4=32.147 um 2 A TR E
A 24 AaE e sto] Atk o] %, 234 W 3} 2}
ZAEE0.05 TollA] AAIsHe] AHJAbE-2 Blvks A3
B2, u2JAHE-S ElebE FE 0 & XF F]4=5F3ITT. Table
6= A daE el A0 & £9]1.06 V205%, 34&
88.41%21 vikE A 3)4=gk Wik ol 2), 91 42.20
Ti0x%, 3]5=&73.39%< ElebE 8 £33t -5Alof =T

9l BAE Aushec

ZE dE 2M

Fig. 9+=Fig. 89| vhitg, ElEHg 34 37g0ll4] =3t
ARz 5 Hhs 9 EJERE Aol tigt XRD B4 2aE
Epdll Z10] 1, Table 7-> XRD A 5F E4A1E Uhehd A o]
t}. Fig. 80| A 3EA|S B}9} o] Mag. 2 AHE©] BlvtE 4
3, Non-mag. 3 AHE0] EJehg Agolm, 22 A32] &<
=1.06 V205%, 42.20 TiO,%©°]t}.

vk 4339] 7%, XRD AJE-524 Zaf, 284 9l g
ST E2A5k= AR BRItk AR AR
= A A0]91.8% = ) FEAFA|SFIL §l.o.m, Ejgta A o]
U 2] 8.2% = B =] Qict. vl o] thRE A A
Ao R Kol uhhgo] AHH A3 T Agshs AR
T HelE A3e] 4%, XRD A4 A3, g
' oddEe] HeEAS v, ZHd 4, AE A 1Y
o] FE| Q) om, FolA= 4O E XRD FA 0]l A
TR ] ok 1 E 74 (Forsterite, Mg,SiOs), 7
Al(Spinel, MgAL,O4) 2} Zro] mt 1Y 3h5- FE5o| W
H ). AR k= 66.1%E E|g-E o] 71 wol
ShRE o] glom, ths o2 e, ZH A, A4 A,
=UA, G4 Lo 2 Fhp-Eo] Atk

Table 6. Result of proposed process for recover vanadium and titanium

X V105 TiO, Fe
Product Weight (%)
Grade (%) Recovery (%) Grade (%) Recovery (%) Grade (%) Recovery (%)
Mag. 2 49.99 1.06 88.41 8.39 18.08 63.71 64.53
Non-mag. 3 40.35 0.14 9.40 42.20 73.39 37.60 30.74
Mid. 7.85 0.14 1.83 19.90 6.73 24.00 3.82
Tail. 1.81 0.12 0.36 23.10 1.80 24.70 0.91
Total 100.00 0.60 100.00 23.20 100.00 49.35 100.00
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Fig. 9. XRD analysis result of Final Concentrates. (A) Vanadium Conc. (B) Titanium Conc.

Table 7. XRD quantitative analysis result of Final Concentrates

Vanadium Conc.

Titanium Conc.

Phase Weight (%) Phase Weight (%)

Ilmenite 66.1
Magnetite 91.8 Forsterite 8.7
Hornblende 8.5
Magnetite 7.9
Ilmenite 8.2 Chlorite 5.1
Spinel 3.6

A = ghofL|e} Eebs EaH gL glo], 9hH A1 AukE v}

Foz ahtsdt Blehas A Sl g 4 e 38N
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B4 A3} 158 o] o] Bl & 153} gl A o2 gets)
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Ade] oJgt g 3] 342 Jidetath 38 A A
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chal mohEch B3 7] TRAFA Al 5o - v R
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