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Abstract

This study implemented a chelating agent (Ethylenediaminetetraacetic acid, EDTA) in purification to obtain high-purity

vanadium pentoxide (V,0s) for use in VRFB (Vanadium Redox Flow Battery). V,0s (powder) was produced through the

precipitation recovery of ammonium metavanadate (NH,VO;) from a vanadium solution, which was prepared using a

low-purity vanadium raw material. The initial purity of the powder was estimated to be 99.7%. However, the use of a chelating

agent improved its purity up to 99.9% or higher. It was conjectured that the added chelating agent reacted with the impurity ions

to form a complex, stabilizing them. This improved the selectivity for vanadium in the recovery process. However, the prepared

V,0s powder exhibited higher contents of K, Mn, Fe, Na, and Al than those in the standard counterparts, thus necessitating

additional research on its impurity separation. Furthermore, the vanadium electrolyte was prepared using the high-purity V,0s

powder in a newly developed direct electrolytic process. Its analytical properties were compared with those of commercial

electrolytes. Owing to the high concentration of the K, Ca, Na, Al, Mg, and Si impurities in the produced vanadium electrolyte,

the purity was analyzed to be 99.97%, lower than those (99.98%) of its commercial counterparts. Thus, further research on

optimizing the high-purity V,Os powder and electrolyte manufacturing processes may yield a process capable of commercialization.

Key words : VRFB, Vanadium electrolyte, Vanadium pentoxide, Chelating agent, Impurity separation purification
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2 50]. 2742 (Lithium Ion Battery, LIB, $271/kWh) T
H] &= uf o]A}o]c}). VRFB 10 kW/120 kWh A|AE] 7]
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Fig. 1. Chemical precipitation process for producing high
purity V,Os powder.
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(NaVOs; solution) S A|Z5t & AHEL|7100A] (NH4)2V 12051
(ammonium polyvanadate, APV), Na,V,05(sodium poly-
vanadate, SPV) = &z 2¢7]o 4] NH,VOs(am-
monium metavanadate, AMV) FE|E A He|gitt. o]
£ oA 2] 2704 &afisto] A9 NaVOs= A

2% F I THUS A7) APV E AMV 2
2 A3 05 4451 V.05 B AZFED, Sx]gh

o

-step AL BR51T vl £4lo] 1 99.8% oA}
O] Nt V,05 w8S Aozt eA7L et o i
ASE A28 1-step TN A= A<= NaVO;0]| chemical
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ESE9 YA 23 thgo APV B AMV FE|Z I
A 881 S|, o] AP0l CIRA 4ol 23440
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E4E F<4 0|22 AY o] EA|(chelating agent, CA)2}
Agtsto] & HoflA Fget EAIE B/d5k= A
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L AZ FANA Tig -2t ilmenite FE 8 5ol
EDTA (ethylenediammine tetra-acetate)S &7}olo] 714
B T4 5ot ELE 2 Fe’t o]Lo]| EDTASH ZAFo|EE
B/J5to] Fe(OH); A/d BE-&-0] QA= o] =5 99.9% TiO,
Futo] AzREJTF?), £3F v(IV) Ao EAst=
Fe’' 0122 gufj3Z 34 02 Fej7} o2}t D2EHPA
= °] 3-8 3E 3739 EDTAE =sto] aafdog
'S Ea|(o] & 2] A4 = 729)310] 1% VOSO, &
%*ol A2 AP, & Aollrle Z2E 99.7%2F 98.3%

o] 25 2= V)05 220 Aok 50lM deolE
A2 EDTA F84 o5& 1o o AlxH 1EE
V205 2ES vis Ao Az 4l57gol 285t vt

URE Aol Azaioint. Bio] v,05 Bt ol ik

Aol 54 974 Sotel 2719 BaE A Bay
IO el A% 37 Aol chetel masksic
2. A1 uy

2.1. V.05 22 HI=

E Ao LT V,05 B A|2517] 5] Fig. 2
@} ZHo] & 99.69%(V,0s-ES, CHANGSHA EASCHEM
Co.) @ 98.25%(V,0s-F, flake)S ZH= A4k V,05 22
= 85It Ak Bt -84 A5 ] 218l 1.5 M
NaOH &N 0.8Lo] V,05 22 Z}2} 73.6 g(V,0s-ES),

7424 g(V,0-F)2 W18 5 24*1 FolA} Sk kst
ojitsto] 1 M B 525 2 Hivkg 89S Al %35t
AUk Al HRE -8 0.1 L°1] BAIEE((NH,),SOy)

& NHy/V =2.0 2702 AL20]A] F7}31L 244171 59k
WHH T Y AES ofu} Ba) 9l 2243(0.65 L)3H 2 60 °C

of| A AZ3le] NH,VO3(AMV) EhS A 23519t} o] %
550 °CollA] 3AIZE Bt BA E ot V,05 EHH(V20s-ES-
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Fig. 2. Photographs of the manufacturing process of high purity V,Os powder using chelating agents.

blank, V,0s-F-blank)Z A &5}t CAS &85 1%
V205 B A2 A viks S0l s 7t
0] & of] EDTA(CoH6N,0g), EDTA-2Na(C;oH;4N,OsNay)
= i47}s].oq A5ttt BL4E Fe SIS 118610 V,0s-
S B2 Vg A% vivgE 890 EDTA-2Na 0.1 g
(V20s-ES-EDTA-2Na), EDTA 0.08 g(V.0s-ES-EDTA)
3 V,0, F B2 RE 22H ul}E §900] EDTA-2Na
0.7 g(V,05-F-EDTA-2Na)& 715}t AMV A b
2 o|% A= M(supernatant) L oJ 7oA (filtrate) L] 2] V, Fe,
Si, Na, K ‘5= 42 ICP-OES(Optima-5300DV, Perkin
Elmen) o] 83l0] 21515Ich. 459 2 of oo} 2
A EI AR T A (1), Q) 0lg3to] A
ME} AMV 2 V,05 B 72 BA42 XRD 245 53
Y51 2L ICP-OES 42 53] V,0s 28U E4E 5

S8 EAISIHOB] S 4 (312 ol 3lo] AT

Precipitaﬁon/% = (CX,V-soluion -
(Cxav-soluion) x 100

(Cx.v-soluion: concentration of X component in V solution,

M

Cx,supernatam)/

Cysupematant: cOncentration of x component in super-

natant)

PI‘CCipitaﬁOH/% = (Cx,V-soluion'VV-solution -
Cx,ﬁltrate'Vﬁllrale)/(cx,v-soluion'VV-solulion) x 100

(Cx.v-soluion: concentration of X component in V solution,

@

Cyfinate: concentration of X component in filtrate,
Vvesoluion: Volume of V solution, Viiyrae: volume of
filtrate,)

Purity (%) of V»0s
=100 — (total impurity, mg/kg) x 10

©)

2.2, HiLKE s M=

E A3Lo)A] 1.5M V/3M H,SO,/ VI VIV) = 1.09]
£ 2t Hivhg A A(VE-F-EDTA-2Na)& A %35}
7] 3l AEA 7= V,0s-Electrolytic Dissolution A1
4L &89, 4.5 M H,S04 29 50 mLoj V,0s-
F-EDTA-2Na B2 BAFA]7|10 O]& carbon felt A=
9! Nafion 117 WEHQIOZ /4% VRFB TAA (A
= 39715 x 5 em?)Q] S(cathode)o] A5 Z(peristaltic
pump)Z- 0]-85}] FYU3}1L Y=Hanode)ol|= H,0o/H,S0;4
BL YA HIE A7) 28] B 15VOA
84 min 5<H WHEHHOT 418 HLFE AHUVE-C, 16
M V**/4.2 M H,S04)S Z-85t reference cell-2 0]-83}
of A Wiske BB YSIsc /lue Ao A5
AL Biologic potentiostat VMP3B-20 & SP-150(EC-Lab
software)E ©]-8-5}9 11 reference cell2] AL =752 Me-
trohm Autolab potentiostat PGSTAT302N(Nova 1.10 soft-
ware)E °]-83}9th. HPE AFSl(vanadium oxidation
number, VON)E 2435}7] 3] UV-VIS spectroscopy
(UV-1800, Shimatu) 27 300 ~ 1100 nm(scan range),
150 nm/min(scan rate) 274 =845ttt vRtE A
SR Hihg B 9 &% #412 ICP-OES 45 &
Sto] ISR =L 4] (42 ol-g3t0] AL,

Purity (%) of VE = 100 —
x 1/(density, kg/L)] x 10

[(total impurity, mg/L) (4)
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24 A4 BSE - ABA - ASA - SR AR ATA - els
3. @ nH AMV FA 34 Tl A Aedxt ojztalo] 24 2
%5 Table 1 € Fig. 30 YERHSIT A5 &4 At
3.1. A5 2 ofmpey 2y blank FoAHE AMV 314 N4 27] vl 55
Fig. 2= AT V205 ZH(V205-ES, V,05-F), &2 46,285.89 mg/LoJA AMV AA T4 0]3.6,211.63 mg/L
HEA, NHVO; Z2 3 HF A2l Vi0s 2L ARE 2 7haslo] BRIES 86.6% 3|5E|9ich B4E Fel

Hojgoh 97T M&E 3A0A E84 WRE2 o
378 E5to] U V,05-ES HUEHEE A2
AESHH V, Fe, Si, Na, K 5= 243 2185t
o™ AIE Table 10 UEHSITE &2 EHW V
9 FeQ] Tl 77} 46,285.89 2 1422 mg/LE BRtE
HEE2 90.9%°1%.2H V,05-ES B Fe;04 T
358.57 mg/kg& 0]-&5to] AXLHE Fe A& 59.5%%
AAEI QY. V,05-ES B Si0, THRFS 435.73
mg/kg 0 2 AR =t ¢z AEHY | Si= S5t
A] kot o]&gt k= ALE V.05 #diof Sio, 3
B2 $a-H Si -2 4] AE € ofut 3 B9

A B84 REol Z3E o] Aloj7t 7Fs s Qfngitt.

65.6%7F A= AT Na L KL 217} 4.8%, -0.6% 53
H A= IRIFUTE AMV I FAlA Feol &
2 =A e vhvs JAo] thet Na 2 K2 B3k
FA HAA] G= Ao BAHT AMV JH TS 5
3t g Sag&ol ek 92 84 pH, 7=
NH, 35399 & 2 2% 20| e Terf.
£99 pH 9 27t F71E,E ARE o229 Eofid:
L7t F71sl] dielt). SR 3ud H7Eel S7Kt
5 AMV 897} 7Hasto] JHEo] S7eks BH
9 227t S71EE AMV &9 S71E Qlsto] 3
AE2 Atk 3L ojtd 4 A3 blank F70]lA]
= U2 43.7% B5E|Ql o E4= H(Fe)2 37.8%

P

_l

Table 1. The concentration of components in V solution, supernatant, filtrate and precipitation rates

concentrations (mg/L) precipitation (%)
sample
\Y Fe Na K \% Fe Na K
V solution 46,285.89 | 14.22 | 32,958.27 8.81

blank 6211.63 486 | 31,391.76 8.86 86.6 65.6 4.8 -0.6

supernatant | EDTA-2Na | 6072.18 13.31 31,575.55 8.23 86.9 4.8 4.2 6.6
EDTA 6761.11 13.29 | 31,240.97 8.54 85.4 7.1 52 3.1

blank 3473.13 1.18 2,947.99 1.27 43.7 37.8 329 -8.1

filtrate EDTA-2Na | 3293.31 1.67 2,864.07 1.39 46.6 11.9 34.8 -18.3
EDTA 2980.12 1.55 3,008.03 1.50 51.7 18.2 31.5 -27.7

a) T my b) T =2

I Fe

80 ~

60

40

Precipitation / %

20 ~

blank EDTA-2Na EDTA

Precipitation / %

blank

EDTA-2Na EDTA

Fig. 3. Precipitation rate of components in (a) supernatant and (b) filtrate.
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Table 2. Results of V,0s purity analysis
Impurity Contents (mg/kg)
V,0s-F V,0s-F-blank V,0s-F-EDTA-2Na

MgO 28.91 6.03 (-79.1%) 3.98 (-86.2%)
K>O 5,361.29 145.88 (-97.3%) 151.56 (-97.2%)
CaO 220.80 - -

TiO, 168.52 8.92 (-94.7%) 8.24 (-95.1%)
Cry05 550.84 - -
MnO, 155.58 19.82 (-87.3%) 12.78 (-91.8%)
Fe;04 1,164.68 234.38 (-79.9%) 89.06 (-92.4%)
NiO 11.95 - -

Cdo 28.24 - -

BaO 0.61 - -

Ag:0 13.90 - -

Na,O 3,277.44 159.08 (-95.1%) 101.15 (-96.9%)
Ga:05 475.34 118.37 (-75.1%) 93.76 (-80.3%)
SiO, 1,511.24 104.78 (-93.1%) -

ALO; 4,502.36 2,213.76 (-80.8%) 204.39 (-95.5%)
Co30;4 0.075 0.59

Total (mg/kg) 17,471.69 3,011.08 665.51
Purity (%) 98.25 99.70 99.93
ZEA

7HAAE AL HEFNa) 2 ZE(K)2>
AAE o2 gt

7} 32.9%, -8.1%
50 2 Aot v 3
& ofzjo] R4 ke 2 B AUE bt oft 3

I} SARSHV AAES

& R AT Fe2 24
=& AFE et o]s Avk= x47}ﬂ CAL H}
U 0] 23} complexS @AJ51A] gkom Agizoz &

jut By

ol AMV Ax1e] g3fio] ot A o= RAE EIt
re] 971014 Ho) BAE A o] 20] AMVe] F2
of ofsiA WSt ofxfagolA Bhtet e &=
= A0z BerEt, Held shE £42 Hask] 9
A= B0l AMV o=t W2 o TH(NH,"
solution) 280] B, Fu| 2@ AL ofzjo] 2
A A3 Na JAEo] 24 F7Isket] ol o7 340l
A Nao| AMVO] Z5al] RO R RAg, uahA
AMV 22 Na $-330e 74A1717] Hside 2714
SEREECIET I
AMV A 3% ZAolA A5 B4 A3} EDTA-
NaZ H71et A9 V AA-E0] 86.9%2 LRI Fe
o YABL 6.4%E LRI} 121, EDTAS 47}
RSV B S50% HERITLL Feo) B
= 4.1%E UERIH:. 45 24 A3 CA T+
757 EDTA-2Na 2@ EDTAS 2713t 2% blank M=

%5 0]2.0] EDTAS} complexS B4J5}e] uhukg 47
oA o4atsly] w2 wieker), oizjo] 24 A
3} 5ol 24 A3k dju] Feo] AABLS Z7Isloed]
ol2fat ATRe blank 2T} HhElL BArO R A% 3}
o4 pH WS}o] THebA Fe 0]-2:t EDTAS] complex}
sf2ls)7] HEo 2wkt

3.2. V,05 &5 2N

4% 98.25% V,05-F 22 $h8510] V,05-F-blank
9 V,05-F-EDTA-Na 242 A 25 T ESLE U &
T B4 45)5t0] AT}E Table 20 YERHJATE. V,05-F
Al2E E83 I ISH AR TN JE JIEE
B4 A3} V(90.6%), K(> 100%), Cr(29.6%), Mn(33.2%),
Fe(22.5%), Al(68.3%), Ca(46.0%), Ti(23.4%), Si(57.2%),
Ga(>100%)2 EA=). &, V,05-F A8 Y £8 B+
Eo| FEHo=E gz & FHoNA B8R B
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26 A B5E A A8 SR A AEA - el

ERRE FHHOE A|l2H viug 8oz B2 58|
ZTES & 5 AU V,0s-F-blank FH E¢= TR
B4 A7} V,05-F 29 ] MgO(-79.1%), K20(-97.3%),
TiOx(-94.7%), MnOx(-87.3%), Fes04(-79.9%), NaxO(-95.1%),
Gay03(-75.1%), Si01(-93.1%), ALO3(-50.8%) T T4
ot} 18]3l Ca0, Cr0s, NiO, CdO, BaO, Ag,0 A
9] ol 100% =AU wehA EvE ST
3,011.08 mg/kgl &2 <& 99.70%E UEHH AL} &,
Zd &AMV A 3H 08 F/4H= blank 378
SO &I 99.70% V,0s T A 27} 7FesvhE ERlst
9t 5kA]9t VRFB-E 99.8% ©o]4k9] V,05 BT AR
517] el F7HR B v 340l 2 a5l

V,05-F-EDTA-2Na 28 E-E9] 3R V,05-F
Bk 5] MgO (-86.2%), K,0(-97.2%), TiOx(-95.1%),
MnO»(-91.8%), Fe;04(-92.4%), Na,0(-96.9%), Ga,Os
(-80.3%), SiO(-100%), Al,O3(-95.5%) % ZtAdlo] Bd
& 27 655.51 mgkgE &% 99.93%S Y &
Ze] &% EDTA-2Na H7H2 V,05s 22Ul E&
Mg, Ti, Mn, Fe, Ga, Si, Al9] 7149l g 74471 &9l
EQlth. 3], Si 82 100% 2] == 275 UEhSd
on E4E Cox V,0s-F EolA= FRIEA] 2UA|
T} V,05-F-blank @ V,05-F-EDTA-2Na 2bo]] 23}g]
= A= V205 AlE F70A 22H2 02 fdE 2o =
T A AATolA 99.98% Bhe HsidS
A z3517] A3 V.05 B9 Ees TS MO (<22
mg/kg), KoO(< 25 mg/kg), TiOx(< 9 mg/kg), MnOx(< 4
mg/kg), Fe;04(< 177 mg/kg), Na,O(< 54 mg/kg), Ga,0s
(< 1,532 mg/kg), SiOa(< 54 mg/kg), ALOs(< 15 mg/kg)
07 AABIHEF?. =, V,05-F-EDTA-2Na BZo] B
= T B4 21 k= 99.8%0 40 ATk K,0(151.56
mg/kg), MnOx(12.78 mg/kg), Na,O(101.15 mg/kg), ALO;
(204.39 mg/kg) ‘JEE-2 AAH FFHET} =oF 27141
EcE AS A 283t A o= wokdErh

CA 3715 8% &8 12 A A3k= V,05-F-EDTA-
2Na £ Ao A = 1= ]lct. o]t Ait= e
ZZNA Fedl 22 EE ©|2°] EDTAS} complexE
F/doto] vivks A T894 Sk tlio s
ST EDTAYF 9] -80f &i=H 4] (5)2F 20|
|-25}=]17 EDTAS] 4719] AbA-R1e} 2709] AA A=t
= 7% o2y} Zdgsto] 4] (6)3 &2 AHCIES B4

s
[e)3
=
(o]
=

9

o

Resources Recycling Vol. 31, No. 2, 2022

Sh= Z 02 AflAfE o0
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[Fe(EDTA)] o) + 6H20q
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Fig. 6. (a) Currents and (b) open circuit voltage during electrolysis. The insets of (a) and (b) show scheme of new electrolytic
process and photograph of the prepared vanadium electrolyte.
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(8)¥} Zo] 2 AL|oA H,0, AFERES0] Lojur]
20l 1.5V o5t G 24 V(+5)—V(+3.5) FEo]
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St Bl AN 2] A Aol & FdlA] HAIZTCE A
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38 vikE A} Ik V,055 E8oto] Alx
= AsjY o] EA 24 AIE Table 30 YERH AT Al
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Table 3. Characteristics of the commercial and prepared
vanadium electrolyte

Vanadium electrolyte
VE-C VE-F-EDTA-2Na
V (mol/L) 1.6 1.21
VON 3.5 3.56
Density (kg/L) 1.364 1.375
K 2.84 10.44
Ca 3.86 71.75
Fe 18.62 -
Co 0.26 -
Cd - 0.28
Na 5.74 41.85
Ga 165.36 148.01
Igfg/rﬁt)y TI - 40.40
Al 1.13 4.75
Ti 1.68 -
Cr 5.66 -
Mg 1.83 4.44
Si 3.70 105.23
Mn 0.21 -
Total 209.89 427.02
Purity (%) 99.98 99.97

of UV B4 0% o]Zl % mol. VAV) ZH 247} 52.3,
5602 UERARTL 0|8 o}83 vikE Alskgtvana-
dium oxidation number, VON)2 4] (10) o]-8-5}o] A
AP &8 Bhvks sl Az Asio] High
AXFE VON= 212} 3.52, 3.56-2 LERA QI

% mol. V(IV) = 80.17086 — 69.6699 )
exp[ (1760 nm/Ls01 nm)/(-2.01223)]

VON = 3.0(1-x/100) + 4.0(x/100) (10)
x; % mol. V(IV)

HiLE A o] = 42 [CP-OES
AYslgon £r Hdn et 2
2] (4)E E3) AR Q). AL Asj 2 A%
o] BB 510 7171 209.89, 427.02 mg/LE 425
7} 99.98, 99.97%E UEIH QLT &2 AtollA] Al2H
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Fig. 7. (a) UV spectrum of the mixed vanadium solution, (b) relationship between % mol. V(IV) and I760 nm/lao1 nm, (¢) UV
spectrum of the commercial and prepared electrolyte and (d) their relationship between % mol. V(IV) and I760 nm/Lo1 nm-

sflo] W= 1.375 kg/LE A& A3 N9] 1.364 kg/L
o] 2 gk UGt o] Al2E sl o]
2 228 Yyo] GO RUHT 4§ Ak o)
Az Aol B2 Fe UL SHRliA] gIgko
K. Ca, N, AL Mg, §i 44 52 7] Lpehtch, 59,
= Ao A0 ATt HRE )
M B2 3lek 74 (Ca < 30 mg/L, Si <20 mg/L) Bt
Ok, WA sjole] £ B4 AL V.0s2)
F7149) 25 o] Wa sk HekEich, Solsh, 2
Hol=2 8 alo] AxE V.0, B2 o] 242 si 4
$io] EA5HA) QRev|E B Aol B SEw
EASHE o) B Si JBS HiE Aol AlE B
Aol sakd ws7] 9 8] 34 B0l 24402 £
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A% BN B2 27 .90l ek )7} Wastel.
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E o lo AL VRFBE 14E QABHIIES A%
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