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Received Abstract

19 January 2021 Vanadate reduction by a bacterium, Shewanella putrefaciens, was experimentally investigated under

Final version Received aerobic and anaerobic conditions. Lactate was supplied as an electron donor. Unlike the abiotic control

8 February 2021 sample, the color of the samples inoculated with S. putrefaciens changed from yellow to deep green
under both conditions over time, which indicated that V(V) became microbially reduced. Precipitates

Accepted formed in the microbial samples and results of the XRD analysis showed that this was a V(IV)-bearing

23 February 2021 mineral. The concentrations of total dissolved V in microbial samples decreased over time, which

suggested that S. putrefaciens reduced soluble V(V), followed by the precipitation of insoluble V(IV)
solids. The results imply that microbial reduction of V(V) may be economically applied to the production
of V(IV) electrolytes which demand a high cost for the operation of vanadium redox flow batteries.
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sjelelo}el Shewanella puirefaciensol I V(V) $H1& 5714 8 9714 24N AL Bot
of At HA ol A 2t 2Abehe FHSIch. uAEOP v mA ok S purrefaciens
2 HET AR A T HAo A I ARbo] ATste] 279 tmekalo] W) Mg 2B A 02
Bisfalo] V(V)7Hul Al © 2 SHIE S SRRIstel) wAbE Al 2ol A= HriRe] P AEgle
], XRD 4] 23} o] = V(IV) 2 RH5-3 2] 510 2 ek, ot n| AL Al 2ol A= ) Uj
% 92 vRLFE ol A1l wek B2 GAsto, S putreficiens ] €15} §E V(V)7H B8 F
T S oJulsheick o] efet ATk HiHE e B 8] 18 F B H S 25
£ VAY) A2 Azl AR V(V) 2Hlo] BAIH0 2 488 4 gl 7Hs e Liehiieh

ZQ0{: BPLE, Wi 8|52 E2HR|(VRFB), Shewanella puirefaciens, 142, 23} 2

Copyright (© 2021, The Korean Society of Mineral and Energy Resources Engineers



N OB

AR 231 9] Hol74? Hhba(V)-2 Aol 4%
T 7Rt = FEE ol HE AP Fofol| A theF
SHA| ARE-EH, BRoleete] Sa2 et detg Aol
ol AEXT} 3F7] A4 Sl A-8-ETHLee, 2009;
Lmtiaz et al., 2015; Ju et al., 2018). |23t EAJ © 2 25}
o] @A vhhg 9] &= AN AA9] A 84%,
EloleHE 5 7B 54 2 a8 9%, SuljA| 2 g 28
5 HE48 5%7F AR5 12 9JtKim and Jeon, 2019). Z]
& v RS vhE glE52 32X X|(VRFB; vanadium
redox flow battery) 2] Asj 2 2A W FE S Hky1 Q] O
) olo] u}e} vhbg ) 4071 F71eka el E55e
th(Skyllas-Kazacos and Grossmith, 1987; Cunha et al.,
2015; Choi and Lim, 2016; Choi et al., 2017). o]o]| w}2} =+
HollA e vhEo] oHy 4 SR E 913t autd A7)«
5ol tigt #Alo] F7151aL YJthKim and Jeon, 2019).

e ol 5 F HAR =2 s E(FHF30nM = &
Aohk=F<50lm(Butler, 1998), Bto|Ehg A8 A] 33/ (Evans
and White, 1987), $+-9-2lg 33-E(Crans ef al., 1998) 5]
EAgT) 53] A, gk 5 AR s ER Exst
o](Rehder, 1995), 344 A& A4 5 A4 4rlg-s ol 9f
gHdlo] 7] 5 BlE 2] 53% 5 AFAI &t Hope, 1994).

u|gFe] viubE-2 A E Aol AR 285kl e
Ar ZALS 915151 A 02 A A O LH(Rehder, 2013),
ZAF Aol et fal Aol Rt A A R&A o
2 o] 2o} 2|7 9itk. B AoFE QAL 2(POS)TFE] £
A0 QI3 QI lAEo] VO, B Bagho A St
tjARREE-0] A3 %] 7] = 3} (Mannazzu et al., 1997), 35
0] A1) 9 U, WO 4L nlA Ao ekt
(Domingo, 2000). B} }52] 542 A 7te} g8l wof 2
Al #--E ™ A 5= V(V)7HHIE8 )1 VAV)ofl Bt
o] EXo] E Ao g A Qth(Patel ef al., 1989; Crans
etal., 1998). o]k BlLHE9| B2 5 &l 825 0] 9l
= VV)E47tolstY vhbg o = glsto] AHER AlA
sk HAE B8 A = Q= 7HeAe UEhdoh
(Ortiz-Bernad et al., 2004; Zhang et al., 2014).

W2, v, A28, $eHs QY 5 R ol
Aol AbshbelE EAJsHs ALREHIES) TIZHAARSE,
redox-sensitive elements)«= “1 AkSlrof uhg} o] = A
ol & Aol& HRlth oAlE 50, AR EF2 ARMIH
(Cr(VD) Y fj o] 5= P =/do] 1} Cr(IID 2 SHA=H 3
Asto] ol W Z/do] FrAgitt YR ujEo] ol
RSE Q] 4387 9] ®istol] A ehet g3k m|3S

o]

LR AbdolH, RSE Q] afetd-2 HhA 12 4= Q)= Hie|

Z|Loll= o3 v ETHY A S Au APE =
A A2 0 2 = -9 F-851A AN 4= Stk At
7F HALE| AL Qi) & E01, Sh(V)E ©]&}4(dissimilatory)
02 DI}z A1 Bl o} 2ho.ehz 174 % Sb(V) &
21 27} APISIOHE| U (Sb:04) Ui A7 ARG
3}t Abin and Hollibaugh, 2013; Nguyen and Lee, 2014;
Joo et al., 2016). AATSIRIE ] Ut Q) Rf= 745 A4k
Goll F-&5HA A== A m=A] A 3 o2 8
TH i elghAl Ao 2R Alzel T Qick. of e
Eel5|i o Ui x|8} A7} o} Trto] 1§54 Bt}
AHES AARICRE Bo) iz, vbEo] olat Ahe g
4go] A1 5YEIT 72E0] 4HAIslebe| R Al B Aol &
HAAA R o] NS 7S 5 2ok

ulAEo] ofgt uhibE 2helol tfolol o3 1} 4oul
=l v} ek N FE A © & Pseudomonas vanadiumreductans
(Lyalikova and Yurkova, 1992), Shewanella oneidensis
(Carpentier et al., 2003, 2005), Geobacter metallireducens
(Ortiz-Bernad et al., 2004) S-2] utg]|2]o}-= v]Ea}0], 14
t(aechaea) Q1 Methanosarcina mazei} Methanothermobacter
thermautotrophicus(Zhang et al., 2014) W A EL]
Saccharomyces cerevisiae(Bisconti et al., 1997)°] 2|3t
HhE gHlo] BalE| gt

Shewanella <(genus) =, S. oneidensis S ©]-83 v U-E
3 A= 35 v} 9L O U(Carpentier et al., 2003, 2005)
cthokst RSEE A7) = Ao g A A S. putrefaciens
2 o] 93t Q17 o} %] e v gick. o] AR V(V)
&l S. putrefaciens S 3] F5to] v FstAe o -8 vk
L] 71550 ol gt sl ualsk ) Fhkel e ol
of. T3t 0 RS U Belo] i o ARRIH 38 s
48 BR1517] 915104, VRFB 132 Alxo0] 283 4 9)
= 7h5 A4S AR e Sk B4 VRFBS] % ulgolA
V) Bl Aol 22 ) o] 2 38 A Aot
2(Han er al., 2014), BJAEE olgsiel wrk Aal
V(V)E &g 4= Lo A 221 VRFB 7| 7ol 7]
o A o7 F7I3ir

AlSHHEH
= od

HHLE 818 &5 99% QATSHPLE(V20s) (523 1)
< olof g-afste] Alz=s it B 2lok= tiaA ]l
SESLFR S, putrefaciens 5 =Y EALAE(KCTC,
Korean Collection for Type Cultures)o| 4| -18}o] Al&-

Alssd A=
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SHATE. L UEES. putrefaciens+= oFef) 278 2= 24
marine broth ¥ Q-2 0]-8-5}0f F3} v Rt & AF of A
LA THEY: g/L): FE(peptone) 5.0, & T FE-E(yeast
extract) 1.0, NaCl 19.5, CaCl, 1.8, KBr 0.08, MgCl, 5.9,
KC10.55,NaHCOs 0.16. 3t Q&st RAS- 9]510] TtF-2
279 n|Fd A wj R o FFFATHE$: mg/L): SrCl,
34, H;BO; 22, NaF 2.4, NH4NO; 1.6, Na,HPO4 8, Na,SiOs 4.
n| o] o3t vhbE S of & ERlsl] fiste] &
71 R @720 A 7T 12 AR S =353t o] = 9
3f] 200 mg/L 5%=2] V(V)2} 500 mg/L 2] A (lactate)
2 53 marine broth B FH 145 mLof| X|5=A37}7]7}44]
AV8Y S, putrefaciens 5 mL(1.65 x 10’ CFU/mL)& &
stick &4 pHi= HEPES & o|-&-5l0] 7& A5}
Orion 3-Star(Thermo Fisher) 2 =43} 9t} S. putrefaciens
£ HFHA] -2 BlaLAl E(control)= & 7]/ HIWLA| &2TE
A 2:5}5).©.0f, marine broth B Felol] V(V)2} AT 7HE
FFstel FAISIAT £714 242300 mL Al o] 4
o) AEwR Q7S v} §stel, W14 249 A
2300 mL A& Al 31} D R0l WE3h =N, 7t
22 3027) purgingsto] ¥ ) 0,2 g F Saehe
o} = g ol A 229 E 7] (autoclave) & AHE-51o -8
A ETE W, 24 0.2 um HEE Folo]
AFSIAE 0, 1,2,3, 5, 7200 §4& A3/5}o] 1okl
71 9J(Orion 3-Star, Thermo Fisher)E &4 3}t &7 A
28N A= AFH 3048 FQ N2 2 thA] purgingsHal
o} Hius 8ol Abslo] whet V(V), V(IV), VI, V)
9] M(color)o] Z}Z} L ghAl, 2, 22 Wl S ao
2 o] 4 wisks THele V(V) | St S Tt
o} BES 5 AlZro] kst dEo] F4H Al =7 e
wom, AF & J7|A JAHES AT XRD &4
(Miniflex 600, Rigaku)2 A A5} T

(2)

12 492 F3l v]AE ol 3t v 2l Vs dS ot
| A= FulE Al 2Rk F Lot 230014 0,
20900] o) A RE AHelo] % 8 v}
e A SR A= AR 2 Igh 8o Fu]
o = Hastelr] f15te] 300 mL]l Sk Al
2500 mL 17)% A5} A0, 9le] Hu] EFHS0 mL
o4 300 mL& Z7HA AT 85 vhbE-S ICP-OES
(Genesis, Spectro, Germany)& ©]-85}0] EA]5|% Tt

rO
NS r-?L'
o
[\S]
o
o
o ot
o

4 ﬂl‘ aj

24 HAd

|

ol

12} AF o] A}, AJ7bo] w2 A2 E(27]/8 vAE Al
7, @714 v AR, 97148 HA|R) ASRH A 9
2 A= AR ATE HSIoE 09 0.25~0.32 VoA 1Y
737} 30.09~0.16 V& 743t T Ao fA|=lo] 7¢ 71t
3.0.08~0.15 VE R it

HRHE9] ARl H3E Uehe A #iske n]g= Al
FOFH| WA & Zof| =535k o] & Bl 09 7 At
AR A sk T A 57 9 d 714 3ol A
A& A e BF 0 Yol e & m STy 7Y 7t
o= gt 2EM O R U M HIE B THFig. 1).
ol= St uldEol sl V(V)7F 2= 93-S vk
th(Bisconti et al., 1997). T3t A|71o] Z1lshH 8- A&
ol A&l A==, ol & dHE EAstd
V(V)7} 4 pHOIA 87t e VAV = BHelEjo] 1
Hak Ao B

H =S HEoHA] g2 714 Bl A 28] B9 0]l
Legh o g et g-ojo] 7ol = F sk Ao]
HAS Itk HuA 2] HeE 7Y Ha & 21
0] A= N ol= @71 24 Y vhtEY
slshd ghelof 7]Q1gk Ao & wtsgich

(b)

Fig. 1. Color change of solution over time at (a) 0 and (b) 7 days. From left, abiotic control, anaerobic microbial solution 1 and 2, and

aerobic microbial solution.
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Fig. 2. Results of XRD analysis of (a) V.0s powder, (b)
precipitates formed in anaerobic experiment of this study, (c)
carbonate-hydroxyapatite, and (d) oxovanadium(IV) hydrogen
phosphate dihydrates.

F71d nlE Al 5o A veid JAES 348t XRD
= 2435 AKFig. 2(b)), YH V,0s(Fig. 2(a))2} carbonate-
hydroxyapatite(Fig. 2(c)) 2] YA =2 FA == 327} YE}
1}32 oxovanadium(I'V) hydrogen phosphate dihydrates(Fig.
2(d)) I 3= T JAHE Bl VAV)E x&star 9l
o gelskelnh

"7 2700 A di| ool 2Jgt V(V) T Y ofof o}
EvhE AAE B2 4 3] HE vk Qi Shewanella
oneidensisi= 354k A4 YREARS FHIGS T &5
VV) & A FLA RO TR VIV)2 I HE
el 2 2= Qi Carpentier et al., 2003). Zhang et al.
(20142 ute2lol iyt ofje AL 24 V(V)E 3]
Sl WAEE WS ek 217 524 0 e v
ERYA Q1 Methanosarcina mazei®} Methanothermobacter
thermautotrophicus+— V(V)-2-4 AAES AYAISHE L

200
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100 +

Dissolved total V (mg/L)

50 1 | —e— Biotic
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0 T T T T T
0 4 8 12 16 20
Time (days)
(a) Aerobic

ZAR}o| U] R A B (electron energy loss spectroscopy)
o5 BAIR 23}, o] L 2 7Ee] Alslet oF43010ck

53 270 A aeh 23 APl A Al w2 %
S g e Skt B4 21k 5714 9 E7]
d &7 BF R HEE A=l H|gke] HEAIRlA
| vhE ol 948 dadte Ao 2 YEyTt
(Fig. 3). Z-& u|YE £91 S. oneidensisE 0|85 A0
A B 9] 2~9% Wtol vlE| 2o} Aj3ze] ofs) 52 i
A& (accumulation)® A2 LER v} Qloj(Carpentier
et al.,2003), Fig. 30l 4] T2HE 8- vhhg e Al 29
(extracellular) 3 41-& £33} Ao 2 HE A AH ACR
Hoth nAES] HE TS AIHAE v7)A), &
7173 B ol M=4~8 Yol 43| F7Isict o] & FAad A
= SRIsHGITE @71 2olA= 7] &Y 7ol
- ST A YeR o u 169S 71H 082 37 7k
AL FRIstgl o o]= && vhvhg el 74 Al7]¢}
g2tk

o] Aol Al g 0 2 = el v A YES 47
o], 2714 2ol A9 V(V) EH 912 opite S,
putrefaciens 2] V(V) 3| =(detoxification)?] A S &2 X 9|
th A QIS cerevisiaeo] &5V (V) TS A3 Bisconti
et al.(1997)2- Q1AHE-HEA| 2 8](phosphate transport system;
Bowman, 1983)]| &J5j| AliZ W& Fol2 V(V)E 1=
o] Al Yol Al V(IV) 2 3+l gt & A2z bho 2 v &3t 9S
7Fs/dE& AL 479 0.7F 2 Aol S.
putrefaciens®]| &3t Fe(1ll) o] By viE ¢lont
(Arnold et al., 1990), 7143 27104 =883t o] AL A]
= 07} g2 7323t HA}a=8-A|(electron acceptor) 2 2}
831912 Ao| oz v 2ol ojgk o)5}4] V(V) 891 7
e vtk

2, W71 2 VV) BUE Slol4 el o)
A AALE olSlollE V(IS A8 AR slel S5

ol

200
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Fig. 3. Variation in dissolved total V with time under (a) acrobic and (b) anaerobic conditions.
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et

A1 V(IV)E Y598 7FsA & 9t Carpentier et al.,
2003; van Marwijk ef al., 2009; Zhang et al., 2014).

7129 A udEe] A V(V) BEE 37 B
"7 Szl AT =343k Alof| H]sto], o] Aol A
= = 2HNA B ABE 7V53ES. putrefaciens 7t 5714
71 23 BRA V(V)E e = Qloke 2=
2 Zlo] EXA o]t} oMt S. putrefaciens @] 5
VRFB ] A 24 L4231 47} o5} vhvbg< ¥
o] AAH o2 -85 AMS-E 7Fs/d o] Qlth Zhang et
al (2014)2 u] A& o Aozl V(V) Tl A= 2
M H,S04 = -§-3l5to] 493 A3} -§-2 vhfgEo] V(IV) 4
e 2 23S 92l vt Sl

HILIE 2SA SEXX| HE 7Isd

14 QIR 2147} 27 2.9 9 AP etsle] elelo
g of) whe} okl 572 AU A 7 A =g ol v
AYo =z 7Ry Qlet ey Ao A= &4 =
719 Aokl YEFE v AR A FFo] A 0] A
3 SRS 7R AL Qi ol A =551 sk
2|2 o] A|R O A " A Fo] 7hs o] A &9
= 3R 4= Sl oA AFAIESS, energy storage
system) 2] & Q AJo] FEW11 Qlth ESSofj= Y[R W

& OJAFA] 5] H-8-ESS o]Q]oll = Eefo]H(flywheel),
7r 1 A El(super capacitor) 5-2] ©=7] ESS, Y5%
7] oY R AZHCAES, compressed air energy storage), L
E&-3F A X|(NaS battery), =2 5EH X|(RFB, redox
flow battery) 52] A=7] ESS7} 21+=5|(Choi and Lim,
2016), ] F 71 =42} Hg /3, B3t Adu), FAHH)& A
S| AH o= ¢lste] & VRFB7} 714 &k gk
(Sum et al., 1985; Skyllas-Kazacos and Grossmith, 1987,
Rychcik and Skyllas-Kazacos, 1988).

VRFB&= 53] tf-85 o4 2] 2772 2] D ado] 57}
Shol what H AjAA o 2 ghlgh A-t7t JeyE 2L ek o
222013 AHE L ESS AR ASE vzl & &
A Hokkaido A o] AA| Fof #%<l 15 MW/60 MWh
VRFB ESSE A x| 20|t} 225122011 Zhangbei | <
oA 4 MW/8 MWhe] VRFBE AlZ3519 0, =2
2013 Pellworm A 239} 200 kW/1.6 MWh -8-=F2] VRFB
ESSE A A|5lo] -5} QIth(Han et al., 2014).

RFB= Asf|o) U] o] &A= (active materials) o] AFs}-
ghlE] o] S A E = A AF 02 A7 U X & A H <]
slebd ouA = A7 A7EEE FHAdR ol
(Skyllas-Kazacos et al., 2016). VRFB 2-ZA] oF=1} &=
ol A= ol 4] (1)~(3)Y] #7134 whgo] WAt

=235 3 A

EESE L BT

.

—IL‘/;\"O]OL_

1.25 V] 3524 ¢o] A Choi ef al., 2017).

Positive: VAV)O*" +2H" + & = V(V)0,' + H,0
Eo=1.00V (D

Negative: V(III) + e = V(1)
Ep=-025V (@)

Net: V(IV)O*" + H,0 + V(II) = V(V)0," + 2H" + v(II)
E;=125V (3)

A 9hg-2 LS Eo) A3 oS 28l (stack) Ui
ol 2|42 0 2 34| A WS 2, VRFB O] HA4F22)
o (V)O2", V(IV)O™, V(I1I), V(II)
S theet AR 2 vk Aafdo] whEol Aok g
o}
=]

)
o
1
ol
o
0d
R
o
u
<

. E3] V(IV)0™ &] A 27} F 231 o]= At o2 A
A3 V(V)0s 25E VIV)0S0sZ A %3t 5 2-3)|5}ko] 1t
S EEV(V)0sE 23 J7| 288l shlAl & &
QJ5}o] Al Z$kcK Skyllas-Kazacos et al., 1987).

VRFBE th2 2xPd 2|9 v W3] Kok o of-g-5Fo 4]
of]-9- =2 7} HA S 7pHIck 18U} VRFB 2 & H|-&
Tho & BokS w) V(IV)O™ & Al zofi B2 o U7} &
8= Bl ofya} et vl-go] £o71 #4 VRFB2)
Z A8l A AaE Al zol] AR EE= H]go] 2F50% 71EF
S 2}A| 3K Han ef al., 2014). whebs] Eako|HA = 7
AF Q] BE M8 A A= 7]<0] VRFB tj5:3lo] ulj-$- 3
A1 FES ApA|gl o] Aol UreRd A A Ay
ES 0|83t F2 270A V(V) SAES A-HH

A AL

o] =E-e At s A u|(IHA 3 2020-1817)
83 A RAUATY F AR Sy HE vt
V) FEAY Ag/A /28714 7HHGP2020-013,
213212-1y TA| 2] Ygto 2 Y= Q5 ek AES =9}
= A=, AHA, HolRoA Ay
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