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The research methods and schedules of this project is based on the
NL1110454 procurement specification. It includes literature survey,
storage battery, vanadium recovery, analysis of flow battery active
material, the impact of impurities on the charging and discharging
performance of single cells, novel multi-membrane chamber method,
establishing of the recovery process of electrolyte active impurities, and
operating parameters for continuous process, etc.

Literature survey, preliminary data analysis, and discussion had been
completed. It includes (1) experiment process: single cell test, component
analysis, establishment and evaluation of removing methods of low
potential active impurities, analysis of the low potential active impurities,
hydrogen ion, and vanadium ions; (2) experiment scheme; (3)
experimental setup and schematic diagram; (4) observed the change of
volume, vanadium ion concentration, and hydrogen ion concentration in
the double-membrane and triple-chamber (DMTC) and triple-membrane
and quadruple-chamber (TMQC). (5) Data in each room was collected
and detection of the concentration of hydrogen / vanadium ions and
hydrogen / iron ions at zero and 20 mA cm?. The iron impurity removal
process by DMTC and TMQC was evaluated based on above the results
of experiment. Since the internal resistance of TMQC is relatively large
and energy consuming, it is not recommended. Vanadium electrolyte
containing iron ions was treated by DMTC, and the iron concentration was
reduced after treatment. The performance of regenerative electrolyte was
better than the untreated electrolyte. Therefore, this study verified the
feasibility of the multi-membrane multi-chamber method to remove low-
potential impurities and a continuous treatment process was established.
In the future, we could study other suitable ion membranes or treatment

mechanism to improve the efficiency for iron ions belonging to the first



transition element system same as vanadium. Present progress status is

up to 100 % of the overall project.
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% Extraction

+
1~

17 F 4 tpH#0.03~151/ chi Beg 4 1t @)

Extraction of metals from multi-component aqueous feed solution with 40% (v/v)
Cyanex 272 in EXXSOL D80 at 40 °C (O/Aratio = 1:1) (based on Inoue and Zhang, 1993).

pH  Metal in feed solution (g/L) Extraction (%)

[Mo] [V] [Fe] [Al] [Co] [Ni] Mo V Fe Al Co Ni
003 257 0724 0029 1316 096 0.162 995 938 345 015 0 O
021 262 0747 0.029 1340 099 0.165 99.6 16.1 345 022 0 O
035 270 0755 0.030 13.84 108 0170 99.7 225 167 144 0 0
051 270 0.755 0.030 13.84 108 0.170 99.7 322 333 027 0 O
1.00 278 0.769 0.032 1430 110 0.180 998 804 844 105 0 O
1.51 278 0769 0.032 1430 110 0.180 99.7 925 100 189 0 O
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left room
time Volume Vanadium conc. | Vanadium mole H* conc. H* conc. H* mole pH
hrs mi M mmole N M mmole
0 10.00 0.00 0.00 0.00 0.00 0.00 7.00
1 3.70 0.00 0.00 0.19 0.10 0.72 0.71
2 4.20 0.00 0.00 0.34 0.17 1.42 0.47
3 4.70 0.00 0.00 0.53 0.27 2.50 0.27
4 5.20 0.00 0.00 0.53 0.27 2.77 0.27
24 2.30 0.10 0.24 2.13 1.06 4.89 -0.33
middle room
time Volume Vanadium conc. | Vanadium mole H* conc. H* conc. H* mole pH
hrs ml M mmole N M mmole
0 10.00 1.79 17.91 8.00 4.00 80.00 -0.90
1 12.50 1.73 21.57 6.77 3.38 84.61 -0.83
2 13.00 1.24 16.15 6.14 3.07 79.83 -0.79
3 13.50 131 17.70 6.04 3.02 81.59 -0.78
4 14.00 141 19.80 5.08 2.54 71.08 -0.71
24 17.80 0.83 14.74 3.63 1.81 64.55 -0.56
right room
time Volume Vanadium conc. | Vanadium mole H* conc. H" conc. H" mole pH
hrs ml M mmole N M mmole -
0 10.00 0.00 0.00 0.00 0.00 0.00 7.00
1 7.60 0.01 0.08 0.44 0.22 3.31 0.36
2 8.10 0.01 0.11 0.87 0.44 7.05 0.06
3 8.60 0.02 0.18 111 0.56 9.56 -0.05
4 9.10 0.03 0.25 1.06 0.53 9.68 -0.03
24 7.70 0.05 0.40 2.13 1.06 16.38 -0.33
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% 52%3% AR B A F20 mMACmMET ehlo] B T g

left room
time Volume Vanadium conc. | Vanadium mole H* conc. H* conc. H" mole pH
mins ml M mmole N M mmole
0 10.00 0.00 0.00 0.00 0.00 0.00 7.00
15 8.70 0.00 0.00 0.10 0.05 0.84 1.01
30 8.10 0.00 0.00 0.19 0.10 157 0.71
45 7.40 0.00 0.00 0.24 0.12 1.79 0.62
60 7.10 0.00 0.00 0.29 0.15 2.06 0.54
middle room
time Volume Vanadium conc. | Vanadium mole H* conc. H* conc. H* mole pH
mins ml M mmole N M mmole
0 10.00 1.79 17.91 8.80 4.40 88.00 -0.94
15 11.40 1.63 18.56 8.22 4.11 93.70 -0.91
30 11.90 1.54 18.28 7.25 3.63 86.30 -0.86
45 12.30 1.48 18.18 6.72 3.36 82.66 -0.83
60 12.60 1.38 17.45 6.14 3.07 77.37 -0.79
right room
time Volume Vanadium conc. | Vanadium mole H* conc. H* conc. H* mole pH
mins ml M mmole N M mmole
0 10.00 0.00 0.00 0.00 0.00 0.00 7.00
15 9.80 0.00 0.00 0.29 0.15 2.84 0.54
30 9.80 0.00 0.00 0.53 0.27 5.21 0.27
45 9.70 0.00 0.00 0.68 0.34 6.57 0.17
60 9.70 0.00 0.00 0.82 0.41 7.97 0.09

B 10 ~ 2%3% %20 MACM™2T > 51| B R ff % 1
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FFE_10ml 2 3 12.6 ml ~ 43+ 38 Hi 17.91 mmole 2 % 3 22.6
mmole ~ & 3+ )k & j£_80 mmole # = T 88.95 mmole » ;3% pH &%~
0.9 2 % -0.85)- < ;{%M—;—jﬁf\wml 1 7.6ml> @3 33 Hi_0mmole
2% 3 0.08mmole ~ & #+ 3 B Hik Ommole £ 2 T 3.31mmole /3
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left room

time Volume Vanadium conc. | Vanadium mole H* conc. H* conc. H* mole pH
hrs ml M mmole N M mmole
0 10.00 0.00 0.00 0.00 0.00 0.00 7.00
1 8.20 0.00 0.00 0.05 0.02 0.40 1.32
2 8.70 0.00 0.00 0.07 0.04 0.63 1.14
3 9.20 0.00 0.00 0.10 0.05 0.89 1.01
4 9.70 0.00 0.00 0.15 0.07 141 0.84
24 9.50 0.01 0.07 0.48 0.24 4.59 0.3155

left-middle room

time Volume Vanadium conc. | Vanadium mole H* conc. H* conc. H" mole pH
hrs ml M mmole N M mmole
0 10.00 0.00 0.00 0.00 0.00 0.00 7.00
1 3.50 0.00 0.00 0.15 0.07 0.51 0.84
2 4.00 0.00 0.00 0.24 0.12 0.97 0.62
3 4.50 0.00 0.00 0.34 0.17 1.52 0.47
4 5.00 0.01 0.03 0.39 0.19 1.93 0.41
24 1.00 0.12 0.12 1.26 0.63 1.26 -0.10

right-middle room

time Volume Vanadium conc. | Vanadium mole H* conc. H* conc. H* mole pH
hrs ml M mmole N M mmole
0 10.00 1.79 17.91 8.00 4.00 80.00 -0.90
1 12.60 1.79 22.60 7.06 3.53 88.95 -0.85
2 13.10 1.52 19.89 5.95 297 77.91 -0.77
3 13.60 1.45 19.71 5.20 2.60 70.69 -0.72
4 14.10 1.31 18.49 4.98 2.49 70.22 -0.70
24 18.40 1.00 18.41 3.34 1.67 61.39 -0.52

right room

time Volume Vanadium conc. | Vanadium mole H* conc. H* conc. H* mole pH
hrs ml M mmole N M mmole
0 10.00 0.00 0.00 0.00 0.00 0.00 7.00
1 7.60 0.01 0.08 0.44 0.22 3.31 0.36
2 8.10 0.02 0.14 0.77 0.39 6.27 0.11
3 8.60 0.02 0.18 1.02 0.51 8.73 -0.01
4 9.10 0.03 0.25 1.23 0.62 11.22 -0.09

24 7.90 0.08 0.63 1.98 0.99 15.67 -0.30
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A

left room
time Volume Vanadium conc. | Vanadium mole H* conc. H* conc. H* mole pH
mins ml M mmole N M mmole
0 10.00 0.00 0.00 0.12 0.06 1.21 0.92
15 10.00 0.00 0.00 0.07 0.04 0.70 1.15
30 9.90 0.00 0.00 0.05 0.02 0.48 1.32
45 9.70 0.00 0.00 0.05 0.02 0.47 1.32
60 9.70 0.00 0.00 0.05 0.02 0.47 1.32
left-middle room
time Volume Vanadium conc. | Vanadium mole H* conc. H* conc. H* mole pH
mins ml M mmole N M mmole
0 10.00 0.00 0.00 0.12 0.06 1.21 0.92
15 9.20 0.00 0.00 0.19 0.10 1.78 0.71
30 8.50 0.00 0.00 0.31 0.16 2.67 0.50
45 8.00 0.00 0.00 0.41 0.21 3.29 0.39
60 7.70 0.00 0.00 0.46 0.23 3.54 0.34
right-middle room
time Volume Vanadium conc. | Vanadium mole H* conc. H* conc. H*" mole pH
mins ml M mmole N M mmole
0 10.00 1.79 17.91 8.80 4.40 88.00 -0.94
15 11.10 1.68 18.70 8.32 4.16 92.31 -0.92
30 11.50 1.61 18.54 7.30 3.65 83.96 -0.86
45 12.10 1.53 18.57 7.01 3.51 84.83 -0.85
60 12.30 1.44 17.73 6.48 3.24 79.69 -0.81
right room
time Volume Vanadium conc. | Vanadium mole H* conc. H* conc. H* mole pH
mins ml M mmole N M mmole
0 10.00 0.00 0.00 0.12 0.06 1.21 0.92
15 9.60 0.00 0.00 0.34 0.17 3.25 0.47
30 9.70 0.00 0.00 0.58 0.29 5.63 0.24
45 9.60 0.00 0.00 0.73 0.36 6.96 0.14
60 9.60 0.00 0.01 0.87 0.44 8.35 0.06

B 13~ 3%4% 220 mAcm?2T » 1]
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S RPRBRY B TR RV R

*F TP %A 5 1000 ppm shgB T A 4M HoSOs T A w) i
2334 F 2 %k BRI ERDRT > LRI ST
e ek R f B e NB/T 42133-2017 24~ in T8 * T f# iR -$Laris 2
= &5 Fe <200 ppm) > & 1= & iR E 55 2 1000 ppm (T A A
Sk R o F HRBARY SGUBHET 1 UV AT 8 UV a0 5 T
AR A S B < B 5 301nm e F o A w] g A Y 10 ~50 ppm
I Fe’ > E RIS R ArR 14 47 o PR b A B RSt BT A
e iF > wiFS % 4oBl 15~ 0~ 50 ppm Fed+chig £ 4777 > w FihiR

B e A2 (1) 95 o G BT A 45284 B E 7A T o

Cpo3+ = (0.0311 X Abs + 0.003) x Fif2fEH Eq. (1)

16 Fe3*+ Calibration line

Absorbance (a.u.)

250 300 350 400 450
wavelength (nm)

B 14 -~ 10 ~ 50 ppm Fe** 57U V-vis §]
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1.8
1.6
1.4
1.2

0.8

0.6 Fe3* calibration line

Absorbance (a.u.)

0.4 y = 0.0311x + 0.003

0.2 R2=10.9999

0 10 20 30 40 50 60
Fe3* concentration (ppm)

B 15~ 0~50ppm Fe*' ek £ 41

()RR Ul ~ 3 3 2 162 293 9 %

% 2 % 3 % (double-membrane and triple-chamber, DMTC) e 2% %
Ao A BEE T 2 fAPIE A B (1) R e 1~24 ) BEE LS R A
ERfeR B g ~ (2T %A S 20mAecm? T o 1o BEE SR
ERArE B feang it o 2253 (DMTC)® MC 3} 10ml 9§ %
fe @ 7 1000 ppm /4 M HaSOs 488+ T 2% » m LCE R C10ml % 3
DI 'k = & 3% 4 £(TMQC)¥ MRC % * % 10 ml 21000 ppm /4 M
H.SOs 488+ T 2% » m LC ~ MLC ~ RC '# % 0.05N #rif&-kizix o F
PRiEARY DA L UV ST @ BT RR R R TR RF A
17 e
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1 B33 TER 3 L EinT > 1~24 /) pE3 13 ch% 1 @DMTC

# el 7 1000 ppm /4 M H,SO4s &2 %53 % 5 567 > 5 24 -]
FEEORE AR S 0 %4 16 477 o <R 16 ¢ 7 5 O 0 RC AWEA
T agE R 10mlo & MC# LC b &1t it > MCAE¥pEm 1+ 2
LC RIAp & o A7 % 10 fowh 4 [ PERE (3% 0 i 4] PF iR & 1 F brAB

N

F o

BEFRRRY KW 17T AP g MC g 5 kR
"EEBREBTE > R LCE MC i 3+ kRAEEFMEFEH 2
RCek R Heant LCop-> S FPFRA B ez 2cnd e+ kR & A%
CARBEARY > 24 | PRI Z R end I R RABIT - R oo

BRI ER ST 5 KB 18 AP R ,u—g-ﬂ MC &4 3+
ERMFRFEZBT 'R > 2R LC &2 MC cuBi 3+ kR S ¥ PF [ iR b
b i Awow o] B 3T JEECE RC v LC 5 0 ® LC ek A & 4
JpEp ERARN > @ 24 PFiS RC kR B3 LC o

ERBpIEFTHE BUAERERAR A ET R ERREFRE %
o Bk dem 19 fom 20 #rF o R 19 frBl 20 ¥ Avik B ehs it o

(RS ETEEEEECE B LSRR SR T T

FEITHATINRARZER (FWHELE) ¥ g MC hg 3+
ERTHARRFEFE LC kB3B3 MCo R4 i 313 4 5 fi
MC #4c2 LC2 RC ¥ » = & 3+ fHiegp+ E/ L - - - RC ¥
g+ kR LC B
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Volume (vol.), ml

-©-LCvol. @i0
-©-MC vol. @i 0
—-©-RCvol. @i 0

4__

) & iy @ DMTC(LC |, MC |, RC)
PSS

0 5 10 15 20 25 30

time (t), hrs

B 16 ~ 43S T 2% 2933 Ot % 1 @0 mAcm™?
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Concnetration of H, pH

Concnetration of Fe*' (ppm)

-
Fan Y
D

—-©-LCconc. H @i0
—-MCconc. H @i0
—©-RCconc. H@io0

i, @ DMTC(LC | MC |, RC)

B 17~ & 4

10 15 20 25
time (t), hrs

ER A2WI3E R % L @0 mAcm?

1200
1000 ¢ -6-LCconc. Fe @i 0
—-MC conc. Fe @i 0
200 4 —-&-RCconc. Fe @i0
600 -
400 - .
i, @ DMTC(LC |, MC |, RC)
200 ~ //'/0
an ©O
e — ———
0 5 10 15 20 25 30
time (t), hrs

B 18 ~ 433 kB 2 2%W 3% MEF % i @0 mAcm™
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—©-LCmol H@i0

o 07 —--MCmol. H@10
g 006 t —<-RCmol H@i0
= 005 4
E :
g o004 ¢ iy @ DMTC(LC |, MC |, RC)
E oot
T

0.02

0.01

0 5 10 15 20 25 30
time (t), hrs

B 19 & 33 ¥ B #KA2W3E LI 0% * @0 mAcm™

0.0002
0.00018
= 0.00016
:éo 00012 ~©~MC mol. Fe @i 0
T -o-RCmol.Fe @i 0
< 0.0001
£
= 0.00008
© i, @ DMTC(LC | MC |, RC)
0.00006
0.00004
0.00002
_.__—-|—|-———'_—_.__.___
0 5 '
0 5 10 15 20 25 30
time (t), hrs

B 20 ~ 43+ ¥ B H A 23 E ERF T % I @0 mAcem™?
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2. AR %A 5 20mAcm™ T 1] EFp h% i @DMTC

Eberienf sk EE 0 2 Tifr (75 K 4R(= B)fo DSA ¥ 1F 5 B &
(FR) E MR RERE &K 20MACM? o R B R 0 BT 1) R
Pl F BN ERE T AR AT HRE S EEoR 21
Bl 22 B 23~ B 24 4c® 25

IR 21 R AR PSSR 0 AR B TIARAS > RC Y
BT EEIL LCOMF T EEEFRT A TE > MCREFRFT @
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AF LR 0 ] EREHRDR R -

MC~LC-RC g #t5+ kR % frshdp+ kAR %1 260 » 4 0
BhAcB 22 {-@) 23 7m0 K 22 ¢ AT g0 d A4S A B
-&;‘«)T%’ﬁ B Rk B %L > MC % 60min p o & 33 0k B j¢_3.8914M %

% 2.6574M ; LC & 60min p - & &+ kR 0M#E 1 01572 M ;
RC & 60min b > & 3+ kR OM 4= 3 0.4348M - £ B 23 ¢ i
ﬂ‘ﬁJ A &30 A4BN BTG ER S > 4T kR 15998
ppm &' 5 982 ppm o fe & 30 A4 tE o ABAET ER & MC ¢ B dndi
SPETE 8604405 MC auigp T kA" M1 826 ppm» &k RC
SUBH S ER Pcg 2 o e ¥ i LC & MC ek BB s Bd > T
B 2 2 XD TFEBEE BT ER A LC L BRI

Ryt oy BHEAEERRL ST R ERACFRAI SR -
F5Aem 24 fom 25 Hror o R AP T A o MC P g BT ¢
FHARCHLCA=4H® > 7 RCehi iy s LChd & » @ 4
+ Wictg i MC F i3 5] RC - RC 3 i+ 3 F %t 7 < » 25k

T

’
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pH

Concnetration of H*>

14

12 +

10

Volume (vol.), ml
(=9

O]
0]
0]
&

-©-1LCvol. @120
-©-MC vol. @i 20
—-©-RCvol. @120

i, @ DMTC(LC |, MC |, RC)

10 20 30 40 50 60 70
time (t), hrs

B 21~ 4835 T 2R 293 % PPl f % 1 @20 mAcm?

8 ¢

TG -©-LCconc. H @120

6 & —-5-MCconc. H @120
F —-©-RCconc. H @120

5 ¢

4 £

5 £

2 _ iy @ DMTC(LC | MC |, RC)

1f
o o

0t o 8

1® S S S —O

-2- e o LB
0 10 20 30 40 50 60 70

time (t), mins

Bl 22~ & 33 kB G293 F WA 0% 1 @20 mAcm™
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Concnetration of Fe*" (ppm)

1200 T
800 £
I —©-LC conc. Fe @ i 20
600 4+ —©-MC conc. Fe @120
[ —©-RC conc. Fe @120
400
I 1,y @ DMTC(LC |, MC |, RC)
200
0 & ———— —— o
0 10 20 30 40 50 60 70

time (t), mins

Bl 234833 R 2% 3 TERFF 0% @20 mAcm™

mole of H' (mol), mole

0.05 +

0.04 +
0.03 f

0.02 +

-6-LCmol. H@i20
—~-MC mol. H@i 20
—~-RCmol. H@ 20

i,, @ DMTC (LC |. MC |, RC)

0.01 £ W
; T Il‘lr’ 1 I 1 L L 1 {-\‘ 1 L 1 1 I_I€=)I 1 1 L

(=]
fan
e

Bl 24~ 3 52

20 3

0

40 50 60

time (t), mins

4233 R ch% i @20 mAcm™?
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mole of Fe*" (mol), mole

0.0005
0.0004 +
00003 1

0.0002

—©-LC mol. Fe @120
—-©-MC mol. Fe @120
—©-RCmol. Fe @120

i,, @ DMTC (LC |, MC |, RC)

,&

0.0001 +
O f:\u [T . W T NN TR T ST . . WS S S S R P N TR , ,
AL T L) T LU T Ly T L)
0 10 20 30 40 50 60 70
time (t), mins
B 2548 % B Hc A2W3 % WEFF % i @20 mAcm™?

35



(m)FRpeid it ® i~ & A AJEH 52 34 2 F %

7 3 %4 % (triple-membrane and quadruple-chamber, TMQC) ¢ 2%

\4

A > 2 4 B (7 2 f50R1R > & 8] 5 (1) i T on t 1~24 -] P 15 48
RERFTE Rt (AT A S 20mACmM? T 1] PR g
o n 354 2(TMQC)® & MRC %% 10 ml v 1000 ppm / 4 M
HoSO4 483+ 7 f2;% > m LC >~ MLCMRC &2 R C10 ml % 3z » 0.05N
HSOsk » #1% 3 %5 4 2 (TMQC)shp edied » F]pt & DI -k ¢ chp e
EH o Flt R o fie HoSOs ke FR A o FREAY DAL
F UV 2470 @ g B R R P REEF T2 BT AT o

36



1. %3 Tim 1-24-] P53 3 WA ~ B A fo i 2 gcaa% ft
1000 ppm / 4 M HyS04 %3 %4 % (TMQC) 4 529 » ‘5 24 /| P ch

WA R %% 4oE 26 77 - KB 16 ¥ ¥ 5 11 - RC & LC el &
T @A 10ml > & MRC & MLC mam Fiixt s MRCRE ¥/}
Ao @ MLCRIARF - REFF R m 4/ PFRM A > B4 | pFriggi

>3
bdap kRS o jalE 27 AP T 5 5] MRC thi #5 kR
W PE R BT ' > 2 LC~ MLC 4 MRC 14 35 kB S % P& IV 38 br
A iz gk R Y 2@ REA S RC>MLC > LC « S E PR3
oA B RR Y MBI AXEARY 024 ) B MRC 2 RC R - & v Kk
BXHE13M>a MLCERYEZ 08M LCER XS 03M-

AT ERBILY 5 K]E 28 ¢ AP R T ,u%@] MRC =48 3

FERMEFRTE BT S 88 MLC &2 RC it + AR SEZ PR 2

wr b Ao e pa e o pFMLC suBidEF kR 5 F 0 L 224 ) PR MLC
U A+ kR 5 211 ppm o RC 483+ P - /] P55 I3 6.8 ppm 7k
BAERD - w424 ] pris LC auidp+ JE A 5 55 ppm o F| &
| pEF > MLC § #r4l48p3 cn i g > e £ T > MLC ik B + 30
RCthd kR o

PRI ETR A EER R S D RE R
% o 29 4eofE 30 fror o SUE 29 frfE 30 X B #KT v & 3T A
gl ? T B EARAE T BF > FR w4 pEp o AT E 27 ha k
BANRIS & s il g R TR R kA o i UE]
30 B Bt > ¥ oy o MLC & RC ¥ B #idpif » @ i &
MLC sk B *** RCh4 BIER L %% 1 &8 & 7 k38 $ e ¥

A B o

37



volume (vol), ml

Concentration of H", pH

18.00

1600 £

14.00 f

1200 + i, @ TMQC (LC |, MLC |, MRC |, RC )

10.00 @ ©

800 & O-LCvol. @i0
' —-&-MLCvol. @i 0

6.00 1 ~©-MRC vol. @i 0

100 £ ~-©-RCvol. @i 0

200 +

0.00 EE— B e B S E—
0.0 5.0 10.0 150 200 250 300

time (t), hrs
B 26 - 435 T i3k 23943 PFeni# % 1 @0 mAcm?
15

6 i, @ TMQC (LC |, MLC |, MRC |, RC)

—©-LCconc. H @i0

1 4
—&-MLC conc. H @10
—©-MRCconc. H @i0
05 4 —©-RCconc. H @i0
0 -
-0.5
I
-1 :
0.0 5.0 10.0 15.0 20.0 25.0 30.0
time (t), hrs
B 27 ~ & B R 23%4A% ERF R g% i @0 mAcm?

38



1,000.00 &

Concentration of Fe*", ppm

H'" mole (mol), mol

900.00
500.00 i, @ TMQC (LC |, MLC |, MRC |, RC)
700.00
600.00
500.00
—-©-LCconc. Fe@i0
400.00 —&-MLCconc. Fe @10
300.00 —-©-MRC conc. Fe @i 0
—©-RCconc. Fe @i0
200.00
100.00
-5
0.00 - 5
0.0 5.0 10.0 15.0 20.0 25.0 30.0

time (t), hrs

B 28 ~ 4Bk A A 3%AT PR % - @0 mAcm?

0.09

0.08

0.07

0.06

0.05

0.04

0.03

iy @ TMQC (LC |, MLC |, MRC |, RC )

©-LCmol H@10
-&-MLC mol H@i0
©-MRCmol. H@i0
©-RCmol H@ 10

N,

Bl 29 & 5f

10.0 15.0 20.0 25.0 30.0

3,

B b 3WAT ERER % L @0 mAcm™



Fe3' mole (mol), mmole

SE G d o B ARAES L

fi@ﬁﬁ/ '}/‘I}E&Jﬂ- =

<%

0.18

0.16

0.14

0.08

0.06

0.04

0.02

Bl 30 4835 B 8K

‘1“‘- e

» 3% MLC £ MRC 88 # %

o

i, @ TMQC (LC |, MLC |, MRC |, RC )

=&=1.C conc. Fe @i 0
—-&—-MLC conc. Fe @1io
—-©-MRC mol. Fe @i 0
-©-RC mol. Fe @ 10
—_— : © :
0.0 5.0 10.0 15.0 20.0 25.0 30.0
time (t), hrs

434 % R ch% 1 @0 mAcm™2

SRR SRR (RWELPE ) VAT B A R a0

e T B AL K
LRC ¥ @ 2 LMC>

L.%'z

SRS

o

ﬁ 444
:E‘ 2

] d B VR

» Tl MRC sru4i3g+ BB A £ R T > 4 & ¥ /1 MC

40



2. THARF20mACMAT 5 1) B 1SR ;g)gfpj;.a e i
1000 ppm /4 M H,S04 #. 3 %4 % (TMQC) & 517 > (i 24 /] B e

WHRL > F5dom 31977 o & 317 ¥ 5 41 - RC & 60 »~ 48 1 f
LR e LC e A 40 A 4N BT s A 10ml s & A 40 A
815 R B 4eF Metg e it o @ MRC 2 MLC e84 % 1 <% > MRC
EFREL S A MLC RIApF o Ap e e M R T 2 4P PRI 1%
Ao e 4] EEGS ST IR BARY o

B HFERRY KR 322X F g3 MRC hi 3+ kR

¥R E BT % e MLCHo MRC ¢4 g3 )k B g ¥ PF RV br 1+ 2>
RipZ gk R P HEREAR FZ RC>MLC » & LCeha 4+ kR 7
%o 76044 RCAERY: MLC 2 B4 o

BABAEF RAR %Y 0 KR 33 ¢ AR RT 11 g 3] MRC g
FOERSEERRE BT Y 0 8228 LC &2 MLC s s pliz$ BpIF]
4 RC§ sirtgerik B 2 o Ft & 3054 ek d MRS i

‘1‘3"‘\

EREBIETR - EMFEERE AT ARFEFMHR R
% do@l 34 fc@ 35 477 o &R 34 frB] 35 F AT
F AR T BB T REE AT R LR

A
by
%‘

/\w
2y
=
-a—
=
;2;

.-': ﬁ&?‘/‘ﬁ“a&}i Fl‘ ZOmACmZEE? ‘L%"k’%;‘ II' mi\%ﬁ"— _—P( o IE :SE ﬂ_‘/”

TF M g s hE sl % RC i g kR BT Ik

41



volume (vol), ml

i, @ TMQC (LC |, MLC |, MRC |, RC)

._
<
=]
S

0

9.00

8.00 + -©-LCvol @i0
[ —©-MLCvol. @i20
7.00 + -©-MRCvol. @120
—-©-RCvol. @120

600 f—— -
0.0 20.0 40.0 60.0 80.0

time (t), mins

31~ 4+ TR 34 Pt f % 1 @20 mAcm?

1.5

© © © ©

uw .
& 1,0 (@ TMQC (LC |, MLC | MRC |, RC )
T [
ks 05 +
= I
g 0 -©-1LCconc. H @1
oS —-&-MLCconc. H @120
g
OO —-©-MRCconc. H @i 20
05 1 —-©-RCconc. H @i20

B e A
0.0 20.0 40.0 60.0 80.0

time (t), mins

B 32~ & kA A3WAF R s @20 mAcm

42



1,200.00 T
1,000.00 €&
= i
o, l
O,
.7 80000 |
L
[,
ks
600.00 |
g L
3 [ iy, @ TMQC (LC |, MLC | MRC |, RC)
—
5 400.00 T -©-LC conc. Fe @i 20
g —&-MLC conc. Fe @ i 20
© 20000 + ~©-MRC conc. Fe @i 20
r —-©-RC mol. Fe @ i 20
0.00 ——6—+——0——+6——0— :
0.0 20.0 40.0 60.0 80.0

time (t), mins

B 33 48k R 43%WA4A7 R % it @20 mAcm™?

0.09
0.08
]
2 007
=
< 0.06
£
= 005 i,, @ TMQC (LC |, MLC |, MRC |, RC )
3
Foom ~©-1Cmol. H@i 20
. —&-MLCmol. H@1i 20
—-©-MRCmol. H@ 120
0.02 —©-RCmol. H@ 120
0.01
Y
0.00 —0 8 —
0.0 20.0 40.0 60.0 80.0

time (t), mins

Bl 34~ & £ B HAINAT R % @20 mAcm™

43



Fe*" mole (mol.), mmole

02 +

C ~ ™

0.16 +
0.14 A
0.12 -

0.1 ¢ i,, @ TMQC (LC |, MLC | MRC |, RC )
0.08 ©-LC mol. Fe @120
0.06 —-&-MLCmol. Fe @120

' —-©-MRC mol. Fe @ 120
0.04 - ~6-RC mol. Fe @ 120
0.02 £

0 G%@—F—f—@ L
0.0 20.0 40.0 60.0 80.0

time (t), mins

B 35 48 % B #3943 R % it @20 mAcm™?

44



oA MBRY LT BRI G RARAFTR

(=) 293 FHeg iR @@ﬁ?i%ﬁﬁ 7 4
27

B ER R AP 3 3(DMTC)sh k529 %73 F T

N e
<

BRI FTARPETERY ZMT EERS T £ 2B LC - MC~RC
A EREPFERM o APEESSE Gl 250 R

Ji

hasy
%ﬁ:

3OS O RS i o

W = slope x (Cy,c (1) - C(t)) (1)
P
slope = AI (2)

BY CHfrVILCHfrRCEZFERREMHE -t Z2FRF ~Cuc s MC %
k& An%ﬁm§Wﬁ L m%@ﬁﬁﬁ
PRy bk AN e fF % 4B 36-B 37 -8 388 39-@ 40~
Bl 419777 o j<B 367 » AP ¥ 0 R ERFFEFCATIARA S

20 MA2~60mACM? 2 %% F £ % % » @2 A% B 3 80 mAcm?
Pl & B4 € MC I L

O
L\x»h
ks
1
=
w
\l
.
a}
=
w
(@]
3
£

23 45 ¥ _MC
ILCREAF  FHESE T AL BN ALC TP BRI s
BT ER > FIMBEAF L 00 £ B 39 (%
TRNHAEETF B MC 3¢ i 3 RS

{iﬂﬁwf” %@+W IEEFTARERL R EA
Fod P W e FlE 4 B3 ABEET B4 end T & ] 4 <A<

S S

SANPEBE T A E 0 L F) L IRAMEAIL TR, o B TLIFE

45



- ﬁél‘%ﬁ}ﬁ—f v ERGHESEF TR R EMIE Z T (~20mAcm?)>

FEhpE o T B 40 SR
PR BIER R P BRI R AR
2 20mACM2 g 4 B dehis g T K E B R INB AR E T opoipF B

AnS

'
i
_'_-m
40
’IE)\ “
=)
P
F_ﬁ
2|

A EFBER o d WFFEAFH SRNQ) FARFOBEFERS
Ak gt s e fE 39 - A0 B 41 T2 %R ZEAF AT IAIRAR S
20mACm™? 5 2T s kBT R FlenT iR 5 T A BT fodlp S o
?;‘ﬁgl THRBESILAEREBRIETRER T AR IFITERNT A
Eifr o ETIERE R -

5.00E-06 +

0.00E+00 H——mmps s s e

=
w
(o))
By
4y
F_*
N
%?
E‘J*
-_‘-5\1'
W
A
.
e
4y
i)
(S
f
Ly

46



1.00E+00 +
9.00E-01 £
8.00E-01 + e LCV
7.00E-01 +
6.00E-01 £
5.00E-01 £
4.00E-01 +
3.00E-01 £
2.00E-01 £
1.00E-01 £
0L L e

0 20 40 60 80 100

current density (mAcm™)

Slope

Bl 37~ LCE g+ 22 P LR AR T2 B 8F RS A K

1.00E+00
9.00E-01 £
8.00E-01 +
7.00E-01 + ® LC-Fe
6.00E-01 £
5.00E-01 £
4.00E-01 £
3.00E-01 £
2.00E-01 £
1.00E-01 +
0OO00F+00 F—— @t 11 1 g+ 1+ 1 g1 11 1 g1 11

0 20 40 60 80 100

current density (mAcm?)

Slope

B 38 LCEAFUEH T 22 P T2 AR T 2 BT WiRig A X

47



o 440E-05 £ .
8 4.30E-05 £
7 4.20E-05 +

Slope

4.80E-05
4.70E-05 +
4.60E-05 + o RC.H
4.50E-05 +

4.10E-05 £
4.00E-05 +
3.90E-05 £ °

380F-05 - bbb b
0 20 40 60 80 100

Bl 30 383 a2 PR Mg A T LI s Eae s

4.00E-06 +
3.50E-06 +
3.00E-06
2.50E-06
2.00E-06
1.50E-06 £
1.00E-06 £
5.00E-07 +
000E+00 fove vy v vy 9000,
0 20 40 60 80 100

current density (mAcm2)

® RC-V

Bl 40~ 4813 27 P RICH AT ZBHRF LR AL

48



7.00E-06
6.00E-06 +
5.00E-06 +
4.00E-06 £ o N
3.00E-06 +
2.00E-06 +
1.00E-06 £ o RC.Fe

0.00E+00 ittt
0 20 40 60 80 100

current density (mAcm-)

w
o

e

n

Bl 414833 272 PR iR R T 2RI R AL

(5) 34 TR FHRTLLRAT T4
KPRk EE o 2% 3 2OMCT)F5%Y > T2 R 5

20mACM2 P » F] 5 4B % i R %ﬁ—r’ FUBIEF R EPFRT AR

S0 T IR RGBT A onk o A gEAEY  TRFRAE

w3V (4Rl 42) o GApR e ITIEET 0 & 34 F P &R
SEF LR T T R F A R RS RT S
fo— AR LI M FERF (RS 0 FlU bR 2 W3 3 PR R
B R RREA L0V e Ft B 4 0.IN HoS0s o i eh
BT %o dp e & 20mACm? chdg F i % T > 4 354 3 (TMQC) 3 LC-
LMC~RC ' i 0.INH2S04 » 4 drifife ¥ 2 LR & B (o] 430
R 43¢ TR FE R T DR e R RARF > < Ol g 7 RH
I TVed A Il g %Y TAEETEN AL PI Db f F

P L nd A ARk L FUEHA A - T Y

230 702533 (DMTC)® 354 3 (TMQC)hd S s % £ B % % »
CAEFTNRAEAT  RBRIE2RE o HHoER o WH- s 30

49



4 3 (TMQC)% & T eha dea & 5 2% 3 3 (DMTC)eh 2 & » 2 x4
KRR SR S R e B 0 3904 F (TMQC) e £ 42 A 7

710 o

450
4.00 DMCT
3.50
3.00
2.50
2.00
1.50

Voltage (V), volts

1.00

0.50 —8—20 mA cm-2

0.00 @
0.0 1000.0 2000.0 3000.0 4000.0

Time (t), sec

B 42 ~2%3% A7 onB R L 20mACm2pF > T R G PERE RE 1%

8.00
7.00
6.00
5.00
4.00
3.00

2.00

Voltage (V), volts

1.00 —8—20 mA cm-2

0.00
0.0 1000.0 2000.0 3000.0 4000.0

Time (t), sec

B 43~2%3% A7 nB R L 20mACm2pE > TR PERE RE 14

50



(Z) dZic 2 LR = o 478 T A 47

FHPEFHRLEFEA 0 % 1.6 M F 1000 ppm HF i3k 2
3% ¢ 20mACM? i e (T 5 A A B AT IRk gk B B
wowwﬁ$¢¢ﬁw%sﬁ?ﬁﬁﬁw@44§@45%ﬁoﬁﬁ
BT Rt B B o et R R BRE IS R E AT (A T
AT LR A S 20mACM-2 (i iR s Mg m,%«g M %L 4x100 [
FUET LRI o A KT R T IE B AT R B A Aok o )
44 22 @ 45 i 7 & 7 f&;7% (commercial) ~ ¥ e W 7 4B A AT
(untreatment) % A J2 {5 (treatment) <+ & ] % 7 Bl %T: B g T RE

F&F'&mmﬂfﬁg » RE BT AT IR A 5 2DMACM eiE 2T s KR
A TR ’@i?éaﬁ?ﬂ?@%m%éag@
(treatment) > /&2 w (untreatment) » &7 & BT R 2 TRk 0 HRE

?%?i%é%%?ii%?méﬁ?Tﬁ°

FUk B i IER
LA 31 1.6 M 4M
EJR 1.6 M 4M
R AT 1.52M 3.76 M
(7 R E)

51



, volts

<

9

Voltag

1.8
1.6
1.4
1.2

E 1.0

@ 0.8

, volts

0.6

Voltag

0.4
0.2
0.0

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

¥
g commerical_5th cycle
T treatment _5th cycle
F + untreatment_5th cycle
F L L L L } L L } L L : : L L
0 0.5 1 1.5 2 2.5
Time(t), hr
2 = L | [P 24 -
RS AT A R R T R % @25mAcm™

amaann

; commerical_5th cycle
E treatment _5th cycle
,g + untreatment_5th cycle
0 0.5 1 15 2 2.5
Time(t), hr
72, 7.z LR [ 24 -
FedR {8 T W s g en R MR (2 @25mAcm™?

52



T~ RERRIENREZE T A
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09 TR AEIL T 152 20

T commercial Untreated Treated

% & | CE(%) | VE(%) | EE(%) | CE(%) | VE(%) | EE(%) | CE(%) | VE(%) | EE(%)

mA/em>

25 95.03 | 9443 | 89.57 | 94.9 93.0 88.2 | 95.1 93.6 88.9
50 96.34 | 89.23 | 85.87 | 96.5 87.8 84.4 | 96.4 88.7 85.2
75 95.98 | 84.63 | 80.76 | 96.0 84.1 80.5 96.1 84.1 80.7
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