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Abstract

Study of Electrolyte Treatment and Battery Structure

Project No. NL1070456
Ya-Hsin Chang’, Cian-Tong Lu?, Kan-Lin Hsueh?, Feng-Jiin Liu®
! Chemical Engineering Department, National United University, Miaoli
? Energy Engineering Department, National United University, Miaoli

All-vanadium flow batteries have gradually been demonstrated
from laboratory scale (kW) to commercialize grid-scale (MW) storage
applications. One of the bottlenecks in its promotion or practical
application is the high cost of installation and operation. The
vanadium ion electrolyte in the battery accounts for about 40% of the
total cost of battery energy storage. If the vanadium can be recycled
and reused from other sources, the cost of vanadium ion electrolyte
can be greatly reduced. This project proposes three sources of
vanadium, (1) elimination vanadium ion electrolyte, (2) business
waste containing vanadium, and (3)V,0s powder to recycle and test.

In this study, for the elimination vanadium ion electrolyte, the
recycle process of elimination vanadium ion electrolyte was built, and
the recycle electrolyte was tested by single cell, and the results show
only 4% energy efficiency losing, 1% columbic efficiency losing and
4.6% voltage efficiency losing. For business waste containing
vanadium, copper and iron impurities in the electrolyte reduced the
energy efficiency of the single cell. The metal ions of 93.49% Cu and
25.71% Fe were removal by controlling the voltage of electrolysis.
For V,05 powder to recycle and test, the solubility of V,0Os powder in
acid solution is extremely low. In this study, the amount of powder
dissolution and rate are improved by electrolysis and improvement of
the electrolytic cell device, and can be further applied to the vanadium
redox flow battery. The recycle electrolyte was test by cyclic
voltammetry. This final report was show the 40 percentage of
scheduled progress (Total scheduled progress is 100%).

Keywords: all-vanadium flow batteries, electrolyte, recycle and V,Os
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PG AHEENTEERGDET S FVRFBRE R T T
e x| G S E[3] e blde > AEM2004#£ 22 B 11 KW Bk
ILKWE 4 /LKW VRBT # e T /827 % 5L[4] - 4 £ ~ VRB Power
2F[5]° 2120 BUIVRFBT # i3 S HBET b 4 8T

v
b

EAFEAE T T4 0 F B @ VR 2250 KW

~.

b

T i % £2,000 KWheVRBT i# 1% 5 2 %% 4 § 44 §[6] - p

=

ZREN

L0 420004& A5 R 26RETEA B AVRBE S A A
B £ L 7] o 56 ST £ A B F.450 KW/2h ~ 100 KW/8h ~ 200
kw/8h ~ 170 kw/6h ~ 3MW/1.5s 1.5MW/1h ~ 30 kW/8h - pt “} p &
g1 4 £ 5~ VRB Power & iF 42007 # % = 32MW L # % 7 B &
AMW/1.5h( % # ¥ 6MW)sVRBR 7 o p = (2009# ) ¥ Fe
>R F R EVRFBRH S P o ¢ B i 2P 22012 &
% W4 4148 R I Y enGills Onions & (P2 @ > 4o in T 4 k5L
(3.6 MWh) > 4r Bl 1-1#77% » il AP BT+ - T &% T
BRI aTS T4 £ 26 PF[8]c4eB1-20 4§ 142012
£ 3% o @ % fu(Yokohama)iE ¥ 1 MW/5 MWhenVRFBRE 7 %
L[8]oiZE Tk kLpe £ 200 KWE K ] = 15 £ 7 (CPV> Concentrating
Photovoltaic) i & ic # L% o A & TRE 1 feh 2 R g #F R 48—
HEERFTEZLA o P AMBEEFL P PR ERZE > X T
ke
T BRMWE BT 2% 75 11 F VRFBRET K% o 51 £ 4

A\

1 *+2016# A3 ¥ 15 MW/60 MWheVRFBRE R i o B o

WL Be s PLAc PR 97~ S REEF L TS NIT &~ 4B M ehit
MR E o LR IEFATE B PRAEAVRFBREET ko 3%k ki * 125
KW % d 5 Feng o 0 2R 621 7 25 48 % 2750 KWheng
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Bl 1-2 A% 7 1 &% % B (Yokohama Works)iE & 1 MW/5 MWh e
VRFB#E T & %[9]



SRR ARR RS
d 2 Z 2RB ~-BEFSF 0 283 LR RRNT# (VRFB,
vanadium redox flow battery) p = 2 &= 5 < |85 7
E o BAYRAREHFERBET L 2 BEF S 2T K
= & ($/lcycle/kWh)» £ 7 3R k-2 % - ¥ EVRFBRET k5
?ﬁﬁﬁ*i’iﬁﬁiﬁ?ﬁﬁ{iiﬁii~°E§ﬁﬁ
* AR A RVRFBARET ™ H i £48R =~ pradi-2 5% - 4

L1E R s et A7) [12] o d 2 ¢ 2 d 317 3
NTRRART VP R APE BOATL o PR sURT d
BEE P LRSS D REVRFBR 2k ¢ M v e dopt T

Z 11 o s & it s kn47[12]

Value Cost per unit Total cost
System data
Mean current density 52 mAcm™2 - -
Electrode area 1.76m? kW - -
V05 equivalent energy 6.0kg kW' h' - -
Flow cell costs
Activated carbon-felt electrode 3.5mZkw! €50 M™% ($70m™?) €350 ($490)
Bipolar current collector €65 kW ($91 kW) €130 ($182)
Frame and assaciated components - €435 KW (8609 kW) €370 ($1218)
lon-exchange membrane 2 1m?kw! €25m™2 ($35m™?) €105 ($147)
Electrolyte storage tanks (x2) 550 dm? (each) €185 each ($259 each) €370 ($518)
Pumps (x 2) - €160 each ($224 each) €320 ($448)
Control system - €500 ($700) €500 ($700)
Total flow cell cost - - €2315 ($3247)

€157 kW ($1620kW )
Storag_e LCosts_

17,0, (salute) 180 kg €3.0kg ' ($11kg ™) €1440 ($2016) \
j Electrolyte manufacture - €3.0kg ' ($4kg ") €540 ($756) :
| Tanks 550dm” (each) €186 each ($259 each) €370 ($5718) 1
N otel Storage COSts e e e e e e e e i e e e i e e 2000 ($3290)
€78kW"h~
$109kW "h™")
Overall internal cost - - €4665 ($6531)
€155 kW "h™’
($217 kW T h")




T~ 4P T

S TRR A & A E AR AR £(VOSO, Vanadyl
Sulfate) o 4rB]1-3F w4 B A2 & 5 7 b " H_fa 24(45%) ~ ¥ R
% P (31%) ~ B R B0(21%) 0 Agh + § 0T F it 2 4YV,06) 5075 3N
Bl13ci&*p A n 21 ¥¢ FhuwintiBE AE T 1R F R
Reffalo VA F DAL A S BE I AR T w
Yo U o B H o0 2 AR Bk s R R A S AT
A B o E 45 48 # 2 (Aluminothermic) & 7 48 # 2
(Electro-aluminothermic) #-4~gg + B f = 4~& H(541) - H AR

f\;r/k}g R ”5‘?‘] %-VgOy?v o=V 4} (;T\‘ 2)

4, A 25 ES T2 3
o TOTPITE T $ R 83,370 224
51,9105 BE gy “

(F & ZHfeH) 12% iy

Bl 1-3 23képd A€ &4 RiRa 7 [13]

3V,05+10Al > 5Al,0;+6V (1)

2V,05+5C >5C0,+4V Q)

SR RBFAFRATRA > b RaF AL b1
*i%@oaiawi\#ﬁﬂﬁjﬁiﬁgﬁ@w%ﬁ%o?

BT FHFERT DT o @ RRA - Bde? o2 OfR



PRELMFLTCERRLL T 2 BRERZE 2 AT i HV,08

TR LY AR SRR Tyt R
o g% o C. Erusts 4 [14]4-$tmi e A2 A 3 1 4w e
7o srw it e X 4eT 1 5.71% V,05 0 1.89% AlLO; 0 1.17%
Fe,0; v 61.04% SiO, o B & EB~i5 i+ % ;% B 1 1:25 S/L ratio » &
BRER 01M. 5 kR 01M> B E R 50C » XPpm
120 min o # gt % & T 55 95% 4w w iz o K. Mazurek[15] 4 & 4%
180-250 pumjg 4k 378 381 2% 3% A4 (oxalic acid) .50 °C™ » j% F]+
25:1 0 4] pF E B7 w {291% g > 9200949 > 63% ikl o F Bk £
VAR TR ITHR AR 0 MBS L HEREg R B A (e 0 g V4%
R UK A e

A.Ognyanova¥ % [16]:% & & faA 3 4~ ¢ 7 & ~ g0t Bl o 5
ARV 7 F BB g~ deo B G Orimulsiont AL 7 & 4
B AR 1LT% - FRER R ARY AT Y AR R B 0§ AR
35% ¢ £ X4 T R R B § 42904 ~3.8% o T AR
P EBOA R S|4 120 % 5 % % %8 (60-90 °C) » 50% 4 b efik A
feos FRYPAMSTF R FRETRAE P B2 AL
Yo i (4 1-3)i * 60 g/Lar s 3 B~ w |z 95% 44 (NiSO,) & 95% 4~
(V2(SOy4); ° Orimulsion’t 4 4 * Jk #rfk ¥ B~ w 1260%~90%4<- o
WEHMBERSF KRR R 4R 0 ERAFBAH R 3
EA- od RLAT G AR R OERE BT BN F

EFPheo e § @i EREH o A Ognyanova® « [16]2 ANOVA

i

B i IR LR A 4T 0 MR B (105 °C ~ 600 °C) ~ 3 B/



F41 (20 mL/g ~ 5 mL/g) ~ Ffk ik A (LM~ 4 M)~ 558 A& (40 °C ~

80°C)~ 5 kEAR(0g/L~10g/L)% 5B

ﬁ&ui’ﬁ-ﬁ\‘\# o B R B ILA R GH B

F o ERE U RACBL-AL -

+
~

25 7,
1;,1: 1=

e

o ¥ ks RIRRIR-

iE 8w

. TN H = N\ L
12 LHEAED T 54 4L BT A (6]
Waste material Mi, & V.E
Spent NiO catalyst 12% -
Spent catalyst (NiD/AlLO4) 7.12% -
Egyptian boiler ash 2% 20%
Low grade spent catalyst -
Spent catalyst ( NiD/Alz05) -
Spent catalyst ( NiD/Alz05) -
in an ammonia plant
Spent sulfuric add catalyst - 55% VL0
Spent NiO catalyst -
Spent nickel based catalyst 42 3% -
Qil fly ash from power plant 0.85% 16%
Fly ash
Qil-fired fly ash «1.02% o041%
= Electrostatic precipitated FA «0.30% «191%
= Cyclone FA
Orimulsion fly ash 25% 11.7%
Qil fly ash 1.6% 38%
Spent sulfuric add catalyst 0.63% 3.5%

10



13 BG4 FBRR P F 0T B A[16]

Waste material

Leaching reagent

Spent NiO catalyst

Spent catalyst (NiO/Al,03)

Egyptian boiler ash

Low grade spent catalyst

Spent catalyst (NiO/Al,03)

Spent catalyst (NiO/Al,04)
in an ammonia plant

Spent sulfuric acid catalyst

Spent NiO catalyst

Spent nickel based catalyst
Oil fly ash from power plant

Fly ash

Oil-fired fly ash
e Electrostatic precipitated FA
e Cyclone FA

Orimulsion fly ash

Oil fly ash

Spent sulfuric acid catalyst

# 50% H,SO,4 conc. (85 °C, 150 min, 1:20 S:L ratio)

@ 50% H,S04 conc. (100 °C, 5 h, 1:12 S:L ratio, 800 rpm)

# 60 g/L H,SO4 under atm. and oxygen pressure

4 Hydrochloric acid
¢ (NH,4),C05 (80 °C)

4 80% H,S0,4 conc. (70 °C, 50 min, 0.09 mm particle size)

# Sulfuric acid leaching (15% H2SO4: 1 h; 100 °C; 1/5 S/L ratio)
# Oxidative precipitation (73% efficiency)
€ 60-70% nitric acid (120 °C, 2-3 h)

# Sulfuric acid (225 g/L initial conc.) (70-80 °C; 3-5 h)

@ 0.5M H,S0,4
@ 2 M NaOH
® 0.66 M Na,CO53

# Sulfuric acid leaching and selective precipitation to recover Ni,
V, Fe, Mg(OH),, Carbon material

€ 0.5 N H,SO4
4 2 N NaOH

¢ 0.25 N ammonia water + 2 N (NH4)2504
# Acidic leaching (H,SO04) and oxidative precipitation of V,0s
(varying S/L ratio, temperature and acid concentration)

# Acidic leaching (2 M H,SO4) and oxidative precipitation of
V,05 at atmospheric pressure — 100 °C
# Acidic leaching (0.3-1 M H,S04)

# Alkaline leaching (4 M NaOH), followed by acidic leaching

(0.5 M H2S04)

214 LRERFC P4 L RT A [16]

Waste material Pre-treatment Ni recovery® V recovery®
Spent NiO catalyst No 94% -
Spent catalyst (NiO/Al,03) No 99% -
Egyptian boiler ash No 95% NiSO4 95% V(S04)3
Low grade spent catalyst 17.7% -
Spent catalyst (NiO/Al,03) -
Spent catalyst (NiO/Al,03) 99% -
in an ammonia plant
Spent sulfuric acid catalyst No - 96.6%
Spent NiO catalyst -
Spent nickel based catalyst No 75-90% -
Oil fly ash from power plant 1000 °C thermal *12% ¢ 98%
decomposition for *- ¢ 90%
6 h — 85% weight loss *- ¢ 80%
Fly ash
Oil-fired fly ash No * 60% ¢ 65%
e Electrostatic precipitated FA *- ¢ 80%
e Cyclone FA ¢ 60% ® 8%
Orimulsion fly ash No Not measured 60-90%
Oil fly ash Roasting (850 °C opt. T) Not measured 83%
Spent sulfuric acid catalyst Roasting ¢ 96% ¢ 59%
¢ 88% ® 78%

11



Solid waste

Acidic leaching Selemlv:H;i:egpltatlon

Spent A
—»| Grinding | Filtration
Catalyst (H2804) - H202' NaOH

v

NiSO, solution V.0,

Spent C
NiSO, l l_
Fe-V alloy

NiSO, + H,0 = Ni+ H,80,+ /2 0,

B 1-4 & B3 d R a5 P b & AR - [16]

10 mL/g > &8 & : 400 °C > #k % -
| B o ¥ B X80%: s F oo dk i B

Boid PR 5RO

4 MNaOH » ZBpFF @ 2 -
P73 51105 M H,SO, % B~ > 7 1] X88% 48 o

AR AR ST A2 0T o gk T A g B % ik (leachate)

ZE-E S APy B[A7] Ar& 154z EEHF T EI20pugL-10 7 4~
£ 527 mg V

i % (PH~11.5)7 * 1285 2 Hepn =t o Bifia =t £
gle s g 4R 2mg L™ty 90 LYp A% it in il B KA AT X He ARG

(RI1-5) > # i dog B & F1 R FEH 5 B 14% o o bl g 5

2 AL 52 M NaOH2 & i ) o w e F 57-72% - Jpia ) 3 eh4

Bd T orrgd 20 EEew o [18] ik d 4 A Kk

b F
7 0.016 Mxz:ipé HAt. thiooxidansss % * jji# (Culture supernatants)

FE P moh ¢ g oo & ¢ % Acidithiobacillus thiooxidans

(At.thiooxidans) ~ Acidithiobacillus ferrooxidans (At. ferrooxidans) -

Aspergillus niger (A. niger) ¥ 33 & * 7% (Culture supernatants) % £&

CEBYT - FTPFR 6% -
¥ ob R BV,O5% 218 L R R AR AR S AL 4

& A1P = £ [17][19][20][21] - WI1-6 ~ 7 ~ 84 u] & “i4% 4 enff

X

12



WAz o B1-68 L BV,05 M Fifes f2 o £ BB R T § s w
oo Bots M EE S kNG o RORAR L LK 8B RBZ 1A
Wiz Al VoOs 4o » i3 i ¥ o e i £ 4e i3 12 5V05
WA R R AR Ao d N E A BRSSP NI 4
g Ak o FRE T B A Y o B1-8 A2 A L KV,05 1 FRERIS fF o
F g BERAET BeuB R A oo RS EE S SNk -
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1015 FEAMA S %

78 % o 7 (leachate) e e = [17]

Determinand

Range of reported UK leachate values

pH

Eh (V)

Conductivity (uS cm™1)
Major elements (mg L")
Ca

Mg

K

Na

Al

Si

S

Trace elements (pg L~1)
As

Ba

Cd

Co

Cr

Cu

Fe

Ga

Li

Mn

Mo

Ni

Pb

Sr

\'

W

Zn

103-119
361-700
438-7879

11-239
1-12
18—-293
24-83
0.013-0.5
0.203-7.7
Nd

na
46-425
<0.1-0.3
na
<5-22
<5-70
54-920
na
44-822
54-160
2.8—-45
0.3-70
<5-70
213-4000
1.6-120
na

2-40

na — not available.

14



NaOH«~

Adsorption in Anion

Desorption in Anion

Steel slag - .
Leachate o Exchanging Column

Exchanging Column

I—)vosm xH,0.

Bl 1-5 28 e v 2 A BT [18]

_’ VOS0y xH20¢

Bl 1-6 TR BB Rk & WEefk§ doh 2 [19]

&R ERHE

B S8~ B V205

H A E
T.E8% - TER

. % VOS0y xH0

HzS04+

B 1-7 o0 F psiB R A B Rk g AR g 2 [20]

H # R R E
H25040 BEAEE - 8- B

—) VOS50, xH0

V2050 _’

B 18 13 B RA 1 HEBRE G UM b 2 [21)
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é/,?%“ FEMEEF VO e B A v Tl SR § 4D
E oo PR S OUALER ~ R ER - RIFEL E 3 A HEV,050% 12 3
R Y o BRI ARG Y BT Rt & 3 R RAIER R
A o B AR TR B RS EF RS D A

B R RAET R R o Bl T N w s o e ALY
4 géi%ﬁ"/’ B o LR E R S B B %"}ﬁ'%)%}ﬁ“f;

2

o

Ik

PohE i EERE A R 5 Pk AR R
Ao B TRET BRI o blde o BHEF R X R @
BRI € R F R w IR o AR A f242 5 (ROC, residue
oil cracking)ff 4% & 7 7 Al,O3541 %% Si0,.545 % o s f 4 &
TEEEAF T IRITIEAEH R -
Hov FHSERY 54 S48 (Cog17~23% ~ Mng15~22
%) ° PET woled A o de d AR E E0b e 3 REMRR AT 4 4P
FRGEH A R 0 53 M EK25~3% F 14 4pT7~13% ~ § 1 4o
8~129611 % § it 4R ¥)55~83% - iz fPELY £ BT * Na,COg'2

7 B B

"FE\

™ ¥ S 'Fiﬁﬁif@ﬁ » Jo# ﬁ;/x % 4o /ja/xi’ /,J 4e NH,Cl 5t ik 'ﬁﬁmﬁ’x
b BRI A V,0;5 o

I ~RHEEGPBEP h
g BRI T A ¢ E b F T
2

?’ e 7e P (KW) 4+ 78
FitReps(MW)ET Y o v inje *

Loy - R

BT REER o TP 4T TIEREE BT S A a40% 2

o Fad AERAFBRRZAR TR L I o BT
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i?%*?f?%%%%%ﬁﬁ%@%i

g% ﬂl/””’l“%‘f'}ﬂ?ﬁf‘}é’:—i
ﬁ‘?zﬁfﬁt%ﬁ 5351%5“\\&,?;/& °¢‘§i
L’ﬁ = :(%‘(\/&é‘i ’ i?‘%ﬂag 1'4« li’/u iq_,

(AE ELVAE CHE AN

# R fRR
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R EAER

-~ REREH
N R T & Vo ST AR FAVACIOE | E R e sk A
o BEATAITARIE o F B ROARACT B2-1977

Bl 2-1 TR Ry RES

He o 269 F 0§ 2R
(1) 3% RA~T 127

(2) 7 &vid A Bg R F

()T & i = &b 8

SR RETIERR
(-)F *BRTF T

TEIFEAPEY pB T F Tk (Metrohm 877 Titrino plus)
ERPA S B?s]:#_ 4o B]2-2[22] c REF p # 0L T E 7 34F
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Rl o F A MEB M ST TEGE L) 50 RBR
e AR ETRIER = BRARI TR ¢ FfER > 1 7R
BRI EFFELZ0T0 Co sk €% RPIEASTERME LHAT
A1 g BB R R

PR CF LR T o

1. B~50%#kps ~ 50%Frpe 2 2 & K8 S L L LR & 0% L ¥R
o & R By B0.2mLERR A » 20 ML R P i TR 2
120.02 M B4R 4 F T o

2. % - Zif TR % R BT EP1=11445(mV) 0V =2.7512mL
(VO£ )

3. EHA2 F ARG > FEABEBLE R Y4B RI e

%
P BAUR BT RRLER R B GRS ST

KMnO4k & % 0.02 M » B4 B~0.2 mL
2.7512mLx 0.02M x 5=0.2mLx Cyo™

Cvo’=1.376M
(4.9811-1.8587) mLx 0.02M x 5=0.2 mLx Cia

% 4k B Cota = 1.561 M > Cyo,'=1.561-1.376=0.186 M
Brgvi® § 3 (VO™ ~ VO,
Fi it 1 #c=(1.376x4+0.186 x5)/1.561=4.1
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(=) FERR2
1. 73 7 1 l% V02 Hr mﬁﬁ&/%/ﬁ’ ’ ;‘L-ﬁ'-r i rﬁﬁ%i\ﬁ/};& ’ ;‘L-ﬁ'-r A
APAEF R A2 e

CH3OHgg+ 6 H" + 6 VO, 26 VO** + COy+ 5 H,0, (3)
CoHsOHpg+12 H' + 12 VO,"> 12 VO™ + 2 COyy +9 H,0y (4)

2. #rZ g o 2 2B iR S N4 ¢ B M ang T RVO, S
SRR R Y 0 T HARERLC 2 BR o

)Rt ER Rz

TICERREREITRIVERD fEK & > 4oB2-297 T » H
PR i&ifif#iéﬁr]'ﬁﬂ2-3 o AEIEEILIEITA S T VEF B A
B 4o L

it 2 H20(|)9 Og(g) +4H +4¢ (5)
e 1 VO, + e VOF (6)
7 o 2 ET 0 R 'Lé};}%wﬁiﬁg’rﬁ”?ﬁ@wm%& ?,f"i?,

BTl

|

ey Q
v v

BRERF jEE DT BERY

B 22 2 ERR2EE T LR
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B 2-3 %

Yo AR (i) e R o ERR
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(1) R AR~ 17355

MRETLNLFE TR TR RDBEAE 5T FLEE
H(F ZRPERF) df ik TIPS FEE P EY LR TR
BRren™ a7 o AT RIROR L TINIARGFIHR > VE DAk
R AR R AR S Al AT T R ARR 4024 o

N
« 25 ML 4% (Jk B 1.60M - 47) 17 5 4%
2 iz | 25mML215ME kA H,SO, iF 5 R T f2i%
J
e .
o TfRIR IR ,?45mLm|n1 TiET % £ % 05747
oo aa| A T RIFIA 1.6 Vi& {7 7 %
® AR f2 LRITIARTLE iR
FHE
N
. {f—l-'l"]“ K ;‘iﬁ;f fo /&fﬁ % l% ja';:f‘f. #E] F&g ;}'3- r';l— 1@‘.{1 LL
sl R

Bl 2-4 T f3w 4R A7 B

(2) 7 =% %

# ZrL: B~ 25mLAk b (kR 1.60 M > 41) 1% 5 1546 » 25mL 225 M
20k B H,SO, 1% 5 BB RT ik o

# 2T fRiB ALK B MR S 45mL minT o 2R RS
0.5747 Ah » ¥ " %3 mOAH = § BEL16 Vit (73 13 -

KA L e TfEPRLERE PEREAPM AR
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S EERABAF - AT b e L RS H 2R
SRR O

4

(C)E &R+ H2 4R TE BT

VYR £ RS 2 RF R A e RI2-597 7 (23] R %
A A RSP E%)8 §Ni~K~Fe~ Al1 2 Cu > A W] 2 4o
TiERGAREAS EHYFRRY F005M2 B fER 5 K
L5x5em?s RT3 550mL 0 fEikonid S 45mlmin™
TR A G 120mAem” o RIGET 4 A TS0B JFIRI R E A

BT H2epin g s B8 9% ES BAcR2-6577 o

H, evolution : i 0, evolution
rrrssnnssnsssnnsnsnanan - EassssssssssssssssssssssmsEss »
EAVA Y Bra/Br
Zn?izn voEINvE 2+\‘ i Mn*/Mn?*
: VO,*IVO :
crge | curicur 2 : MnO4/MnO,
N icliCr
3 BrCly/Br- ; Ce#*/Ced*
sis? ]
T|3+I-n2+ E r|o|.|3+,1-|3+ CI’5 é(:l’4 /
Fe¥*/Fe?* :

Co%*ICo?*

Y

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Standard potential (V) of redox couples

B 2-5 85 i RRHET 7 L R[23]
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(Z)i-F2ra

1995 S. VitolE A 2414 e prflfe st £ g § 12 4o
W HET T 0 AR SR B4 A 2 M H,SO,E (TR T A BEER
B > 4o B2-78 ik 4e » HyO, 18 5 § 14 &) T 4 » Na,CO54& T pH

B BTk 3 VL0543 0 T BT R R TR ) 6PV, 05

9 %W % Bl
Oil Ash(4g)
H,SO, l
Solution Acid leaching
(2M/30mL)
Filtration — Solid Residue
H,0O, l
(35% 6mL) — ] V205
Na,CO; —> Precipitation
(20% 25mL)
\ Exhaust
Filtration — Solution
V,0:s
Precipitation

B 2-7 B2k § 12 4 B



(EDERIE-SERAE F-¥ T =

LBt I £ (A4 E 8)e §V-Ni~K~Fe~AlZ 2 Cu >
BOSME Ll & £ BER ¥ 5 0.05M 100mLz § f2i% o ;%
NANK T2 £pPFIT LT EFTEZ AL ET%HT
FIREE RSB RMICPHKRE VW RTF0 I EHPEF 7L
EORRIETICEEoRERYET IR -

TR R
% - PEERR TR nS5AHE 77 & 0.46V > 90min
FZPRERR TR onS5AE 77 & 0.89V 0 90min

TR ISAE T L /RL.67V > 90min

N
>
i
_
=
+FT\
B
%‘

N
*80id &4 »50mL 2.5 M HyS0, » 180 °CT 44 4r £
3 A 100 min
ZEON )
PRk
N
R F ERAE A BB IRY DHIRH
Fie 4 )

s:a/
-l_.
)
A
c?m*"
%
6”34
=
W
—d
RN
=
)
&=
J

P AR T

B
f-\}
&3
=
B

N
o T fR1S B R IICPHRIB > VR T fEW &g+ 2 £
ICP# | A2

PN

T
N\
\

<

B 2-8 Li-Fizr s His 2R
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LRk

(1) B~8gi# A 4r » 50mL 2.5M H,SO, > %80°CT™ #44r #.100 min > 7
i35 % 4oF]2-9 o

QFI* o F FREEABB R DFRH > I R ARSI 0
A HLPE Z Y A 4 £ &b 124 (Silica Crystalline) £ & {7 i /g ©

(3)%2-15 R fath ¥ v s 4 ki > KR fE7 ) 0E 2

T2 TR oS5SAE 27 E0.46V 0 60min

%5

- FFE
o PP R T ASAR 2.7 &R0.89V » 60min
5B R T T 5AR .7 & 1.67V > 60min
TR RMICPHRE " RETfED & B+ 2 E LR

Bl 29 §r2fEirl & HXER
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21 TR T B F

e HE LD E
2H,0 > 0,+4H +4¢ 123V

R E st LT E
VO,"+2H +¢ — VO + H,0, 1.001V
VO*+2H +¢ - V'+ H,Oq, 0.337V

Vite -V 026V

Vit2e -V 1175V
Fe’'+2e — Feg) -0.44V

Fe''+ e — Fe’' 0.77V

Cu’™+2e” — Cug 0.34V

S EBES T

20.89 _ _
R 149 (e 2405 vy (1)

VY — ¥ — R

\Val

-0.46 -1.67

Fe’" ——— Fe — Feg ®)
L, 0.89

28



() 24cF CBRFIRTS TRT AR R

AR AFTEE KRR Pl AT RERY  ALIMRTE
FO2 AR g B gbER Y £ G R A PERT M iR T A4

W 4rBl2-100 7 P AR IER RS O RRE L2 R BRI

TR R TR TR R FEAR B R NIUKE 2 4B

£ ARPRFGPFREFZET 0 R KR kb A e

' . . \
« 30 mMLA: 4% (kB L.61M » 47 ) T R4t & ] 4
»0.05MCu -~ Feif 5 117 f2i7%
%R | +30mL4MH,SO, T4 &S 2% )
ek
N
« TR 545 mLminty o 2 TIRIAR TR
BLO6V X TRLfETFE = 06474 AN
xR % )
//1— /,J_
p;,: 1=
N
« J1* ICPHR R ST A% (5 2 T fRigA2 Y Cu - Fe
ICPip | ¢ 2

\/ g
Bl 2-10 7 faw o E % HHEin 2B

?E‘g"}ﬁ'%:

(1) % 30 ML A die (G & 1.6IM>4 i )As T fR b A 6] 4c » 0.05 M
Cu-~ Fe e 4 2B T 2% > 30mL4 M H2S04 1t 4 B &T fdik o
()T f2E/AT (2 2 45mLmin-1l ¥ 7 2 Fn A 7R
16V RTRETFE 5 06474 Ah -
sz

Q) T fEan 1o 2 R fRiEAY HCu-~Fe 7 & o
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T F M oF A RERATE TR

(— )VZOS*’; /p ﬁ* v f“} Llp i)f&#x?
M2 M H2804}e I ;L’—V205'fn }‘ﬁ#’ =N V02+§}/ﬁ‘.:}‘ » 7O ,5‘;\ ﬁé:’

P AEMBEETOL3) 2 MEEET B3 120 £V Ok 8 2
FIVO, HIL PR RAPERREIPF T ERETH
NRRREERF o

i}

S B

(4) P~ 20 ML 2 M H,SO, > 4r » 0.1V, O 4L & seir 2 23 f2 55
¥ oo

(B) % - H = 215 E 4v » 019V Osgiedsr 273 fRFFR o

O)EAEH 21 &F2Ff# -

0
I
B
=
~=y
NS
a_‘_mr
il
‘m\t\
't
S
e
ol
_\_\4_'
Y /
h
\..
1=}
-ﬁ&
E
B
ArS
3
\m
+y
K
<
N
)

(1)2~30mL2 M H,SO, > 4 » 1.6 M (% 8.739)V,0s(S) M & % 48
FIE 72/ Friid I § vt

(2) M B R B R A R Vo050 T B R RN A L AR B
%5 30ML2MH,SO, 7§ 3> 8¢ 23 BREFI 1.2V 1

s o
)T frfe R & ARt R RI LM 60CH# 1| pro B
NEEERRAKSEAFHED) Q)
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B 2-11 §F % % ﬁ%l(a)vzosﬁuaq,ﬁ %% B (b) V.0:48 k% & (C)
V,05% % 5 7 f3:8 4%
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(2)T s

SHRBLHATREFEHSOMEM S f 2 T faod > 7

—

-3;;,

=
¥

2P e

&3
=3

4rBl2-12% 2-13% 5 Blo H ¢ s BB ET R E K

s ¥

i
kil

AR - LRGN KR RS TIER AN 5

Y

f

o

HAv s BB H,SOL i ff o ff o d St B RIER R 7 4% % 0 880
WA B A TR AV B e Bt 0 RS R BT 0 A

Bl2-14% 2-155 F X 5 B °

Nafion 117

TR
# 4 o

B 2-12 T 31 HHEEE B
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MEBREEHHAER

> smamo

> BAAER

> TR

—» EEREAD

B 2-13 R H L B
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B 2-15V,Os- 88 7 24 % B
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21 BPRBLH

- SRR R

P

(-) % ~ERRFT

TF A TEY g T R (Metrohm 877 Titrino plus)
KiEs47 > oY * RPIERESTIFRME LT RS DEUR
FB kR 4 RO EAEIOREETE > ARSPTIRRT 2K

2421 o

(z)i- BB R
(Do

¥ f%(CH3OH) 2 ¢ fi3 (CoHsOH) & _fads el A » H AR 5 1
F e g it A w4e™ 30
CH3OH g + H20()> COy + 6 H + 6 € E° = 0.032 V
CH3CH,0Hq) + 3 H:0()> 2 COyg + 12 H +12 € E°=0.09 V  (10)

LW iR R R A RERR T A BT S

VO," + 2 H" + &> VO* + H,0)E® = 1.00 V (11)
VO + 2 H" + &> V*' + H,0E°= 0.34V (12)
V¥ +e > Vv E°=-0.26 V (13)

FERREBAYET F BN E TR AT
6 VO," + CH3OHq + 6 H™> 6 VO™ + COyg + 5 Hy0y
E =0.032 + (1.00) =1.032 V >0

(14)
35



6 VO™ + CH30Hq) + 6 H'=> 6 V** + COy + 5 H,0y,
E =0.032 +(0.34) =0.372V >0
(15)
6 V** + CH3OHs) + H20gy> 6 V2" + COyg + 6 H'
E =0.032 + (-0.26)=- 0.228 V < 0
(16)
df4 Tgrs pFF L E> 00 Flptd #4435+ > 7
(CH;0H) £ ¢ 7 (C,HsOH) ¥ 22 VO," ~ VO*'F i > fe iz &2 V'K
)‘@ o
B3k 7 % % $ USD$ 400 MT™> 4p & »+ NTD$0.39 mole™(USD$
400 MT? = USD$ 4.0x10* g* 4p ¢ >+ USD$ 1.28x107 mole™ =
NTD$0.39 mole™) - i & 1 mole VO, % & 1/6 mole 7 f& » 7= % =
A4 % NTD$0.07 -

CREF AT BB A AT P N TR e
12 VO," + C;HsOHag) + 12 H'> 12 VO + 2 COyg + 9 H,0y
E =0.009 + (1.00) = 1.009 V > 0

(7)
12 VO* + C,HsOHsg) + 12 H'> 12 V¥* + 2 COyq) + 9 H,0y
E =0.009 + (0.34) =0.349 V > 0
(18)
12 V¥ + CoHsOHzg) + 3 H,0()> 12 V¥ + 2 COyg + 12 H'
E =0.009 + (-0.26)=-0.251 V <0
(19)

3k ¢ B % ¥ USD$ 1.3 gal™ 3+ & »4p % »* NTD$ 0.6 mole™(z
A2 A % 0.789gcm™ > USD$ 1.3 gal™ i) USD$ 4.35x10* g™ » 9

36



USD$ 0.02 mole™ = NTD$ 0.6 mole™) - i & 1 mole VO," % & 1/12
mole sz fi§ » % & &% 5 NTD$0.05 ¢ fiz mole™ -

@° BERI §éo
P EASATE T RO A A A T P R RS e
A HERET BEHVO I B R4 o 0T = 7 SR 2
(1)*+ 30°C ™ B~ 20mL 2.5M H,S0, > 4c » 0.4g V0534 3 % 273
f& o 4o® 3-1(a) > »PFA“ER 5 0.22M o

049V,0O, y 2 mole V y 1,000 mL
20 mL 181.9¢ L

=0.22MV

(20)
()2~ 5mL % 2 1 i3 5% (3 20> 4p % 1.1x10° mole V) » 4c » & -k
7 g% 3mL(5% 35 > 74x10° mole CH;OH) & 4% 4 #4% o
S5mL

0.22MVx————=1.1x10" mole V
1000 mL
(21)
3 mL CH,OH x 0.792g CH,OH 1 mole CH,OH
1mL 32.04 g CH,OH
=74 x10° mole CH,OH
(22)

§34(20)-(22) 0 3 mL h7 pRigt F R B ReHS HEERR S o 4e
LT B E AT B A F RATS T o FREFERI 4
AR50 AABISIAREES TR O KR AN I R IEIRENE S
§ o oW 3-1(b) o HERER S VOTHS & VIS iR &
P o

37



(S SRE—{ 1)

Bl 3-1V,058 % % 27330 H,50,7 > (@)% » 9 i (b) e » 7 1
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(b)

Bl 3-2 @V Ost- M1 arpeid jd D) T P FRRZETR T fE
BRFEBT AR 4o

231 NEBREET SRR EL AR

[ £ & 1 mole VO,
(NTDS$/Mole) |, & 1ole) | & 4 (NTD)
vgn  ag | 0% 0.17 0.066
s | 080 0.08 0.048
R O X 1.00 0.020

(E)T - BB R
R E S 2R RAHS o e BI3-20) T H 4R RET SR E
v I R320) AE TS AL BET SR RN L
5
2 H,00> Oyt 4 H" + 4 e E°=-1.23V (23)
el s agdp S BB F B T A W4T

39




VO," + 2 H" + &> VO* + H,0) E° = 1.00V (24)

VO* + 2 H" +e > V¥+ H,0,E° = 0.34 V (25)

V¥ +e> VZE®=-0.26 V (26)
>FER

4VO," +4H" — 4 VO** + Oy + 2 H2Oy,
E° = (-1.23) + (1.00) = - 0.23 V

(27)
4VO™ +4H" — 4 V> + Oy + 2H,0
E°=(-1.23) + (0.34) = -0.89 V

(28)
4V +2H,04 — 4 V¥ + Oy + 4 H
E° = (-1.23) + (-0.26) = -1.49 V

(29)

g 538@7)-R)F s+ B AR F £ 51 2 E A1 moleige
g+ 2 1moleshg F 5 4p ¢ 96500 2 4 (coul) i3 £ » & % 26.8 Ah
£30) -

1 molee™ o 96,500 Coul o 1A-s o 1h
moleV 1 molee™ 1 Coul 3,600s

= 26.8 Ah/mole

(30)
ETIETRL023V(VO,)~0.89V (VO™ ~ 149V (V) 2017 %
T3 % % YNTDS 2.6 kWh™ » B1:B R 1 moleg a3+ 2 &% T % :
VO, 3+ % 5 NTD$ 0.016 mole(:*31) » VO™ 4+ ¥ 5 NTD$
0.062 mole™(432) » V*'4t3 % 5 NTDS$ 0.104 mole™ (5433) = #3-1
DILERRZETAOERRZZ A AR PHFRUTLEES
FEBRG R A o

26.8 Ah o 1Wh o 1kWh o NTD$ 2.6
mole 1VAh 1,000 Wh 1kWh

= NTD$ 0.016/mole

0.23V x

40



(31)
268Ah  1Wh  1kWh  NTD$2.6
X X X
mole ~ 1VAR" 1,000Wh” 1kWh

= NTD$ 0.062/mole

0.89V x

(32)
26.8 Ah o 1Wh o 1 kWh o NTD$ 2.6
mole 1VAh 1,000 Wh 1kWh

= NTD$ 0.104/mole

149V X

(33)

(Z)RfEFR AR A 17350

12T 0 Z g R 2P| R UV-Vis o 4oBI3-31 8 7 % 4ob X
% @ 5 k£ 209 nm o B]3-45 kAR 050.9 mMiT 4R B2 K
A o
KRBT EVWRVBFR  EFARERARZ  THREH RYUMAR
Lo B A RS EF I AEERS TG A IR E o d TR
FRfRERARE > RAF R FFITI AR @ FIEIERT RS 4UR
RREE A T HRT B Ak R RN o
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Absorbance

0 1 1 1 1
190 290 390 490 590 690 790

Wavelength(nm)

Bl 3-3UV-Visip| & T i 4~fe < 2% B2 A £

Absorbance
N

y = 3.6034x + 0.2487
R2=0.9853

O ¢ 1 1 1 1
0.00 0.20 0.40 0.60 0.80 1.00

Concentration(mM)

Bl 3-4 7 4R Rz IR
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Bl TR T RRE S BE TR - A RATHE TS

=

R fRR 0 K E32 3BV FRLET R ETREMAP
Ao aBRaEEAR S Y RF e HEBREKRER T T

Bk > V- RFV i LY > T BE TS
WM TRALEBES L f 1R S TR R EE DTS
EHEFIe ks F LM NTRIEE 2SI fEEHP
AR 4-E3-5-

b $”L /ﬁ}iﬁx )?4‘1 I A ﬁ’xz}E)Aﬁ r»4MEE?“ By ﬁ’* v W 4R
TiRRER T AL D B E s TP E LB AT i T
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% 32 2 REEHBRTART AR
H,SO, BiRlkE | VO,ER | T/aw48 ERERER !
kB (M) (nm) (M) # (mL) ## (mL)

i H,SO, 207 0 25
2 207 0.320 25 13
2.5 207 0.242 25 16

3 207.5 0.231 25 19
3.5 207.5 0.233 25 20

4 208 0.047 25 22
4.5 207.5 0.090 25 19

5 208 0.076 25 21

% 33 AR ERERERTRRETBR

H,SO, kB % TiEw | RfEH

. # (mL % (mL
J H,SO, 1.34 4.14 25
2 0.715 3.42 25 29
2.5 0.758 3.29 25 24

3 0.782 3.36 25 22
3.5 0.892 3.33 25 20

4 1.121 3.42 25 19
4.5 1.238 3.49 25 15

5 1.258 3.38 25 14
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X
=

-

"
r R & ‘

B3-S g fawisn R B@EfED > b)) 2M, (c) 25 M, (d) 3
M, (e)3.5M, (f) 4 M, (g) 4.5 M H,SO, 7 j# 14
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R S AL ERPEIRIFRATAZBE

( ) %TQP\-"" Hrévring s R %ﬁ

%345 XRFB|E W A ¢ & L 47> 56?"“?&/] e 2 ERGE T
PR bR R EF R 4R R UHIA T o NT R kRS
R LHIZ a2 \%i;‘?]Hc)‘éi%’%%&—?(Ni\K~Fe‘Al‘Cu)
TR L R o JEBI3-6V F IR 0 AR H LA T (8 o AR YR s
LG RS PR R OARE o A GRS e gag N H T
@'%Fﬁ? M E ?,/l’l & #h 75 ’f—’l‘?‘r SR 0 TR ﬁ*/r? - 19# iﬁ—'/‘i ﬂ']f\%
R TR R ARRART o A3STEHE BT kTP
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4 34 b A ¢ & A A 45 (XRF)

22 (wt. %)

Al 3.22 Al,Os 6.08
Si 5.08 Si0, 10.86
P 1.08 P,0s 2.48
S 27.30 SO; 68.16
K 0.11 K,0O 0.13
Ca 2.73 CaO 3.81
\Y 0.61 V,0s 1.10
Cr 0.01 Cr,0; 0.02
Fe 1.92 Fe,0; 2.75
Ni 241 NiO 3.07
Cu 0.05 CuO 0.07
Zn 1.07 Zn0O 1.33
Rh 0.12 RhO, 0.15
O 54.30

46



80

75+

70 r

65 -

60

55

Energy Efficiency (%)

45

40

35

—a—HJ+Ni

HJ+K

HJ+Fe

—=—HJ+Al

—o—HJ blank

Bl 3-6 & & B it Boed & Tk HeM )

20

40

Cycle Number

60

% 35 LABYPEIHIFF PRARNR AT LER

ERTvE HJ blank | HJ+Ni HJ+K HIJ+Al HJ+Fe
T Y5EEY% 76.13 74.45 74.05 73.62 73.58
T 15CE% 95.13 95.32 95.53 94.60 95.21
T 15VEY 80.06 78.14 77.53 95.21 77.38
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& ap+ TR TES # 11 5 (%)
(mg/L) (mg/L)
S 86900 86000 0.56
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Ca 0 0 -
Na 0 0 -
P 0 0 -
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Si 0 0 -
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Cr 0 0 -
Cu 3531 3474 1.61
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3o 3-TICPA 478 % (b & GRiELE I 5 AT f2)

& By BN EXT T fE e # 9 3 (%)
(mg/L) (mg/L)

S 89200 88700 0.56
A% 414 406 1.93
Ca 445 437 1.80
Na 707 717 -1.41
P 600 628 -4.67
Cr 556 542 2.52
Mo 34 34 0.00
Si 50 48 4.00
Al 1828 1842 -0.77
Cr 0 0 -

Cu 338 22 93.49
Fe 1198 890 25.71
K 102 94 7.84
Ni 1167 1097 6.00
Zn 618 619 -0.16
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0.2AhB~f ¢ 2% » HCu~Fe £ &0 f2ik ® % 807 % o
Fomd WTREFLRL IR O RFHECHMBET U T EHRB o
B 3- S(b)m ﬁ,ﬁﬁ#lef“;&ﬁ*ni’/}i%)i ]F"14M’ '%Jg’:ﬁ?’S‘%

% 3-8 LiREARY RfERZE VR
Ah=0 Ah=0.2 Ah=04 Ah=0.6 % f%{s HIF
mg/L mg/L mg/L mg/L  mg/L (%)

S 124390 131560 130020 130530 130150 -4.63
\Y 76950 81130 79310 79750 79410 -3.20
Cu 3406 3494 3425 3356 3298 3.17
Fe 2908 3014 2947 2922 2902 0.21
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