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ABSTRACT

In recent years, Taiwan's solar photovoltaic and wind power
installed capacity increased dramatically. In order to maintain the
stability and safety of the power grid, there is a need for storage
equipment to regulating, load leveling, power management. Vanadium
redox flow battery (VRFB) is a verified storage system for large energy
storage (MW above) and long-term operation (more than 5 years). The
high cost of electrolyte in the storage system is a problem needed to be
solved in the future development. The project proposed a recycle of
vanadium from the waste of steel industries and from petrochemical
industries or recycling of VRFB electrolyte, to produce low-cost
electrolyte for the VRFB storage system. This project will evaluate both
chemical reduction and electrochemical reduction methods. Project goal
of first year is to develop laboratory recycling processes and prototype
reactors. Second year of this project will be collaborate with INER
(Institute of Nuclear Energy Research) and recycling manufacturers to
develop a vanadium recovery business model. The current work results
show that considering the cost and process complexity using 2.0 M
sulfuric acid dissolved vanadium pentoxide powder is the better choice.
Dissolved vanadium solution can be chemically reduced by methanol or
electrolytic reduction. Methanol reduction has lower raw material costs
than electrolytic reduction. However, consider the follow-up electrolyte
purification process of methanol reduction process, the electrolytic
reduction process is relatively simple. Electrolysis process using constant
current follow constant voltage can account for the rate of electrolytic
control and protection of battery structure. The battery charging and
discharging performance using electrolyte recovery by electrolysis is
lower than the battery performance using original electrolyte. Impurities
existed in the electrolyte recovery by electrolysis may causes low battery
performance.

Keywords: storage for renewable energies, vanadium redox flow battery,
electrolyte recycle and reuse
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21 W HRVRB B i f B AT ¢ AR i b g B 2]
VRB 48 (3,833 liter)1 43 ¢ # (1,415 liter)& < - VRB & ¢
(3,178 Kkg)~ ‘* 45 7 74 (1,180 Kg)& & o fr B pkai »ck + > VRB ¢
T5%:E 1L ALfE T 4 1 45%% 1% 5 °VRB ch e d & & 10,00 = 14 b o

W WALEE T ¥ 1,500 X & 3
% 1~ VRBEEM % AL T ¥ e st i bt 1]2]
VRB-ESS Lead Ackl
Current Qutput SKW (112A) x 4 hours 112A% 4 hours
Qutput Voltage Range (VDC) 42-56 42-60
Approx. Dimensions (Wx D xH,in.) 34 x86x80 32x30x90
Approx. Weight (Full, 1bs.) 7,000 2600

Thermal (Stg/Opg, “F) 32-100/32-100

32-100/32-100

Approx. DC-DC Efficiency, round trip  75%

45%*

Performance vs. Temp. Flat response over temp. rangs

IEEE/ANSI and manufacturers derating

Cortainment Double containment of electrolyte storage

Cabinet drip tray

Lifetime (discharge cycles) 10,000+

1500

Depth of Discharge From full to 20% state of chargs

From full to 80% state of charge**

Recharge Time 4 hours (optional 1:1 charge/discharge ratio)

20 hours (5:1 charge/discharge ratio)

Spead of response 1ms

1ms

Overload capability 2% nominal rating

1.25x¢ nominal rating

Maintenance Annual inspection if desired

At least 4 times per year

* 4, Study of Leac-Acid Battery EMciancy Near Top-of-Charge and the Impect on PY Systam Deskgn? John W Stevens and Garth P Corey Sanda Nathnal
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VRFB G5 & # o1 3595%;%_%— B3 FF SR o Bde s G 2004 &2
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‘v £ < VRB Power = 7 [4]e #2737 12 3 802 VRFB &4 15 =
BT R FLT AR TP ESEOEY TS o ERH
W2k = 250 KW > 7 &5 & £ 2,000 kWh e VRB 7§ 7 1% 5 o % [3g
% f P T GE[5lo p A 2P 2000 £ LR 6 AT E R
VRB §# & % tofs ¥+ #[6] - & 6 B ik 3 £ A w| £_450 kW/2h -
100 kw/8h~200 kwW/8h~170 kW/6h~3MW/1.5s 1.5MW/1h~30 kW/8h -
perbp Agr4e £ 5 VRB Power £ 1 A 2007 & % = 32MW R 4 B 7
B ¥ AMWI/L1.5h(% % # % 6MW)eVRB 7% B 3 =B h + 3 7
Rl i &0 m*riﬁ@?,lr& o B A (2009 # ) ¢ Fe X gl F i %
VRFB # 32 & o A 7§ 1% 2012 # 3% 2 @ f % Ku(Yokohama)z
% 1 MW/5 MWh 7 VRFB &5 % & St[7] « %55 T k sifie & 200 KW
&3] = 1k % (CPV » Concentrating photovoltaic) A 7 &t § L% o 3% &
FRMEIPOTRFHFILW - BRERFTZFL o B 2 AY
STER A B ENE AT 12016 & A¥pE R 15 MW/60 MWh

HIVRFB R o B av 238 e 3 #ik MW X 5T o5 5 # 11+ eh

VRFB #(7 %% s 1 EHMF LI - PIamL9T SR Eem
N R ‘\E"“L‘}\é‘:,%_

L ere NI ER AR PR o PR LS G R
10 kWh 2+ e VRFB 5T 3K % 0+ 5
B d HARFEL ST R RATE DA AL GARE L B

a5 [8,9] -
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AT ARA AL

¥ > RER - AEF L 2403 VR RRST ¥ (VRFB,
vanadium redox flow battery) p = @ &bk 2 < AT & # g iE o
Bk A RET KGR R f TE > T R 2k MR S A
($/lcycle/kWh)+ £/ £3a R ek 2 7% - ¥ VRFB @7 kv &
RS A Fadp S DT RR AL & A A2 - R A
ME AR VRFB iR ™ Fip /R = ek TG - & 2 407
mRA ety AT L [10]od £ P 2 d HR3EV 5 IR fRR AL
BER AP EE R AAE B TE o P A AY ¥
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Value Cost per unit Total cost
System data
Mean current density 52 mAcm™? - -
Electrode area 1.75m” kw! - -
V05 equivalent energy 6.0kg kW 'n' - -
Flow cell costs
Activated carbon-felt electrode 35mikw! €50m~2 ($70m ™) EBBD ($490)
Bipolar current collector €65 KW (891 kW) 30 ($182)
Frame and asseciated components - €435 KW ($609 kW) €8/O ($1218)
lon-exchange membrane 2.1m7 k! €25m2 ($35m~ €105 ($147)
Electrolyte storage tanks (x2) 550 dm?® (each) €185 each (5259 each) €370 ($518)
Pumps (x 2) - €160 each ($224 each) €320 ($448)
Control system - €500 (§700) €500 ($700)
Total flow cell cost - - €2315 (83247)
€1157KW" $1620KW)
T
17,0- (solute) 180kg €80kg (§11kg) €140 (52016) )
: Electrolyte manufacture - €30kg ' (B4kg ) €640 ($756) :
1 Tanks 550 dm? (each) €185 each ($259 each) €370 (8518)
Nlotslstome sosts _____ = 2350053200,
€78kW"Th!
($109kW "h)
Overall internal cost - - €4665 ($6531)
€155kW"Th
($217kW"h)
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E1FE? ZHEPBBEEE TN EY F BN VA F R
AdavER S FHE S R e F T wfc R A1 o RF F e 2
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(Aluminothermic) &« 7. 4% #. ;2 (Electro-aluminothermic) #-4vig + & J
g () F AR RAD H- V0 B RV £ HGE4) -
3V;05+10Al > 5AIL0;+6V

3)
2V,05+5C —>5C0,+4V
(4)
H b . ki 2RI R A,
3% ES LY 2 3 Bid g $3370.2%

51,9104 38 BE gop
(Fo£RREH) 12%

B 6 2ikéedhs A £ &b kiR T [1]

o
A L R MRS Y AREETRHOT 0§ 2R
i

YV EHEZ T v e 8 o @ * RRA > B|A0? B~ T R
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AEF AT FRRAL T EHRBRZ LT AR V05 B R

R B R RAE AR R AR R 0 T R AR
¥ ochgei % o C. Erust® 4 [12]4- ¥ ik 42 A 3 f 4w 4T ehis
T oo T e A 4o 0 5.71% V205 0 1.89% AI203 > 1.17%
Fe203 - 61.04% SiO2 - & & Z B~1f % 5 ;% F* : 1:25 S/L ratio » &
(kR 01M 5 KER 0LM> ¥3 BB 500C > 5 BopFfy
120 min o fptiE & T 55 95% 4~ vz o K. Mazurek[13] 4 E &
180-250 pmjfy 4-iplA % 11 2% % f4 (oxalic acid) 50 °C™ » ;& &t
25:1> 4} FE 7 w {291%4v > 92% 449 > 63% 4 o F B 1Y

i e oo NIH S LA B S g AR

c—I
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digeo
Ognyanova & A [14]:4 & 2 fAa R 4+ 7 2 44 ~ gt b o 5 2 2
3 BB idg s 4o H A SR Orimulsion #4972 4 e

<&

KAz
Boggus) 11.7% o FRph B A2 90 * LB R P 0§ 408 3.5% -
Fob ol A4 F TR C R B 40 04~38% B0 R P E PR

F 4ok 4o & F i % 3§ (60-90°C) > 50% 4 F ek mips o » F o H

-~

AR~ T F PR FREFBa M o 2% B2 A KB iA(E B) ¥ 60
o/L Frfa 3 B~ 4T 95%44 (NiSO4) £ 95%4HV2(SO,4)3° Orimulsion 44t
A AL E Bow T 60%~90%4v - o S EREA S KR F S 2
BB ARBEBRM R 2 - 0 d 2357 50143
o EEiEE ~ BOE m4 Bt nE B s e § g iE A E
Ognyanova & 4 [15]04 ANOVA §F Sk 352 BliE ek &~ 47 %R
& (105 °C~600 °C)~ % B~/ /48 v+ (20 mL/g~5 mL/g)~#rfc kB (1M ~
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4 M)~ 5 Bif £ (40°C ~ 80°C) ~ 5 -kik & (0g/L ~ 10 g/L)% 5 B i
oo by PIRMER PR S RSB BEFRARNE R RB

TRE M T T o 2R F PR ARACRE] 9 o

%3 LfEARRPY 2442 E P A [14]

Waste material Ni, % V, %
Spent NiO catalyst 12% -
Spent catalyst (NiO/Al;05) 7.12% -
Egyptian boiler ash 22% 20%

Low grade spent catalyst -
Spent catalyst (NiO/Al,03) -
Spent catalyst (NiO/Al,03) -
in an ammonia plant
Spent sulfuric acid catalyst - 5.5% V505

Spent NiO catalyst -

Spent nickel based catalyst 42.3% -

Oil fly ash from power plant 0.85% 1.6%

Fly ash

Oil-fired fly ash 01.02% 00.41%
e Electrostatic precipitated FA ¢0.80% 01.91%
e Cyclone FA

Orimulsion fly ash 2.5% 11.7%

Oil fly ash 1.6% 3.8%

Spent sulfuric acid catalyst 0.63% 3.5%

15



o4 LB KRR P F B 3 [14]

Waste material Leaching reagent

Spent NiO catalyst ¢ 50% H,S04 conc. (85 °C, 150 min, 1:20 S:L ratio)

Spent catalyst (NiO/Al,03) ¢ 50% H,S04 conc. (100 °C, 5 h, 1:12 S:L ratio, 800 rpm)
Egyptian boiler ash 4 60 g/L H,S04 under atm. and oxygen pressure

Low grade spent catalyst # Hydrochloric acid

Spent catalyst (NiO/Al,05) ¢ (NH,),C0; (80 °C)

Spent catalyst (NiO/Al,04) ¢ 80% H,S0,4 conc. (70 °C, 50 min, 0.09 mm particle size)

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

# 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)

¢ 0.5 M HySO,4

¢ 2 M NaOH

¢ 0.66 M NaxCO4

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

¢ 0.5N H,S0,4

¢ 2 N NaOH

¢ 0.25 N ammonia water + 2 N (NH4),S04

¢ Acidic leaching (H2S04) and oxidative precipitation of V,0s
(varying S/L ratio, temperature and acid concentration)

¢ Acidic leaching (2 M H,S0,4) 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 H,S04)

16



LS EABF A EYRA P T IE14]

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,0,) -

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%
Vanadium Nickel
Extraction Extraction
Spent i Alkali ! Solid T
Catalyst —¥| Grinding leaching Filtration [—» oot —{ Acidic leaching
(NaOH) (H,S0,)

B 7 A BN RS gen WA o [14]
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Bl FP-iE 2 A B 110 mL/go e R & 1400 °Co k% 14 M NaOH -
FBER L2 e T EB K 80% i F o dgip F BRI 05M
H,SO4 3B~ » 7 {8 %) 88%+744 o
R RAZ AT P42 0 o R ek U A Y A % Tk (leachate) 7
€+ A% B[15] 0 4r#& 30407 £ 5B 72120 ng L-1- 7 4k
(PH~11.5)% * F2 g+ 2 3 g vt o Mg 8 527 mg V gt e
Z4~F 2mg Lty 00 Lyp & % R il B IA T 2 He A 0 R
goi B F R REA § B 14% o B AuenA g S 2 H OB 22 M
NaOH;% % ik dt o w e & §57-72%  Ypiap 3 cn& he 7o igd 4 1
P z[l6] o Jpihisd 2 5 okFieis o # % 70,016 MEREL HAL
thiooxidans#z % _t 7% (Culture supernatants) 5 B~Yg /& ¢ e & Jf » 1 i
*  Acidithiobacillus thiooxidans (At.thiooxidans) ~ Acidithiobacillus
ferrooxidans (At. ferrooxidans) ~ Aspergillus niger (A. niger) % 3z % }

7+ % (Culture supernatants) % & <_& B o TP 6% o
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L6 FRAMAL

T A% % (leachate) e/ = [15]

19

Determinand Range of reported UK leachate values
pH 10.3—-11.9
Eh (V) 361-700
Conductivity (uS cm™1) 438-7879
Major elements (mg L™')
Ca 11-239
Mg 1-12
K 18—-293
Na 24-83
Al 0.013-0.5
Si 0.203-7.7
S na
Trace elements (pg L~ 1)
As na
Ba 4.6—42.5
cd <0.1-0.3
Co na
Cr <5-22
Cu <5-70
Fe 54—-920
Ga na
Li 44—-822
Mn 54-160
Mo 2.8—45
Ni 0.3-70
Pb <5-70
Sr 213-4000
\" 1.6—120
w na
Zn 2-40
na — not available.
AP E R
FEER AL F TR MR R P Ao R R
LA NERPTEE BT CHMMERE AL BB AR
ﬁﬁ:g"ﬁ'“ni’ gﬁﬁfi? E.if%-? é‘_iﬁ"vfi’/ ;&,



A AR A RE: PR RREE T ERRE £
;11;1257}@ E e f«r]“}ongf@}g,/zl} g ( f‘z‘ﬁ%)éi’ﬁ
AR R AR VO F e iadony o f L ERRFHRE2 T 2R A

S :}J;)AJ’ w it %?K%}fi" V505 ez & BT T o

j\'\

R

-\J )
3
-7»
Sk
ﬁ N
1
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TR F 3

APFFEAAEEF - EFHREIRFERY WAL BE
BAl > - EREPFTERPERPEFF ETILHRE - BFTFY
EHAT .

ﬁjg#" ? }%' YES PLIP

IpLE P A
FRPL 5 B3 A = %
33];;’ FEi T AT

B R E S E
TRINE R
LRMELTRT
RN R A e
L ﬁ:}\

B 8 VoOsi- W 5B~ B A 3 = 2 HE

#-Vo0s57a [0 5B ¥ o AL S B > 438 5 AT o USRS Y
T VO HF i feo Bt 7 T VO S ARk i A w1 1L B R
TiEEE RS e g (VO & = 4dp T (V) -
V,0s + H,SOs > (V0,),S04 + H,0
(5)

- ~ 3 FIBRBIE V0 AT TR
1. A v fie W 2MAR s 12 2 0.2M ¥ fik (CoH204)i% % o
2. P~96%;k Fifit ~ 2MAREL 2 0.2ME Fe 3 i 2 15mL » A W] 4e »
0.1geV,0s M3 >R e o
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3. FE - PR RAER AL R PR L e e

S EBRE
FWFT e B 7T VO S R pE R o AR R
B3 RER VO T Eibrd i & n § 4o (VO & = 1 4edp 5
(V¥ > 43t (6) ~ (7)
CH;OH +6 H* + 6 VO,* > 6 VO?* + CO, + 5 H,0

(6)
C,HsOH + 12 H* + 12 VO,* > 12V0#* +2C0O, + 9 H,0
(7)
FoaHRERFERE FERR G #K-
ESRR LR $1. 8%

TLERRZEE T T LETHRRY - LB BRELERYTE
4T VB R A BT

P%%ﬁ22H20902+4H++4e'
(8)

(9)
A EET R F R Bl P AR RO BT ETR

L& VOt +e > VO

SRS PR R
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V4+
L 15 1 53 IR
B o ith
AT E S

Bl Ot ERBRZEET IR

RGAR RS AT RLERFARRT I, R R R
oA i BRI B R D 2 FRL TS NN
LA AT I RREE
PR B ET R 0 2 M H.SO, +0.1M VOSO, » 30 mL;3 i
BT 2% 1 2MHpS04 > 30 mLiz i
CERTR R IR TR 0 A R0 4
FAEE R HAFE R S A0mUMIn o R E s k)
X R

. FU* Autolabfz 7 =% > 0L ATF BT RfF o
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T XY
o 4 a5 4

(-) 2RHTf2
PR REEHT 0 THTEKIIVOs A E 4G § L p T

FERRL R S 3 A RS VOTEES o VO S T FEd B T

=

Rl

VO#/H,SO, 7 328 VO* 4+ & i 2 VO 3+ & F8 2 V3~ Vv
B o TPREARY F R S AR R Y D IR
wb ﬁ%‘,‘, ’ﬁ %“ °

I E

1. B50mLAs 4w it 5 K4k > 50mL H,SO, ' 5 B ® [

A
=K

2. H¢ H,SO4 kR A % 525M ~2M ~15M -~ 1M 2 0.5M
3. # ¥ el Bv iR E PERIAPMIFLEF o
B E ik
M & % &% :50mL  2.5/2.0/1.5/1.0/0.5M H,SO,
T %

AR T 2% 50mL 1.54M  wjzdv (4161 )

24



T f# % i s 45mL/min

T oo 1A

TREPER 49058 (it B T E R
Eill ERR i N

T (A) X FFF(s)
% K x 96500

= B huite kB (M) X B g W4 (L)

(10)

=) TR EITRTf2

Bl R A K I R AR 0 B AT REA B
A A2 RREF - RFF PRAASKRER LTRSS T ERLE
PET e FIL R RS N R TR R N T R4 A

DI 3

A

L E AR T EFER LD - LTR18V

PRETBERTfZ R R TRERFA S R AR o

i 2H,O0 2> O +4H +4¢€ E°=-1.23V
(11)
4 VO* + 2 H + e — V3 + H,0 E°=0.337V
(12)
Overall Reaction:
AVO®*+4H*— 4 V3 +0, + 2H,0 E°=157V
(13)
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W o 2
1. B~50mLA 7 f#4wi% 17 4 54k » 50 mL H,SO, 17 5 B 1R T %

2. WAL B E T T ~ 8 ~9AE T T RLEV
7 }ﬁ#’? SER Z l%ﬁti#ﬁfﬁg#‘i]"}xﬁ.ﬁwﬁ;‘o

w
e
s

Rt
ew

B f27%:50mL 2.5 M H,SO,4
e T f2i%:50mL 1.61M wizév (4.114% )
@ f&% ik o 45 mL/min

3
)&\

T RS T iRT 8 QAR LT R18V
727 % B (Ah): 1.325 Ah (G225 5 1 2 § %

2w FE(Ah) X

|k

)

Ti347% % % £ (Ah) X 3600()
% # X 96500

= Feguite )k B (M) X B4t R A% (mL)

(14)
THRF T % £ (Ah) X 3600() MY x 005
@114—35)x96500 -01(M) > 005(ml)
T 297 % % % £ (Ah) = 1.325(Ah)
(15)

E) YRETfERERTIZR VR
?’,Eé;ﬁ,%:
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(1) 260 mLw jz T f2i% (> w R 2 35F )4 B[ B30 f & T fFR
o XL HAI20MACM-2 ~ i B s 1000 ¥ T
TR AR RIGE

(2) 60 mLixzy T f22(35%) AW EE f BT fFRH K T
moon @ E120mACm-2 ~ it Bl#ic s 100 I faw s LA g s
RIE e

(3) vt ot HL 2 H H2.2 T o o

F B 0E

i f2%:60mL 7 f#i
AT 260 mL & f#

4

T % onid 0 45 ml min-1
T o % A 1120 mA cm-2
1% B #c:100
BRAVR B R fRIR 2 RRF B Bp 2 5
Behurd 51 (VO ~ VO,Y)
1. % - =iF % % : EP1=1144.5(mV) > V1=27512 ml
(VO*Z )
2. FRABAC>FEAKLTELE T J4sBRI e

NN EEY L R

V,=1.8587 ml (A F R enpefis I 4427 )
V3=4.9811 ml (4~% 8 +A F &b fis 7 4845 )

KMnO4E & % 0.02 M » B4 0.2 ml

27



2.7512ml x 0.02M x 5=0.2ml x Cyo*

Cvo?*=1.376M
(4.9811-1.8587) ml x 0.02M x 5=0.2ml x Cioal

M 4k B Ciora = 1.561 M > Cyvo,"=1.561-1.376
=0.186 M (VO;* &
B gt 1 #=(1.376x4+0.186 x5)/1.561=4.1
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1 RF R
- ~ 3 RRABEVO ART (TR
(-) BRFEVR

B8 Vo052 AR AR s RY o & 37119 5%
v v

F ARG R RT AR DA AARBREFRTE 36 PF21S
PR AR LT RRAFES kMY FRE A 2ME
Y RIE ¢ 02 MERY RIS o 47 2|47 Vo054 8805
2 MEifa® RF ¢ 5 VO3 »02 ME Y TIES i

VOZ a3 o
@ aA kgt 15mL 2M H2S0415mL  0.2M C2H204-2H:20,
15ml

AZd5i%
s

- 4
3-6 hr

2
2_18
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9696k Ar ik 15 01 BRpd &iodhd ¥ 3 BiRpEd &
V05w k»t B3R 7 % 710 4
% R

2M H2S0O4 15 01 RiRpgEd & izthd ® 3 AR R
VoOsimfic ¥ KR F 5 HP RS
A g

0.2M 15 01 Apd & iskd ¥ 6 AREE R

C2H204 - 2H20 V05T ik >t R 387 & EmEd
% R

(=) I§tz&pfriE s

TfRTF AR RE S BENTAH R R o F RN A

L%?%TT%QMMJBMHﬁmuﬁ%OigWQwﬁﬁj
R 2BERER -

2. H - H I 2B fREL 4 r 019 VoOsgiesrn 273 f2pF

Y

oo
3. £4f 5‘?2_;_1!1%/‘@0
BI13 = A k] 4c » VoOsis R 3 HSO4% el 3 o 3 2R G ik o &
Vo0si#s & 5 273 3 HS804% v 30 & 78 5% i (B113+) = d »p
o ek Eade s o A8EE fe T F I Z Ak ATF B R
PR R4 53T § PR AR BEFHPT AR -7 §
Z VR fRE 5 0.4 g/20 mLiE Fléefr o A2dnip R 5 5 3.5 mg

mint o S F R E R 4 > B fRE FR BT F o



Bl 13 B4c » VoOsi#s & 3tH2S0s® (2)11 %2 VoOsis & = 273 3tH2SO47 (%) ©

% 8 £ B/ 2T F 1 Z 4820 mL 0 2.5 M HaSO4% 7% #7 3 7%

N3
=y
W
R
B

FoRB|F B FZIB | v B %I B
JROT T P | JROTE PF | fRAOT R PR | fRAT R PR | JRTE PR
¥ (min) & (min) ¥ (min) ¥ (min) R (min)
0.1g V2,05 | 27 57 85 192 &ER D
% fE
0.5 4.0
o *cee Q@ . B
~ 04 Rt Ty R =
}.:l R 3.0 =
2 ‘e, o
» 0.3 B c
2 b 20 -
¥r
l:— 0.2 )
- R
% 01 %4 1 25MH,S0, » 20mL 10 pry
0.0 0.0
0 50 100 150 200

BIFEPFEF > min
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(2) BF8®
GRB AR B ESE BT R VO M fE AR
it A fe s A - V05 ks 880% fF 0 A2 0 2 M HoSOy 0% &7 e -
V205 #= 4% 2= VO &+ » = 23132 2 SEFF 95 3 /]
5 12 0.2 M CoHy04 - 2H,0 i & 7 12 8- V,0s 45 1804 122 VO
B R DVBFEE FGWEFF YL 6 F o
2.0 M B A it 73 13 Vo0 5 4 & VO 25 7 1 1 3 T
»

\

N THRRERE T IERETHAPNTIERRLEREY o F
ﬁaﬁw,?%vpﬁmyxwﬁféo@%*iﬁﬂ%%ﬁf
R A NTIRRSLNIE R E BT S

o FRERASE M I3 EFERHI AT AR R AR
%%ﬁﬁfﬁxﬁ&?%w@ﬂ ’%%4m7wm%ﬁﬂﬁ

NERFE o E R 2.0 M ERFE E Ben A AL S AR R o

4

N

I I
Bl g

B 15 3 kpaEERg oy Th
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N BB R

(-) EAE
9 Fi (CHOH) 2 ¢ i (CoHsOH) L2 i8] o ¥ 9 efrif o

§OF R F LT A udeT

CH:OH+H,O> CO,+6 H " +6¢ E°=0.032 V vs.
SHE
(16)
CH;CH,OH+3H,O0>2C0O,+12H"+12e¢ E°=0.09V vs. SHE
(17)
LT R RR R F BEERT A W4T S
VO,*+2H'*+e > VO? +H,0 E°=1.00 V vs. SHE
(18)
VO¥#+2H"+e > V¥ +H,0 E°=0.34 V vs. SHE
(19)
V¥ +e S>VH E°=-0.26 V vs. SHE
(20)

d#4 ey pFFE RS E> 00 Flptd 4 @251 > 7 A
(CH3OH)#2 ¢ fi§ (CoHsOH) ¥ &2 VO,* ~ VO*'F fiy 5 fe 2 82 V2'F
Beo PR T2 B R EH e E B TRP T

6 VO,"+ CH;OH+6H" > 6 VO + CO, +5H,0
E =0.032 + (1.00) = 1.032 VV > 0

(21)
6 VO + CHsOH + 6 H* > 6 V¥ + CO, + 5 H,0
E =0.032 + (0.34) =0.372 V> 0
(22)
6 V3 + CH30H + H,O > 6 V** + CO, + 6 H*
E =0.032 + (-0.26) =- 0.228 V < 0
(23)

Bk T R USD$ 400 MT™> 48 % »+ NTD$0.39 mole™(USD$ 400
MT* = USDS$ 4.0x10* g = USD$ 0.0128 mole* = NTD$0.39 mole) -
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7] B & 1 mole VO,*Z & 1/6 mole 77 fi » 4p % >+ NTD$ 0.065

VO," mole?! -

CRRE 5 BR A A F R TR H T

12 VO,* + C;HsOH + 12 H* = 12 VO?* + 2 CO, + 9 H,0
E = 0.009 + (1.00) = 1.009 VV > 0

(24)
12 VO?** + CoHsOH + 12 HY > 12 V3 + 2 CO, + 9 H,0
E =0.009 + (0.34) =0.349 V >0
(25)
12 V3 + C;HsOH + 3 H,0 2 12 V#* + 2 CO, + 12 HY
E =0.009 + (-0.26) =- 0.251 V < 0
(26)

B3k o fE ¥ USD$ 1.3 galt3+ & »» 4p % »* NTD$ 600 mole’}(USD$
1.3 gal* = USD$ 0.436 g* = USD$ 20 mole™ = NTD$ 600 mole?) - 7]
238 B 1 mole VO*Z & 1/12 mole =1® @ > 4p & ** NTD$ 50 VO,
mole? -
(=) "BBRI §é~

d P EELs R RS A LA S 0 PERRL RS K o F
B b AR BT BRHVO S B Rt 4 o 0T R B A

1. >+ 30 C T B 20mL 25 M H,SO4 v 4r » 0.4 g V.Os5#E4E 3

Z2BfE AR 14(2) MPESYER S 022M o

0.49V,O, 8 2 mole V y 1,000 mL
20 mL 181.9¢9 L

=0.22MV

(27)
2. B~ 5mL # 3 1 i3 i (34 28 4p % 1.1x10°mole V) » 4 »

£k A 3mL(;% 29574x10° mole CH3OH) 3 34 o

0.22M VxlOSLL =1.1x10° mole V

00 mL
(28)

34



0.7929 CH,OH y 1mole CH,OH
1000 mL 32.04g CH,OH

= 74x10"° mole CH,OH

3mL CH,OH x

d 74 21-235 3 mL 07 gt 2 2B R dudp s o E B
FEFRTHRELT 4T EEFRATST c FHREEFRED T
00 A 4B18A R R A IER ¢ Y IRIFNE S

ol 14() - B d 24T R R & VO #iS & VOl + G & F -

Bl 16 VoOs#s % % 27250 H2S04¥ » 4c » ¥ FE31 (2) » 4 » ¥ fE 15 (%)

ERRNELE €13 P
(-) B
MEE B RAS > AT S BERTCER R

FoAE G

i 2H,O0 > O, +4H " +4¢ E°=-1.23V
(30)
Eie: & Bsdps RBRF BE T A AT o
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VO*+2H*+e > VO* +H,0 E°=1.00 V vs. SHE

(18)
VO* +2H'+e = V¥ +H,0 E°=0.34 V vs. SHE
(19)
Ve te >V E°=-0.26 V vs. SHE
(20)
Overall Reaction:
4VO,"+4H*—4 V0> +0,+2H,0
E°=(-1.23) + (1.00) =-0.23 V
(31)
AVO* +4H*—> 4 V¥ +0,+ 2H,0
E°=(-1.23) + (0.34) =-0.89 V
(32)
4V¥*+2H,0 >4 V¥ + 0, + 4 H*
E° =(-1.23) + (-0.26) =-1.49 V
(33)

d X (18)-Q0)E s R4t BRy £ 51 775 R A1 molesige
B3 % 1 molesnT F » 7 996,500 & i (coul)shT £ » & ¥ £26.8 Ah
;\ 34) o

1 mole e 96,500 Coul 1 A-s 1h

mole V % 1 mole e % 1 Coul>< 3,600 s =268 Ah /mole

(34)

ETFETR 023V (VOY) ~ 089 V (VO*) ~ 149 V (V)2 T i L
NTD$ 2.6 kWh'' » B:8 /1 moles~dt+ 4 | % % % : VO* 45 » NTDS
0.016 mole!(5435) » VO*'#t+ » NTDS$ 0.062 mole!(5436) » V' + >
NTDS$ 0.104 mole!(5437) -

26.8 Ah 1 Wh 1 kWh NTD$ 2.6

mole V 1 VAR 1,000 Wh X 1 kWh
= NTD$ 0.016/mole

0.23 V X

35)
268 Ah 1 Wh 1 kWh _ NTD$ 2.6

mole V 1 VAR 1,000 Wh * 1 kWh
= NTD$ 0.062/mole

0.89 V x
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(36)
268 Ah 1 Wh 1 kWh _ NTD$ 2.6

mole V 1 VAR ~1,000 Wh ~ 1 kWh
= NTD$ 0.104/mole

149 V x

(37)

(=) 2RinTfE - TR BT RN
R TR K WD EET R

BT R LR B 0 doBl14() TR o TR0 AR A

THR4000 so TRRAELBTBRAESS LESS BRI MBRE

REd o deR140) T o TIET BVOTERF (F 4 )E R S V(&

VO3 & EJ o 1

§)e 4,000 seNT fEFE P > TG KEArF VOT S B R S
o iR BSR4 o B EVOTHS € BicTIE BT §
VO B+ o BISET AT TROF - TiEAH T REE

BBIYISVIiE ) TREBEFIHE - 7140005919V o
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TREFEFITH

(< )yp =3

O | | | |
0 1000 2000 3000 4000 5000
% & (s)

B 18 MOIARR AR BFH TRHPRE CH > - 0%

v

TR e B S50 (8 16) 2t VO 33 ()3 2% 4
Ed BEHSO,(H)R % 25P &4 > 4o 16(a) - 41 VO 4t
F(L)RfRIEEH L BT e VORI R AET VIS -
& HSO,(L)RfRaNF ¢ - ¥ P %TA TRRY - 2F %
PR ORMERBRBE23VeRG R B E I EET gt R
F 3] V2o
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(b)

P 2

TREFRE TR

2.5

2 1
>
o
>

1.5

(<) =¥

0.5

0 1000 2000 3000 4000 5000
FEE R ()

B 20 MOIAZ T T EFATREFT TR ¥ - 29 %

() TR Rf* - RO BREB R BT
TIREAETY F R AR BET R R o BT
T ERT RR G IR BT IR € HATTIEE - A
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AR A BETFREMAA Y BRTFRMHE S o K-
Biatf £ 2 (AV)feB et gk R 7 M - B1185 7 F HySO,
EREAGRT AT AR c LRSS A8 KRR fERBL

72 1.54 Mgz iz o

Bl 21 % e HoSO4lk & &2 Fpbite T 30 18 20 i
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28 FIAVRIFPHBRARERT » TRICRELE KB
BTRRUA R TR BT ERES R cEFH Rk
B et S (4 2.5 MiBiR 310.5 M) > FE 5 1BAE 4% £ & (AV)H e o % @
Efmsdt+ B3 A DB e P F B Rk R g b @ Rt o

F 9~ 4R 2%k RHSO4T R 18 cndep 0t R

25M 154M  H,S0, & F#¢ -

2.0M 154M  H,SO, & #2.5M { 4 2
XSS o

15M 154M  HSO, & & E¢ - 3 3

1.0M 154M  H,SO, % #. 15M { 2 4

NS o
0.5M 154M  H,SO, &+ 1 5
N FEY

2970 T BAA TR HBE R L TR 0 2 TfRIEE
BRERY LA FT DER P LT RAET FARERT H¥
2 A o VRS R R SR AR R DN KA RS o A iRend S
R R 2 LFAPLE R G M RS o 13 ek R H SOy frge
RAT R POV L fE kA 23335 i uuR o

%10~ dup 3 bk B HLSO4T 215 chbeip 1t i

--- 1.300 0.243 1.543 4.157
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2.5M HZSO4 -0.001  2.325 0.752 0.578 --- 1.330 3.434
2M HZSO4 0.097 2.341 0.687 0.470 - 1.157 3.406

1.5M HZSO4 0.399 2.349 0.641 0.405 --- 1.045 3.387

1.0M HZSO4 0.594 2.361 0.618 0.314 - 0.932 3.337

0.5M HZSO4 0.267 2.375 0.458 0.391 --- 0.849 3.460
(z) TRWRfE - BARABARARTT A RT

R FT O FILORE o TEA AR T ; VOIS B o
BiegF Ao AR EY 2 & THF RIVOT S AkEE R &
V3T o kAT BT 2O HEES - 23 d Bl
o e aH S IR ST AR o & BHRS K E 4 9
254 % drkd BRI AR o o SIRASE B LK 0 T AR
VOZdg+ 1V g3 FLER £ 8 § BB R - VO™ 4L+ L5 1R ¢
§ L AVO HF o VO AV FACIIB R E A K& ok A
+ DBk o L AR RRDE S PFREFIE SIS RE B RS R F

BT TiEnEbrAY LB o

G
V—-"'- (-——

]

1

y Y

VO 5 H.O VO?* 5 H,0 f
( 220, /e

V3 6 H,O
==IT=> 2H,0
ffs o |
4 H"+ 0,
e Az 1'%, B B P A

Bl 22 T T AE L R R R AOR %
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y

L G RE LY A E - 3R % i3 (electro-osmotic) IR % o
l_}‘] :‘; ?,i%_—r’/j,’? l.—lE =X % W FA\ > F%T—“—}H——)‘ FT‘JK%\%; ° :,E': /g:)"é}ﬁ:1§ = (N|ondrag)
Bin()dn e o det(38) o HY TF, e i A ik c00B T

B(AQ)E LW 407 (39) o B9 Tagnry ~ Maionsy A B B 15 40

"a

(‘“3*

BB A S S o

|on drag — é;(}“) -

(38)

g(g):ﬂ

a'ionr
RT log—

ion,|
(39)
#F P ATE F (Niongirr ) E R3S =3k £ (ACjon) = &+ V> 43t
(40) o H ¥ "D, ~ TAz) & w| £33 Glp gy dfdc e &
WE R o
ACIOH
AZ

Nlondlff D
(40)
ERES s s BT F) L P ES BFR(RFE S RLAHID)

mYIFE AT RERRRESS FPTRREFLR c TRS
BEFFTET AL AR RLAPICT SRS Fhe 2
B oo EiRsudpF BB M X TS BRI RS

1 4vdp s o I BFECTIH B

2. & B FIT HAA e R L AT BT A E > @ Aok s

FFREEER

RRFLE -BETIERTAAIFBICOLE -BRT AT R L &
mﬂﬁﬁﬁ%ﬁﬁﬁoﬁﬁéﬁ@ﬁﬁﬁﬂ%ﬁ’%ﬁgkﬁ
HoSO4 7 %15 57 ¢ #3500 K4 & (LRI VO V3

]

%
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SF ) SEFHSOME B v % 0 B 40 ILRITAY iy 4 (dei)
PEATFI BB AVEF 4 2 V0?) o 0.5M HoSO. 0 €4 7 % ¢
(R R AT T 1R VO ~ V3 E 1 2VO,") o

() TLEnTPR - TREL AT BHRT

d % Ik EHSOsR R A2 H RSP 17 R(B120)7 5 1
P AL RS AT RIS AR IF AT RE T ERRAH o
Bl FL AT IRE R R R $HS0s m 3 0 BER R
MERTTRBER ] > RAELFITRES » RF LI E

34
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