Quantitative Chemical Analysis
8th Ed. - Daniel C. Harris —
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ZHILI & Xl (Galvanic Cells) (1/3)

f—‘%

(Ol BAS SIGHME 8 SRS ASIE D (2 SRS &9 |  Potentiometer | — wire
I 0{0F &)
- S SHSNFNOZ MEGHA ML SRAMUA ASHH N«
2 B2 WO &1, 22NO2 =250 U0
HAOL QIS SRS SoHM B B2 52K GHOk B S P ,f/
(0ll; Z1&13-4) i ey —
. CA220| Cd** 2 MEEBA WO == ®X) il o B
o2 528 E3l Ag =0 B D remony L\\
=S8R S2ESua ehgsEs | Ehwa) SRS,

- AgteE Age ESRE 1, ClT
- (Harris, p285)
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ZHILI & Xl (Galvanic Cells) (2/3)

& 1) (Salt bridge)2l 224

- Aot X et EHE M AFOIS] =22l H EelJ fleH, &

bal

Ol I & B8t Li=20 21 AFOIE &K BtSite a2

Hu= otd 39, KCI30g= = 100mL0l €10 42 MOl == JtE€et =0l UAE 20l 0 &0lH &
\'

-E22AN=E L3t KCl =X E=.

Vv

Q ¥ NO, glass
m[\\_d;?% Cd(NO,),(aq) plates AgNO;(aq)
/\
Cd**(aq), NO;(aq) - -
- S s NO; b E51
e Ag+(aq), NO,'(aqT — . \_// v
( / ) Anode Cathode
w Cd(s)—Cd**(aq) + 2e" 2Ag*(aq) + 2e" —2Ag(s)
4
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ZHILI & Xl (Galvanic Cells) (3/3)

= M OAY
| &(phase) A || S
04l) Cd (s) | CdCl, (aq) | AgCI (s) | Ag (s)
Cd (s) | CdCl; (aq) || AgNO; (aq) | Ag (s)

Glass electrode
socket

Reference [ pl:
meter
electrode |
socket -) b‘
/
Salt bridge

Strip of
Zn metal
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Cu metal




o0

oll
i

)

Al A O
= T A

ol A 2012 &0]| 0= 0]

o M2 =50 2

Oote B2 2(+)2] L0l LIEFLH T,

uln

-t

(]
=

-

—

20' C
o —

& 24 Hl (potentiometer, voltmeter) :

010

oln

=

-

nJ

-

=l
0l

o)

HAlotL

&"(common)2 =

13 ﬁl
()

=29o| ¢tar=
oO— 2=

A2

the wire at the center

Positive terminal is
inside connector

ol

BNC connector

0.

Mzt

Reference (- terminal)

g 13-72] 0

0

1

pH (+ terminal) —

U.S. standard connector

=Sk



S& (A)JH10l2ts A

&= (S.H.E., standard hydrogen electrode)”; N.H.E.

AZH0 A0, =AIIHE 20 E0HN EXUE Hy(aq) 2 Z3HA

- HZE0H=S AHY)IE 121 (=R
H*(aq, A=1) + e~ = %Hz(g, A=1) o "
- FEo = 25°CHA S.H.E.Ol O(zero)2 dMets X & @

Pt(s) | Hx(aq, A = 1), H*(aq, A= 1) || Ag*(aq, A = 1) | Ag(s)

S.H.E. || Ag*(agq, A=1) | Ag(s)
M2 dAHS S2(HZE=)

- PYHOR Umo| w3

— Cd*t + 2e” = (CdBtE BISO| HESANAE =F
S.H.E. || Cd?*(ag, A=1) | Cd(s)
- 0.402 v: S(-)2 8K SS0| i 2 20|
HESRMEP= SHE. BHEBISO] M2(XE 0.000 Vel gts =R 22 o2 Hotld,
10 CHet XHO[ el A CHE QI gt Z Al HAIE 7



= 13-1 Ordered redox potentials

Oxidizing agent Reducing agent E°(V)
T F,(g) + 2e~ = 2F- 3 2.890
O;(g) + 2H* + 2~ =0,(g) + H,LO & 2075
- Q
: k=
MnO; + 8H" + 5¢~ = Mn?* + 4H,0 & 1.507
|
Agt + e = Ag(s) 50 0.799
S Cu2* + 2e~ = Cu(s) 3 0339
£ : e
§ 2H* + 2e~ = H,(g) 0.000
o .
; Cd2*+ + 2e~ = Cd(s) —0.402
5 :
:E KT 4 g~ = K(s) —2.936 =11
S Lit + e~ = Li(s) 4 —3.040




B 2-23 BZF AHEERY H9J(25°C, pH=0)

Aretg el HhS-Al E,or”
H, 0 H,O Hy,O,+2e +2H =2H,0 1.78
MnO,~ MnO, MnO,” +3e + 4H = MnO, +2H,0 1.70
Ce*™ Ce®” Cet T +e= T 1.61
Broy” Br, BrO; + 10e +12H =Br, +6H,0 1.52
MnO,~ Mn?™" MnO, +5e +8H = Mn*" +4H,0 1.51
Bro;~ Br~ BrO; +6e +6H = Br +3H,0 1.42
cl, cr Cly +2e=2C" 1.36
CraO7~ o3t CrsOF " +6e +14H =207 +7H,0 | 1.33
Mn O, AT MnO;+2e +4H = Mn* " +2H,0 1.23
105~ ICly IO +4e +201 +6H =1ICl, +3H,0 1.23
105" pA 270, +10e +12H =L+ 6H,0 1.20
105 I IO, +6e +6H =1 +3H,0 1.09
Br, Br Bry +2¢e=28r 1.07
Fe3™ Fe*™ Fed T +2e=Fe 0.77
MnO,~ MnO, MnO, +3e+4H =MnO,+2H,0 0.59
As02~ As0°~ AsO> +2e +2H = As0 "+ H,0 0.56
I I~ L+2e=2]" 0.54
IO~ I~ IO +2 +2H =] +H,0 0.49
Felon)g™ | Felon)g Fe(ON)@™ +e=Fe(CN)g™ 0.26
Snt” Sn?” SntT+2e =507 0.15
S0 S05 85,05 +2=28,0."" 0.13
o H,(Pt) QH T +2e=H, 0.00
Sn®” Sn Sn*T+2e=5n -0.14
CO, H, G0, 200, +2e+2H = H,,0, -0.49

EXx2




£° =0.771V

EO

Fe3* + e — Fe®

0.5355

l; + 26" — 3

£E°a=x =0.771V —0.536 1V = +0.235 /

2Fe3* + 31~ = 2Fe** + I3~
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The Nernst Equation J

The concentration dependence of E for each half rxn is given by the Nernst Eq.

By convention half rxns are written and treated as reductions in redox tables.

= Simple half rxn : ox + ne" 2 red has the following Nernst eq.

£ o - Ll
nF

A
For convenience we often work
£ po_ 00592 0g Awd  with concentrations not
n A activities, using [red]/[oX]

= For amore complex rxn we get:
aA +bH*+ne-2cC+dD

o 0.0592 0592 [CI°[D]" [D]° [products]/[reactants] raised to
E=E N [A] [H']P  their stoichiometric values

11



The Nernst Equation - Example J

Write the Nernst equation as it applies to the following electrochemical reaction.

Cr,0.2* + 14 H,0* + 68 2 2Cr3* + 7H,0

Solution:

12



Ol &l

103 M2| Cr,0,2 & 102M O Cr3* 8240| QICt. pHIt 2.00/2+H,

0l Et& Bt O] M= 0tel?

) 0.059 cro
E=E cr,0,” cr¥* ———— Iog > @
6 [Cr0,

212
— 1.33——0'%59 log (10%)0@14
0.059

THe
k=

log10*" =1.33— 27(@)

=1.33-
=1.06V
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EHM% AA"EII 0l a2 2= & =2
=l

BIZ BEES 9| Nernst 4! :

aA +ne- — bB 0l M, Nernst 4!: TE nA—Z
Eo: DEERNRA (AL=Az=1)
T: 2% (K) n: HEY BHEBLS AN AL &It =
F: Faraday 4&F4= (9.649 x 10* C/mol) A:S8E (o &8s
Nernst Al0IlA 20 &2 8SXI4+Q, Q=A2/A;
- QE EHEAMSYAZS FHHEOIXIRHEST= HEgS2 I 2 818,
- =20, = U, E0H S22 Q2 EAINAM Mt
- BEO sT=moles/LE, JIHIS sE= & barsZ ZAIE T g2 A2
- Q=1,InQ=00|™,E=EJ} &.
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Nernst 4! (1/3) - Ofl Al

005916, Ay

« 250COI A2 Nernst &l : E=E° 09—,
n AL

(Q=t0l 1080 Bate! MHOICH M= 59.16 mV /n A BH3atetlY)

Gil Al
8l QIS Z2H =435} 2(phosphine) I HZ2| && BtS0ll Ci St Nernstal S M AL,

1 o
ZP4(s,white) + 3H* + 3e~ = PH3(9) E =-0.046V

dEfot, 7|M e skE= 7|¥2 2 HA|SHH,

‘mlu
(=}
L

0.05916 I PpH,
[H*]3

E = -0.046 -

15



Nernst 4! (1/3) - Ofl Al

Gl Al
BIZUISS 2 U SolE2tE E° 2 HEtAl =0 SHXICH =8 242 n gt BHE X+ Qo 22
HSCH 2 GIKIS B3SO0l TSt NernstAl S KIS0 M AL,
1 o
ZP4(S, white) + 3H* + 3e~ = PH3(g) E =-0.046V
Z| 0.05916 PZPH3
= E = -0.046 —
6 JTHe

NernstAl O] Qf Of|X|Qt 522 BUO 2 HO|X| UG Et:, EZ 14-2= EQ
+=X|gr0| HHSIX| UASE HO =Lt B2 X590 HEa2 i &4 A=
A

=
nel Ol = Hi7t &= NS Safietrt.
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LAl

18 13-60AM 2LE Bt & XJF 0.50 M AgNO,(aq), 215 2t M X[JF 0.010 M
Cd(NO,),(aq) &I M A2 M= HotAlL. &M dAgSA=S X0, 140 &S =

1CHH QEZ M3 249+ 2e = 24g(s) E, =0.799V
L

A= M2 Cd?t+ 2e” = Cd(s) E_ =-0402V
29 EZE M=20 OISt Nernsta!:
. 0.05916 1 0.05916 1
E,=E -

= — > log [Ag 2 = 0.799 — Tlog 10,5072

3&HA 215 =0 LSt Nernst4y:

0.05916 1 a0, _ 005916 1
2 9ca T T 2 °970.010]

ACHH  ®X ML E=E, — E_ = 0781 — (—0.461) = @1.2421/

E =E_ —

=0.781V

=—0461V
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or25 M XD 0.50 M AgNO,(aq), 215 PH5 M X[JF 0.010 M

18 13-60lA 2LE3F

-t

10
ar

0lJ
Iofr

100

Xy
o o

210

1

M

ol
<l
00

Cd(NO,),(aq) O EXIQ HAS RFIAIL.

000

2A9(s)
Cd(s)

—_
—

2AgT + 2e”

—_
—

Cd?** + 2e”

= Cd*t +24g(s)

Cd(s) + 2Ag*

A0 B2, 2R ets=2 &

JI
+

Iz
=

&0l
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Ce** 2N 5.0mL0Nl 0.30 M Fe?* 2 5.0mL= & JIot A LY.
| A= = =2 R E HAGHAIL.

=0]
Fe* + Ce# = Fe + Ce3*
1.0 + X X 0.50 — x 0.50 — X
Fe3* + ¢ &  Fe# E°=0.771
0.50 1.0
[Fe™]

E =0.771-0.059log" —
[Fe™]

E = 0.771-0.059l0g—2mmol/10mL 221 6.005910g2.0

0.50mmol /10mL

= 0.771-0.059(0.30)
= 0.753/




AgCI(s) + e~ — Ag(s) + Cl~

E°=0.222V E, =E’-0.05916l0og[CI'] E, =0.222—0.0591610g(0.0334) = 0.309,V

Ag'+e” > Ag(s) [Ag]= KpOIM 23
Ky  1.8x10™%°

E2=0.799v E, =E’-0.05916l0g [AgT]= —2 = =5.4x107°
[Ag™] [CI"] 0.0334
E, =0.799-0.05916log % =0.309,V
54x1
= A BHEBIEE He= 2l

- M2 BRSO EADA e StetES S
Ph(s) | PbF,(s) | F~(aq) || Cu?*(aq) | Cu(s) - Pb2 Cull &bt &35}
QEZX BHMXl: Cu?t +2e” — Cu(s)
2% Bt& Xl PbF,(S) + 2e~ — Pb(s) + 2F~ or Pb?*+ 2e~ — Pb(s)

21



|

[Ag* TP

1

[Ag™]

—0.05916 IOQ(

0
+

E, =

AgT +e” — Ag(s)

2 x0.05916

1

oo

0.05916
2

2 Ag* +2e” — 2Ag(s)

|

|Og£ 1
[Ag*]

1

0.05916
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= ZHHLA XK= &

1A[2] BtS0] S AEHO J_X ZLB =2 JME0] 4.
-PEX M3:aA+ne” —»cC EP°

+
- A= M3 dD+ne” —»bB E°

c b
E_g g —po_ 005916 A —(EO _ 005916 ABJ

n Al ) n Al
c pd
E_ (EE B E?)— 0.0?1916 log 2‘32 _po_ 0.05916 logQ
A

SEHEARNA, )™ ES 00] © D, Qs KIF T2 2, (25 °COfl Al)

B 0.05916 logK =0 E0 _ 0.05916 log K K — 1 QnE° /005916

>
>

A1 13-23 A1 13-24
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SM HAIO CHer EQF 2 & X BFS0l thet BFS K== Q2 A

PQEX Md=:aA+ne” =

2% 8= dD +ne” =

cC E.
bB E_

0.05916

E=E -E =E°-
n

E_ (EE _E” )_ 0.05916

log

l0g 2 _(Eo_m.
AL n

c ad
ACA, _ po_ 005916 10g O

n

KZLH E” 2Ot

E'Z22H K 20t DI:

ALAS

o _ 0.05916

E

nE’
——.05916
K= 100

0g ﬁ}

Ao

logk (25TCUIA)

(25COIA)

0ff CHoll Nernst4!

24



Cu(s) + 2Fe3* = 2Fe?** + cu?**

2Fe3* + 2e~ = 2Fe?* E.'=0771V

Cu®* + 2e~ = Cu(s) E_'=0.339V

Cu(s) + 2Fe3* = 2Fe** + cu?**

EE=E.  —E_=0.771-0.339=0.432V
K = 10®(0432)/(0.05916) _ 4 x 1014

otLtSl R & =2 HE F M |5 =Xte A== (14)2 A& UL,
extelols =Xl 8 ==Xt (4)8H01 =0

25



<2
Poru

NIJHA BtS

@ Ni?*|Ni(s) &0l CHst E IS Z2LRH
K= B,=1.2x101

Ni(glycine), 2 &4 &=
Ni** + 2glycine = Ni(glycine),

Ni?* + 2e~ = Ni(s) E =-0236V
G2 BtS2l E'dt2 76HAI2.
Ni(glycine), + 2e~ = 2glycine”
AHOI 2] 2t A|
Ni?* + 2e~ =2 Ni(s) E, =-0.236 V

Ni(glycine), + 2e~ = Ni(s) + 2glycine~ E_ =7

Ni?* + 2glycine™ = Ni(glycine),

o 0.05916 0.05916

log(1.2 x 1011) = 0.328 V

logK |=

-

BFSA 14-2501 UHet 2= &td d7l= U Ct.

E'=E -E =-0.236-0.328 = -0.564 V

r0
0lo

1t 2

rir

E°=7? K=12x 101

H
OO0 N2
A
T NI 1
S S
N O 0O
Ha
Ni(glycine),2| 7}58F 25
=X
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(=)}

=13
=

2XII2H2 8 (1/2)

2L DX S B S

1) & BHE X ALOIQ] B E (1,00 bae
BIEE X Lo B

RCHH, O] M =& X

Bt X AFOIOf| &

=X

S0l SIS EX QJACHD & CHiCONa(0.005 0
Pt(s) | H,(1.00 bak) | CH,CO,H(0 os;M)z CH,CO,Na(0.005 0 M) || CJ(0.10 M) | AgCl(s) | Ag(s)
- ja'l Ll’ Ol IIH_[I:_ U;I-&X| j—II-D—I|-—(2| %28 Z/e_)' Aha!At:uffer! :l--rrl:I 13-9
- MetA MAIE Y SEC =2 2 BHE] et E=2 =5 Nernst &= 0lE0otH 2&
s
AgCI(s) + e — Ag(s) + Cl- (ag, 0.10 M) E? =0.222V
2H* (aq, ? M) + 2e- — H,(g, 1.00 bar) =0V
P
E=E, —E_ =(0.222-0.05916log[CI"]—| 0— 0.05916 log —
2 R
=[H']=1.8x10"*M _[CHCOIR T 1 g 105

®  [CH,CO,H]

27




=z ggHaE +0.342V

o
S 1 S YIEHSS )45t EEH - u
e Solution prepared from\ =41
= - 50.0 mL of 0.010 0 M HgCl
FIE =0 E°E &= + 8l HHEUS 4y, 40.0 mL of 0.050 0 M EDTA
10.0 mL of buffer, pH 6.00
—)ﬁ
= I )
Ol HRetP Y BISS 12 Ye o \a
Salt bridge
2 J|&6ts A2 D2E AL —/l/( N
CHH| 2. =™ XIBHS Ol TH 8 Nernst A1 S bt
L = a3 13-10
M Ote =ile 25 . MU=z A PRt e -
e \ , ~ I
E|’E D|I|—+—E 6“}7} =. \_—/ Hg(/) Pt contact

Standard hydrogen

elect
ctA 3. Ol s&= & Al&totd 0l O S.H.E. || Hg(EDTA)*"(aq, 0.005 00 M), EDTA(aqg, 0.015 0 M) | Hg(/)

Sot E84+2 =2ME ol 2.

rIr

HO(EDTAY S| B & A4(K)E SHIH=0 AFEE & 2
I NI (296, 297 =) 2rHhLIZ X1 (011 A |

28



O8 14-109 ®Xl= Hg(EDTA)* 2 84 &=(K,)E 2HE = UL
QEZ FEE22 0.500mmolll Hg?t2t 2.00mmol2l EDTAJF 0.100L2| pH 6.00Q! 25 M ot
=0t ACH 80l +0.342 VY [ Hg(EDTA)*~ 2l K;3tS 7GHAI2.

20 oy ez ws &m HE 24 33
Hg?* + 2¢~ = Hg() = 0.852V

0.05916 1
@: 0.852 — . log([Hg2+])

QEZ B2 MII0A Hg? 2 EDTA ALOIQ| Bt22 CHSD 2Lt EX1
'\ SOGmL ] 0,010 OM an‘\
K ik
Hg?* + Y% = Hgy?" M — REIER P

HgY* 2l %= 0.500mmol/100mL = 0.00500M OIC}.
QEZE ZJ|0l= 0.00500M2 HgY?2~ 2t 0.0150M2]

EDTA, SE2 D25 229 Hg2+ It QLT

HgY?™ o &4 &= L UL He L TEE

HE L4 A2

[Hgyz— [Hgy2—] @tumyh:aq_ 0.005 00 M), EDTA(aq, :-.U'@

K —_ — —
P g ] [ng+w a8 13-10

29



0.05916 1
E=0342=E, - E_ = <0.852 — 2% og ( g2+])> — (0)

3&AH [Hg**] =5.,x10718M
Ol [Hg** ]t 2R H Hgy*” 2 &4 &5 7& = UL

[HgY?™] (0.00500)
Kr = = — 3 x 102!
[Hg?+]ay+-[EDTA]| (5.,% 10-18)(1.8 x 10~5)(0.0150)
EDTAR} Hg(EDTA)?~ 2| SEI2HUS “4£2 (|2 &4E 2H"'O2 RRFH}
=11
[2tA, O|HO 22 MXMAS ZHE 2 QL) A

SUUmL 2] 0.010 OM Huc\
40mL2] 0050 0M EDTA
10.0mLe] ¢H549, pH

- bDD Oi,- }]iﬁl--& of

. Odftqd

EE 4 AT

S.H.E. || Hg(EDTA)*(aq, 0.005 00 M), EDTA(aqg, 0.015 0 M) | Hg(/)

% 13-10
30



ro
[0
pa
=40
rir
[=)
I

LHotEtE BHS UM HAJE LEEELEALE, BtS = L= BtSA=0] & £= FI101H

r
F
0|

122 pH70MS 23S0 MZE2 2SHA L.

=
-
10
ge)
I
r
\l
ry
Pl
o
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H 13-2 Reduction potentials of biological interest

Reaction E° (V) E°" (V)
O, + 4H" + 4e~ = 2H,0 +1.229 +0.816
Fe3* + e~ = Fe2* +0.771 +0.771
I, + 2= = 21~ +0.535 +0.535
Cytochrome a (Fe?*) + e~ = cytochrome a (Fe?™) +0.290 +0.290
0,(g) + 2H" + 2¢e~ = H,0, +0.695 +0.281
Cytochrome ¢ (Fe3*) + e~ = cytochrome ¢ (Fe?™) — +0.254
2,6-Dichlorophenolindophenol + 2H" + 2e~ =

reduced 2,6-dichlorophenolindophenol — +0.22
L[Eh,;d,ma,s_corhate + 2H* + 2e— = ascorbate + H.O +0.390 +0.058
Fumarate + 2H* + 2e~ = succinate +0.433 +0.031
Methylene blue + 2H* + 2e~ = reduced product +0.532 +0.011
Glyoxylate + 2H* + 2e~ = glycolate — —0.090
Oxaloacetate + 2H™ + 2e~ = malate +0.330 —0.102
Pyruvate + 2H™ + 2e~ = lactate +0.224 —0.190
Riboflavin + 2H* + 2¢~ = reduced riboflavin - —0.208
FAD + 2H* + 2¢e~ = FADH, — —0.219
(Glutathione-S), + 2H" + 2e~ = 2 glutathione-SH — —(0.23
Safranine T + 2e~ = leucosafranine T —0.235 —0.289
(C¢HsS), + 2H" + 2e~ = 2C,HsSH — —0.30
NAD* + H* + 2e~ = NADH —0.105 —0.320
NADP* + H* + 2e~ = NADPH - —0.324
Cystine + 2H* + 2e~ = 2 cysteine — —0.340
Acetoacetate + 2H" + 2e~ = L-B-hydroxybutyrate — —0.346
Xanthine + 2H* + 2e~ = hypoxanthine + H,O — —0.371
2H* + 2~ = H, 0.000 —0.414
Gluconate + 2H* + 2e~ = glucose + H,O — —0.44
SO3~ + 2e~ + 2H' = S0OF + H,O — —0.454
25803~ + 2¢~ + 4H" = S,05 + 2H,0 — —0.527

Ex1
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1) =X1 - Quantitative Chemical Analysis , Daniel C. Harris, 2012 8th Ed

2) EX2- JABEMS, ABELBELS, 2012
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