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Lecture #15 of 20+
571
Liquid-Junction Potentials
Chapter 2
572

(UPDATED) 573

Q: What's in this set of lectures?
A: B&F Chapter 2 main concepts:

e “Section 2.1”: Salt; Activity; Underpotential deposition
e Section 2.3: Transference numbers; Liquid-junction
potentials

573
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Refresher... the equilibrium potential and the Nernst Equation 574
(UPDATED)

O+ne =R

E=E° RT ! ap < activity of R
=E%'——In

nF  ag «—— activity of O

the standard potential
(look it up in the back of your book or in the CRC table)

... the activity is the product of the activity coefficient and the concentration...
... divided by the standard-state concentration, which is (nearly) always 1 M...
o RT_ vgr Cr/Cr
E=E"— —InRCR
nF " yoCo/Co

RT vyg RT. Cgr/CP

E=E’-—In———In
nF "yo nF  Cp/C§
574
Refresher... the equilibrium potential and the Nernst Equation 575
(UPDATED)
o
o RT_ yg| RT Cgr/C8
E=E'——Ih—=f—In—"—=%
nF yo| nF  Co/Cg
EY
oo R, Cr/GR
nF - Co/CS
the formal potential... this depends on the identity and
concentration of all ionizable species present in solution
575
However, (concentration) equilibrium “constants”... 576
BasO ... are not constants...
4
36
32
e CH,COOH
g K, x10°
“é: 24
? 20
g c H,0
5 16| Ka=175x10° K, x 101
£
12 HK,.:l,lxur'”
A
K,=10x10™"
0
106 10°% 10t 10 107 10!
Concentration NaCl, M
2004 Tromson - EroaksiCon Fig. 10-1, p. 268 in Skoog & West
576
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... let’s focus on the solubility of BaSO,... 571

ASOjl Aﬂﬁ 2
BaSO,(s) = SO (aq) + Ba**(aq) K, =————=A .A .

8as0,

A (activity) = 1.0 for any pure solid compound
in its standard state at room temperature

577
... let’s focus on the solubility of BaSO,... (UPDATED) 578
2 2+ Asof Aﬂﬁg
BaSO,(s) = SO,%(aq) + Ba?*(aq) .Ksp = A— = Am;E A .
Bas0,

K, = y,i‘of [SO;Z]}IBGQ [Ba"z]

the activity coefficient
for SO,>
the concentration
of SO,
(already divided by the standard-state concentration)

578
... let’s focus on the solubility of BaSO,... (UPDATED) 579
2 2+ ASO;! ABG+:
BaSO,(s) = SO,%(aq) + Ba?*(aq) Ksp = A— -~ ASO:_,A »
BasO,

KSP =Ysop [SOf ]yBa 2 [Ba +2:|

the thermodynamic equilibrium constant

' K, ~ .
Ko = o =507

the concentration equilibrium constant

(with each concentration already divided by its standard-state concentration)

579
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... the greater the charge on an ion, the greater the depression of its 580
activity coefficient by an inert salt...
1.0
=
08 -
| K
2
&
hg 0.6
9
fd
= 04 Ca®+
8
§ 0.2 T
Fe(CN)§
0 e(CN)g
0 0.1 0.2 0.3 0.4
(~10 mm) i
\/_ ~100 mM

2004 Thomson - Brocks/Cole
lonic strength, I = 0.5(z,2[A] + zg?[B] + 22[C] + ...)

... 50, for NaCl, what is /? [NaCl]! Fig. 10-3, p. 272 in Skoog & West

580

... the greater the charge on an ion, the greater the depression of its 581
activity coefficient by an inert salt... but at high concentration, this trend flips!

T+
hydration
interionic interactions dominant
dominant
Ve
Fig. 2.18. Schematic of the observed trend of y, versus e curve for salts showing
a minimum.
Bockris & Reddy, Fig. 2.18
581
... let’s focus on the solubility of BaSO,... (UPDATED) 582
AcysAy -
BaSO,(s) = SO.*(aq) + Ba**(aq) K, = " ASO;_: A,
BaSO,

KSP =Ysop [50;2 ]}’Ba 2 [Ba ” ]

K, = LN [s0:*][Ba""]

... but what are these values? That is, how do we calculate them...
... and why do they depend on the concentration of salt?

(with each concentration already divided by its standard-state concentration)

582
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... in all three of these cases, K' > K, at not too large of an ionic strength 583

less ionic more ionic
ASOjl Aﬂﬁu
BaS0,(s) = SO,*(aq) + Ba?*(aq) Ky=—F——=~A_ A .
ABGS(L
2H,0 = H,0* + OH- K, =A, A,
0* ACH\COO'

CH;COOH + H,0 = H,0* + CH,C00~ ¢ _ o eheoo”
a
\_/ A(H;,COOH

general observation: K" always shifts (from K) to favor
the most ionic state of the equilibrium

583
Refresher... the equilibrium potential and the Nernst Equation 584
(UPDATED)
E=E% — E In M
nF Co/CQ

Question: How, qualitatively, is the equilibrium potential for Fe2*/Fe3*
affected by the addition of a supporting electrolyte, KF, at a
concentration of 0.1 M?

Fe3* + le~ = Fe?*

<. NOW, Va3, < Yreosr agreed?...

584

Debye-Hiickel equation %85

0.51z2V1
(in water at 25 °C)  —logy, = .

1+ 3.3,V
o = effective diameter of hydrated ion (nm)

TABLE 10-2
Activity Cocfficients for lons at 25°C

o
Li*. CHC00
a1, HS0, HOOS, PO, HAS0G, e

‘Source: Reprimted with permissian from J. Kiclland. 1. Am. Che

& 2004 Thamscn - BrcksCots

Table 10-2, p. 274 in Skoog & West

585
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Debye—Hiickel equation

586
(in water at 25 °C)

0.51z2VT

1+ 3.30,VT

a = effective diameter of hydrated ion (nm)
... the derivation is long... but the main idea is that you balance

thermal motion (Boltzmann) with electrostatics (Poisson/Gauss)...

—logy, =

Physicist & P-Chemist Physicist & P-Chemist

Peter Joseph William Debye Erich Armand Arthur Joseph Hiickel
(1884-1966)

(1896-1980)
from Wiki

586

Debye—Hlickel equation

587
(in water at 25 °C)

0.51z2VT

1+ 330, VT

a = effective diameter of hydrated ion (nm)
... the “limiting law” is when | = 0 (< 10 mM)...

—logyy =

... and then the Debye—Hiickel

equation simplifies to just the
numerator:

JT——— —logy, = 0.51z2VI

- TREORETIGAL GUAVE

Fig. 3.23. The comparison of the experimentally
observed mean activity coefficients of HC| and those

that are calculated from the Debye-Huckel limiting
law.

Bockris & Reddy, Fig. 3.23

587

Question: How, qualitatively, is the equilibrium potential f

or Fez_}/Fe”‘88
affected by the addition of a supporting electrolyte, KF, at(gPDA ED)
concentration of 0.1 M?

Fe3* +1le” = Fe?*
RT RT Cgr/CR
E=FE0 - n& == nL};
nF Yo nF CO/CO

<. NOW, Va3, < Veeowr agreed?... So...

Yr

> 1.0 and lnY—R >0
Yo

Yo

... and we conclude that in the presence of added salt... you tell me!

588
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Question: How, qualitatively, is the equilibrium potential for Fez_;er3539
affected by the addition of a supporting electrolyte, KF, at(gPDA ED)
concentration of 0.1 M?

Fe3*+le = Fe?*

no added salt... l with added salt...
Yo =Yr = 1.0

lnY—RZO

Yo YR 510 and MR >0

Yo Yo

ANSWER: E' shifts to more negative potentials

589

Question: What if the redox species were positive/neutral ghar&ed, 590
like TI*/°, and we increased the concentration of supportir‘g RRA te

to ~0.1 M?
TH+1le=TIO

E=E°-—Ih——-—
B 0
nF yo nF Co/Cg
- cathodic reaction -
: 71| Im-74r tO0 bring TI*
s =y to the electrode with added salt...
H O
1
increasing
1 Soporting || lais: to bring TI*
electrolyte || to the electrode
o 1

e E 5.0 ET]

oo, YR < 1 0 and InYR > 0

Yo Yo

Figure 435 Volmmograns for reduction of .65 mid Th

ANSWER: E°' shifts to more negative potentials (which are more positive in TX!)

590

Question: What if the redox species were negatively chagﬁed like 591
[Fe"(CN)¢]*/[Fe"(CN)¢]*, and we increased the concentr Fé ED)
supporting electrolyte to ~0.1 M? (FROM LAB!)

[Fe"]?~ + 1e~ = [Fe']*
E =E0— El YR _ E M

with added salt...

E<1.0 and lnﬁ<0

Yo Yo

ANSWER: E°' shifts to more positive potentials

591
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... practical “activity”... even of solids! Underpotential deposition (UPD) 592

Current (A)

592

-0.002—

-0.001 —

0.001 —,

0.002

UPD of cobalt on Au thin film

-0.003—

E, . Ocq() < 1... because the activity
of a solid is proportional to its
surface coverage!

Co® =2 Co?* +2e” B&F, pg. 420

I ... but what are these
small cathodic current "bumps"
that occur at E,,, > E.q?

| 1 | 1 | 1 | 1
-1 -08 -06 -04 -02 0 02 04

E (V vs SCE)

Co?* +2e™ = Co®

... practical “activity”... even of solids! Underpotential deposition (UPD) 593

Current (A)

593

-0.003
-0.002—

-0.001 —

0.001 —,

cobalt'

UPD of cobalt on Au thin film

OPD of cobalt

Eeq ... Ocq() < 1... because the activity
of a solid is proportional to its
surface coverage!

Co® 2 Co?* +2e™ B&F, pg. 420
o Co®*
gold
2+ - = Col
Co* +2e” = Co UPD of cobalt
NN | 1 | 1 | 1
gold 3 06 -04 02 0 02 04

E (V vs SCE)

Mendoza-Huizar, Robles, & Palomar-Pardavé, J. Electroanal. Chem., 2003, 545, 39

594

Q: What's in this set of lectures?
A: B&F Chapter 2 main concepts:

594

e Section 2.3: Transference numbers; Liquid-junction

potentials

e Sections 2.2 & 2.4: Donnan potentials
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Now on to two general liquid junctions that we care about (the most)... 595

an SCE an ISE (for nitrate ions)

595

... liquid junctions: 596

when two ionic solutions are separated across an interface that
prevents bulk mixing of the ions, but has ionic permeability, a potential
(drop) develops called the liquid junction potential.

11/28/2023

Type 1 Type 2 Type 3
0.01 M 01 M 0.1M Q1M 01 M 0.05M
HCI HCI HCI KCI HCI KNO3
—-— H* H* — H* -
—— —_—K Ol ——
-— K
-=—1——NO;
(a) (b) ()
same salt; one ion in common; .
everything else
different conc. same conc. rything

Bard & Faulkner, 2" Ed., Wiley, 2001, Figure 2.3.2

596

..example “1”: e starting at the side with larger ion concentration 597

® the ion the with larger mobility will impart its
charge to the opposite side of the junction

... conceptually, let’s think about a condition in the

Type 1 limit where t,;, > 1 (say t,;, = 0.9)...
... as H* diffuses down its concentration gradient,
0.01 M 01M an electrostatic force is exerted on Cl- to pull it
HCI HCI along (at a larger flux) while at the same time
slowing down transport of H*
— H*
- ... this happens until t—effective = 0.5 for both H*
and CI-, and at which time the system has attained
steady-state mass transport and has generated a
maximum liquid-junction potential.
@ @ ... FYl, in semiconductor physics this same process
(@) results in a Dember potential... and the transport
same salt; process is called ambipolar diffusion

different conc.
Bard & Faulkner, 2" Ed., Wiley, 2001, Figure 2.3.2
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Recall that transport number, t;, (or transference number)is based on ... 598

[

Z.
= v = _|_.l__ units: cm?/(s V)
17 ¢ 611-777' (Stokes' law)

... and that the ionic conductivity, k or o, is defined as... .
Siemens

S
K = FE ‘ZiluiCi units: S/cm or 1/(Q cm)
i

e

... so tiis the fraction of the solution conductivity attributable to ion

The Kohlrausch law (empirical) and
A-C. Debye-Hiickel-Onsager equation
_ lzliulcl ve sager ed
o=~ =  (theoretical) predict that the molar
! conductivity is proportional to the
2 Izl
S 117

Physicist

square root of the salt concentration
Friedrich Wilhelm Georg Kohlrausch

Ao (C)12 (1840-1910) -
from Wiki

598

Recall that transport number, t;, (or transference number) is based on ... 599

z. e
u; = v = | ! units: cm?/(s V)

€ 671'7?7' (Stokes' law)

... and that the ionic conductivity, k or o, is defined as... .
Siemens

K = FE ‘ZiluiCi units: S/cm or 1/(Q cm)
i

... so tiis the fraction of the solution conductivity attributable to ion "i"
The Kohlrausch law (empirical) and  p_cpemist & Physicist
} z. iuc Debye-Hiickel-Onsager equation I
PR o L et T (theoretical) predict that the molar -y
! E lz_ Iuc conductivity is proportional to the 7
3 1177

5

square root of the salt concentration

172 Lars Onsager
Ao (C) from Wiki (1903-1976)

599
— " TABLE 232 Ionic Properties at Infinite
equivalent Dilution in Aqueous sm..ll'iem::;ta;}rc 600
molar (ionic)
conductivity  fon > A, cm® @' equiv"* 1, em?sec™! V1P
| w 349.82 /365 x107
K 7353 7 THI R 10
Na* 50.11 / 5193 % 1074
Li* 38.69 / 4010 X 107 ey
NH; 734 / 761 x107*
e 59.50 / 6.166 % 10~
- 198 / 205 x 1073
a 76.34 /  1emzxwt |
T 84 / 13 X110
1 76.85 / 796 *107¢
" —4
gﬁ;, L;f 5 :_ﬁi 13 4 ..and recall the
Clo; 68.0 / 705 x107* Einstein—
1803~ 79.8 / 827 %107 Smoluchowski
HCO; 44.48 / 4610x10™ o0 ation to
Fe(CN);™ 1010 / 1047 % 107°
IFe(CN)E™ 1105 / Lis x 0= Calculate D,
“From D. A. Maclnnes, “The Principles of Electrochemistry,” ” fy M
Dover, New York, 1961, p. 342 i RT
bCalculated from Ag.
600

11/28/2023
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.. example “2”:

e compare dissimilar ions (cations or anions)

11/28/2023

601

o the ion with the larger mobility will impart its

charge to the opposite side of the junction

01 M 01 M
HCI KCI

Type 2

r—
~K"

Cr—>

OO

(5)

one ion in common;

same conc.

... the sign of the liquid-junction potential is
obvious for Types 1 and 2 (but not Type 3)

based on the mobilities of the individual ions...

... and so when in doubt, think logically about

the sign of the potential to verify answers...

... and yes, CI~ will migrate/drift based on the

electric potential formed by cation transport

Bard & Faulkner, 2" Ed., Wiley, 2001, Figure 2.3.2

601
TABLE 232 Ionic Properties at Infinite 602
Dilution in Aqueous Solutions at 25°C
Ton Ap em® 7V equiv 4w, em? sec ! VI
H* 349.82 3625 x 107
K* 73.52 7.619 x 1074
Na 3011 193
Li' 38.69 4.010 % 107%
NH] 734 761 x 1074
iCa* 59.50 6.166 % 1074
OH™ 198 205 x107°
cl 76.34 7912 % 1074
Br- 784 813 x 107¢
I 76.85 796 % 107%
NO7 71.44 7.404 % 1074
OAc™ 409 424 %1074
clo; 68.0 705 x107*
1807 79.8 827 x 1074
HCO; 44.48 4610% 107*
Fe(CN)™ 1010 1047 % 107%
IFe(CN)}™ 1105 1.145 % 1073
“From D. A. Maclnnes, “The Principles of Electrochemistry,”
Dover, New York, 1961, p. 342
“Calculated from Ag.

602

we use ti values, which are based on kinetic transport to determine 603

the liquid-junction potential (for derivations, see B&F, pp. 70 — 72)...

Type 1

0.01 M 01 M

HCI

—_—

HCI

H*

s e

®O

(a)
same salt;

different concentrations

603

Type 2
01 M 01M
HCI KCI
H* ————

— K

)0,

(b)

same cation or anion;
different counter ion;

same concentration

Type 3

01M | 0.05M
HCI KNO3

H* "

CI" ——

—K
-=———NO3

QO
()
no common ions,
and/or one common
ion; different concs

11



we use ti values, which are based on kinetic transport to determine 604
the liquid-junction potential (for derivations, see B&F, pp. 70 — 72)...

RT . a()
Type 1 E = — %) = (1. — t_) 2= In —,, - Usethe
yp ] (‘bﬁ ¢' ) ( + ) F ap) activity of the
entire salt
Dk
Tvpe 2 = i ... use the conductivity due to
yp E =@ Sl C,(B) 2o even the common one
; e (with a few assumptions, pg. 72)
... sign depends on the charge of the dissimilar ion:
(+) when cations are dissimilar, and (-) when anions are dissimilar

>, 2 [C{(B) — Ci(a)] 2laluCile)
_ 1 Hln i
! Slefulci@) - el F o S lluci@)

1
the Henderson Eq. (with a few assumptions, pg. 72)

Type 3

... as written, these equations calculate E; at f vs «

example: B&F Problem 2.14d 605
Calculate £; for NaNOs (0.10 M) | NaOH (0.10M)
alp
1. What Type? Type 2
2. Polarity?

TABLE 232 Ionic Properties at Infinite 606
Dilution in Aqueous Solutions at 25°C
Ton Ap, em® 07" equiv™® w, em? sec™! VTP
H 349.82 3625 x 1077
K 73.52 7619 % 1074
Na* 50.11 5.193 x 107
Li* 38.69 4,010 x 1074
NH; 734 761 x107*
iCalt 59.50 6,166 % 104

|  on" 198 205 %10 |
I 7638 TOLZ X 10 "
Br- 784 813 x107*
1 76.85 796 _x 1074

| oy 71.44 7404 x 107 |
OAc 05 723 X107
clo; £8.0 705 %x107*
1505 79.8 827 x 107
HCO; 4448 4610 % 107
Fe(CN);” 1010 L47 % 107°
IFe(CNJ;™ 1105 1.145 x 1073
“From D. A. Maclnnes, “The Principles of Electrochemistry,”
Dover, New York, 1961, p. 342
bCalculated from Ag.

11/28/2023
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example: B&F Problem 2.14d 607

Calculate £; for NaNOs (0.10 M) | NaOH (0.10M)
alp
1. What Type? Type 2
2. Polarity? Polarity should be clear... compare mobilities... tq,._is larger...
... s0 NaNOj; side will be (-)... and so f vs a will be (+)

3. Calculate it: - Elzi P.CJ(Q’)

E .. () dueto

j =T ?In ‘E|Zrhcl(m anions moving

+ as predicted, a (+) L
uNO; p-Na"‘) potential correlates
o with the compartment
HoH- T Hnat/ < in the denominator, /3,

E = —0.0591610g<
Vs a

7.404 + 5913
Ej = —0.05916log =0.0176 V= +17.6 mV

20.5+5.913

... aratherlarge E; (at S vs a)!

TABLE 232 [onic Properties at Infinite 608
Dilution in Aqueous Solutions at 25°C
Ton Apoem® 0 equiv™ ¥ u, cm? sec”! VTP
H' 349.82 3625 x 107*
... 50, why do trained | 7352 7.619 % 107*
electrochemists prefer to Na SUIT 215510
\ -
use saturated KCI (or KNO,) i 38.09 4010107
the salt to fill ref NH; 734 761 % 10
as the salt to fill reference Lot 59.50 6.166 X 10~
electrodes? OH 198 205 x 10

| « 7634 7.912 % 107 I
... similar mobilities and Br- 784 813 X 10

P r 7685 796 X 107
thus, similar /s and thus,... (S To8s 7_W
OAc 09 434 K1

... vanishingly small LJ clo; 68.0 705 X 107*
potentials! is0%” 79.8 827 % 107¢
HCO; 44.48 4.610 X 107%
{Fe(CNYR~ 1010 1.047 % 1073
1Fe(CN)}™ 1105 1,145 x 107

“From D. A. Maclnnes, “The Principles of Electrochemistry,”
Dover, New York, 1961, p. 342

PCalculated from Ag,

608

11/28/2023
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