1.1 Electrochemical cell as a tool of chemical

analysis

Electroanalytical Chemistry

A science on applications of physicochemical
processes taking place in an electrochemical
cell for chemical analysis of matter.

Electrochemical Cell

Two electronic conductors in contact with an
electrolyte solution.

Electrode

The system electronic conductor in contact with
jonic conductor.
Interface

The boundry between ionic and electronic
conductor



Potential Difference between two metals in a cell without liguid junction

M
— My, =
“’ Me
S
L J
V = potential M’, -  potential M,

(right electrode) (left electrode)

V. =PDy.m, * PDmys + PDgyy,

In the most simple case the potential difference of
the cell is equal to a sum of potential differences
across three interfaces.
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Potential difference between two metals in a cell with liquid junction

| ©

M/
M, “v N,
| 77
S, S2

1 2 2’2 21 1 1

The potential difference of the above cell is equal to

the sum of potential differences of four phase
bounderies.
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In this bioelectroanalytical experiment the two

electrodes are separated by large number of
interfaces

FIG. 5. The arrangement of electrodes for eyclic voltammetry In
kidney cortex of a rat.

The principle of electroanalytical experiment consists
of keeping the potential difference at all but one
interface constant

Electrode with variable PD - indicator electrode
Electrode with constant PD - reference electrode
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1.2 Classification of Electroanalytical techniques

1.

Potentiometry - consists of measuring the
potential difference of the electrochemical
cell at zero current flow. Potentiometry
includes analytical applications of the ion
selective electrodes

Voltammetric _techniques - consist of
introducing a controlled perturbation and

following the response of the cell to this
perturbation

Perturbation Response  Technique
E(t) i(t) voltammetry

i = const Q=i-t coulometry



Voltammetric techniques
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I came to Karlsruhe in November 1908....I was then 22.
Haber proposed to me to explore the glass electrode, the
interest for this topic having been suggested to him by
the earlier work of Cremer. They tried already in
Karlsruhe some experiments before I came, but without
success. I have been handed over the respective appa-
ratus, consisting of a piece of broken glass —cylinder
about 3 mm thick, with a tin-foil sticked around. I saw
at once that such an element could never work, being
short-circuited all over the moist glass surface.
Although I didn’t know at this stage that glass—-balloons
have been used by Cremer (and previously by Giese), I blew
the thin bulb which remains until today the classical
form of the glass electrode. I also installed a quadrant
electrometer with the use of which I was well acquainted.
With this arrangement I got at once positive results
especially as I discovered at the very beginning the aid
of steaming and soaking the glass, quite independently,
of course. I applied steaming at first as a method of
cleaning, being in this case reluctant to use either
chromic acid or organic liquids. I also learned in the
first days the need of avoiding drying out of the glass-
bulb and the superiority of soft over hard glass.
Finally, I chose the kind of diagram for plotting the
bilogarythmic curve as the most adequate way of
presentation. When Haber went to see me in the laboratory

after two days, I was able to show him a very good curve
in HC1-KOH, with an efficiency of about 0.5V. He would
not believe first that it %as possible to get these
results in such a short time and I had to let him look
at the reading telescope that he could plot the points
by himself. The experiment proceeded smoothly, so he
gave himself an outbreak of enthusiasm, leaped, embraced
and praised me im his cheerful manner.

A (etler lﬁngvu\ Klemey siewicz 4o
Maleolyn  Dole




Historical background of Electroanalytical Chemistry

Potentiometry

1910 -

1920 -

1930 -

1950 -

1960 -

1970 -

1980 -

pH glass electrode

cation glass
membrane electrode
pH meter marketed
(Beckman)

blood gas
developed

analysers

Membrane Technology
Nonglass ISE

Gas sensors (GSE)
Enzyme electrodes

Bioelectrochemical
sSenors

Indirect ISE's
Enzyme; Tissue
Bacterial; Organelle

Bioselective sensors
Chem Fet

Bio Fet
Immunoasseys
Multiple enzymes

Voltarmmetric Technique

1905 -

1920 -

1930 -

1950 -

1960 -

1920 -

1980 -

Kucera-mercury drop
experiments

Heyrovsky-
polarography

llkovic equation
polarograph marketed

Polarography-major
analytical technigue
(1955-Heyrovsky-
Nobel Prize!)

Stripping voltammetry
AC polarography;
pulse polarography;
differential pulse
polarography

Ulta microelectrodes in
vivo voltammetry

Sensors  for  liquid
chromatography; flow
injection analysis;
amperometric-sensors



Applications of electroanalytical techniques

1. environment control

2. industrial analysis

%, pharmacy and pharmacology
4. biology and clinical chemistry
5. surface analysis

6. energy conversion
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2.Introduction to potentiomentry

2.1. Galvani potential and electrochemical potential

Zero energy — charged particle in vacuum at infinite separation from
a charged phase

Basic concepts

1. Electrochemical potential - Iu

work done when a charged particle is transferred from infinite separation
In vacuum to the interior of a charged phase

2. Chemical potential - 4

14

work done when a charged particle is transferred from infinite separation
in vacuum to the interior of a phase stripped from the charged surface layer

3. Inner potential ( Galvani potential ) - ¢work done when a charged particle
Is transferred from infinite separation in vacuum across a surface shell which

contains an excess charge and oriented dipoles
11
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The inner potential may be regarded as a sum of:

1) Potential created by the excess charge, the so called outer potential
or Volta potential, denoted as W. For a charge q on a sphere of radius a:

y=-
d

2. Potential created by oriented dipoles with dipole moment p referred to as
surface potential, denoted as y and equal to :

y=47Np/¢&

Therefore the inner potential is equal to:

P=y+y
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Thermodynamic relationships

In a charged system the inner potential ¢ is an additional independent variable of
the total Gibbs free energy:

G=f(p,T,n,¢)
Basic thermodynamic definitions:

1. 1 =(dG/dn)

p,T,nj=n;.,¢
2. Hi = (dG/dni)p,T,nj¢ni,¢:O

Equilibrium condition: two phases « and 8 are in thermodynamic equilibrium
when:

14



2.2 Electrochemical equilibria and electromotive force (emf) of
a cell without liquid junction

Cu’|Ag|AgCI|CI ',Zn2+|Zn|Cu

Reactions
2Ag + 2CI" = 2 AgCIl + 2e (Cu)

Zn®t +2e - Zn

Zn?* + 2Ag + 2CI" + 2e(Cu) = Zn + 2AgCl + 26(Cu’)

Note that vertical bars in the scheme of the cell denote a phase boundary
15



The cell at equilibrium

IL_I 7n2* + 2 /_je (CU) + 2 /ZJCI‘ + 2/uAg — /uZn + 2zuAgCI T 2 :Zle (CU ')

After rearrangement
(’uZn2+ — Hz, ) _ (2/uAgCI _ 2/uAg - 2lucl‘ ) =—2 (/ue (CU) - /_le (CU ')j

Electromotive force of the cell

recall IZ[e = U, — F¢

—Z(ﬂe(cu)—ﬂe(cu '>j=2F(¢<Cu>—¢<Cu ))=2FE
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Electromotive force of a cell

E =¢(Cu)—-g(Cu’)

or

(,Uan+ _,Uzn) B (2/uAgCI — 24 _2'UCI) _E
2F 2F :

) ey )

E — (’uZn2+ _/uZn) E — (2/uAgCI _21uAg _Zzum)
' 2F o 2F

However this separation is formal or conventional in reality:

/“lZnCI2 — Mz T 2/“lAg o 2/“lAgCI =—-AG =2FE

17




Examples of electrochemical cells and their emf
1. Cu’| Ag| AgCl|CI-, Zn2*| Zn| Cu

E — (IUZn2+ _luZn) _ (2/uAgCI o 2/uAg _2IUC|— )
- 2F 2F

2. Cu’'| Ag| AgCl| Cl-, Mn2+| Mn| Cu

E — (luMn2+ _/uMn) _ (2/uAgCI _zzuAg _2IUC|—)
- 2F 2F

3. Cu'|Ag|AgCl|Cl-, Sn*+,Sn2* | Pt| Cu

E = (’uSn4+ ~ Hgpe ) B (zluAgCI —2,LlAg _2’UCI‘)

2F 2F
The second term in all three equations is the same hence we can write
E=E__ —const

test



Reference electrode convention

(21uAgCI o 2:uAg o 2/uC|— )
2F

=0

1. Cu’| Ag| AgCl| CI-, Zn2*| Zn| Cu
Uy = )
2F
2. Cu’'| Ag| AgCl| Cl-, Mn2+| Mn| Cu
(£t = )
2F

.

E—

3. Cu'|Ag|AgCl|Cl-, Sn*,Sn| Pt| Cu

(’uSn4+ _’uSnz*)
2F

Electrode potential — emf of a cell built up from a given test electrode
and a reference electrode

E—




Reference electrodes

H,O* | H, | Pt Hydrogen electrode
CI-| Hg,Cl,| Hg Calomel electrode
Cl-| AgCI| Ag Siver chloride electrode

Electrode sign convention

Write electrode reactions such that electrons flow through an external
circuit from the reference to the test electrode

e [
t Reference electrode | | Test electrode
AG>0 E<0
AG<0 E>0

20



Ag|AgCIICI", Zn?*|Zn

(2]
2A§ + 2CI" - 2AgClI + 2e
Zn“" +2e - Zn & 't | |right|
convention
Zn?* + 2Ag + 2CI' = Zn + 2AgClI

|

AG = pzn + 20pge) - Hza2* - 2Mpg - 200

A—'ias = -nFE |

l’ convention

-NFE = (2upqy - 2Mpg - 200r7) - (Mzn2% - Hz0) |21 pgc) - 2Hpg - 20670

h:

E= {pZn2+ “”Zn)mF

F -

Reference electrode

Ag|AgCI|CI
L
l E<O Li AG >0
ks _
°=.0985 |4 AG*® =190 kJ




Electrochemical cell

Reactions at electrodes 44—

and total reaction

¥

AG = z""'F’rlznr:f - E‘"Subst —

v

e

{left | . | right

convention

AG = -nFE
Thermodynamics

-nFE = {z,u.gx = &R)L"(&’DXMENR)R

{zﬂox‘EﬂR)L =0

convention

h

E = (Bugy - Eug)p/nF

Reference electrodes

in a scale of a reference 4 | PtH,|H"
electrode Agl|AgCI|CI”
Hg|Hg,Cl,|CI
v
E< O AG=>=0
4

E> O AG<0O

E=E°
Standard electrode M= g
potential

22



or

Nernst equation
2FE = p52+ - py,
2FE = ﬂOZHZ"f‘ - ﬂozn + RT|ﬂ(aZn2+fazn)

E = E® + (RT/2F) In (ay2+/a,)
E = E° + (RT/nF) In (3px/aReq)

electrode - transducer 1%

EO _ (’U(Z)n2+ _:uZn)
2F

£O _ (,ng — Hred )
nF

23



Type of electrodes

i

Electrodes of the first order
Zn®*|Zn , Cd?**|Cd(Hg)

metal in contact with its own ions:
E = (uyn+ - py)/nF = E° + RT/F In ayn+

Electrodes of the second order, metal
covered by insoluble salt of this metal in
contact with solution of the anion of the
insoluble salt

Ag|AgCI|CI

E= wﬂggl' pAg ‘pcr}}r F= EO - RT/F In acr

Electrodes of the third order Metal
covered by two films of two insoluble
salts

MM X M, X, M, 2*

electrodes sensitive to the metal of the
second insoluble salt.

24
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2.3 Conductance, transference numbers, mobility, flux and current

Transference number

When current flows through a cell a fraction ¢, is carried by cations and
a fraction t by anions such that:

t,+t =1

2 ti=1

t. is the transference or transport number

or in general

Conductance

Conductance of an electrolyte equal to the reciprocal or resistance is given by:

|_:1:KA
R |

Where K is the conductivity, A is the area and | is the length of a segment
of electrolyte conducting current 26




lonic mobility

lonic mobility U. is a limiting velocity of an ion in an electric field of unit field strength.
lonic mobility is measured in cm2V-1s-1or (cm/s per V/m). It is related to the ionic
conductivityK by the formula:

K= FZ\zi\uiCi

The transference number of ion | is the contribution to conductivity made by that
lon divided by the total conductivity:

P oK z,|uC
K Zj:‘zj‘ujCj

27



Ionic mobilities in aqueous solution at 25°C, /10 4 cm? s ! V!

Cations Anions

HY 36.23 OH"™ 20.64
Li” 4.01 F~ 5.70
Na* 5.19 Cl™ 7.91
K™ 7.62 Br~ 8.09
Rb* 7.92 I 7.96
Ag* 6.42 NO; 7.40
NH, 7.63 CO3~ 7.46
Ga 6.17 SOz~ 8.29
Cu?? 5.56 CH,CO; 4.24
La3™ 7.21

28



Equivalent conductivity

Defined by:

since K = FZ‘Zi‘uiCi and K, = F‘Zi‘uiCi

A=F(u,+u.)
A=A _+1)
where ﬂi _ Fui

is the equivalent conductivity of individual ion

29



In the case of a single electrolyte :

1
A
or ti _ ui
U, +Uu_
4 z|CA
t =

30



2.4 Electrochemical cell with a liquid junction potential

|
»

R

" el = Ca Uy -
d {

&ﬂ[,hl QMH:Z ; Cwu,z{ Cu

E = ¢(Cu)—g(Cu') = {#(Zn) - p(Cu")} + {d(a) — (Zn)} +{$(B) — d(c) } + {#(Cu) — $( )}

(B -d(a)} =E,
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Different ways to make the liquid junction potential

Sample—salt bridge
boundary

32



Boundary between two electrolyte solutions

ol &

MA

MA

M+, A

B e T —
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Liquid junction potential between two different solutions of the same electrolyte

G,:).Su/m[o{-\‘onﬁ
¥ = conat

dp, = Ridn e

a.53 L P'I'OV\

< |6 iuigpmduﬁaf

|

Lln.Cﬁ Crs
EJ:"(KT/F){ j.i'_.f_dl.nc + / _‘f_‘_dm(,*:
Z z_
Ul T Wy
QT (£+ 4 Ce
G ( T +TZ——: '&A'Co(

Fiy= (V) (24-1) Un (Co/Co)

Fcz.rHuA.iM cus€
11 elecholyte
t__: I = 't.t.
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Example: concentration cell

A’% \A%OL l MCLO(((_I) |: MO!,((;;)IA%CLIA-?

= "(EF-I)IM"CKL'“) ¥ LO“SI';

E-= EL- EI - EL’.! 4 £,= “(%I)PMQ;(Z) + Loust

Es= (8)2tA) G [C,

) 4
= (m/F){wc|/cz+ (2t-1) e, = J
= (QU/F) 2t, e G /Gy

v
24,

Ey=E
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L@WLPQ/{'@J Totenbrals ot The L@fug{ Juuehon
I Cetl s ol the Type

A [Agtl| ML) | MeLc) [yce 43

(= 0.04M . £, =20.005M Caleulated
Meo..twvr,ol £2— E
EleohoLi)Jce tm E [my ELs m\V
Na (L 5,531 39 .6 ~ (L. 50.7
K (L 0,430 49.0 - 1.0 50.6

H L 0. 826 4.3, t 33,2, $0.9
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Henderson equation

Activity coefficients independent of concentration and the liquid junction a
continuous mixture of the two electrolytes

R Théﬁ.ung,(c,;“‘C—L) ¥ 2% e

v
E z . S
2 Zu; LE; =) 2 e i,

EL‘J:




t

A

How to eliminate liquid junction potential?

Consider the following interface

oL &

MA

— — — — p— m— —

— uA_CA_ _ uA‘CA‘
A_
u C_+u, C+u.C.+u C . u C_+u, C _+u.C_ +u C .

in predominant fraction of the liquid — junction region:

u, u..
tA_: A (CMA]DO and tM+: M (CMA]DO
u,+u.\Cq u, +u.\Cy

Cl- Cl~
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Consequently:

1

F

B
I(tK+ d Hr oy d Her- )

a
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Elimination of the liquid junction potential by a salt bridge

MA , MA
c‘d 1 Clp
&% 0
KCA
MA MA
I Ca )
E=0 = @) Ei3=0
Lo
KcL
(|
I ‘_
Pgll, (~
1 | : -
= Jully~ = Zuwdy -
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2.5 Donnan equilibrium and Donnan potential( IUPAC definitions)

Donnan equilibrium

The equilibrium characterized by an unequal distribution of diffusible 1ons
between two 1onic solutions (one or both of the solutions may be gelled)
separated by a membrane which is impermeable to at least one of the 1onic
species present, e.g. because they are too large to pass through the pores
of the membrane. The membrane may be replaced by other kinds of
restraint, such as gelation, the field of gravity, etc., which prevent some
ionic components from moving from one phase to the other, but allow other
components to do so.

Donnan emf (Donnan potential)

The potential difference ED at zero electric current between two 1dentical
salt bridges, usually saturated KCI bridges (conveniently measured by
linking them to two identical electrodes) inserted into two solutions in

Ay
K
- HE
Aqh 1"t ke 1| |
KU Ca 4| |2
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Donnan equilibrium and Donnan potential

Ag
K
3
A"au‘ki‘, =
KWy C-A 4| |-
Pac) = e (@)
Mg (1) =/—£ucz)

F,‘=/,Lf+ RTImov, +z.‘F¢P

)uiﬁ RTIma, W +F d>4 =/Affc-s RTma, )+ Fe,
}»&-&&T}.«;uaﬁu) - Fe? = }4&1 RT e ay (2)~F¢,

al(( ) F Ckw

o

29, = ¢~ ¢, = Bl 20 ey cu

DOV‘W\M "Po-[-ewh'q..‘f”
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2.6 Selectively permeable membranes
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Classification of ion-selective eleterodes

Primary ion-selective electrodes

1. Crystalline Electrodes contain mobile 1ons of one sign and fixed sites of opposite
sign. They may be homogeneous or heterogeneous.

a. Homogeneous membrane electrodes are 1on-selective electrodes m which
the membrane 1s a crystalline material prepared from either a single
compound or a homogeneous mixture of compounds (e.g., Ag:aS,
Agl/Ag.S). or AgBr

B~ Agt  Br " B
r + g r Ag g TABLE 5. Numerical Values for the Defect
Agt —u \ Activities of Various Silver Com pounds™?

- -

Agt B Agt B [

Defect activities

Compound (25°C, mol liter— "y
B~ [ Br-  Ag*  Brt
AgCl 1.5x107"
/ / AgBr 5.0x1077
..I‘LE"' Br— ﬁgt Ef_ IIELE‘ AEI : ]-ﬂ = lu—‘
Ag,S 3Ax=10"
Agy”
Br- Ag* BEr- Ap* Bet

- Fn:p!:-:l’l: n:lhu:!-n: I'-nr_ !_.hf transport of silver ions in the AgBr erystal lattice.
The silver cations are in inte r::'_ulmfl positions in the erystal lattice and the same number
of unoccupied lattice positions are in the cation part of the lattice |
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Non-crystalline Electrodes. In these electrodes, a support matrix, containing an
ion exchanger (either cationic or anionic), a plasticizer solvent, and possibly an
uncharged, selectivity-enhancing species, form the ion-selective membrane which
1s usually interposed between two aqueous solutions. The matrix can be either
macroporous (e.g., poly(propylene carbonate) filter, glass frit, etc.) or
microporous (e.g., "thirsty” glass or polymeric material such as PVC) yielding
with the 1on-exchanger and the solvent a "solidified” homogeneous mixture.
These electrodes exhibit a response due to the presence of the selectivity-enhancing
species (which exhibit an 1on-exchange property) in the membrane. The solvent-
polymeric-membrane 1s an example.

a. Rigid, self-supporting, matrix electrodes (e.g., synthetic cross-linked
polymer or glass electrodes) are 1on-selective electrodes in which the
sensing membrane 1s a thin polymer with fixed sites or a thin piece of
glass. The chemical composition of the polymer (e.g.
polystyrenesultonate, sulfonated poly(tetratluoroethylene), poly(vinyl
chloride) aminated) or the glass determines the membrane selectivity. pH
glass electrode see n section 3.4.12,
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General purpose glass electrode
Glass composition

22% Na,O
6% CaO
72% SiO,

SiO4* - charged silicate groups - charge is balanced
by cations

FIGURE 204 Cross-sectiona view of a slicate glass
stucture. In addion 1o the thvee Si—O0 bonds shown, each
shcon 5 bonded to an adddional oxygen atom, erther above
or bedow the plane of the paper. (Adapled with permission

46



S

GLASS ELECTRODE

/a-yﬂ.nq. }:( /a-'nﬁt—-—-}:(—!a-yﬂ-ﬂ.
A t Nea * | i
Na* : I Mea”

1' !

Sayer Sagor S gor

7 2 %

Conduction across the membrane occurs by the
following reactions:

H*(s,) + Na*(p) = H
H*(s,) + Na*(q) = H*(q) + Na*(s,)

In the dry layer mobile Na* ions are responsible for
conduction

The above equilibria are determined by the H”
activities in the solutions on the two sides of the
membrane

Diffusion coefficients of Na*

Hydrated layer 5x 10" em’s”
Dry layer 5x 10" em’s™
Aqueous solution 5x 10° cm’s?

Hoss elechodes surtalie foc defeormin

2 Li* Net, K* 1
Catiom, elass com posi Houn
L,+ 0 . 0
i 570 Ly 0 257, A0~ 60% S0,
+ )
Na 1% Ne,0~18% AL05 =17, 5i6,
¢ 9 0
K e KZO'-_ A QL,ZO’E;- 6325{82

Glass elechodes semsibve o allcals wedal
ows — wowteaw  trivaletd  amelad  Tous suels
an AT wlidh  Creade fie 1ot %W
Cerdens

)

O 0 ©
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A Vigible-light microscope photoms: showing pores 3 '
N T : photomicrograph dark circles
polyvinyl chloride matrix membrane incorporsting did:t}'iplﬁrphnfi: l|:i-|:1—u:li|:|-n:1l}|:'_il:liIlj
phtn‘:.rlp-hmphe:nl._t: shaken with & molar solution of calcdum chlonide [3158]. By permis-
sion of the Society for Analytical Chemistry, London.

_ ,_B _ Ton distribution in & porous membrane with fixed negative ions: (a) pore
diamneter is large so that the electric double layer and the pore walls do not affee the
passage of anions; (b) pore diameter 15 smaller so that the electric dauble layer dairoasts
the permeability for anions; (¢) the pore diameter is very amall go that the electri

layer completely suppresses the permeability for anions. After Sollner [10as)-
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Cation-exchange Anion-exchange

membrane T membrane
< CHCO§
| ﬁ, -~ MOy
— e
"'-.-"'- - 4 z i i -"'ri
OO0 -’*—.... —UH {J”j ©
Mas et -
- NHr - —
000 ' Pl
Catt -~ ]
Felt -~ -
hAgEr -~ |
AR+
jfixl3+
el ;
For exarmple such maembrane as this
i5 availakle,
Iy
_ Monovalent Hydragen
5':'42 selective f/f &3 permeahble

membrane / f membrane
!
l{b ® O 4 f L
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PO o/
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Electrodes with mobile charged sites:

Positively  charged, hydrophobic cations (e.g., quaternary
ammonium cations or cations of substitutionally inert, transition
metal complexes of such ligands as derivatives of 1,10-
phenanthroline) ot which, when dissolved in a suitable organic
solvent and held in an nert support (e.g.. poly(propylene

valinomicine

50



Liquid Membranes with Dissolved Ion —
Exchanger

Liquid membranes are formed from immiscible liquids
that contain exchangers selectively binding certain ions.

Early liquid membranes were prepared from
immiscible liquid and ion exchangers that were retained
in the immiscible liquid.

Recently ion — exchangers are dissolved in a PYC
membrane. The liquid ion- exchanger and PVC are
dissolved in a solvent such a s tetrahydrofuran.
Evaporation of the solvent leaves a flexible membrane,
which can be cut and cemented to the end of a glass or
plastic tube.

There are three kinds of active substances in liquid
membranes:

cation exchangers

A Ca'”
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Ni

!

anion exchangers

—2¢

NO,
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2.8. Membrane potential — overview

/__ — | nternal

silecnak, 17 -1 reference
F&E@W L J— 4 - - &lW‘te’
el echwode. B LS R =<
s e T — Membane
\ . e

Ecdl/: Em&iwt- E—r«{(erz EL.] t EM
L‘\[ Eref ut = Em{‘@ﬂt omd 2 £ 4~0

Ecetr. = Em = P& - 60 |
[ Ot wmewibcomes (0 P'uos‘a,!.bo/&'[u‘a?, b\f.aﬁe/r)
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1. Biological membranes

TEM image with nm resolution shows phospholipid
bilayer with protein channels that provide selective
transport of K* and Na™ across the membrane
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2.8 Selectivity of the membrane electrode

No electrode is entirely selective towards the ion
specified. The presence of other ions can seriously
impair electrode performance.

If the analyte contains inerferent J with activity a; ,
the ISE potential is given by :

B =Eot BF Wnfa « ka5

where Kj; is called the selectivity coefficient of the ISE
for ion I with respect to ion J. K;; is a measure of the
effect of interfering ions on the determination of the
test ion I. For example , for Na™ being the interfering

ion for the calcium ion selective electrode, Kcan,= 107,

This means that the electrode is 1000 times more
responsive to Ca*" than to Na'
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Selectivity Coefficients ki, for Some Important Electrode Systems (Manufacturers' Data)

Electrode system Interferences
Ca® (Beckman) Fe**5, Cu?0.33, Mg*0.9, Ba*0.1
Ca* (Corning) Mg*0.01, Ba™0.01, Mi**0.01, Ma10™*
Ca** (Orion) Zu*3.2, Fe™0. 80, Pb*0.63, Cu®0.27, Mg*0.01, Ba*"0.01, Na*1.6x 10
Ca' (Philips) Zu5.0—0.9, Fer0.45, Cu®0.07, Mg*0.032, Ba*0.02
Ca®™ + Mg* (Beckman) Zu™l1.0, Ba*1.0, Na?0.01, K*0.01
Ca™ + Mg (Orion) Zu*3.5, Fe*3.5, Cu®3.1, Ba™0.94, Na“0.01
MO, (Beckman) ClO, 100, NO, 0,045, C170.01, SO 107
NO," (Corning) ClO 1000, Cld % 107, SO, 107
NO, (Orion) ClO 1000, NO; 006, CI°6 = 107, SO 6= 10
ClO, (Beckman) 170.033 NO,0.005, S0O,* 10
ClO, (Corning) 10,001, NO,"0.001, SO 0.001
ClO (Orion) OH1.0, 170.012, NO,"0.0015, 802 1.6 = 107"
K* {Beckman) Rb*2.2, Cs'0.5, NH,"0.014, Ma* 2= 10, 3= 10"
K* (Corning) Rb*10, Cs*20, NH, 0.023, Na*0.012
K* (Philips) Eb*l1.9, Cs*0.38, NH,"0.012, Na*2.6= 10, Li* 2.1 x 10~*
K* {Orion) REb*2.2, Cs%0.5, NH,"0.05, Na*0.09, Li*0.03
MH.* (Philips) K'0.12, Rb*0.043, Cs*0.0048, Li*0.0042, Na*0.002
F* {Beckman) OH-0.1
F- (Orion) OH- 0.1
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Review
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General expression for the membrane potential
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Activity versus Concentration
- Electrodes respond to Activity not Concentration

- Activity and Concentration related by activity
Coefficient

ay = X ] vyx

- Y¥x Is activity coefficient — it depends on the ionic
strength of the solution

At low ionic strength, y, —> 1

Ionic strength

1=0.5) Cz

C,-~— concentration, z;— ionic charge, sum extends over
all ions in solution
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Debye- Hueckel provided expression for the activity
coefficient:

logy = -0.51z°VI at 25°C

In general electrode response is related to activity
rather than analyte concentration

However, we are interested primarily to know
concentration. In principle, the determination of this
quantity from a potentiometric measurements requires
activity coefficient data.

More often than not activity coefficients will be
unavailable because the ionic strength of the solution is
either unknown or so high that the Deby — Hueckel
equation is not applicable.

In order to circumvent the problem of the activity
coefficient an excess of an inert electrolyte ( ionic
strength buffer ) and the standard addition methods are
used.
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2.9 Quantitative analysis — Standard addition method

Standard addition method:
1) Use an excess of an “inert electrolyte” (0.15M NaCl in Ca2* analysis) to keep

the ionic strength constant (y = constant).
2) Take the measurement of the unknown:

E =E, +§—TlnCA)/

A
3) Spike unknown with a standard solution ( volume V , concentration C; )

RT ( CAVA+CSVSj

E,=E, +AE=E,+——1In| y

Fz, V,+V,
4) Calculate the difference E, —E, = AE
z,FAE
AE = mln(CAVA T CSVS ] or 10 2.3RT — CAVA + CSVS
FZA CA(VA +Vs) CA(VA +VS)
and after rearrangement c _ C,

A Z,FAE
10 23RT 1_'_VA _\Q
V V 65
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Potentiometric titrations

0.4 — | -
| o
3 5%
wy
The measurement of the potential of a suitable 2 o3
indicator electrode permits the establishment of the 5 i
equilibrium point for a titration. 8
8 02 {
= o
The potentiometric endpoint provides inherently L o~
more accurate data than the corresponding method oql=—"9"_ 1| : L
that makes use of indicators. It is particularly useful 20 22 24, %
- - - V .
for titration of colored solutions. ) & pime G ARa samt
Potentiometric titration is readily applied with 2 08
automatic titration devices. EREY:
0 NP > o4
Apparatus for potentiometric titrations o
4 02
0
2
— (b) Volume 0.1000 M AgNO;, mL
pH meter 6.0 '
with
millivolt
[ scale 4.0 a
Saturated ~ 20 ;
calomel >
electrode F?: 0 | l I ,L |
< 20 22 24 26
—2.0~ Volume 0.1000 M
AgNO3, mL
—4.0 -
(e)
L (a) Potentiometric titration curve for
ﬁ = 2.433 meq of ClI~ with 0.1000 M AgNO;. (b)
Magnetic stirrer First-derivative curve. (€) Second-derivative

cClrrve
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Potewtiometric htrabionn — Gran method
A+ T = AT

Cﬂc:(v"c"“ Ve &)/ (Vo V)
E= towt + g—l“ A ((ont=E,)

- Voco'\é'cr
S ZRF H{Xﬁ‘ Vp +

A SSUME 3;(: const

Vo=V Cr = (4p+) [0

E-E)aF

(
(UO'IPVT) IO Lirr

(E-Eo)g, F/23RT
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ISE — sources of errors
1. Liquid junction potentials
2. Drift

ISE - Figures of Merit

3. Changes in the activity coefficient

4. Storage - detection limit 0.1 ppm
5. Interferences - accuracy 1to5 %
A' G"fl Ut‘j eryors resul:hw% - precision better than accuracy
Fowm evvors in the weacured
PO':&.{,{'I. ol - Selectivity high
0 - cost very low
ya) E/ mV /4 erro '
O' l O{ AI
[.O 4.0
2.0 8.1 68
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2.11 Biosensors
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b) Tissue electrode
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bocterial mhnl-
layer
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c) Bacterial electrode

Fig. 14. Bacterial electrode.

ethowol +0, —2 ahic aud + H 0

Potentiometric Basawrial Electrod=s

Concesdhimfion .

Substrate Bacterium Electrode range (09°  Belwence

L-Arginine  Strepiococeus faccium  NH, gas 5% 107™- 749
ATCC # 9790 sensing 1% 1077

L-Aspartate  Bacterium cadaveris NH; ga= 3% 107" 250
ATCC #9760 gensing 7% 1072

L-Glatamine  Sarcina flava NH; gas 2% 1070 - 231
ATCC # 147 sensing” 1% 1072

L-Cysteine Protews morganii H)S gas 5% 107%= 252
ATCC #3019 sensing . gx 107"

NAD NADase and NH, gt 5% 107°= 253
Escherichia coli SCMRE gx 107"
ATCC ¥ 27195 !

Nitrate Azciobacter vinelandii  NH; gas 1%107%- 254
ATCC # 9104 CRSEE B 107

* Analytcally wseful range.
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d) Chemically modified field effect transistor

pn-junction
Forward bias (current flows)
0> Q> <@
<—®
o—> <—®
O &
—> o> e <
p-Si n-Si
Reverse bias (no current flows)
<0 *—>
S ®
<0 *—
D-Si ~—— n-Si
Depletion
region
® Negative electron (~107°m)

') DAacitivin bBAala
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Field effect transistor

Source (—) (+)
(Gate)
Metal contact Drain
L~ _~ 80, insulator ©_~ _
’- ®e _—Depletion region
2 ?J 2 o ® ee
e _0° ' e O
[ ] ° o o] O
(o] (o) &
O
O O
°
© , )
o P o ®
¢ O (Base)
Electrical contact
between source and base
(a)
(+)
{=1) (+)

Operation of a field effect transistor.
(a) Nearly random distribution of holes
and electrons in the base in the absence
of gate potential. (b) Positive potential at
the gate causes electrons to accumulate
Condu\cilng channel in a channel beneath the gate. Current
induced by positive can flow through this channel between
(b) charge of gate the source and drain.




Chemically modified field effect transistor

oF:

Reference
electrode

Chemically

Solution Protective coat

Metal contact

_l_,__./Si3N4
+—5Si0, insulator
n-Si n-Si
Source Drain
p-Si
Base
(D— ]
_/ |

74



3. Introduction to electrometric methods

3.1 Structure of the metal interface
neutrality condition

M IHP OHP
oM 01 G2
/ I | Diffuse layer +
€ .. Solvated cation GM o ( O-i Gd )
.3.

@ interface — two capacitors in series

l % —_—
. @ Specifically adsorbed anion C

O Solvent molecule

Metal

11
_I_
C. C,

kv," M =

OHP- outer Helmholtz plane; distance of the closest approach of solvated ions
IHP — inner Helmholtz plane; plane in which specifically adsorbed ions are located

Diffuse layer — layer within which ionic cloud screening the charge on the metal is located
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800

600 |

200 r

adsorbed anions

TTTTTTT —
e T

0
-400

-200 0 200 400 600
E / mV vs SCE

C uFlcm®

60

Capacity of an Au electrode

50 +

404

30 +

20 -

10

Nonadsorbing electrolyte [

adsorbed neural organic molecules

. . .
-1.2 -0.8 -0.4 0.0 04
E V vs. Ag/AgCl
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Capacity of an electrode changes with potential — the changes reflect changes in the
Coverage by specifically adsorbed ions or molecules

o, = T(E,T)
do, =[ 99 | gE 4 99 | gp
oE ). or ).
C:dGM _[ 9o N oo, | dI'
dE oE ). \ or ). dE
—— ——
true capacity pseudo capacity
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Potential drop across the metal solution interface

no specific adsorption specific adsorption of anions
Metal | Solution ——=
i i (=) @Solvated cation
. e %j. ® Positive potential
B8O L © / :
O *—7 "Ghost" of anion repelled / I
from electrode surface IHP
IHP  OHP / L
Electrode /\ :
! ~ Distance into

egative potentigl

/8



3.2 Electrochemical cell in the presence of a current flowing through the cell

Two electrode cell

Power _
1 supply I
i
——) —
Working Reference
l electrode electrode
Eappl




when potential E is applied from an external source
* current flows through the cell

o
=

From Ohm’s Law:

Hg
drop L . E
electrode =&-; Sat'd I = —
L | @ |k 7

KCI

. Hg, Cly
solution

o L=L+L,+L,  +L,

SCE

Z,— impedance of the indicator electrode
Z,— impedance of the electrolyte

Z,..— Impedance of the reference electrode
Z,.,— impedance of the external circuits

In an electrochemical experiment Z, Z_, Z,,, must be eliminated 80
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a. Elimination of Z,ef
Z = f(R,C)

I O - specific resistivity;
B _ - length;
ZRef =R = P | g

A A - area

ZC —_ C - capacity

=21V -angular frequency
Coc A hence / oC A_l

Consequently iszj << ARef then Zi >> ZRef

The surface area of an indicator electrode should be much smaller than the surface
area of the reference or auxiliary electrodes
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b) Elimination of Z,

Z.=R,

Use 3-electrode system and Luggin capillary

Working
electrode
' Auxiliary electrode
-
= 1
kE Jr'l‘RE-n:dn
R
i
b
- %aux
Ref
(a)
Rs
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Luggin capillary and uncompensated resistance R,

For a planar electrode : R . =p

x
A

1 X
For a spherical electrode: R u P
drry\ ry + X

I'y - radius of the spherical electrode; X - distance from the electrode surface

Jrier

}r“ ujgﬂé elochrode

Ho oot _J'- 83




Change of potential across the capacitor as a function of time

E - IR + Resultant (i)
Cd
t
j idt
E =0
© C C
d d
since:
t
| = Ee_Rst E P—— Applied
one 0btains; ' e E across the capacitor
| g
t t t t
E " R.C4 “R.C,
Ecz—je idt=E|1-e ™
Rst 0
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Linear potential sweep or voltage ramp

E

E=wvt

where \/ is the sweep rate in V s

E iR+

C
or d

- d9. g

Vi = +

“dt C, ,.

if g=0 at t=0
_t
i=VC,|1-e "~

if t>>R,C,

| =VC,

Applied E()

t

(@)

Resultant i
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[T]
|

Cyclic-linear potential sweep

Applied E
Byt =——osaitans

Slope =—v

- Resultant [i = f(1)]
vCy
‘ |
: t
— —UCd
Resultant [i = f(E)]
— de
: |
i
B E, E
— —-UCd
| 97




4.1 Electrode reaction as a series of multiple consecutive steps

A charge transfer reaction provides an additional channel for current
to flow through the interface. The amount of electricity that flows

through this channel depends on the amount of species being oxidized
or reduced according to the Faraday law:

m:E&Ht
nk

Faraday law links electrical quantity such as current to the chemical quantity
such as concentration or mass of the analyte:

m=CVM ,

This expression may be rearranged to give expression for current:

i =nF 1L :nFE
M ,t t

n- number of electrons in a redox reaction, N-number of moles,

M ,- molecular weight, F- Faraday constant, C-concentration, V-volume 99



Currents which are described by the Faraday law are called faradaic currents

i =nF -1 =nFE
M ,t t

This equation described average current flowing through the electrode
During time —t. During infinitesimal period dt the number of electrolyzed
moles is dN and the expression for the instantaneous current is:

| = nFdN /dt

The rate of a chemical reaction is :

v=dN /dt

Hence faradaic current is a measure of a reaction rate

i:nFO;—T:nFV 100



Current flowing in the absence of a redox reaction — nonfaradaic current
In the presence of a redox reaction — faradaic impedance is connected in parallel

to the double layer capacitance. The scheme of the cell is:

> nonferada( cuvrent

-

Re

p > famdaic current

The overall current flowing through the cell is :
=0+

Only the faradaic current —i; contains analytical or kinetic information 98



Non-faradaic ( capacitive ) current constitutes a limitation to the detection limit of
electrometric techniques

Experimental conditions for electroanalytical measurements:

1. 1. >> | ( large concentration of electroactive species,
f "N Jong times of experiment)

2 |f =] — |non ( correction for non-faradaic current)

if and inon are different functions of time

Under a steady state condition:

|f¢0 but | :O



Current — voltage characteristics of an ideal polarizable and ideal
non-polarizable electrode

=7
i Z _ w 1 Ry
f ," Zf — O
'l
I
J‘".
o -'f“
",f E E
/
J"'
(a) ldeal polarizable electrode (b) Ideal nonpolarizable electrode

Current-potential curves for ideal (a) polarizable and (b) nonpolarizable electrodes.
Dashed lines show behavior of actual electrodes that approach the ideal behavior over limited
ranges of current or potential.
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For a multistep reaction
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5.3, Diffusion wrrents
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.3 Diffusion to a sphencal elechode
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5.8. LomPox\'sov\, o} the expressions o
diffusion arrents to a plamar and
a spherical elechode
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Figure 1. Cyclic voltammogram of ferrocene (1.0 mM) in acetonitrile with 0.1 M
tetra-n-butylammonium perchlorate at a gold microdisk electrode (r = 6.5 um).
(a) 10 V 5~ scanrate. (b) 0.1 V s~ scan rate
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Figure 5. Micro graphite electrodes for

in vivo brain voltammetry e
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Figure 7. Unrestrained rat with chronically implanted voltammetric electrodes

Implanted electrodes consist of micro graphite electrode of Figure 5B, miniature enclosed SCE, and
plmmunm:llhry &rmbh Telion shields extend up to protect thin connecting leads from breakage.
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Figure 1. "Typical' neuron in mammalian brain

Table |. Chemical Neurotransmitter Systems
CHOLINERGIC
Acstylcholine ACh

ADRENERGIC

H
Dopamine DA HO (IEHCH,NH,
e

Notepingphrine NE HO ?;mm=
H©)

SEROTONINERGIC

HO ——3 CH.CH,NH,
BHydroxytryptamine 5-HT N

0
(mﬁcm,monéecu.

{Serotonin) Deactivation

T

AINO ACIDS

Glycine OOOHCHNH,
vAminabutyric acid GABA  COOHCH,CH.CH.NH,

Glutamic acid i
N OOOHCH,CH,CH—NH,

Reuptake

Metabolic




Leviews
(errets  conholled bj mass tamspoct

pa«-lwrbo.!\‘BM L resyoucs. .
EW) | L)
L= uFAD (%‘ﬂ’)xm
Cetl o prowgoc solving prtial differeuhal
eguahzin g
OCwt) _ D FCent) plocnar elechode
D& O »2

8 Clgt) {DZC(M) 2 Vo] ¢oherial
. =D $ e—=p REon
ot B ‘T TOor S Jlechele

. Twittal coundibhovt ;| =0
Loy = e v CLno)= C

- 'Bowwdcu\j conchi Bowe s

(1) X=0 &« ©=6 clot) = O

*

() X2 ¢« ¥T-20W C @)

(




Sowheow S

C___ n FA DC* / v WY o — P|W &Wﬁ,

.b .... l
L= wFADCY P I

{ [Tot Yo S Sglh.e@rchwg:w
(’t{' V-ﬁ-D‘l: 44 r;; l:_;',h = LP'GM

L {Toe DD, wAmmiaoelebhale



6. El%’momlj bcad Tech vuﬁuﬁ_/\

-Q("l’\wha,(ﬁka re s PO INSE
a M" cell f —

B4 v LK) L(%) oc EG)

l, Uvonoam pe«mmeiv

-8 P’o(w(rvapkﬂ

3, Tast ?o(awo%mfucj

4. Novwmal Tulse ?o\mgmlouv

$. Differembiall Tulse '\’olumc/mf@

6. Cgekie Voltommchy

@e&pw_ 'D-etawdb‘b ou?®

(1) Terturbatign

() Trowspert (ciffusion o couvechon )
() Elechode G-wwwha,

(iv) St'f&u-al— pro@asd ua



6.1 Uﬂ&\vow.olﬁ\'icd. -I'GJW baened on
detvalycio at e toustant elechodle

polewtial

(. Imkvoduchion

pe.r-l'u.f'b-a}fos _— respPonce.
ECt) orulh) L&) or EG)

The Celk wm be wswali an a

prossoc  Solui

B!f-a,h‘om -{-O\r the bou..vuia,r_l, tomc oo

tedwigue  bed
r_— - - —=—-=- - - - - )
oL g_c_) +(_5_>_c;_) +(ac) J"l'wh
. Lot Ot )i t Jeoww \ Ot Jkin | L ()
|
] [
ounday oty
£ty T 7| conditions conditions
1



€2 Chrongam perom ertrﬂ
|, pertwrbation

E= onst

\

0 n

2. no wouvection

3. all bype oL dechode geometrien
possible dut  in amalytical pachie
°"‘|ﬂ PLmna,r and SPkbn'cal elechoden

avre used

4 o QWL pmws»{u.a



Potential-dependence of the
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From limiting chronoamperometric curves — analytical information
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7.1 Polarography

Dropping Mercury Electrode (D.M. E.)

M Liquid mercury

Connection wire
50-100 cm

: Capillary tubing;
i.d. ~0.06 mm
Y \
~-—— Growing, i

spherical
mercury drop



Virtues of the Dropping Mercury Electrode

1. - Reproducibility:

Fresh drop
every 4-6 seconds

Fresh solution layer
surrounding each new drop
provides reproducible behavior

o

Z. Seli-cleansing:

Old, partially depleted
solution layer, carried away
with each falling drop '

T\\
:i:—_.—_ Adsorbed organic
“= impurities carried away
with each falling drop

3. High "hydrogen overvoltage": H,0 + e~ — %H, + OH™

Most
metals Mercury
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Instantaneous Current-time Curves for

a Dropping Mercury Electrode

drop time

Time

The Ilkovi¢ Equation:

id(p. amp) = 708 nDY? Cb m¥s tV¢

iy = instantaneous current
m = mercury flow rate, ‘milligrams/sec
t =.drop age, sec

P = puk concentration, millimolar
1

&)
0

diffusion coefficient, cm® sec”



Figure 2
Current growth during three successive drops of a DME.
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Figure 7 A
Polarogram for 1 mM CrO,2- in deacrated 0.1 M NaOH. The lower

curve Is the residua)
current observed in the absence of CrO,2-,



Fioure 3.12. [Illustration of several methods for measuring the wave
height of variously shaped polaregraphic waves. Curves A-C illystrate
the technigue of extrapolating the linear portions of the waves before and
after the current rise, Curves D-F illusirate the technigue of estimating
current magnitudes for ill shaped waves,
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Figure 5.3.5

Residual current curve for 0.1 M HCl. (From L. Meites, ** Polarographic Techniques,”
20d ed., Wiley-Interscience, New York, 1965, p. 101, with permission of John Wiley and
Sons, Inc.)
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Typical Polarogram

WA

-0.4 -0.8 -1.2
E4.m.e, S S.C.E., volts

Polarogram of a Mixture of Jons
ZW

4
Ni

3t {ﬁ%

Current, Cd

microamps MW
2r TIM ;
,‘;J.HW Z
tr el |
0 fM . i 1
-0.2 -0.6 -1.0 -1.4
Eq.m.e. YS 8.C.E., vults

[ Adapted from L. Meites, "Polarographic Techniques, "
Interscience Publishers, New York, 1965]
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7.2 Tast Polarography

Drop fall
——— ‘
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Schematic experimental arrangement for tast polarography.
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Figure 5.8.3

Polarograms for 10-5 M Cd?* in 0.01 M HCL. (a) Conventional dc mode. (b) Tast mode.
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7.3 Pulse Polarography
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Schematics of a set up for pulse polarography
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Figure 5.8.6
Polarograms for 10~* M Cd** in 0.01 M HCI. (a) Normal pulse mode. (4) Tast mode.
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7.4 Differential pulse polarography

Current is sampled twice a time t and t. Quantity measured is a difference

Si =i(t)—i(t"

Drop fall
5-100 msec —>| |je—o T
E ' 10 10 100 mV " _
Drop fall

-—-O.Smdsac—-j . l

Drop fall =

Time

Figure 5.8.8
Potential program for several drops in a differential pulse polarographic experiment.
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Differential pulse

Ol =01, + Il
ol =i (t)—1 (1"

Normal pulse
I=1,(t—t")+1 (1)

at peak potential

ol Ul (t—t"
but
o1, << 1 (1)

Detection limit of differential pulse polarography
~10-8M
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Differential pulse
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Baseline
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Examples of Pulse Polarographic Analysis:

Arsenic:

Figure 1. Differentiol pulse polorography of Arsenite
“ion in 1 M HCL. [As(1II)] = 8x107°M
(600 ppb). Sconrote = 5 mV/sec.,
Drop time = 2 sec., Modulotion amplitude =
50 mV.

1 1 i i [] | [ I I
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7.5 Striping voltammetry
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Differential pulse anodic stripping voltammetry. PAR Model 174 polaro-

graphic analyzer, Model 9319 wax-impregnated graphite electrode (mercury-plated). 2 X
10=*M Zn,Cd, Pb, and Cu



Determination of lead in blood in the 10-100 parts per billion range:

LEAD IN BLOOD
TYPICAL
NORMAL LEVEL
28 PPB

SIGNAL

LEAD IN BLOOD

TYPICAL
TOXIC LEVEL
122 PPB

-, =03 . = =0 5 =06 8 =0T
POTENTIAL [E.ve. 5. C.E. ]



Electroanalytical techniques — Figures of merits
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8. Linear sweep voltammetry

Perturbation — linear voltage sweep ( voltage ramp)

E=E —wt

\/ sweepratein V/s




Qualitative prediction of the shape of a CV curve —
chronoamperometric experiments
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There is no analytical solution to this problem — the equation has been
solved numerically

/2

G X 7
L=nFACS (7 Dog%_r_) X (E-Ep.)

where X (E- Eyp) at oy givem peint
VS o pwre Mmuwber

The shape of the CV curve is determined by the shape of numerical function:

)( (E' El/z)
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L= 0.4463wFA ¢ (LT )v-

EP- Eyp = -28.5 mV/n
ot 25°%

EP/ = E,h_ + 28. O/n mV

|Ec-Epna| = 56.5/n mV
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Cyclic voltammetry

E

Switching E 1

Final E
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Switching E 2 1 2 | 3
Segment #
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