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In this communication we have attempted, on the basis of existing foreign literature data [1-9 et al.], to des-
cribe the theoretical bases, the general nature, and the ilnterrelations of electrometric methods of analysis. In the
native literature on this subject, O, A. Songina has publistied a paper dealing with amperometric titration [10].

It is normal, when using electrochemical methods, to measure one electrical parameter (the current, the emf
between electrodes, or the potential on one of them), and to find the relation between the concentration of the com-
ponent to be determined and this parameter, while keeping the other parameters and the resistance R of the circuit

constant,

We will consider only those methods which are related to the process of electrolysis, including phenomena oc-
curring at a metallic electrode immersed in a solution of electrolyte. These are the bases for electrochemical con-
versions, associated with exchange of electrons at an electrode surface and with transfer of ions and molecules from
the solution to the electrode surface and in the opposite direction (diffusion, migration).

The relation between the electrolysis current f{ and the external voltage V is given by the equation;

iR=V - (Ey — E¢) =V —AE, (1)

where E4 and Ey, are the anode and cathode potentials,

A more rigorous characteristic of the electrochemical reaction occurring at one of the operational electrodes is
the relation between iandEy orEp,

Most electrochemical reactions proceed at a rate which is more or less restricted, so that problems lying at the
pase of these methods belong to the domain of kinetics, In the interpretation of electrode reactions considerable im-
portance is attached to graphical and mathematical investigation of the kinetic factor,i.e.,to the relation i = f(E).
polarization curves provide the most appropriate characteristics to give a single basis for all electrochemical methods,
They give 2 precise description of the electrochemical reactions which are primarily possible on operational electrodes

at a given potential.

|

|

An electrically isolated electrode, placed in a redox system solution, acquires, more or less rapidly, a definite

| equilibrium potential Eeq. When a gradual change is made to the potential of an electrode immersed in a solution of
only one compoqent of a redox pair, the anode or cathode current increases exponentially after the potential has
reached a certain value, Starting at some definite value of the potential, provided that the concentration of the com-

onent concerned is relatively small and the electrode is small, the rate of electron exchange increases to such an ex-

tent that all the material available to the electrode is subjected to electrochemical conversion, The current then re-

l mains constant until a new electrochemical process begins, which leads to a new increase in current. The curve ob-

| tained in this way is characteristic for every individual substance which can be oxidized or reduced at an electrode.

|

|

, It is convenient to denote the current for a cathodic reaction as negative, and for an anodic reaction as positive,

| An anodic current is then represented on the ordinate axis as above the zero point, and a cathodic current as below

l the zero. A positive electrode potential (relative to a reference electrode which determines the position of the zero
point) is represented by a point on the abscissa axis to the right of the zero, while a negative potential is to the left

of zero.
For the components of a given redox system there will be two variants of the relative positions of the polarization
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H curves [11]. The anodic curve will be found at more negative potentials, and
the cathodic curve at less negative potentials (Fig. 1). At any potential within
/ the range a to k, oxidation and reduction at the given electrode will take place

,/ - simultaneously at the appreciable rates i, and i. This means that the result-

.1;_7 = ing curve can be drawn as the sum of the currents, and the position of Eeq can

be found as the point on this curve at which the anodic and cathodic currents
1 Y are both considerable and equal in absolute value, and the total current is zero,
¢ I_/_{\,g € The slope of the curve is considerable in the region of Egq; in the limiting
- / case, when the electrode processes are extremely rapid, the curve approximates

y to a vertical line,

a £,

/ In order to shift the equilibrium in a required direction, it is sufficient to
Fig. 1. Polarization curve of a alter the electrode potential by a very small amount relative to Eqq. Examples
rapid system., Above the abscissa of "fast” systems are I,/ 1", Fe’*/Fe?*, Fe(CN)2 ™/ Fe(CN)s ™.

axis equilibrium is shifted to the
right, in the direction of oxida-
tion, and below it is shifted to

the left, in the direction of reduc-
tion,

For the second variant there is a characteristic location of the cathodic
polarization curve relative to the anodic curve in the more negative potential
region, In this case, there is no definite value of the potential at which both’
reactions take place simultaneously at considerable rates. The equilibrium po-
tential for such systems {s established slowly and with poor reproducibility,
since it depends on kinetic factors as well as on the activities of the compon-
ents, Both the anodic and cathodic currents are very small close to Egq» s0 that it is impossible to determine the po-
sition of Egq on the curve precisely. In this case, in order to establish the anodic or cathodic process, it is necessary
to shift the potential considerably from Egqe In other words, such "slow" systems as HAsO}"/ AsO,. and NO; /NO;
show high anodic or cathodic overvoltage.

The concept of a "fast” or "slow" system depends to some extent on the conditions. For example, the redox
pair V(V)/V(IV) is fast on a platinized Pt electrode in a perchloric acid medium [11], and slow on smooth platinum
in 3 N H,S0; at room temperature [12]. The rates of the electrochemical reactions of the systems Fe’*/Fe** and
cet*/ce’® are stower tn M H,S0, than in M HC1 on a smooth platinum electrode [13]. Water as a solvent, and other
solvents, at certain values of the electrode potential, are also subject to electrochemical oxidation and reduction
(Hy0 - Oy; HyO - H,). This means that it is possible to obtain polarization curves for water and its combined forms.
Thus, there is a limit to the potential range in which the electrochemical reactions of components of other redox sys-
tems can occur, A ’

Oxidizing and reducing agents, whose polarization curves are within the range of the polarization curves of
water, are electrically active and therefore interesting from the point of view of electrometric methods of analysis:
e.g. 5,05, VO5, MOy, Cr,0%", Fe**, Fe(CNY ™, 1, VO, Fe?t, Fe(CN)&™, I-, SCN™, S, 02", T1**, etc. If the oxidized
or reduced form of a redox pair is stable in water solution, and is reduced or oxidized at a more negative or positive
potential than water, then it becomes an electrically inactive component of the redox system: e.g. S,0%°, SO% s Mo,
crft, etc, Itis practically impossible to obtain polarization curves for the latter in an aqueous medium, because the
concentration of water is so large that it is impossible to reach its limiting current. Electrical activity is also a con-
ditional concept to some extent, and depends on the experimental conditions, '

A proposed distribution for the polarization curves of the components of a redox system, according to their char-
acteristics, is shown diagrammatically in Fig, 2 [14]. '

Depending on whether both components or only one are electrically active, a redox system is respectively re-
versible or irreversible from the electrochemical point of view. Reversible systems may be fast or slow; irreversible
systems can only be slow, e.g. S,057/S0%", MnO;/ Mn**, Cr,04™/Cr** + S0}~, CN"/SCN", 505"/ S0} ", 5,087/ 5,0 ",
8,05/ 508", : , : ,

The observed value of Eeq at an electrode, immersed in a solution of an irreversible system, depends on the
electrically active form of the system and the corresponding form of the solvent, and does not depend on the concen-
tration of the electrically inactive component of the given redox system. Such'a potential is known as composite [11].

If a solution contains two irreversible systems which do not interact, then their electrically active forms can give
rise to a new redox pair, This pair gives a typically rapid system, whose potential is also considered as composite.
For example, the systems Cr,05"/Cr** + SO~ and CN"/SCN" are imreversible, whereas Cr,04"/SCN" is a fast system.
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i A compound potential can also arise in a reversible
Reducing agent / Reducing agent  system when the concentration of one of the components

electrically electrically is so low that it cannot provide for the electrode process,
active inactive The potential then depends on the component present at a
//{ / o concentration greater than the limiting value and the com-
'Oxldizing Oxidizing agent % £ ponent of another redox pair or the solvent. Such a poten-
‘itrgizt;;lele%lectrically active / tial is known as limiting [15],
inacth}/{e ' . A restricted rate for the electrochemical reaction
and its irreversibility have a pronounced effect on the elec-
Fig. 2. Distribution of polarization curves of the com-  trode polarization, expressed as the deviation from the
ponents of redox pairs relative to the polarization equilibrium value of the electrode potential when a rela-
curves of water, 1) Cathodic; 2) anodic, tively small current is passing through the circuit.

There are three possible cases of electrode polarization.

1. The electrode will be ideally nonpolarized if it is immersed in a saturated solution of its sparingly soluble
salt in the presence of the solid salt, and if the system is fast. The activity of the metal fon is then maintained con-
stant during the process of electrolysis.

2. There is only slight electrode polarization in solutions of fast redox systems. In consequence of the high
current density, and under conditions where the diffusion rate is rapid, an equilibrium potential is established which
differs little from the original value, and which depends only on the ratio of the activities of the system's components.

3, The electrode is subject to considerable polarization in solutions of slow and irreversible systems, owing to
the slow rate of electron exchange.

Thus, for the same small displacement in electrode potential from the equilibrium value, the change in current
for fast systems will be considerably greater than for slow systems. The slope of the polarization at its point of inter-
section with the zero current axis will be considerably greater in the first case than in the second, i.e.,

di/ dE (fast) >>di/dE (slow).

In order to give a quantitative characteristic of an electrochemical process, we must consider the mathematical
relation between current and electrode potential,

In electrochemical measurements the migration current is eliminated by using a high concentration of electro-
lyte which does not take part in the electrode process, The equation below is a general mathematical expression for

the polarization curve [11], considering only the current resulting from the kinetics of the electrochemical reaction
and diffusion:

BnF anF
Oreq - €Xp RT (E'—Eo)] — aox- €xp [-—“IETT (E— Eo)]

{=

(?)

RT
o K red Kox

N exp [M(E—-,Eo)] .exp [—- %(E-#Eo)]

In this equation, a,eq and ag, are the activities of the redox system components in the solution; 8 and a are the
corresponding numbers of electrons transferred; Eq is the equilibrium potential; iy is the absolute value of the current
atEy whena! , =1 and ayy = O,orwhenag, =1 and a4 =0 (a'is the activity of the component in the vicinity of
the electrode); K .4 and K, are proportionality coefficients, corresponding, respectively, to n, F, Kg req and to nF,

Kd,0x (Kq is a diffusion coefficient).

Equation (2) clearly illustrates the unity of the bases for electrometric methods of analysis, According to
whether the parameter E or i is measured, we are dealing with potentiometry or amperometry in the wide sense of the
words.

Although Eq. (2) can be used in principle for the quantitative interpretation of various electrometic methods of
analysis, it is difficult to do so in practice., The problem is simplified by consideration of individual cases.

1.‘ In the absence of electrolysis (i = 0), i.e., when the electrode is electrically isolated (open cirguit), in the
case of a reversible system, Eq. (2) acquires the following form:
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pnF anF
ared ° eXP [7?? (E—Eo)| —agx Xexp|— RT (‘E —Eg) | =
Hence we obtain the Nernst formula, based on the equation of classical potentiometry:

E= E,,+—-1 5?23,‘ | (3)

(for reversible systems & + 8 = 1),

2, In the electrolysis of fast systems, the rate of electron exchange is extremely rapid (iy is high), and the limit-
ing factor of the electrochemical reaction is the process of diffusion. In this case,

_ﬂ_ryi' anF
exp [ RT (E— Eo)] exp [ = o7 (E—E0) ]

= <
iy < Kred + Kox

Replacing ayeq and agy in Eq. (2) by the corresponding values from the limiting diffusion current equations
(tred = Kred * 2req 21 1oy = ~Kox * 8oy), neglecting the value of 1/ 1y, and solving Eq. (2) for E, we obtain the equa-
tion of the polarographic wave curve:

T i—1i
= o+t 1n 212 Ry L= lox 4)
ox M lreq—1

3. For irreversible or slow reversible systems the electrochemical process is 1imited by the rate of electron ex-
change (i, is small), so that:

F
exp ,%'—’;— (E— Eo)] exp [— %’;— (E— Eo)]

—>» + .
bo Kred Kox

The two last terms in the denominator of Eq. (2) can therefore be neglected, On the other hand, the electrolysls cur-
rent i may be appreciable if the terms in the numerator of this equation differ markedly in value which carl occurat
a high overvoltage (E — Eq).

Reduction of the oxidized form occurs when E << Ey, so that Eq. (2) takes the form:

izlo{aox- exp[——o;—:%(E—Eo)]}- (5)

Replacing agy by the corresponding value of the limiting diffusion current, and solving for E, we obtain:

g _ RT Kox , RT , lox—! (6)
Ex=Eqg— anF In iy + F i
where
RT . K
Eo—"pf ™ 7y = Pux
-If E >>E,, then, making the same approximations, the equation for oxidation of the reduced form will be:
RT . Kred | RT {
- — - —Ih—,
Ea= Eo+ pn[«‘m A + BnF n lred—1 M
where
. E ._.._..1 _IS.QK = F
o'|"(3 F“ ALY

A difference from fast systems {s that the greater the difference between E§ , and E4 the slower is the system,
Thus, the difference E $a” E 3k is a criterion of the rate of an electrochemical reaction,
L] L} . .
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There is a definite relation between the concentration of a component and the electrical parameters, so that,
in order to find the endpoint of a reaction, it is necessary that there should be a sharp change in the observed current
or electrode potential in the immediate vicinity of the equivalent point (EP). Graphical and mathematical considera-
tion of the corresponding polarization curves makes it possible to trace the course of a titration curve, with the im-

portant object of revealing and giving a theoretical interpretation of the sharp change in the parameters concerned
near the EP,

If { is the polarization current, and iy, and ireq are the diffusion currents of the component to be determined
and its conjugate form in the redox system, then Egs. (4), (6), and (7) can be used as potentiometric titration equations
for various redox systems with one polarized indicator electrode. For example, the change in electrode potential dur-
ing the process of titration to the EP of the reducing agent of a redox pair can be obtained from the equation

E= E"r"'%]" K l:_(ll\:)ia;;—i ' @
red °
which can be derived by transformation of Eq. (4), where x is the proportion of unreacted reducing agent, and a, is its
original activity.

The titration endpoint (TEP) is reached when i~ i,.q, so that K 4a0(1 — x)/ i~ 1, Hence, x = 1 — i/ Kreday,
where i/ Kied2o = i/iq corresponds to the titration error, expressed graphically by the displacement of the titration
curve along the abscissa axis relative to the cutve at i = 0, and depending on the anodic or cathodic polarization of
the electrode. In order that this titration error should not exceed 1%, not more than 1072 of the original amount of
the component to be determined should participate in the electrochemical reaction. This condition dictates the
value of the polarization current used, normally about 107 A,

Classical amperometry also relates to a method in which the titration is carried out with one polarized electrode.
In this case, electrochemical conversion of only one component of a redox pair occurs at a selected constant value of
the indicator electrode potential. Therefore, when transforming Eq. (2) into an equation for the amperometric titra-

tion curve, we can eliminate one of the terms in the numerator, Solving Eq. (2) for i, we obtain a simple relation be-
tween the activity a of the component and the diffusion current

i=K-a, (9

where the constant K includes all the remaining constant terms in Eq. (2).

When two indicator electrodes are used, with a constant potential difference AE maintained between them, a
mathematical expression for the electrolysis current can be obtained by combining the relation f(i, E, a) for both
electrodes, This relation can be established for the limiting case if it is assumed that, at any instant of the change in
concentration of the component, both i and AE are very small. Under these conditions,

4 (i)
AE " \dE |i=0’ (10)

i.e., the current is a linear function of AE, with a proportionality coefficient equal to the tangent of the angle of slope
of the polarization curve, close to its point of intersection with the potential axis.

1f the same electrochemical reaction, Ox + ne ==Red, occurs reversibly at both electrodes, and if the diffusion
coefficients for the components are the same Ky, then during the titration agy = agx and ageq = ag(1 — x). Differentia-
tion of the general equation for the relation { = f(E) gives [11]:

a-}-28 2048

=g+ Py
x Ka

(21_) N CROLT
dE Ji~0 RT 0%

8 aqe
[__0_ +xa+p (l _x) a+ﬁ]
Ka

If o + B = 1, this equation has the simpler form;:
AT p— L
dE Jt=0 RT °° i - :
t=0 R __o_+x(l a)(l_x)a
Kqa
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Fig. 3. Three-dimensional model of an
electrochemical process,

Fig. 4. Three-dimensional model for a
mixture of two revemsible redox systems,
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Fig, 5. Titration at constant resistance.
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Fig, 6. Deformation curves of a) ampero-
metric, and b) potentiometric titrations,
at constant resistance, for R values from0
to infinity.

For fast systems (ip >> Ky),

di \ fast nF :
= - 1—x), 1
( as),..,o o Kaows (1= ) )
and for slow systems (ip << Ky),
diNIOW  ap
@ —— — g){1—a) .
(dE )::o Rr oo (1 =) an

Equations (11) and (12) describe the curves for amperometric ti-
tration with two polarized indicator electrodes ("dead stop” titration),
They show a direct relation between di/ dE and degree of conversion x.
Starting from Eq. (10), we may therefore write

{
— = f (x). 13
iE (x) 13)
A siinilar treatment gives the equations of the curves for potentio-
metric titration with two polarized electrodes ( "derivative titration"™)
[12], for fast and slow systems (x < 1)

(_d_’i_') fst _ RT L gy
di [i~0 nFKyay,  x(1 —x)’

. 15_)810‘" RT 1

(di =0  nFiga, x*(1—x)1—9 " (15)

The following relations should apply to titration curves based on
Egs. (11)~(15), as x = 1; di/dE — 0 and dE/di-» «

However, owing to chemical equilibrium, these differentials have
final values depending on the equilibrium constant Keq of the reaction,
For example, in the case of titration of a reversible system,

( dE )EP_ RT 1
N di Jim0" nFKgay VEKeq

and

( di )EP _nFKqa,

W )i~ R ¥Kea

On this basis the curves for amperometric and potentiometric ti-
trations with two polarized electrodes can be considered as mutually in-
verse representations,

A three-dimensional model (Fig. 3),* with coordinates 1, E, and
percentage of oxidized component, has been proposed [12] to visualize
the interpretation of electrochemical processes, This model illustrates
the relation between oxidized component content and either i or E,
when one of them is constant,

Equation (8) provides the basis for constructing this model. Assum-
ming a constant percentage of oxidized component (say 5¢%), and cut-
ting a section through the solid model, we obtain a surface representing

a polarogram of the reversible redox system containing a mixture of equal amounts of the oxidized and reduced forms
(the broken line a), which corresponds to Eq. (4).

At constant current (potentiometric titration) we can obtain from the thrée-dimensional model a surface glving
a two-dimensional representation (the broken line b) of the classical Nernst equation, In the case of titration with one

*Figure 3 preserves the authors' sign convention for current and potential, explained earlier in this paper.
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polarized electrode, the previously explained shift of the TEP relative to the EP is confirmed by the corresponding
shift of the diagram b,

At constant E, solution of Eq. (8) for i, with further approximations for E << E; and E >> Ey, leads to the equa-
tions i = —Kpeqaox and i = +K xae(1 — x), respecti'vely. These correspond to a section through the solid model shown
in Fig. 3 by the broken line c, representing a typical amperometric titration curve, or to the broken line a, correspond-
ing to the limiting diffusion current in quantitative polarography at a given concentration of the reduced form.

If we have two oxidizing agents of two reversible redox systems, then the corresponding location of their models
on the potential axis is shown three -dimensionally in Fig. 4, where ABCDE represents the curve for their successive
potentiometric titrations. The points B and D represent E, for the two systems, and C is the first TEP. This point cor-
responds to the polarogram curve FGCHI, in which the wave FGC corresponds to oxidation of the component of the re-
dox pair with the higher Ey, and the wave CHI corresponds to reduction of the component of the redox pair with lower
Ey. The endpoint of amperometric titration is shown by the point of intersection C of the two straight lines JKC and
CMN. The coincidence of the TEP by the amperometric and potentiometric methods indicates their interrelation and
the generality of their theoretical bases.

The above considerations are all based on Eq. (8), which is only valid for fast reversible systems. Other approxi-
mate equations and another model are required for irreversible systems.

During the titration proéess i and E (or AE) alter simultaneously, but, as is evident from the above equations,
not to the same extent. The extents of the changes in each parameter, which control the sensitivity and precision of
the elec:kometric methods, depend on the total resistance R of the circuit, a factor which does not normally receive
sufficient attention. Meanwhile, correct adjustment of this parameter makes possible a rational selection of the
method by gradually changing from one electrometric method to another, and so determining the most suitable condi-
tions for measureinent [1,8,11,16],

~ Equation (1), with a coordinate system { = f/(E, or E}), with the potential of one electrode held constant, has
the form of a straight line I (Fig. 5) with slope 1/R.

The intersects of this straight line with the polarization curves a’, a”, a™, corresponding to different times in
the titration of a definite component, give a series of points M', M", M™, from which titration curves for the various
methods can be constructed. Projection of these points on to the abscissa or ordinate axes gives tlie corresponding
changes in potential (potentiometric curve) and current (amperometric curve), It is clear from Fig. 5 that the changes
in i and E will differ, depending on the slope of the line I, i.e., on the value of R,

By solving Egs. (1) and (2) simultaneously we obtain an equation for electrometric titration curves, which allows
for a variable valug of the resistance. By eliminating either i or E from Egs. (1) and (4), for the case of titration of
one component of a fast system using one indicator electrode, we obtain the following mathematical expressions for
x = f(E,) or f(i), when x = 1:

nF
exp | (8 — Eo)| _
= RT L LR 7. S XY (16)

F Ri
l+exp[—g-7-7(E—-Eo)j a

and

exp[%{;—(b‘l—-ﬁ‘o — Ri)] ;
= — = fy (i) — I3 (4). amn

1 exp | o (B2 — o =

Here El =V + Ey and ig = K4a, the initial value of the limiting diffusion current of the reducing agent.

A combinations of Egs. (1) and (13) gives the equations for the titration curves with two indicator electrodes, in
amperometry:

P AR K C) I (18)
14 Ri(x)’
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and in potentiometry,

, .
ME=——
E=1Trim (19)

These mathematical relations can be used to determine the effect of resistance on the characteristics of electro-
metric methods.

The effect of including only a small resistance in the circuit is that, in the process of titration with one pola-
rized electrode (E, = Ey — iR), the electrode potential remains practically constant and equal to E;, It follows similar-
ly, from Eq. (19), that, in titration with two polarized electrodes, AE changes very little and is practically equal to V.,
The slight changes in E,4, Ex, or AE cannot be used for quantitative determinations,

Because of the very small change in electrode potential, Eq. (17) becomes x = const — 1/i4, and, if the voltage
V (or E,) corresponds to the potential of the limiting diffusion cumrent region (E; >>Egp), then x =1 - i/igori=(1-x)
* i3, which is the equation of the amperometric titration curve. Thus, in this case, amperometric measurement is
more suitable, as is clearly shown by means of the graph (Fig. 5).

In the limiting case, when R = 0 or {s very small, the straight line I becomes vertical, and there are the maxi~
mum changes in i, corresponding to the points of intersection of the line I with the polarization curves (Fig. 5)..

In the case of two polarized electrodes, the change in i corresponds to V + f(x), because 1 »> Rf(x) [see Eq.(18)],
i.e., the conditions for amperometric titration at constant applied voltage are again attained.

Two cases can be considered when a very high resistance is included in the circuit:

A. The second term in Eq. (16) can be neglected if V = 0, In this case the equation transforms into the Nernst
equation, and we are dealing with classical potentiometry in the absence of a current. The fact that the greatest
change in electrode potential occurs when R —+ « (open circuit) is shown in Fig. 5 when the line I coincides with the
E axis,

B. When V has an appreciable value, i is small, practically constant, and approximately equal to V/ R [Eqs; 1)
~and (18)], and the change in curmrent will be negligible during titration, On the other hand, there will be considerable
changes in E,, Ey, or AE [Egs. (1) and (19)]. Thus, in this case, it is only possible to use potentlometry at constant
current with one or two polarized electrodes.

The generality of the above methods is confirmed by the fact that, for a given resistance, the curves for quanti-
tative determination have the same form, dependent on a linear relation between i and E (Ohm's 1aw). In the case
of one indicator electrode they retain a logarithmic form for high values of R, since f, << f, in. Eqs. (16) and (1'7)
For small R values, f, >> f,, and the titration curves are therefore linear in form (Fig, 6). Lo :

Thus, when R is increased from zero to infinity, the analytical curves gradually change from one extreme form
(linear), which is more suited to amperometric measurements, to another form (logarithmic), which is more suited to
potentiometry. Intermediate values of the resistance give less characteristic distorted forms, with a decrease in slope
of the line with change in current in the first case, and a jump in potential in the second case; it is difficult to use
these forms in practice,

Thus, potentiometry and amperometry are limiting cases of the same method, which may be called voltage -
amperometry at constant resistance [1].

The above analysis makes it possible to create the following unique classification of electrometric methods of
analysis, based on the phenomena of electrolysis [11,17].

1. All the material to be determined takes part in the electrolytic process, In this case it is possible to use
electrolytic analysis in its classical form, or in the more modern form of measuring the quantity of electricity con-
sumed in carrying out the electrochemical reaction (coulometry). '

I, A negligible proportion of the material to be determined participates in the electrochemical reaction. In
this case it is possible to determine directly the concentration of a substance and the activity of fons by measuring,
respectively, the limiting diffusion current (polarography) or the electrode potential (direct potentiometry). The de-~
termination may be carried out by using the change in limiting diffusion current (amperometry), or the change in po-
tential of an indicator electrode (potentiometry), to follow the change in concentration of a substance during chemi-
cal reaction,
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Potentiometry may be divided into the classical (static) form with i = 0, and the form in which there is a po-
larization current, with or without the use of a reference electrode (one or two polarized electrodes). The latter in-

cludes both differential and derivative potentiometric titrations, The forms of the curves are completely analogous
[12].

Amperometry may be divided into the classical form (one polarized electrode) and "dead stop” titration (with
two polarized electrodes).

The choice of one or other variation of the potentiometric method depends on the reversibility or irreversibility
of the reacting redox systems. No variant may offer any particular advantage for fast systems, but when irreversible
and slow systems are to be titrated it is essential to use polarized electrodes (potentiometry with current flow). This
variant forces the electrochemical process and favors the rapid establishment of the equilibrium potential during the
titration process, so that it gives a sharp change in potential at the TEP,

The advantages of using two indicator electrodes in amperometry are the simplicity of the apparatus, the elimi-
nation of the reference electrode and electrolytic bridge, and the tolerance of a wide variation in applied voltage (10
to 500 mV),

Thus, systematic study of oxidation—reduction phenomena at electrodes and of polarization curves makes it pos-
sible to reveal the unity of, and to establish the relations between, electrochemical methods, to make a rational se-
“lection of methods, and to make a conscious approach to the development of new electroanalytical methods,
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