THE USE OF ELECTRON ACTIVITY CONCEPT IN THE
CALCULATION OF OXIDATION REDUCTION EQUILIBRIA*

By
J. InczEDY
Department for General and Analytical Chemistry, Technical University, Budapest

(Received October 10, 1969)

The oxidationreductionprocessof a systemcan be described by the follow-
ing general equation:

Ox -+ ze 2 Red (1)

where e denotes the electron, z the number of electrons taking part in the
reaction. The process can be compared to acid-base reactions, since by uptake
of protons an acid, while by liberation of protons a base is formed. Free protons
are not present in aqueous solutions of acids and bases neither are {ree electrons
in the solutions of oxidants and reductants.

The equilibrium constant of the oxidation reduction half reaction is

K™ = _M_, (I = const.) (2)

[0x] [e]

where [Red] and [Ox] are concentrations, while [e] is the electron activity,
introduced by JO6rRGENSEN [1] and used by Pavuine [2], SinLén [3], JomaNs-
sON [4] ete. Since in dilute solutions the activities depend only on the ionic
strength, the value of KX belonging to a given ionic strength may be considered
as constant.

The greater the value of K', the greater is the oxidation power of the
system. '

The negative logarithm of the electron activity, pe can be advantageously
used in the description of oxidation reduction equilibria, similarly as the pH
in the case of acid-base systems.

— log [e] = pe ®)

From the logarithmic form of Eq. (2) pe can be expressed as:

* Dedicated to Professor L. Erdey on the occasion of his 601 birthday.
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1 1 [Ox]
—log [e] = pe = —log K" -+~ —log———— 4
log [e] = pe - 0g - g [Red] (4)
pe

pe is a measure of the reduction power of the medium, very likely to the pH
which is a measure of the acidity in the solution. The greater the value of pe,
the greater is the oxidation power of the medium.

The first term on the right hand side of Eq. (4) is the standard pe (pe?)
of the system.

The oxidation-reduction potential and pe arc in close connection:

E E
e = = t25°C 5
PP= DS RTIF ooz O %)

E denotes the oxidation-reduction potential in Volts. The standard oxidation-
reduction potential of a system is related to the constant K’ as:

E° 1 )
= log K’ 6
0,059 PR ©)

pe’ =

It must be stressed, that the equations are to be modified if hydrogen
ions also take part in the oxidation-reduction process. Thus

Ox+ze~§—nH+:Red—f~%l—H20 (7)

K‘r — [REd]
[Ox][e]" [H*]"

(8)

1 [0x] n
e = ped +- ——Jog B
PeE=PE T T8 Red] =

(9)

If pH = 0, equation (9) is identical with Eq. (4).
According to definition the value of K’ in the

H++ez %_” H, (10)
reaction is equal to 1. Hence pe" of the hydrogen couple is the 0 point of the
pe scale.

In an oxidation reduction titration a reductant is titrated with an oxidiz-
ing agent or vice versa, and the end point of the titration is detected by colour
change of an indicator or by potentiometric method.
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Let us consider first the case when the titrant is an oxidant and the
compound or ion to be determined is oxidized during titration:

y Ox; + zRed;— yRed, + 20x, (11)

The oxidation reduction equilibria of the two systems involved are:
Ox; 4 ze = Red;, (titrant) (12)

Ox; +ye= Red; (determined) (13)

Plotting pe against the volume of titrant during an oxidimetric titra-
tion, a curve very similar to .those in pH-metric titrations is obtained. The
shape of the curve depends on the K' values of the systems involved and on
the number of electrons exchanged.

In the equivalence point

¥[0x]eq + ¥ [Redi]eq = = [Oxd]eq + z[Redy]eq (14)
Assuming that the species to be determined was completely in reduced form

before titration (which is a fundamental criterion of a quantitative determina-
tion), the following equation is also valid:

y [Red;] = = [Ox4] (15)

Using the equilibrium formulas ef the systems:

[ox] = Anedi] (16)
Ki [
[Red,] = K4[Ox,] [e]¥ (17
Eq. (14) can be transformed:
1 .
—— = Kj[e]}, 18
Kl alelzy (18)

From the logarithmic form of Eq. (18) pe of the equivalence point can be
expressed as:

L
¥

Péeqg = — log [e]eq = ) (log K + logg) (19)

&

-}

If pe at the end point of the titration is not the same as at the equiva-
lence point (i.e. pecny = peeq), titration error arises.
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To express the relative titration error in per cent we use the following
formula:

A% = 100

b O

«

where C; and C,; are the total concentrations of the titrant and the substance
to be determined, respectively, in the solution at the end point of the titra-
tion:

C; = [0x,] + [Red;] (21)
C; = [Ox4] + [Redy] (22)

Using Egs (15), (16), (17), (20), (21), (22), we obtain:

1

" o) ——— — K§ [e]”

A% =100  Kr[e]: ale] (23)
1+ Kj[e]

Since in the vicinity of the equivalence point Kj [e]" <€ 1, the second term in
the denominator can be neglected and the formula simplified:

| 1 i
/%~ 100 [ — K7 [e] | 24
A KI [o] ale] | (24)

On the basis of this equation one can conclude that the error is independent
of the concentration of the components at first approximation, and depends
only on the K’ values and on the electron activity at the end point. Actually
the error is notindependent of concentrations, since the constant K is depend-
ent on the ionic strength of the solution.

If the titrant is a reductant and an oxidizing agent is titrated, formula
(24) can be used, only the signs of the two terms in bracket must be changed.

Using the deduced formula (24) we calculated the titration errors at
different pe values in the titration of iron(II)ions with potassium dichromate
and in the titration of thallinm(III)ions with ascorbic acid standard solution.
The logarithmic diagram of the errors calculated can be seen in Fig. 1. Where
A =0, log 4= — oo, there is the equivalence point. The former titration
is “symmetrical”, while the latter “unsymmetrical’’. The values of the constant
used are: log K77y = 21.58;log K7 = 5.45 (pH 4): log KF, = 13.0; log K¢/,0, =
= 67.5. ’

The equations of the straight lines (broken lines) in Fig. 1 are as follows:

log A" = log K + 2—v pe (25)
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log A" = z pe + 2—log K} (26)

The pe belonging to the intersection:

pe — —— (logK{ -+ log K5) (27)

z -

gives the equivalence point. (See equation (19).)

fogd [\ 7 7

T 4 A e TI* 4 D 3Fe? 4} CraOF + 7H* —

—= 3Fe* + Cri*+35H,0

(oH=4) (oH=0)
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Fig. 1. Logarithmic diagram of the titration error in the titration of thallium(III)ions with
ascorbic acid and in the titration of iron(II)ions with potassium dichromate standard solution

The criterion of the quantitative titration can be deduced if we consider
that the species to be determined must be oxidized (or reduced) during the
titration to an extent of 99.99,. This means that

L 10x] o8
® TRed,]
Peeq > —Llog K3 +——l—— 3 (29)
Y Y
(see Eq. (4) ). Using also Eq. (19) we obtain:
y log Ki —z log Kg >3 (z + %) (30)
or
B —E9>01827Y Vot (31)

v

o

4 Periodica Polytechnica CH. XIV/2
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If both the oxidant and reductant in the titration involve the exchange of
two electrons per mole (e.g. in the titration of thallium(III)ions with ascorbic
acid) the difference between the log K’ values must be greater than 6, i.e. the
difference between the standard oxidation reduction potentials greater than
0.18 ¥, if quantitative determination is required.

By the use of the electron activity concept and *““conditional equilibrium
constants” it is very convenient to calculate the optimum conditions for titra-
tions also in cases, where the reduced or oxidized form of the systems reacts
in side reaction with complex forming agents or with protons. The conditional
oxidation reduction equilibrium constants can be used similarly to those
introduced and used by ScEwarRzENBACH [5] and RingBoM [6] in the chemistry
of complexes.

The conditional oxidation reduction constant is

. [Red’]

Ty e 393
[0x7 [ef .

where [Red’} and [Ox’] denote analytical concentrations without any respect
to side reactions. The connection between the conditional and real constant:

Kr = Kr ZRedd (33)
%0x(B)

Where XRed(A and %ox(By are the side reaction functions:

reany = 1+ (A1 By + [4128s + .. (34)
Zowm =1+ [B]7, + [BEv = ... (35)

lA] and [B] are concentrations of the species reacting with the reduced and
oxidized form of the substance resp. f-s and y-s are complex products or
protomization constant products.

Eq. (4) will be modified:

_[0x]
log [Red’] (36)

XRed(4)
B

Pe:Peo_.;__}__]og .__]f._

Zox(B)

peOy

where pe? is the new “conditional’” standard pe.

If the eriterion of the quantitative determination is not fulfilled, by
suitable pH change or by the use of complexing agent — shifting the values
of conditional constants — the titration may be realized.
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Examples

1. Calculate the pe in the transition point of the indicator Variamine
Blue in solutions of pH 4, at a concentration of 10~ mole/l; the blue colour
of the oxidized form is noticeable if [Ox’] ~ 103 mole/L

The indicator redox system and the corresponding equilibrium con-
stant [7] are:

V.OX + 28 ‘-{‘ZHT = T/-RECI log K(/ == 24‘,8

Both the reduced and oxidized form of the indicator take up proton in acidic
medium. The protonation constants are: log Kgreq = 5.9; log Ko = 6.6 [7].
The indicator in the reduced form is colourless not depending on protonation,
while in oxidized form the unprotonated species is yellow, the protonated
species blue in solution. The indicator can be used therefore only in solu-
tions of pH < 6.

Answer: In a solution of pH 4, the protonation side reaction func-
tions are:

v geq(iny = 1 4 1074+ 1099 = 10

tpogny = 1 -+ 1074 - 1086 = 1020

Using Eqs (9) and (36) we have:

pezpe°+——lw10g~i‘wi— ..l‘-_:.[_._.log [V’OXI]_-—PH:
2 AV o< (H) 2 [V gedl
124 (1,02 26) - tleg 0 4758 (pH=4)
2 2 91073

2. Calculate the indicator error in the titration of thallium(III)ions, if
as titrant ascorbic acid standard solution, as indicator Variamine Blue is
used. According to ErpEY, VicH and Buzis [8] the solution investigated
is treated with bromine water and after removing excess bromine with formic
acid, the pH of the solution is buffered to pH 4.

The concentration of bromide ions in solution is ca 10~ mole/l.

The equilibrium constants of the two systems are

TI®* 1 22 TI* log K71 =426 V (9)
D +2ex2 42 log K, =—25 V (10)

The complex products of the bromo-thallium(III) complexes; log f, = 8.3;
log f, = 14.6; log f; = 19.2; log g, = 22.3; log B = 24.8; log f; = 26.5 (11).

B
%
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Those of hydroxo-thallium complexes: log y, = 12.9; log 7y, = 25.4 (12),
those of bromo-thallium(I)complexes: log [, =0.92; log g
85 = 0.40 (13). The protonation constants of ascorbate ion: log K, = 11.56;
log K, = 4.17 (14). The transition point of the indicator in solution of pH 4 is
pe = 7.58 {see Example 1).

Answer: We calculate first the side reaction function values, then the
conditional constants of the two systems, finally the indicator error [see equa-

tions (34), (35), (33) and (24)].

ot Mgy =1+ 1072 - 1083 - 1072 - 100 o 1073 - 102 - 104 - 1023 4
A 1075 - 1028 1 106 - 10205 = 102138 )

ot IIony = 1 4 10-10 - 10129 4- 10720 . 10%+4 = 10

oepp JIT == 10208 1 1054 — 1 ~ 10713

wrt Lipry =1+ 1071+ 109 4 1072 - 109% 4 1073 - 10740 = 1002

aa@y =1+ 107* - 101036 L 108 - 10157 = 107%

The conditional constant of the thallium(III)—thalium(I) and of
dehydroascorbic acid—ascorbate couple:

log K = 42.6 - 0.28 — 21.3 = 21.58

log Ki = —2.5 1+ 7.95 = 5.45

)

The indicator error:

= 10210545 (10~758)2 — _______1__, = —3,8-1075 9
102158 (10—758)2

The indicator used is very suitable to the titration.
The equivalence point according to Eq. (19):

1
Peeq = -~ (2158 + 5.45) = 6.76

Summary

Eguations are deduced for calculation of errors and optimum conditions of oxidation
reduction titrations using the electron activity concept — first introduced by Jorgensen —
and conditional equilibrium constants, which are similar to those used in complex chemistry.
Two worked examples are also presented.
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