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Introduction.—Molal oxidation poten-
tials are idealized reaction constants.
Molal potentials may be evaluated by the
use of three independent experimental
procedures. The electrochemical method
is most direct and results in the use of
the least complicated experimental pro-
cedure. A second method involves the
determination of reaction equilibrium
constants. The third procedure is based
upon the calculation of potentials using
heat of reaction data. Molal potentials
determined as a result of all three pro-
cedures should give identical results.

Formal oxidation potentials are prac-
tical rather than idealized constants.
Formal potentials rarely conform in mag-
nitude to molal potentials. The differ-
ences between conditions under which
molal potentials and formal potentials
are determined involve conformity to and
deviation from the requirements classed

“standard state.” Molal potentials re-
quire hydrogen ion concentrations to be
calculated to include activity relation-
ships; formal potentials ignore such cor-
rections. Molal potentials include hy-
drolysis effects, formal potentials do not.
Formal solutions from other ecircum-
stances do not conform strictly to the
prerequisites of conditions of “standard
state.” The chief discrepancy probably
consists in the formation of complex ions
the dissociation constant of which is un-
known.

It is the purpose of the present dis-
cussion to point out some of the wide
discrepancies which result from the as-
sumption that reaction constants for ox-
idation-reduction reactions can be even
approximated from the use of molal po-
tential values. The distinetion between
molal and formal oxidation potential data
has been discussed with this point in view
by Swift.!

“These molal potentials are often of little
practical value, and may be misleading,

when one attempts to predict from the
behavior of oxidizing and reducing agents
in the relatively concentrated salt and
acid solutions encountered in analytical
chemistry . . . These formal potentials
could be calculated from the molal poten-
tials (or the reverse) if there were avail-
able adequate data for the hydrolysis
constants, for the dissociation constants
of any complex ions which may be
formed, and, finally, for the activity co-
efficient of the reactants in these rela-
tively concentrated solutions. Since such
data are usually inadequate, it is advan-
tageous to have the experimentally meas-
ured formal potentials.” The situation
as it exists was one which may have
prompted a Dutch chemist’s warning
that, ‘theory guides, experiment decides.”

Section of reactants.—Many oxidizing
agents and reducing agents could be
selected to illustrate the point of distine-
tion between molal and formal potentials.
Two commonly employed reagents will
be selected for illustration; namely, fer-
rous and dichromate ions.

Experimental apparatus.—A potentiomet-
ric titration assembly of the usual type
consisting of a working cell (2 dry cells),
a decade resistance box, a student poten-
tiometer and tapping key, a moderately
sensitive galvanometer and a standard
Weston cell. The electrode pair used was
a platinum wire and a saturated calomel
half cell. By the use of a double throw
switch the calibration of the galvanome-
ter circuit can be made with reference
to the standard Weston cell or the po-
tential of the unknown reaction cell can
be measured. The titration apparatus
was provided with a mechanical stirrer
and calibrated buret. Samples for deter-
mination were transferred to the reaction
cell by the use of standard pipets. The
accuracy claimed for the potentials deter-
mined is such that the value is approxi-
mate in the third place of decimals.

*C onlrlhutmn from the Wi, Albert Noyes Laboratory, University of Illinois, Urbana.
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‘A System of (C hemical) Analysis” Prentice-Hz all, 1939 (pages 40-50 and 540).




Descriptive procedure.—A description in
detail will be given of a familiar reac-
tion: Cr.0F + 6Fe** + 14H* — 2Cr*+
+ 6Fe*** + TH.O. The half cell reactions’
involved are as follows:*

(1) Cr:0+ + 14H* + 6e == 2 Cr*** + TH.0 E°

(2) Fe'** + e == Fe*

Reactants.—FeCl;:6H.0 (app. 0.2 mol.)
dissolved in 162.2 ml. of reagent hydro-
chloric acid (sp. gr. 1.19) and diluted to
2000 ml. making a solution 0.1 formal
in ferric ion and formal in hydrochlorie
acid.

An approxately 0.01666 formal solu-
tion of K:Cr:O: in formal hydrochlorie
acid (0.1 N Cr:07 in F HCI).

Formal hydrochloric acid for dilution
purposes made by dilution of 81.1 ml. of
reagent hydrochloric acid (sp. gr. 1.19)
to 1000 ml.

A 25.00 ml. portion of the ferric
chloride solution after passing through
a Walden silver reductor was transferred
to a 400 ml. beaker and diluted to 250 ml.
by addition of formal hydrochloric acid.
This solution was then titrated using
the 0.1 N K:.Cr.0; solution and the result-
ing potentials were plotted (fig. 1 and
table 1).

TABLE 1.—THE POTENTIOMETRIC TITRA-
TION OF FERROUS IoNS BY DICHROMATE
Ions IN ForMAL HYDROCHLORIC ACID

SOLUTION

Cr0 | EMF® | Cr0 | EMF. | o o | EMF.

ml. | Voits ml, Volts Volts
0.00 | 0.5380 | 16.00 | 0.6981 | 25.85 0.8661
0.50 | 0.5907 | 18.00 | 0.7073 | 25.90 1.0064
1.00 | 0.6083 | 20.00 | 0.7181 | 26.00 1.0250
2.00 | 0.6255 | 22.00 | 0.7306 | 26.10 1.0403
5.00 | 0.6510 | 23.00 | 0.7386 | 26.30 1.0491
10.00 | 0.6748 | 24.00 | 0 7510 | 27.00 1.0586
12.00 | 0.6838 | 25.00 | 0.7713 | 3000 1.0700
12.50 | 0.6858 | 25.50 | 0.7908 | 40.00 1.0778
13.00 | 0.6876 | 25.60 | 0.8008 | 50.00 1.0843
14.00 | 0.6906 | 25.70 | 0.8213 | 51.80 0925

SE.M.F. values are corrected to refer to hydrogen
electrode as standard.

From the results of Table 1 the formal
half cell reactions involved are the fol-
lowing :

(1) Cr:0:~ + 14H* + 6e” == 2Cr** + TH.O

(2) Fe'** + e~ == Fe**

The formal potential for reaction (1) is
seen to be at variance with the molal po-
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tential to the extent of 20 per cent and
for reaction (2) over 10 per cent. It is
of interest to calculate the most impor-
tant reaction constants for the reaction

between ferrous and dichromate ions
= 1.36 Volts
E° = 0.771 Volts

based upon molal potential data as com-
pared to formal potentials. The constants
calculated and the general formulation
for each constant is as follows:

equiv. L os
Ee (point )= R R

potential a-+b
(E° — E®:)n
-—10g K(cuun,J = —'h'—im*“?)—

: —a+h l a’b \ a -
[Red:] / [Ox:] \ll (W) K

Then

Molal Formal
E. 1.276 Volts 1.033 Volts
K. equil. 1.26 X 107 1.66 X 10
[Red.] / [Ox.] 3.06 X 10~ 1.65 X 10™°

TABLE 2.—THE FORMAL POTENTIALS OF

THE FERRIC-FERROUS AND DICHROMIC-

CHROMIC SYSTEMS IN SULFURIC ACID AND

HYDROCHLORIC ACID OF VARIOUS CONCEN-
TRATIONS

4 o= = Fet*

i Cra0r + 14 H* + Ge—=
Acid Fet
2Cr THO | got valyes in Volts E°

+
Used | por'Values in Volts E°
1F HCI 1.09(3) 136 | 0688  0.771
2F HOI 1.10(7) 0.67(7)
3 F HCI 1.19(0) 0.67(1)
$FHCI 1.15(0) 0.65(8)
2FHS0: | 1.10(9) 0.880
iFHSO. | 11407 0.68(7)
6FHS0: | 1.30(0) 0.68(1)
8FHSO, | 1.34(6) 0.65(8)

Formal potentials of the ferric-ferrous and
dichromic-chromate systems at various con-
centrations.—The determination of the
ferric-ferrous formal potentials at 2, 3,
and 4 formal strength of hydrochlorie
acid were similarly determined (as de-

E®" = 1.09 Volts
E°’ = 0.69 Volts

scribed in Table 1 and shown graphi-

cally in Figure 1). The same procedure

*The molal potentials (E°) are taken from Latimer “‘Oxidation Potentials,”" Prentise-Hall, 1938
Formal potentials will be indicated by the symbol E®.
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Fle. 1.—The titration of FeClz in 1 FHCI solution bv Crp07 = in
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Fig. 2.—The titration of 10,0 ml of Fe** solution ]p]us 15.0 ml of

ferrous methyl uﬂhophenunthrollne using Crz07-.
2804 used throughour.

mately 0.1 and 4 F H

tions a.ppruxi-
]'e""'* F

potential 0.68 volts, methw ferriin + e~ = methyl ferroin 9.06 volts.

gave also the formal potentials for the
dichromie-chromic system at the same
concentration of acid. In all cases the
potentiometric titrational curves were
just as smooth and precise and the
formal potential values determined could
be evaluated with an equal degree of pre-
cision. Duplicate titrational curves were

obtainable at will and the formal poten-
tials thus determined agreed to within
=+ 0.01 volt. The same type experiments
were carried out with the same systems
in sulfuric acid solution except that the
ferrous sulfate solutions in the various
formal strengths of sulfuric were pre-
pared from ferrous sulfate hexahydrate




and therefore required no reduction be-
fore titration. The results appear in
Table 2.

Choice of oxidation-reduction indicators
for use in the determination of iron by di-
chromate.—The oxidation-reduction indi-
cator selected for the titration of iron by
dichromate has generally been diphenyl-
amine or diphenylamine sulfonic acid.
These indicators are of quite low values
in potentials which bring about their
color change. (0.76 volts and 0.84 volts
respectively). For this reason phosphorie
acid is always added to lower the oxida-
tion potential of the ferrie-ferrous sys-
tem below the value ordinarily attained
in either sulfuric or hydrochloric acid
solutions. The use of these indicators is
obviously not fully satisfactory. It would
be reasoned that because of the presence
of the green chromic ion in these titra-
tions, a more vividly colored and more
reversible indicator of the ortho-phenan-
throline type would be used.

The fact that ferroin indicator is not
employed in the determination of iron
by dichromate is rather unexplained on
the basis of the molal oxidation potential
values given for the half cell reaction of
the Cr.0 - 2Cr*** (1.36 volts) and the
ferriin-ferroin system (1.14 volts). The
difference between the molal and formal
potentials given in Table 2 indicates the
failure of conditions to be suitable except
in 6 to 8 formal sulfuric acid solution
and unsatisfactory conditions at any
strength of hydrochloric acid.

Influence of acid concentration on the
oxidation potential of indicators of the phe-
nanthroline series.—The indicator ferroin
(1-10-orthophenanthroline ferrous sul-
fate) and substituted phenanthroline in-
dicators such as 5-methyl-1-10-orthophe-
nanthroline ferrous sulfate (methyl fer-
roin) are subject to very material
changes in oxidation potential with
changes in hydrogen ion concentration in
solutions in which they are employed.
These values have been determined in
previous work (a report of which is now
in press) and are reprinted as given in
Table 3.

From the data in Table 3 it is observed
that just as with the oxidation of iron
by dichromate, wide changes in oxidation
potential occur in the indicator system.
This requires that both the wvariations
should be taken into consideration when
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TABLE 3.—THE FORMAL OXIDATION Po-
TENTIALS OF FERROIN AND METHYL
FERROIN INDICATORS

Reactions: Ferriin + ¢~ — Ferroin E® = 1.16 Volts
Methyl Ferriin + e~ —
Methyl Ferroin E® = 1.10 Valts
Ferriin  Ferroin  Methyl Ferriin-Ferroin
Acid Cane, E* in Volts E* in Volta
1 Formal 1.06 1.02
2 Formal* 1.03 1.00
3 Formal 1.00 0.96
4 Formal 0.96 0.93
6 Formal 0.89 0.86
8 Formal 0.76 0.70

reaction conditions are to be selected.
With this point in view the methyl fer-
roin indicator would be selected for di-
chromate titrations of iron because its
oxidation potential is lower than that of
ferroin. If would be predicted that satis-
factory conditions prevail at 4 formal
strength of sulfurie acid. A test case
potentiometric titration of a mixture of
ferrous and methyl ferroin ferrous ions
in 4 formal sulfuric acid was titrated
using the dichromate ion in 4 formal sul-
furic acid solution as oxidant. The values
obtained are shown graphically in figure
2. It will be observed that a satisfactory
differential titrational procedure results.
The use of 2 formal sulfuric acid results
in a differential titration the second stage
of which reaction is not satisfactory and
does not give a vertical break in potential
but rather a gradual one. The use of 6
formal sulfuric acid results in a very
satisfactory oxidation of the indicator
but a somewhat gradual break in poten-
tial for the oxidation of the ferrous ion.
At 8 formal sulfuric acid concentration
there is no sign of a differential oxida-
tion of ferrous and methyl ferroin fer-
rous ions.

Conclusions.—Formal versus molal oxi-
dation potentials differ over such a wide
range under normal variations in titra-
tional environments that special cogni-
zance of this situation is of prime im-
portance. The cases cited in this discus-
sion are typical, not isolated examples.
The system of recording formal poten-
tials and molal potentials in the same
table of reaction constants as instigated
by Swift (loc. cit.) should be extended
and emphasis should be placed on the
use of these formal potentials in prefer-
ence to molal potentials as a guide to
predicting suitable reaction conditions.



