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The Reduction of Sulfurous Acid (Sulfur Dioxide) at the Dropping Mercury Electrode

By I. M. KoLtHOFF aAND C. S. MILLER!

In agreement with Gossman? the authors did
not find reduction waves at the dropping mer-
cury electrode with neutral or alkaline sulfite solu-
tions, but well-defined waves were observed in
acid medium. At pH values between 0 and 2
Gossman found a change of the reduction poten-
tial (45° tangent method) of 0.056/v. with a ten-
fold change of the total sulfur dioxide (dehydrated,
hydrated and ionized) concentration and a change
of 0.112/v. per unit change of pH at constant sul-
fur dioxide concentration. Referring to the elec-
trochemical work of Roscoe and Jellinek,® Goss-
man postulates that sulfur dioxide in acid me-
dium at the dropping electrode is reduced to hy-
drosulfurous acid.

280; + 2e —> 50,

In explaining the effect of pH upon the reduction
potential he assumes that the reduction is accom-
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Fig. 1.—S8ulfite waves at various pH: Curve 1, phos-
phate buffer, p§H 6.0, Na,SO; 1.93 X 10-3 M; Curve 2,
acetate buffer, pH 3.6, Na,80; 1.98 X 10~3% M; Curve 3,

HNO; 0.1 M, pH 1, Na,S0; 1.54 X 10-% M, Curve 4,
HNO; 1.0 M, pH 0, Na,SO, 275 X 107% M.

(1) From a thesis submitted by C. S. Miller to the Graduate
School of the University of Minnesota in partial fulfillment of the re-
quirements of the Doctor’s degree (1940).

(2) B. Gossman, Coll. Czechoslon. Chem. Commun., 3, 185 (1930),

(3) H. Roscoe and K. Jellinek, 2, Elekirochem., 10, 266 (1903).

plished by atomic hydrogen which is formed at the
surface of the electrode. However, this assump-
tion does not explain the fact that the potential
changes by 2RT/F instead of RT/F with a unit
change of the pH, because we would not have to
consider the overpotential of hydrogen in this
case. Gossman also assumes that sulfur dioxide
or(and) sulfurous acid molecules are reducible and
that the ions are not reducible. Working with
unbuffered solutions of sodium sulfite and hydro-
chloric acid Gossman noticed two small waves at
low acidities. The first wave is attributed by him
to a reduction to hydrosulfite ions. According
to Gossman the latter are not stable and decom-
pose according to the equation
85:0,~ —> SO;~ + SO,

The sulfur dioxide thus formed is then reduced to
the sulfoxylate ion which occurs on the second
wave. (Gossman assumes that in more acid me-
dium the hydrosulfurous acid is stable and that,
therefore, in such a medium only one wave is
found. This interpretation does not seem plausi-
ble and is not substantiated by our work. We
have investigated the reduction of sulfurous acid
in its various forms in buffer solutions of known
pH. Quite generally, we could not confirm
Gossman's conclusions.

Experimental

The current—voltage curves were determined at 25.00 =
0.05° in a thermostat using the manual apparatus.* After
the measurements had been made in air-free solutions the
total sulfite concentration was determined by pipetting 25
to 50-ml. volumes into an excess of standard iodine solu-
tions and back-titrating with standard thiosulfate solution.

From Fig. 1 it is evident that keeping the total sulfite
concentration constant, the diffusion currents increase
with decreasing pH. At a pH of 6 two small waves were
noticed but in buffer solutions with a pH of 3.6 or smaller
only one wave was found. Figure 2 shows the two waves
at a pH of 6 at different sulfite concentrations. Neither
the first nor the second diffusion currents were found to be
proportional to the concentration, their increase being less
than linear with the concentration. In biphthalate buffer
solutions with a pH of 3 only one wave was found. Al-
though the diffusion current was markedly less than that
at the same sulfite concentrations at pH values of 1 to 0,
this diffusion current was found to be roughly proportional
to the total sulfite concentration as shown in Fig. 3. In

(4) 1. M. Kolthoff and J. J. Lingane, Chem. Rev., 34, 1 (1939).
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aid of the Ilkovic equation?® the diffu-
sion coefficient of sulfur dioxide was

calculated assuming an electron trans-

fer of one and of two per molecule.
Assuming with Gossman an electron

transfer of one, a diffusion coefficient
at 25° of 8.2 X 1075 cm.%ec.™! is cal-

culated, while a value of 2.04 X 10-?
cm.%sec. ! is calculated for an electron

Current in microamperes
.
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transfer of two. In a previous paper®
we calculated a diffusion coefficient of

)

oxygen dissolved in water of 2.6 X 10—
cm.?sec.7'at 25°. Since the latter may
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Potential (vs. 8. C. E.).
Fig. 2.—Sulfite waves in phosphate buffer of $H 6.0:

Curve 3, Na,S0; 0.01 M.

0.1 N nitric acid the diffusion current was found to be
strictly proportional to the concentration (see Fig. 4),
and it remained practically constant when the acid concen-
tration was increased to normal. The figures have been
plotted without correcting for the 4R drop. Inthe 0.1 N
nitric acid solution the resistance was 1200 ohms.
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Fig. 3.—Sulfite waves in buffer of pH 3.0: (1) no sulfite;
(2) 4.5 X 10~¢ M sulfite; (3) 8.9 X 10~* M sulfite; (4)
1.33 X 1072 M sulfite; (5) 2.17 X 10~3 M sulfite.

Discussion

(1) In strongly acid medium (pH 1 to 0) all of
the sulfur dioxide (in its various forms) is reduced
when the diffusion current is reached, With the

KNO; 0.1 N,
buffer 0.05 M; Curve 1, Na,80O; 0.002 M; Curve 2, Na,SO; 0.004 M,

-15 be expected to be of the same order of
magnitude as that of sulfur dioxide, it
is quite evident that the reduction of
sulfur dioxide in acid medium involves
two electrons per molecule. There-
fore, the net reaction in acid medium may be rep-

resented by the equation

SO, + 2H* + 2e —> H,S0, (1)
or
H,S0; + 2H* + 2e —> H,S0. + H.O (la)
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Fig. 4.—Sulfite waves in 0.092 N nitric acid: Curve
1 is the residual current; sodium sulfite concentration in
curve (2) 4.85 X 107¢ M; (3)86 X 10~ M, (4) 743 X
10-3 M; (5) 2.33 X 10~3% M.
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(5) D. Ilkovie, Coll. Czechosloy, Chem. Commun., 6, 498 (1934);
see also ref. 4,

(8) I. M. Kolthoff and €. S, Miller, THis Jour~NaL, 88, 1013
(1941).
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If this reaction were reversible the potential =
would be determined by the expression

[SOzJo[H™* Jo2

RT
r = Const. + 5% In TH,S0:T, 2)

in which the subscript zero denotes the concen-
tration at the surface of the electrode. Introduc-
ing the relations between the concentrations and
current (see ref. 4) the equation of the polaro-
graphic wave at constant pH is given by

x = w4 %T-lu (a - 9 (3)

A plot of the values of log (¢; — )/ versus the po-
tential of the curves given in Fig. 4 after correc-
tion for the 4R drop actually yielded a straight
line with the theoretical slope of 0.030. More-
over, the half wave potential m/, at a constant
pH should be constant and independent of the
sulfur dioxide concentration. This was found to
be true in 0.1 IV nitric acid, a value of m,, of —0.37
v. (vs. S. C. E.) being found. The relation be-
tween m, and the pH is more involved than that
indicated by equation (2), due to the changing de-
grees of dissociation of sulfurous and sulfoxylic
acids with the pH. It should be pointed out that
the agreement found between the experimental
data and those calculated on the hasis of equation
(3) does not prove conclusively that reactions (1)
or (la) are reversible. It is even possible that
intermediately other reduction products are
formed.

(2) An explanation is in order for the fact that,
keeping the total sulfite concentration constant,
the diffusion current decreases with increasing
pH. Gossman? assumes that H,SO; is reduced
and that the establishment of the equilibrium H+
-+ HSO;~ 2 H.S0; is relatively slow. Since, in
the electrodeposition of hydrogen at the dropping
electrode from solutions of weak acids, attain-
ment of dissociation equilibrium is found to be
faster than the speed of electroreduction, Goss-
man’s explanation is not plausible. Assuming
that H.SO; is the reducible form we have to
consider that this acid in some respects has
similar properties to phosphorous and nitrous
acids.” These acids exist in different tautomeric
forms.

Assuming a similar equilibrium in solutions of
sulfurous acid we have

(7) See ¢. g., J. H. Hildebrand, "*Principles of Chemistry,” The
Macmillan Company, New York, N, Y., 1929,
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SO; + H,O —>» ?=O z HS|=O (4)
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Form I is the weaker acid of the two and is re-
ducible, while the stronger acid form II with the
hydrogen attached to the central atom is oxidiz-
able. Itiswell known that sulfurous acid can act
both as an oxidizing (I) and a reducing (II) agent.
At an intermediate pH, say of 3, most of form II
may be present in the ionized form and that of I
in the un-ionized form. Hence, at such a pH
only a small fraction of the total sulfur dioxide
may be present as form I and the greatest part as
form II (dissociated and undissociated). With
decreasing pH the fraction present as form I in-
creases and depending upon the equilibrium con-
stant giving the ratio between I and II and the
hydration constant of sulfur dioxide, most of the
latter may be found in the form of I in strongly
acid medium. If form I (ionized and un-ionized)
is reducible at the dropping electrode and the
speed of transformation of II into I is relatively
small, it is evident that the height of the wave
should become independent of the pH, unless the
dehydration of sulfurous acid to sulfur dioxide is
acid catalyzed.

(3) The occurrence of the two small waves at
pH of 6 remains to be interpreted. From the
literature? it is evident that the mechanism of the
electro-reduction of sulfurous acid at various pH
values is quite involved. Under certain condi-
tions hydrosulfurous acid may be formed

HSO:~ + 2H* + e —> HSO, + H,O  (5)
2HSO; —> HsS,0, —> 2H* + S0, (6)
The first small wave at a pH of 6 may correspond
to a reduction to hydrosulfite. The hydrosul-
fite ion can be further reduced according to the
equation
S$:0,~ + 2H* 4+ 2¢e —> S,0;~ + H:0 (7)
This reduction may occur on the second wave at a
pH of 6 (Fig. 2) with a half wave potential of
—1.23v. (vs. 8. C. E.). The hydrosulfurous acid
is not stable and decomposes
2H,S,0: + H;0 —> H:S5;05 + 2HSO;,  (8)

Apparently, a slow decomposition of the hydro-
sulfite formed on the first wave occurs already at a

(8) See J. W. Mellor, "Treatise on Inorganic and Theoretical
Chemistry,” Vol. X, Longmans, Green and Co., New York, N.Y,,
1932, pp. 186 ff.
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pH of 6, explaining why the height of the second
wave is distinctly smaller than that of the first
one. The rate of decomposition of hydrosul-
furous acid increases with increasing hydrogen ion
concentration, and also the HS;0; formed (equa-
tion 8) decomposes with the formation of HoSOs
H,S;0; + H:O —> 2H,S0; 9)

Therefore, the second wave disappears as the
acidity increases. At pH values smaller than
about 4 only one wave is found and the net reac-
tion corresponds to a reduction to sulfoxylic acid
(equations 5, 6, 8 and 9).

A polarographic investigation of various thionic
acids at different acidities is planned in order to
study the various involved reactions more in de-
tail.

Summary
1. Sulfur dioxide in aqueous solutions can be

determined polarographically in 0.1 to 1 NV solu-
tions of strong acids. The diffusion current is

Leap AMALGAM—-LEAD FLUORIDE ELECTRODE AND SODIUM FLUORIDE SOLUTIONS

2821

found proportional to the total sulfur dioxide con-
centration. The following reaction accounts

quantitatively for the reduction: SO, + 2H* +
2e —> HzSOz.

2. The diffusion coefficient of sulfur dioxide
in aqueous medium was calculated to be 2.04 X
10~° cm.,2 sec."1at 25°,

3. Keeping the total sulfite concentration con-
stant, the diffusion current decreases markedly
when the pH becomes greater than 2. At a pH
of 7 or greater than 7 no wave is found. This
behavior is attributed to the facts that sulfurous
acid exists in two tautomeric forms one of which
is reducible, and that the speed of transformation
of the oxidizible, strongly-acid form to the reduci-
ble, weakly-acid form is relatively small.

4. At a pH of 6 two small waves were found,
the first one corresponding to a reduction to hy-
drosulfite, and the second to a reduction of the
latter to thiosulfate.
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The Lead Amalgam-Lead Fluoride Electrode and Thermodynamic Properties of
Aqueous Sodium Fluoride Solutions

By REGINALD WiLLIAM IVETT! AND THOMAS DE VRIES

The only use which has been made of elec-
trodes whose reactions involve fluoride ions has
been by Jahn-Held and Jellinek,? who measured
the e. m. {. of the cells
Pb(5% amalgam), PbF; | HF(0.1 N) || KCl satd. || HF(1.0

N) | MF,, M,
where M indicates copper, cadmium or zinc, as
amalgams, or cobalt or nickel, as the powdered
metal. They also measured the e. m. {. of the cell
Pb(5% amalgam), PbF, | HF(1.0 N), H,, Pt.

In this investigation further study was made
of the reproducibility of the lead amalgam-lead
fluoride electrode, using the cell Na(amalgam) |
NaF(m) | PbF;, Pb(amalgam). The free energy,
heat content and entropy changes of the cell reac-
tion, and the activity coefficients of the sodium
fluoride were calculated from the e. m. f. measure-
ments at 15, 25 and 35°, using 0.1 to 0.9 molal

(1) Present address: Hercules Experiment Station, Wilmington,
Del. This paper is an abstract of a thesis submitted by R. W. Ivett
in partial fulfillment of the requirements for the degree of Doctor of
Philosophy.

(2) Jahn-Held and Jellinek, Z. Elektrochem., 42, 401 (1936).

solutions. A saturated solution of sodium fluo-
ride is 0.983m at 25°.

Materials

Sodium Amalgam.—Sodium amalgam was prepared by
the electrolysis of a sodium carbonate solution using puri-
fied mercury as the cathode and a platinum foil as the
anode. The sodium carbonate was recrystallized four
times from conductivity water. The amalgam was
washed repeatedly with water, then with acetone, and fil-
tered through a small capillary into a flask filled with nitro-
gen.

Lead Amalgam.—I ead amalgam was prepared by using
purified mercury as a cathode in a solution of Baker and
Adamson reagent lead nitrate. The anode was a platinum
foil in a solution of 1 N nitric acid, the two solutions being
connected by means of an inverted glass U-tube filled with
1 N nitric acid. A current of about 0.2 ampere was passed
until the concentration of the lead in the amalgam was
about 59,. It was washed repeatedly with water, then
with acetone, heated to 100° and filtered while hot through
a small capillary into a container filled with nitrogen. A
59, amalgam consists of two phases at the highest tem-
perature at which measurements were made, but can be
changed to one phase by heating it to 100°,



