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This thesis deals with certain physical constants
of pure sulphur dioxide and its aqueous solutions. The
results of experiments to determine these values are given,
and are discussed both from the point of view of their
theoretical significance and from their relation to one
another.

Sulphur dioxide has been known from & very esarly
date. The ancients knew that the fumes evolved when sulphur
was burnt in air exerted a purifying action, and they used
it for fumigating and for bleaching cloth. The first re-
corded observations on a solution of sulphur dioxide in
water, or sulphurous acid, were made by Libavius in about
1600. On burning sulphur with saltpetre,(sodium nitrate),

a gas was evolved which formed the already known sulphuric
acid on being passed into water. Libavius noticed that

an acid was also formed, when fumes from sulphur, burnt in
the absence of saltpetre, were passed into water. There

was a good deal of confusion at first, between sulphurie

and sulphurous acids. This is not surprising when one con-
siders how easily sulphurous acid is oxidized to sulphuric.
The difference between them was definitely settled by Stahl.
Stahl distinguished between them by calling sulphuriec acid
the stronger, and sulphurous acid, the weaker acid. Further

’

he made the potassium salt of sulphurous acid, and showed
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that it differed from the corresponding salt of sulphuric
acid. Stall was the great leader of the Phlogiston Theory,
and he called sulphurous acid, "phlogistigated vitriolic
acid”. Even Cavendish referred to it by that name as late
as 1765. It was left to Priestley in 1775 to prepare the
pure gas, which was done by the reduction of sulphurie
acid by mercury. A few years later, Lavoisier showed that
sulphurous acid was an intermediate oxidation compound be-
tween sulphur and sulphuric acid.

Since these times, sulphur dioxide and its aque-
ous solution have become more and more important. Little
precision work, however, has been carried out on the measure-
ment of its physical properties, and comparatively little
has been done on it from a theoretical point of view. Three
structures have been put forward for the gas, (1) 0 = S = O;
(2) 0 =8 -0; (3) sii . The first formula is that most
commonly accepted, and the direct formation of substances
such a3 0 = 8\01 from sulphur dioxide seems to support it:
very strongly. The second formulas is that which is given
by considerstion of the sulphur dioxide from the point of
view of Langmuir's theory of the atom. This indicates that
one of the oxygen atoms is attached to the sulphur atom by
one pair of electrons, while the other oxygen atom is bound
by two pairs of electrons. The ring structure has been put

forward as an analogy to the ring structure suggested for

ozone, but there is not much evidence for its existence.
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A paper has been published gquite recently by C.P.Smyth(l),

in which the author considers the structure of the molecule
from the point of view of Langmuir. From caleculations in-
volving electric moments of the molecule, which had been
determined experimentally, Smyth concludes that the Lang-
muir structure is the most probable.

The constitution of sulphurous acid, formed by
the solution of sulphur dioxide in wsater, has not been
definitely settled. The two formulae considered are:

OF Oy ~OH

and S . The arguments in favour of each N

\OH 0 \H ¥’ ; { L
are based on the following. Thionyl fg;phiae is made (Ve

0 =

directly from sulphur dioxide by treatment with phosphorous
pentachloride. As there is no reason to suppose that the
sulphur changes its valence during the reaction, the two
chlorine atoms are considered to be directly attached to

the sulphur atom. Hydrolysis causes thionyl sulphide to
decompose to form sulphurous acid., That is, the two chlor-
ine atoms have been replaced by hydroxyl groups, which are
then attached directly to the sulphur atom. This would
indicate that the structure for sulphurous acid is O = S(OH .
Whether the two hydroxyl groups occupy symmetrical positiogg
in the molecule was investigated by preparing double salts.
Acid sodium sulphite and acid potassium sulphite were treat-

ed with potassium hydroxide and sodium hydroxide respective-

ly. The two salts obtained were apnarently identical. These
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salts were treated with methyl iodide, snd in each case,
the methyl group replaced the sodium stom. From this it
would appear that the sodium atoms occupy equivealent posi-
tions in the two salts. This could only be so, apparently,
if the two hydroxyl groups are symmetrically placed in the
molecule. This evidence is not conclusive, however, as

there is the possibility of the existence of an unsteble

O, 0 Na ~
compound /S\ , Wwhich changes over immediately into its
07 _ K'/O Na
isomer O = S
~0 K
(2)

The work just outlined, carried out by Godby

(3)

and later by Arbusoff , refuted the work of Schwicker(4)

who had claimed to have found two different crystalline
forms for potassium sodium sulphite, when prepasred as indi-
cated above. ©Similarly, the time variation of absorption
spectr7/%f bisulphites explained by Schaeffer(s) and others
as being due to two isomeric forms, was questioned by the

(6)

work of Baly and Bailey , 88 far as the necessity for the

existence of two isomeric forms, is concerned.
On the other hand, & compound exists whose con-

stitution is definitely known as being a derivative of
O~ ,OH

sulphurous acid, written in the form /,S « This com-
07 NH

pound is unsymmetrical diethyl sulphite, and is obtained
by the oxidation of ethyl mercaptan, in which the ethyl
radicle is known to be attached directly to the sulphur.
The action of ethyl alcohol on thionyl chloride, furnishes

the isomer of the above compound, symmetrical ethyl sul-

0 Et

phite having the following struectural formula 0 = S\
0 Bt
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The distinet difference in boiling point of these two
compounds establishes the fact that they are real isomers.
With the above conflicting evidence for the ex-
istence of both forms of the acid, the safest course at
present is to regard it as a tautomeric substance. That
the aqueous solution contsasins a large number of uncombined
sulphur dioxide molecules, is indicated by the work of

(7), who showed that the absorption speotgé/of the

Wright
agueous solution is similar to that of sulphur dioxide gas,
and it.1is this fact, of course, which probably prevents the
separation of pure sulphurous acid.

As has been stated already, the number of theoret-
ical papers on sulphur dioxide, has been small, as compared,
for example, with carbon dioxide and its systems. This mayr,
perhaps, be due in part to the importance which has been
attached to sulphur dioxide, industrielly. A great deal of
research has been done on it, in connection with the manu-
facture of sulphuric acid, and in connection with the sul-
phite process in the Pulp and Paper industry. Up to the
present, most of this research has been directed towards
obtaining mechanical efficiency in commercial processes,
Now, however, especially in the manufacture of Pulp and
Paper, the need is being felt, of further theoretical know-
ledge of the processes used. For example, during the sul-
phite cooking of the pulp, it is known that polythioniec

acids are formed, but very little is known of the actual

chemical processes involved. It may be of interest to
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show the increasing importance of this work, to state, that
even while this work has been under way, two papers dealing
in part with the subjeect matter of this thesis, have been
published. As a matter of fact, a demand has been made
for a continuation of thé work described below to cover
higher temperature ranges, and the experimental technique
which was evolved in the course of this work, will make
it a simple matter to do this. The work will be continued
next year at the instigation and with the financial assist-
ence of the Pulp and Paper Association.

The above short historical review has been given
in order to justify the undertaking of further research. And
it is obvious that both from a theoretical and industrial
point of view, that all exact data on physical constants
will be of importance. The conductivities of agqueous solu-
tions of sulphur dioxide may be taken as a good example of
this. A knowledge of the conductivities gives the ionization
constant of the acid. From this, the dissociation of sul-
phurous acid can be calculated, and from the veriation of
the dissociation constant with temperature, it is possible
that some idea of the nature of the dissolved sulphur dioxide
may be inferred. Furthermore, it should give & means of
rapdily following some of the important reactions which sul-
phur dioxide undergoes in aqueous solution, and a study of

whose dependence on catalysts is of peculiar interest. On
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the other hand, electrical conductivity, if known, offers
a convenient means of concentration control. 3Since the
conductivity of an aqueous solution of sulphur dioxide
varieg considerably with concentration, this control is
sensitive, and, what is important, it registers instantan-
eously. It should prove useful in industrial processes
where sulphurous acid is manufactured.

Originally it was intended to 1limit the scope
of this work to the determination of the electric comduct '3
of aqueous solutions of sulphur dioxide. The data found
in the literature are very mesagre. Ostwald and Barth(s)
determined the conductivities of very dilute solutions,
and the results of measurements made by Kerp and Bauer(g)
and by LinﬁneélO), have not even been deemed worthy of
inclusion in the Landolt Bornstein Tables‘ll).

The scarcity of conductivity data on sulphurous
acid was readily understood when the first asctual exper-
iments were tried. Sulphur dioxide has a large partial
vapour pressure in solution and is readily oxidised. Both
factors give rise to changes in concentration. and mske
quite impossible the investigation of the more concentrated
solutiohs by means of the usuwal apparatus. Special methods
were therefore devised by means of which sulphur dioxide
eould be added to the water by volume, and the apparatus

was constructed so as to withstand pressures of the same
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order as the vapour pressure of liquid sulphur dioxide,
at room temperature. To calculate the conductivity, the
vepour densities of sulphur dioxidét:%artial vapour press-
ures of its aqueous solutions were required. Since in-
sufficient data were available these had to be determined.
Furthermore, analyticael methods for sulphurous acid were
found to be inadequate, and & modified method had to be
devised,

The system, sulphur-dioxide-water, which has been
investigated is one in which one of the components has a
much higher vapour pressure than the other. It will be
seen that new experimental technique has been developed
for the examination of concentration, conductivities, and
vapour pressures, etc., especially where the volatile com-
ponent is present in large amounts, and where a second
liquid phase appears. It may be pointed out that this
technique is valuable as being applicable to systems, such
as carbon-dioxide-water, presenting similar experimental
difficulties.

At the outset, these investigations were looked
upon as likely to be of subsidiary interest, and were under-
taken solely as the means toward the end of determin ing
the electric conductivities. However, some of the results
obtained in the pre-investigations proved to be of at least
as great an interest as the main one. Consequently, the

description of the work is divided into sections dealing
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with the following topics.
(1) Purification of Sulphur Dioxide.
(2) Analysis of Sulphurous Acid.
(3) Vapour Density determinations.
(4) Vapour Pressures of pure Sulphur Dioxide, and
its agueous solutions.
(5) Sulphur Dioxide Concentration in the two liguid
phage system, sulphur dioxide-water.
(6) Water concentration in the two liquid phase system,
water-sulphur dioxide.
(7) Conductivities of aqueous solutions of sulphur dioxide.
Each section will be treated more or less as a
separate entity, and where data of other investigators are

available 8 comparison will be made.

PURIFICATION OF SULPHUR DIOXIDE.

At first, sulphur dioxide was prepared by the
action of concentrated sulphuric acid on copper, and an
attempt then made, to purify the gas. This method was
found to be cumbersome, and it was difficult to obtain the
gas pure. This was confirmed by Cardoso(lz). He made many
attempts to purify the gas, obtained by the above method,
and found that practically the only way of eliminating the
accompanying sulphur trioxide, was by passing the gas into
ethyl alcohol. On heating, the alcohol retained the sulphur

trioxide, while the dioxide was driven off. This process had
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to be repeated twice, and the sulphur dioxide redistilled
many times before a sample of the gas, having a constant
vapour pressure, was obtained.

Fortunately, there was no need to carry out this
long end involved purification. It was found that particularly
pure liquid sulphur dioxide contained in six pound cylinders,
could be purchased from the Ansul Chemical Company, of
Marinette, Wis. Their product was carefully examined. In
order to test the gas for sulphur trioxide, it was passed
into an acid solution of barium chloride, in which sair-free
water had been used, and from which the air was excluded. No
precipitate was formed. The only impurity found in the
sulphur dioxide was a small trace of water. The gas from .
the cylinder E, (Fig.I.) was therefore passed over PhOSPhoifGS f
pentoxide tubes F, and condensed in D by a carbon dioxide (
ether mixture. The liquid was then distilled a number of
times in vacuo, the initial and final fractions being re-
jected. Cardoso mentioned a yellowish liquid left as residue
in the vessel after some of his distillations. There was no
sign of any such residue in the distillsations carried out with
the commercial ges. The distillation was carried out in an
all-glass apparatus, bulbs C and R acting a receivers and

tap H leading to & vacuum pump. The pressure was controlled

by means of & manometer M, and tap A, glass sealed alternately

to the various pieces of apparatud (described in the following
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sections) where the experiments with the sulphur dioxide
were to be carried out.

As & proof of the purity of the final fraction
of sulphur dioxide, its vapour pressures were measured
in the neighbourhood of the boiling point, and found to
agree exactly with the values obtained by Hemming and
Stock(lz). The vapour pressure determinations of these
investigators were made with the greatest precision over
the range -60° to -10°, and constituted one of the few

physical constants of pure sulphur dioxide, which were

accurately known when this work was started.

ANALYSIS OF SULPHUROUS ACID.

The estimation of sulphurous acid is described
in most text-books on quantitative analysis, as being carried
out very easily by means of a reaction with iodine, which
depends on the reduéing power of sulphurous acid.

Ho S0z Ho0+2I = 2H I+ Hp S04
It was soon found that in practice the titration of sul-
phurous acid by iodine was not so simple as the text-books
led one to believe. No consistent results were obtained,
and two consecutive titrations of sasmples of the same sul-

phurous acid solution gave values differing by as much as

twenty per cent.
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A search in the literature soon disclosed that
others had met with similar results, and various remedies
had been suggested. Bunsen(14) recommended that before ti-
tration, solutions should be diluted below 4% sulphur
dioxide content. Fordos and Gelis(15) believed that the
inconsistencies were due in part, at least, to the volatil-
ity of the sulphur dioxide, and claimed that this could be
obviated by the addition of Mg COz or NsH COz to alkaline
solution. Finkner(16) and later on, Volhara(l7) K suggested
that good results could be obtained if the sulphurous acid
be allowed to run into the iodine solution and not the re-
verse and usual way. An interesting and enlightening paper
was published on this question by MacCauley(ls). MacCauley
found that the low results obtained in the sulphurous acid
titration are due nearly entirely to loss of sulphur dioxide
from the solution. A solution of sulphurous acid was kept
in a large vessel in an atmosphere of carbon dioxide. 0il
was spread over the surface of the liquid in order to en-
sure that no sulphur dioxide escaped from the solution.

The solution could be run into a burette from the bottom

of the vessel, and titrated directly from the burette into
the iodine solution. MacCauley obtained consistent results
by this devise, and found that there was no difference when
he ran the iodine into the sulphurous acid solution, if the
latter was kept as explained sbove. That the volatility of

the sulphur dioxide exerted a very appreciable influence in
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the titration, was further shown by the following exper-
iment. Iodine was run into & sulphurous acid solution
contained in a flask, the flask being open to the air.
When the end-point was reached, the flask was stoppered,
and the contents well shaken. The colour disappeared
at once. A comparatively large amount of iocdine had to
be added before the solution became permanently coloured.
This proved conclusively that quite a sufficient amount
of sulphur dioxide was present in the air above the solu-
tion, to csause appreciable errors in the results. MacCauley
found that there was little or no oxidation during the ti-
tration of sulphurous acid. This, however, does not hold
for solutions of alkali sulphites. Raschig(lg) had earlier
shown that sulphur dioxide solutions é%e more easily oxidized
in the presence of alkali, and MacCauley's work confirmed
this. In the case of these alkali solutions, the oxygen
of the atmosphere appeared to have a considerable effect.

(20), in investigating the solubility of sulphur

Hudson
dioxide in water and in various salt solutions, used two
methods for the determination of the sulphur dioxide.
The first method, a gravimetric one, consisted in the
oxidation of sulphite to sulphate, and the precipitation
of the sulphate by barium. This, of course, could only
be used in cases where it was certain that there was no

sulphate present originally in the solution. The volu-

metric method was the iodine-sulphurous acid titration,
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with a modification based on a consideration of MacCauley's
work. Hudson transferred his sulphurous acid solution to
a sufficiently large amount of water to ensure that no
sulphur dioxide escaped. This method gave good results,
but unfortunately, it is not applicable to all solutions
of sulphur dioxide. For example, a 25% sulphur dioxide
solution, such as is dealt with in the section on "Sulphur
dioxide concentration in the two-liquid phase system", would
not lend itself to such a dilution without loss of sulphur
dioxide.

After considerable time had been lost in attempting
to obtain dependable results, in following some of the methods
given above, a modification of them was worked out which gives
accurate and reproducible results. This is true to suech an ex-
tent that sulphur dioxide itself was used to calibrate the
iodine solution. This method should be & valuable contribut-
ion since it can be generally applied to sulphur dioxide esti-
mation, and an account of it will now be given in such a way
that the development and details of the sulphurous sacid
analysis will be made clear.

A glass bulb B (Fig.II) of two or three c.c. capacity
ending in a capillary tube bent in the manner shown was
attached to a glass tube connected through tap A to the sul-
phur dioxide purification apparatus and through tap b to a
vacuum pump. After evacuation about one c.c. of liquid

sulphur dioxide was condensed in the bulb and then the
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capillary sealed off with a hand blow pipe at the point
marked C., The bulb was allowed to warm up to room temper-
ature and then weighed. The bulb was then again cooled
down by a carbon dioxide ether mixture (so as to lower
the vapour pressure) and the capillary broken off near
the sealed end. By having a thin eapillary bprt one whose
walls were thick relative to its diameter and furthermore
by using a new file to scratch the glass, no splintering
occurred so that the two broken parts represented the total
weight of glass. The bulb is then allowed to warm up after
the capillary is immersed into 50 c.c. of a 2 normal NaCH
solution F as shown in Fig.II. The liquid sulphur dioxide
which boils off is completely absorbed in the NaOH solution
which then rises in the capillary as soon as all the liquid
sulphur dioxide has evaporated. The moment this happens the
capillary is sealed off at E. This bit of capillary is
cleaned, dried and, together with the sealed off bulb and
piece of capillary first broken off, is carefully weighed.
The difference in weight between this and the first men-
tioned weighing gives the weight of sulphur dioxide ab-
sorbed by the NaOH solution to an accuracy of 1/10 of a
milligram.

The essential feature governing the accuracy of
the subsequent anaslysis depended on the solution of .1 gm.

of sugar in the 50 c.c. of NaOH solution before the sulphur
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dioxide was absorbed. The 50 c.c. was then made up to
250 c.c. in a graduate flask, care being tsken to wash
2ll the sulphur dioxide into the latter. This solution
was then placed in & burette, 25 c.c. of an iodine solu-
tion to be standardised was measured out from a pipette
into an Erlenmeyer flask. This was diluted with an
equal volume of water and 2 c.c. 0of concentrated HCl added.
The iodine solution was vigorously swished round in the
Erlenmeyer flask and the sulphite solution was run in
until the iodine colour disappeared, & very sharp eand
final end point being obtained. Obviously the above pro-
cedure can be used for any HpSO03z solution by meking the
solution strongly slkaline, adding & small amount of
sugar and then following the above directions.

The reasons for some of the steps in the proce-
dure are explained by the following considerations. Only
g strong alkelinity insures that no loss of sulphur dioxide
takes place due to evaporation. Sulphite solutions oxidise
in an inconsistent and most exasperating manner. Evidently
the rate of oxidation is greatly increased by catalysts
present in the form of small traces of impurities. In

(21) it is mentioned that

Ostwald's Inorgsnic Chemistry
the oxidation of sulphite is inhibited by the presence of

a small amount of sugar which Ostwald calls an anticatalyst.
Of course the probable action of the sugar is that it

inhibits the action of the catalysts. The iodine solution
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is made strongly acidic just before titration to neutral-
ise the alkalinity of the sulphite solution.

As has already been indicated at first no con-
sistent results whatever could be obtained in the titration
even when the solutions were first treated with NsHCOz. The
method outlined above in the absence of sugar gave at least
consistent results. This as well as the importance of sugar
for uniformity and consistent results is shown by the

following table:

TABLE 1
Gms. S0, Time in Minutes C.C.of sulphite Gms.SOo
dissolved after solution solution re- Per c.cC,
Series in 250 cc. complete quired per c.c. of iodine
of iodine solu- solution.
tion.
A ( .9470 30 .735 .002760
( 50 .760 as given
( 240 . 900 by first
( 2160 1.610 titration.
( 00604 ss
given by
last.
B ( 1.022 30 .665 .002718
( 50 . 660 "
( 240 . 665 "
( 2180 . 665 "
c ( 1.095 30 .620 .002716
( 50 .614 "
( 2180 . 620 "

The results A were obtained with a sulphite solution
to which no sugar has been sdded. B and C illustrate the con-
stancy of the sulphite solution in the presence of sugar, and

also the accuracy with which titrations can be repeated. It



(20)
may be of interest to record the results obtained from
an experiment in which this effect of sugar on oxidation
was tested out. Sulphur dioxide was passed into an acid
solution of barium chloride, made up from water through
which air had been passed. The solution was divided into
two parts, one of which contained & trace of sugar. It
was found that the oxidation of the sulpbur dioxide, s&s
indicated by the formation of the white precipitate of
barium sulphate, proceeded very much more slowly in the
beaker which contained the sugar. The accuracy of the
analyCieal
Jmethod warrants it being employed as a means of calibrating
iodine solutions even when these are not to be used for
titrating sulphite. Small bulbs of sulphur dioxide can be
reaedily stored up indefinitely, the sulphur dioxide re-
maining unchanged and, on account of the relatively low
vapour pressures of liquid sulphur dioxide, they can be
handled conveniently. These bulbs can be filled up with
known volumes of gaseous sulphur dioxide so that the weigh-
ing when filled and when empty can be dispensed with., This
however requires an accurate knowledge of the vapour den-

sities of sulphur dioxide the determination of which is

desceribed in the next section.
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VAPOUR DENSITIES OF SULPHUR DIOXIDE

Reliable values for the vapour densities of
sulphur dioxide are known at only one temperature, namely,
at 0°C. as determined by Baume (22) and by Jaguerod(23),

The nature of the experiments to be described in the
following sections requires an accurste knowledge of

the vapour densities at dther temperatures and therefore
measurements were carried out over the range -6° to 320,

The method employed was similar to that described
by Maass and Russe11(24). The apparatus shown in Fig,IJIII
was connected to the sulphur dioxide purification apparatus
through tap A. A flask B whose volume was calibrated to an
accuracy of .05 cc. up to stopcock C. was sealed on in
series with a manometer M and a number of small bulbs 0,0,0
at the end of cepillaries. Tap F led to a vacuum pump by
means of which the whole apparatus could be exhausted to
less than .01l mm. Tap E opened to the atmosphere. The
procedure was then as follows. After evacuation the whole
apparetus was filled with sulphur dioxide to a pressure
slightly greater than atmospheric. The flask B was kept
at any desired temperature being surrounded by a salt
gsolution which was kept vigorously stirred and whose tem-
perature was maintained constant to 1/20°C by the addition

of small quantities of hot or cold water or finely crushed

jce, depending on the temperature desired. The thermometer
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used ;was one which had been calibrated by the Reichsanstalt.
After temperature equilibrium had been established tap E

leading to the atmosphere was opened and atmospheric pressure

read at the same time on a special barometer reading to better

than 1/10 mm, mercury pressure. The flask B therefore con-
tained a known volume of sulphur dioxide at known pressure
and temperature; tap C was closed and the rest of the appar-
atus completely evacuated. Since the vapour pressure of
s0lid sulphur dioxide at -183° is immeasurably small all the
gas contained in flask B could then be condensed in one of
the bulbs O by immersing it in liquid air and opening tap O. -

Bulb D was then sealed off, allowed to warm to room temper-

ature, weighed, emptied and reweighed, this time filled with
air, the procedure being similar to that described in the
case of the sulphur dioxide bulb mentioned in the preceding
gsection. This method, as outlined, makes possible the weigh-
ing of a large volume of gas compressed infto a small dulbd
of a few cc. capacity and in 8 way so that no dead space
correction is required. Accurate results are obtained with
far less trouble then the "ballon method" of Guye with all
the errors inherent to the weighing of large glass surfsaces.
A number of preliminary experiments all carried out
at room temperature showed that results could be reproduced
to better than 1/20 per cent. A sample celculstion will show
the factors wpon which the accuracy depends. The apparent

molecular weight is calculated at 76 cms. of Hg at 00 as this

G

S—
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gives the most convenient form in which the data can be

used for calculating the mass of any volume of gaé.
Barometer pressure 75.65 cms.at room temperature of 239,
Corrected pressure to 0°C, 75.33 cms.
Temperature of gas in flask B 34.059°C. or 307.15°A.
Volume of flask B at 34.05°C, 315.65 c.c.
Weight of sulphur dioxide corrected for weighing in

vacuo .8091 gms.

M= mRT _ _.8091 .08209 307.15 76 . 65,20
pv 75,33 6?}5 x 65

The values for M, the apparent molecular weight,

are given in Table II and represented graphically in Fig.IV.

TABLE 11

t% ¢, p_cms. M
34,05 75.33 65.20
229 75.93 65,27
10.35 75. 50 65.42
1.4 75.54 65.60
0.8 75.59 65.61
-6.55 75.53 65,76

From the graph the value for I at 0°C is found
to be 65.62 which gives the weight of one liter under stand-
ard conditions as _65,62 - 2.927 gms. which agrees

.08209 273.1 ~ (22)
exactly with the figure obtained by Baume 22),  As was men-

tioned above the zero degree value was the only one which
had hitherto been determined accurately.
It may be of interest to show that the apparent

molecular weight is the most convenient way of tabulating
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p, V, T data for a gas from the point of view of calculating

the weight of any quantity of gas taken out of a given volume.
Use is made of the fact that at a definite temperature up to
several atmospheres the apparent molecular weight varies in

a linear way with the pressure sg that in the case of sulphur
dioxide whose theoretical molecular weight is 64,06, the

apparent molecular weight at any pressure p is 64.06—#(Nb64.06{£f

Hence the weight of gas contained in a volume V at pressure p,

and temperature T°A is (64.064 (M-64.06)p,) Rp_'g . It follows
¢ 6

(without going through the slgebraic steps) that the amount
of sulphur dioxide taken out between pressures pv and po is

given by

Py - Py {-64.06_+_NL:64.06 (Pl**PZ?} v
76 76 RT

which is & more exact.gpd general equation than that deduced

by Maass and Boomer(26/ and will in future find meny eppli-

cations. The above formulas was used in all subsequent

work, the values of M being read off from the graph of Fig.IV.
Apart from the practical side the values given in

Table II are of theoretical interest. The equation of state

which is being developed in the 1aboratory(27) where this

work was carried out will represent the results obtained

above,

VAPOUR PRESSURES OF PURE SULPHUR DIOXIDE
AND OF ITS AQUEOUS SOLUTIONS.

In the following section, measurements of the

vapour pressures of pure sulphur dioxide and its aqueous
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solutions, are described. The tables containing the re-
sults are grouped together at the end of the description
of the experimental details, and the results of other in-
vestigators are placed beside them, so that comparisons
may be made more easily. Discussions of the solubilities
of sulphur dioxide in water, and water in sulphur dioxide,
in the two-phase system, sulphur-dioxide-water, are in-
cluded.,

The apparatus which was devised for the measure-
ment of vapour pressures is shown in Fig.V. Tap A led to
the sulphur dioxide purification apparatus (see Fig.I) and
tap E to a vacuum pump. B was & flask separated from s
small bulb L by a Morrison pressure tap 0(28). Another
pressure tap D led to the bulb F containing the solution
and stirred by & glass stirrer E in which an iron nail was
sealed., This stirrer was operated by = solenoid I in series
with an automatic current breaker(zg).

The ususal form of manometer M served to measure
the rressures in the apparatus from A to D and a pressure
manometer P on which pressures up to twenty atmospheres
could be read was employed to measure the vapour pressures
of the solutions. The closed arm R of manometer P instead
of being evacuated was filled with air at atmospheric press-
ure when the mercury was level in both arms of the mesnometer.
Before the manometer was put together the volumes of R were
carefully measured for various positions of the mercury in

this arm and these results plotted on a graph. A glass
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FIGURE V.,
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mirror scale made it possible to resd the mercury levels

to 1/10 mm. end a thermometer placed beside R gave the tem-
perature TCA of the enclosed air. If 1 and r sre the reead-
ings on the left and right arms of the manometer when the
pressure was p then

p = r-1 *.%1. where V is the volume of the

enclosed air. 3By applying a known pressure the constant k
could be evaluated.

The procedure followed in the vapour pressure
measurements was then as follows. Through side arm X &
known weight of water was pleced in buldb F by means of a
specially constructed weight pipette. K was then sesaled
off and the water frozen by surrounding bulb F with liquid
air. All taps except A were then opened so that the appar-
atus could be completely evacuated through tep E.

Tap D was then closed, and the water in F was
allowed to melt. Any air occluded in the ice bubbled into
the evacuated space above the water. The water was frozen
agein, and the space once more evacuated. The freezing of
the water expelled all the air, and at the low pressure,
none of this redissolved, as can be shown by repeating the
process, when no occluded bubbles could be observed in the
ice. This process, then, ensured that the water was guite
free from dissolved air.

Taps E and D were then closed and the rest of the
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apparatus filled (through A) with sulphur dioxide to

& pressure p, as registered by manometer M. The volume
from A to D including tubing, flask B, bulb L, etc., was
accurately known having been previously determined. By
means of a carbon dioxide-ether mixture & small amount

of sulphur dioxide was condensed in bulb L and then tap

C closed. After the sulphur dioxide had been allowed to
warm up to room temperature tap D was opened so that the
sulphur dioxide from bulb L distilled into the solution,
the stirrer being started at this time. Tap D was then
closed, Tap C opened and the pressure ps read on the meno-
meter. The amount of sulphur dioxide which had passed
through D could therefore be calculated with great accur-
acy by means of the equation developed in the preceding
section and by msking use of the data given there.

The sulphur dioxide which had passed through
tep D may be divided into two portions, that which enters
into the water and the quite appreciable samount which
£ills the tubing above leading to meanometer P. The
pressure registered was preactically all due to the part-
ial vapour pressure of the sulphur dioxide &s the vapour
pressure of water over the temperature range where ex-
periments were carried out is relatively very small. The
volume of bulb F and the tubing leading to the left arm

of the manometer I was accurately known and hence the
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amount of sulphur djioxide above the liquid in bulb F could
be calculated. Hence the concentration of the solution
formed in bulb F could be evalusted with great precision.

A few words are now in place with regard to the
function of the magnetic stirrer. Naturally it tekes  time
for equilibrium to be established between & liquid and &
gaseous phase but it was found thet without "a stirring”
which both broke the surface of the liquid and circulated
the gas above its surface true equilibrium was not established
Tor several hours. As it was, even with the splendid stirring
of the magnetic stirrer which moved through the whole body
of the liquid and right out of the surface in each stréke,
it required five minutes for complete equilibrium to be
established. Once this was established the vapour pressure
registered had a definite value which remasined unaltered.
After reading the pressure for & given temperature and then
altering the pressure by changing the temperature, it was
found that on returning to the original temperature the
original pressure was again registered exactly. The tempe r-
atures of the solutions were governed by a well stirred bath
surrounding bulb F, the temperature being read by & Reich-
sanstalt thermometer. In some of the solutions a trace of

sugar was added for reassons which are apparent from the section

on analysis of HpS03. It was found that & trace of sugar did
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not alter the pressures.

Now again & sample calculation will be given in
order that from the quantities involved the accuracy of the
results may be judged. All pressures are given in cms. Hg
corrected to 0°C. The weight of water pleced in buldb L
as given by weight pipette and corrected for vacuo was
5,472 gms. Initial pressure p 75.41,final pressure pg2
56.65 volume of flask B, bulb L and tubing up to manometer
«3891 liters. Temperature of gas 25.8°C. Appsrent mole-
cular weight of sulphur dioxide at 25.8° 65.23.

Weight of sulphur dioxide.

(75,41 -56.65) &64.06_,,(65.23 -64,06) (75.41+56.65) .3891 .2989
76 76 .08209

= 2587 gms,
Upward movament of manometer M during pressure change caused
displecement of sulphur dioxide calculated from volume of
tubing to be .0173 gms., Weight of sulphur dioxide passing
tep D .276 gms. Pressure registered by menometer P wsas
calculated to be 24.3 cms. giving .014 gms as the amount of
sulphur dioxide above the solution, when the volume of the
tubing and the temperature was taken into account. Hence

the percent sulphur dioxide in the solution is given by

-§§§ = 4,57% . The pressure 24.3 cms. being
5.472 + 252
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registered when the solution was kept at 10°C.

In this way, the values of the vapour pressures
of solutions at various concentrations and pressures, were
measured. When the solution of sulphur dioxide in water,
reached a certain concentration, a second liquid phase
separated out, the solution of water in sulphur dioxide.
The pressure registered by this two-phase system is, of
course, independent of the relative amounts of water and
sulphur dioxide present, and its pressures were measured
over & temperature range, 10° - 2790, The vapour pressures
of pure sulphur dioxide, were also determined, over the
same temperature range. For this, buld F was first care-
fully dried in vacuo, and then filled with pure sulphur
dioxide. An attempt was made to measure vepour pressures
of various percentages of water dissolved in sulphur dioxide.
The pressure changes occurring in the course of this experi-
ment were smell, and the high pressure manometer was not
quite sensitive enough for their accurate registration. The
description and results of this particular experiment be-
long to the section on "Water Concentration in the two-liquiad
phase system, water-sulphur dioxide". Suffice it to say here
that as a result of this attempt, a new manometer wes designed,
by means of which smell changes in pressures could be more
accurately detected.

A diasgram of this manometer is shown in Fig.VI.
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FIGURE VI,
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The manometer consisted of two erms, R and L, one
of which was 4 metres long, fastened to a scale, attached to
& wooden framework. A ladder plasced a foot away, in front
of the scale, made it possible to read the position of the
mercury columm at any height. The long arm of the manometer
was open at the top, so that atmospheric pressure had to be
added to the pressure as read by the difference in level
between the mercury columns in the two asrms. Thermometers
were placed at intervals along the mercury column, so that
the tempersture of the latter could be reduced to 0°C.

J was & levelling bulb, connected to the bottom of the
manometer (shown in Fig.VI) by & thick stout rubber tube.
This levelling bulb was held by & rope, which passed over
a pulley, at the top of the wooden framework. As the
sulphur dioxide warmed up, the pressure in F rose and
the levelling bulb was raised by means of the rope, to
keep the mercury in the short arm at the same level.

When the sulphur dioxide in bulb F was at the
temperature of carbon dioxide-ether, its pressure was
only & few centimeters of mercury. This, combined with
the fact, that the long arm was open to the atmosphere,
made it necessary for the short arm to be at least 80 cms.
long, to prevent the mercury from being forced into F, by
atmospheric pressure. Each time that the bulb F was cooled

down by carbon dioxide and ether, great care had to be taken
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to lower the mercury.

The vapour pressures of pure sulphur dioxide,
and of the two-phase system sulphur dioxide-water were
redetermined, using this new manometer. The rest of the
apparatus used,-for purificatiqn, addition. of sulphur di-
oxide, and the stirring of the solution,-was identical
with that shown in Fig.V. The same procedure was follow-
ed as was used in the previous experiments. The values
found were slightly lower in both experiments than those
obtained with the enclosed-air manometer previously used.
These values obtained both with the 0ld and new manometer,
and are given below, and where it is possible, the values

of other investigators are compared.

TABLE III.

Total Vapour Pressures of Sulphur Dioxide
Solutions at Bifferent Temperatures and
Concentrations, measured on the Enclosed-
air Masnometer.,

T. in Degrees Concentration Pressure in
Centigrade in Per Cent. Cms., Hg0OC,

10.0° 4,57 24.3

8.19 45,2

11.64 67 .4

14.75 87.4

18.91 124.5

19.86 128.8

23410 154.3
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Table III, Cont'd.

T. in Degrees Concentration Pressure in
Centigrade in Per Cent. Cms., Hg0°C.
16.5° 4,48 31.0

8.03 57.2
11.42 84.4
14,31 111.4
18.57 151.9
19.52 156.0
22,71 188.4
22.0°
4,40 37.8
7.88 69.3
11.17 102.2
14.04 132.6
18.22 178.3
19.14 186.1
22,32 22242
25,0° 6.9 6642
11.4 119.4
16.9 184.7
22.4 246,9
27.0° 4,32 44.8
7.71 81.0
10.95 118.3
13.74 152.8
17.85 206.9
21.86 255.6
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TABLE IV,

Vapour Pressures of Two-phase System,
Sulphur Dioxide-Water, measured on the
Enclosed air Manometer.

T. in Degrees Pressure in
Centigrade Cms.Hg 00C,
10.00 166.6
11.3° 176.2
16,59 209.8
22.0° 254.1
22,70 258,.9
25,00 277.4
27.00° 297.3

TABLE V,

Vapour Pressures of Pure Sulphur Di-
oxide, measured on the Enclosed air
Manometer,

27,00

T. in Degrees Pressure in
Centigreade Cms.Hg 0°C.,
1.3° 123.5
24250 127.6
10.0° 173. 3
16,50 218.8
22.00° 264,11

314.2
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FIGURE VII.
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TABLE VI,

Vepour Pressures of Two-phase System,
Sulphur Dioxide-water, measured on the
Open-end Manometer.

T.in Degrees Pressure in
Centigrade Cms. Hg 00C.
11,0° 172.2
16.0° 204.4
18.0° 219.6
19.90 234,.8

TABLE VII.

Vapour Pregsures of Pure Sulphur Di-
oxide, measured on the Opensend Man-

ometer.
T. in degrees Pressure in
Centigrade Cms. Hg 0°C.
.2° 117.27
9,1° 168.17
15.0° 207.0
18.0° 230.5
22,69 269.8

In Fig,VII, the values of the vapour pressures
contained in Table III, are plotted against concetration,
those determinations carried out at the same temperature,
being connected by lines, which show that the pressures
at first increase more gradually with concentration, to

become finally nesarly linear, at the higher concentrations.
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The values in Table VI are plotted as horizontal lines,
being independent of the concentration. Fig.VIII shows
the relation of vapour pressure to temperature of pure
sulphur dioxide (Curve I)and the two ligquid-phase system
(Curve II). The curves in this figure were drawn from the
points marked with circles, which were taken from Tables
VI and VII. The values found in Tables IV and V are
marked in by crosses. It will be seen that in the case
of the pure sulphur dioxide, these crosses lie on the
curve. In Curve II, the crosses lie slightly above the
curve. For purposes of comparison, it was found to be of
great convenience to have the variation of concentration
with temperature of solutions of definite percentage re-
presented graphically. Values were taken from the curves
in Pig.VII, for this purpose. They are given in table
form below, and are represented graphically in Fig.IX.
The pressures are written in the vertical
colums and are expressed in Cms. Hg.0°C. The headings
written horizontally express the value of the percent-

age solutions of sulphur dioxide.
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T. in Degrees 5% 10% 15% 20% 25%
Centigrade —_—
10.0° 26,0 cm. 54.0 88.8 129.2 170
16.5° 34.1 72.8 116.3 162.4 211
22,00 42,9 90.0  141.9 196.1 252
27.00 51.8 107.2  167.8 231.3 295

COMPARISON OF DATA. ON VAPOUR PRESSURES OF AQUEOUS SULPHUR
DIOXIDE SOLUTIONS. The only investigations which have been
carried out along these lines, have dealt with the deter-
mination of the .soldbility of sulphur dioxide in water.
Schdnfield(zo) carried out the first investigation of this
kind. Several serious sources of error, however, have been
detected in his work, and his values for the csolubility

of the sulphur dioxide are now recognized as being too
high, although they sppear in the Landolt BBrnstein Tables!3l),
The values of Sims(32) and those of Hudson(zz), as given in
Eudson's paper, between 10° and 25° C. are compared below
with the values found from the experiments described above.
Sims and Hudson expressed their results in terms of grams
of sulphur dioxide soluble in 100 grams of weter at various
temperatures when the partisl pressure of the sulphur di-
oxide was 760 mm. For the sske of comparison, the solu-
bilities were changed into percentesge:. solutions, while

the values of the writer, in which the pressure was ex-

pressed as the totsl pressure of the solution, were corrected
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for the partial vepour pressure of the water.

Percentage solutions of sulphur di-
oxide in water, having & partisl vap-
our pressure for the sulphur dioxide
of 760 mm. et various temperatures.

Temp. Sims Hudson Maass.
10° 13.35 13.32 13.35
150 11.14 11.30 11.15
20° 9.42 9.62# 9.45
250 8.11 8.25? 7.93

It will be seen that the values found in the
present investigation agree closely with those of Sims
snd Hudson. Where differernces occur the pressures as
measured@ by the writer are slightly higher. This could
be accounted for, if there was a trace of sulphur tri-
oxide or air present in the sulphur dioxide used by Sims
end Hudson. As Sims used the copper-sulphuric acid
method for obtaining his sulphur dioxide, end as there
is considerable difficulty in obtaining pure sulphur
dioxide by this method, it is not impossible that there
is a slight error due to this source.

Since the values of Sims are in such close agree-
ment, the values interpolated from the writer's results
are compared with values obtained by Sims over his whole
pressure range. These values are given as the partisl

pressure of sulphur dioxide found for definite percentage
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solutions at constant temperatures.

79c¢.
Partial Pressure gg- Percentage Solutions
Sulphur Dioxide in mm. of Sulphur Dioxide in
Hg 0°cC. Water.
Sims Maass
100 103 2.630
200 208 4,762
300 305 6.803
400 403 8,758
500 498 10.55
800 806 15,61
1000 1016 18.63
1300 1344 22.78
20°c.
100 1056 1.575
200 205 2.913
300 314 4,215
400 422 5.572
600 602 7.665
800 804 9.910
1000 1009 12.05
1600 1600 17.90

1900 1882 20.57
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In the present work, a larger range of concen-
tration and pressure was covered, and the tempersasture range
10-270 more fully investigated. However, the values of
Sims in the above table, like those mentioned before, agree
fairly closely with those determined in this work, although

the method used was entirely different.

COMPARISON OF DATA ON VAPOUR PRESSURES OF PURE
SULPHUR DIOCXIDE. Henning and Stock(13) measured these
vapour pressures below the boiling point (-99°) with great
accuracy. Using their vapour pressure equaetion, and extrapol-
ating it to celculate some of the lower velues obtained in
this work, agreement was found to the extent which one would
expect for an extrapolated equation of this kind.

The results listed in Tables V and VII had been
completed when & paper by Cardoso(54) appeared, from which
the following values are taken for comparison:

Vapour Pressure of Pure
Sulphur Dioxide.

T. in Degrees Pressure in Cms. Hg 0°C,
Centigrade
Cardoso Maass Difference
0° 116.2 116.3 .1
8.3° 1567.3 163.0 5.7
10.19° 176.3 174.2 -2.1

21.60 256.1 261.0 4,9
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Except for that at 00, Cardoso's velues differ
in an irregulasr way from those determined by the writer.
When Cardosofs interpolated values are taken, the agreement
is better, as is evidenced, for example, by his vsalue of
283.4 at 24°, as compared to 282.7 found. The conclusion
is justified that over the temperature range where measure-
ments were made, the writer's values cen be considered the
more accurate. It may be of interest to point out, that
Regnault{®5)  one of the first workers in this field, ob-
tained a value of 116.5 at 00, His results at higher tem-
peratures, however, differ from those of Cardoso, and the

writer.

COMPARISON OF DATA ON TWO-LIQUID PHASE SYSTEM,
SULPHUR DIOXIDE AND WATER. Roozeboom(36) measured a few
pressures df the hydrate S0o.7 Hp0, when in equilibrium
with the liquid phase. He found that the vapour pressure of
this hydrate at the qusdruple point 12.1° was 177.3 cms.
This should correspond to the vapour pressure of the two
l1iguid phese system at 12.1°, The curve in Fig.VIII gives
a slightly higher velue, 179.0 cm.s and this may be due to
the fact that the quadrupf:tgé really at & somewhat lower
temperature.

The vapour pressures contained in Tables III and

V can be used in connection with the determinstion of the
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solubility of sulphur dioxide in the water phase of the
two liquid phase system. This is made plain by a consider-
ation of the curves in Fig. VII. As sulphur dioxide is
added to the water the solution becomes increasingly strong-
er, and the pressure correspondingly higher. When the water
phase reaches its saturaetion concentration, a second liquid
phase separates out - a solution of water in sulphur di-
oxide., Further sddition of sulphur dioxide results in & re-
ad justment of the relative amounts of the two phases to &
new equilibrium, but the percentage composition of both
phases remains unaltered. That is, the percentage com-
position of the water phase does not change after its satur-
ation concentration has been reached, and its pressure there-
fore remsins constant. The constant pressure corresponds to
the horizontal line on the graph. The percentage corre-
sponding to the point where this line cuts the pressure
concentration curve, gives the solubility of sulphur di-
oxide at that temperdure. The next section contains the
results obtained in this way, end deads with it more fully.
The matter was mentioned here to point out the use of the
vepour pressure curves in this connection.

An approximation of the water in the sulphur di-
oxide phase of the two phase system, can be derived by means

of the vapour pressure curves shown in Fig.,VIII. 1In the

two-liquid phese system, the vapour pressure can be regarded
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as due either to the water or to the sulphur dioxide phase,
since these phases are in equilibrium. If the pressure is
regarded as exerted by the sulphur dioxide phase, it follows
from the proximity of the two curves that the vapour pressure
of pure sulphur dioxide is only slightly lowered by the dis-
solved water, and that this can only be present in small
amount in this phase., Since the solution is only & dilute
one, cagculations cen be made to deduce the amount of water
dissolved. This aspect will be treated in & separate section.

In conclusion of this section, it need only be
stated that considerable new data have been added to the know-
ledge of pressure - concentration - temperature - relations
of sulphur dioxide and its aqueous solutions. These data
give information with regard to the dissociation of sul-
phurous acid, and the existence of dissolved sulphur di-
oxide, which will be considered in connection with the con-
ductivities.,

SULPHUR DIOXIDE CONCENTRATION

IN THE TWO LIQUID PHASE SYSTEM,
SULPHUR DIOXIDE-WATER.

The concentration of the liquid water phase at the
quadruple point as meassured by Roozeboom is given as 31%
sulphur dioxide(®7), This value is mot in agreement wi th
the results which can be deduced from the vapour pressure
experiments given in the previous section. The concentra-

tions at which the vapour pressures of the isothermal
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concentraetion curves reach the corresponding vapour
pressures of the two phase system is a2 very sensitive and
novel method of estimating the concentrations of the aque-

ous liquid phases. In Table VIII these velues (probably

correct to 0.1%) are given.

TABLE VIII.
Temp. in % S05 in
degrees C. Aqueous phease
10.0° 24,60
16.5° 24,92
22.00 25.24
27.00 25.20

The concentrations of the aqueous phases are
based on centainty. However the value at 12.1° is only
24.7% SO, which is quite & difference from the concentration
of the liquid phase at the gquadruple point as measured by
Roozeboom(37), It was therefore deemed advisable to check
one of the concentrations by direct analysis.

On account of the high vapour pressure of the sy-
stem, after true equilibrium has been established, it is a
matter of great difficulty to remove one of the liquid phases
without upsetting this equilibrium. This is a general ex-
perimental problem met with in the examination of systems
of this type, for instance in the system H50-CO5. The

solving of this problem as described below is therefore of
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some importance.

In Fig.X tap A leads to the sulphur dioxide
purification apparatus, Tap E to a vacuum pump. A tube
B is sealed on through & glass tube with & constriction.
A side tube C on B leads through & capillary D to a
smaller tube F of about two c.c. capacity the top of
which ends in a closed cepillary H. Ten c.c. of water
had been placed in B before it was sealed on. This
water was frozen and the apparatus evacuated through E.
Approximately ten gms. of sulphur dioxide were then con-
densed on top of the ice in B and B sealed off at the con-
striction. It was then placed in a water bath and &l lowed
to warm up to the desired tempereture. The liquid layers
which formed in the bottom of B were well shaken up, care
being taken that no liquid entered C. The tube was then
allowed to stand at constant temperature until the two
layers were quite separate, and then the tube carefully
tilted until some of the liquid in the upper layer ran
into C filling it with some 4 c¢.c. of liguid which was
held in place by the sulphur dioxide vapour in F. The tube
B was then tilted back into a position as indicated in the
second part of the diagrem (Fig.X). On gradually immersing
F in a cooling bath the contraction of the sulphur dioxide
vapour in E caused some of the liquid in C to flow through

the capillary. 3Before all the liquid from C had entered P,
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FIGURE X
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F was plunged quickly into a carbon dioxide ether mixture
so that the ligquid flowing through the capillary was frozen.
That was the essential feature of the whole method because
the liquid in F was trapped and represented the true .equi-
librium condition corresponding to the temperature of the
water bath. The bottom of tube B was then immersed in a
second carbon dioxide-ether bath the tube F being still
kept in the first one. All the liquid remaining in tube
C above the frozen part in the capillary distilled back
into C. The capillary was then sealed off at XK. Tube F
was allowed to watm up, weighed, cooled again in a carbon
dioxide-ether mixture and the capillary tube.: was~ Dbroken
off. The end: of the capillary. was: then placed beneath
the surface of a NaOH sugar solution and the contents of
F allowed to warm up and dissolve. The glass was then
washed, dried and weighed. The analysis of the solution
was then carried out as described in a former section.
A sample calculation is given below.

Temperature of water bath 200

Weight of solution trepped in F 1.525 gms,

Solution in NaOH made up to 250 c.c.

1l c.c. of iodine equivalent to .002717 gms. SO

Oxidised 1.72 c.c. 0f the solution in NaOH

Total SO0 was therefore .2951 gms.

SO0o vapour trapped in F .0121 gms.

%S0 in aqueous phase 25.10%
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Three other determinations carried out at the same tem-
perature gave practically identical values, thus confirm-
ing the results given in Table VIII,

It is seen that saturation solubility of sul-
phur dioxide does not vary asppreciably with the temperature.
The critical temperature of sulphur dioxide is in the neigh-
bourhood of 155°C., and it will be interesting to determine
the rest of the solubility curve. There is a slight in-
crease in solubility with temperature, about 1% per 300, as
evidenced by the results in Table VIII. Consequently there
must be a rapid inerease in solubility at some high tem-
perature if complete mutual solubility takes place before
the critical temperature is reached, or, the solubility of
water in sulphur dioxide must increase very rapidly. This

possibility will be treated in the next section.

WATER CONCENTRATION IN THE TWO-LIQUID-PHASE SYSTEM.

In the section on vapour pressures, the deter-
mination of the solubility of water in the sulphur dioxide
phase, by means of vepour pressure measurements, was dis-
cussed. From the vapour pressures represented in FPig,VIII,
the values of the percentage water in the sulphur dioxide

phase, can be calculated by means of Raoult's Law(zs).

= 1n EI‘

p

2 |13
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This can be written:

2 Mo, - 1n p,.
p

MHgO L

Where m and W are the weights of the water and sulphur

dioxide respectively.

Hence,
% H0 = m_ = 18 5.3
T+m 62 & Dy
14 18
+_.4- 2.3 1g E'.['

P
This equation is based on the assmmption that water is

not associated, when dissolved in liguid sulphur dioxide,
and the percentages calculated in this way must, therefore,
represent the minimum possible water concentration.

TABLE IX.

Percentage water in sulphur dioxide
phase of two-liquid phase systemn,
calculated from vapour pressure meas-
urements taken from Fig.VIII,.

Temperature in Vapour Press- Vapour Press- Percentage of
degrees centigrade. ure of Pure of two-phase water in so-
Sulphur Dioxide system in Cms 1ution.
in Cms.Hg 0°C. Hg 0°c.

5.0° 143.4 138.2 1.024
10.0° 173.9 165.7 1.333
18.00° 230.5 219.6 1.340
22,00 264.3 251.8 1.340
25.00 292.2 277.5 1.422

27.0° 314.2 297.2 1.529
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Since the above values had been obtained only
by calculation, some direct experimental method of deter-
mining them was sought. The method employed was based
on the measurement of the vepour pressures of solutions
of water in sulphur dioxide. Due to the slight so;ubil-
ity of water in liquid sulphur dioxide, the difficulty
in this procedure lay in meking up solutions of known
concentrations. The following device was finally used.

A piece of ordinary glass tubing was drawn out into a
capillary, at the end of which, a small thin walled bulb
of about 3 mm. diameter, was blown. The bulb and tubing
were then accurately weighed. Water was introduced into
the bulb, through the capillary by alternately heating and
cooling the bulb, end thus driving out the air in it. 1In
this way enough water to fill the bulb (about 50 milligrams)
entered, and the capillary was then sealed off as close
above the surface of water as possible. The piece of tub-
ing was carefully dried, and weighed again with the filled
bulb, from which the weight of water was definitely kmown.
The little bulb was placed in tube F (see Fig.VI) through
gide arm K. The magnetic stirrer was kept down, while the
small bulb slipped past it, down to the bottom of F. Side
arm K was sealed off, tube F was evacuated, and surrounded
with carbon dioxide-ether mixture. When the water was

frozen, the bulb was broken by means of the magnetic stirrer,
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which acted as & hammer. The freezing of the water

was important, as was found by experience. If the
water bulb is broken, in the evacuated space, the water
will spatter all over the tube, and evaporate into the
space. After the bulb was broken, mesasured qﬁantities
of sulphur dioxide were added to the tube, and the re-
sulting pressure measured at 18°,

Prom the values contained in Table IX, it
was known that the saturation concentration of the water
in sulphur dioxide would be small, in the neighbourhood
of 1 or 2%. The percentage solution caleulated after
the first addition of sulphur dioxide was about 5% Hy0.
This,of course, did: not exist, and the amount of water
left over, above the amount required to féorm a saturated
solution of water in the sulphur dioxide, separated out
to form a small amount of second phase, a solution of
sulphur dioxide in water. The pressure registered at
this point, then, was that due to the two liquid phase
system at that temperature, and agreed with the value
found for this in Fig.VIII,

Ag further quantities of sulphur dioxide are
added, the pressure remains constant, until a point is
finally reached at which the amount of sulphur dioxide
present is just sufficient to give the saturated solution

of water. The second phase disappears, and the pressure



(5D
registered is due only to this saturated solution.
Purther addition of more sulphur dioxide raises the
pressure, until it nearly reaches the pressure of pure
sulphur dioxide. This value is never quite reached,
however, as, no matter how much sulphur dioxide is pre-
sent, the original amount of water remains. The values
obtained are given in Table X,

TABLE X,

Vapour pressures for two-phase
system,
water-sulphur dioxide.

Temperature CO°. % Hs0 in SO, Pressure in
Cms. Hg 00C.

180 4.23 219.6

2¢16 219.7

1.096 221.7

735 224.9

494 226.8

(0% ) (230.5)

These results are shown graphically in Fig.XI.
At 180, the vapour pressure of pure sulphur dioxide was
found to be 230.5 cms. and that of the two-liquid phase
system was found to be 219.6 (see Fig.VIII). It will be
seen from the figure that the three last valuesare in a
straight line, which when produced in one direction, meets

the zero percentage of water, ie., pure sulphur dioxide,
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at 230.5 cms, and cuts the 219.6 cm. iso bar at 1.331%
water. 1.33% must therefore be the percentage of water
dissolved in the liquid sulphur dioxide, that is, the
saturated solution.

Reoult's equation as given is based on the
assumption of unassociated molecules, and this is Jjust-
ified by the experimental results. The agreement of
1.34%, calculated from the equation, with 1.33% found
experimentally, is better than the accuracy of the
measurenments,

This is confirmed further, by measurements
made over & temperature range of the pressures of a

49% Ho0 solution. Table XI contains the results obtained.

RABLE XTI,
Temperature CO, Vapour Pressure in
Cms. Hg 00C,
3.0° 120.2
7.0° 151.5
11.00° 175.9
18.0° 22649
20.00 243.7

In the measurements just given, the concen-
tration was so low that the pressure differences were
small, and the error correspondingly large. Using the

pressures in Table XI in Raoult's equation, to determine
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the percentage, a mean value of .51% was given, which
agrees remarkably well with the value .49%.

Water is & substance which has a great tendency
to associate., It does not do so in substances of similar
nature.In these cases, however, there is far grester sol-
ubility than is shown by water in sulphur dioxide. Hence
it is more probable that the water in the solution is
combined with the sulphur dioxide to form sulphurous
acid. The results obtained by heoult's law, would be
the same, within experimental accuracy, whether the water
is present as unassociated water or as sulphurous acid.
These are the only two possibilities of the condition of
the water, and from what has been said above, the existence
of the water as sulphurous acid, is the more probable.

The increase in solubility of the water in
sulphur dioxide, with temperature is only of the order
of 1% in 40°. This, teken in conjunction with what was
said in the previous section, indicates that complete
mutval solubility will probably not take place until s
temperature is reached not far removed from the critical

temperature of sulphur dioxide.
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CONDUCTIVITIES OF AQUEQUS SOLUTIONS OF SULPHUR DIOXIDE

The two outstanding difficulties which have been
met in dealing with solutions of sulphur dioxide, are: the
ease with which these solutions oxidize and the tendency
of the sulphur dioxide to volatilize. When the experiments
on the conductivities were started, it was believed that the
volatility factor would have little effecet in the case of
dilute solutions. As & result, ordinary Washburn conductiv-
ity cels of the closed type were used for dilute solutions.

The cell was simply filled with a solution of appreximately

the desired strength, the conductivity was measured and then

the contents of the cell immediately analysed, It is not necess-
ary to describe the details of the conductivity measurements
since the usual procedure was followed and all the precautions
necessary for accurate work were taken. A thermostat regulated
to stay constant at 25.0 served as bath.

The effect of any oxidation of the sulphur dioxide,
would show itself in changes of the conductivity with time.
Such changes were found, snd the effect of bubbling air, pass-
age of current, temperature, etc. were examined, At 0°c,
the changes were found to be very much less than at 25°C. The
alternating current used for the measurements had a negligible
effect but bubbling air had a very large effect on the conduct-
ivity. Hence the solutions were made up at 09, measurements
were made quickly and access of air was excluded. Sometimes &as
) check,the analysis was first made on a portion of the solution,

then conductivity measurements extended over some time and by
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extrapolation the conductivity calculated corresponding to
the time the analysis had been made.

The values for the conductivities obtained as above,
are now known to be too high. Sulphur dioxide is so volatile,
that there was probably loss from even very dilute solutions,
especially during the transference from the cell into the
flask where it was analysed. In addition, there was a pro-
bable error duve to the analysis itself,?ihese measurements
were made before the improved method of analysis (see section
on "Analysis of Sulphur Dioxide Solutions) was worked out.

The velues are not recorded but in order to give some idea
of the maegnitude of the error involved, the value of .001
for specific conductivity at 25° is given, as compared to a
value .0007, as found by later work.

The next step in the measurements, was the construct-
ion of a special apparatus, by means of which the sulphur di-
oxide could be added to the water in known volumes, thus avoid-
ing the necessity of analysis. The electrolyte cell was con-
structed so as to be able to withstand 5 atmospheres of press-
ure and also to allow the solution to be well mixed.

The conductivity cell D had the form shown in Fig.XII.
Two platinum wires, I,I, with electrodes at the end were sealed
into two tubes connected at bottom by a glass tube of smaller
diameter and connected at the top by & glass tube with a T
leading to the rest of the apparatus. An amount of water suffi-

cient to cover the electrodes in D was first of all placed in

a tube F, The water was added from a weight pipette before F
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FIGURE XII.
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was sealed off. The water was frozen by means of a carbon
dioxide ether mixture and then the whole sapparatus thoroughly
evacuated. The water was then distilled into D, being frozen
there out of the vapour. If directly placed in the cell and
then frozen it was fesred that the electrodes might be permanently
displaced altering the cell constant. Tube F was then sealed
off, Tap ~ led to the sulphur dioxide purification apparsatus.
The portion of the apparatus between taps A and C is the same
as the corresponding portion in Fig.V. and served to make poss-
ible the addition of a known amount of sulphur dioxide to the
cell. The cell was then sealed off and allowed to warm up. The
contents could be thoroughly stirred by rotating the cell. The
volume of the cell had been measured, the volume of the water
was known and therefore the volume of gas above the solution
could be estimated and thus the concentration of sulphur di-
oxide was accurately calculated from the vapour density and
vapour pressure data. The conductivity of the solution was
then determined. In every instance the cell was opened immed-
iately after the mesBurements had been made and the cell con-
stant was redetermined.

This cell was used only for solutions of high con-
centration, as the values obtained for lower concentrations,
s obtained by means of the Washburn cell, were, at that time,
considered reliable. Table XII contains the conductivity
date obtained at 259, by means of the pressure cell just de-

scribed.
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TABLE XII
Percentage Specific
Sulphur Di- Conduct-
oxide ivity
5.44 .0543
8.69 .0641
13.00 «0735
19.29 .0781
20,10 .0831
20,95 .0851
22.24 .0794

The above values are somewhat erratic, as shown
for instance, by the decrease in conductivity of the last
solution. These irregularities could be partly accounted
for by variation in the cell constant. Nor is this an un-
likely source of error. After the conductivity was measured,
the cell was cut off, and the cell constant immediately re-
determined, as has been described already. Before the cell
was cut off, however, the solution had to be frozem in order
to reduce ifg:;;g;sure, and it is possible that the cell con-
stant was slightly changed during the freezing and melting of
the solution by the displacement of the electrodes. Another
factor which was considered, was that of obtaining true equi-
librium between the gaseous sulphur dioxide and the solution.
In the cell described, the volume occupied by the gaseous

phase was relatively large snd thorough stirring was difficult.

The rotation of the cell served as stirring. This was not
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satisfactory, as the cell was placed in a thermostat after
rotation, and time hed to be allowed for it to come to the
temperature of the bath. Thus, true equilibrium was not
assured, by the time the conductivity was measured.

It was also realized that the whole series of values
might be too high, due to traces of air contained in the water,
used, since at that time, the water was only frozen once.

A trace of air, if present, has a marked effect on
the conductivity by causing oxidation of sulphurous acid to
sulphuric acid.

With these possible sources of error in mind, & new
apparatus was devised, in which these were eliminated. A de-
cided advantage of the new method was that a series of meas-
urements at various concentrations could be made without open-
ing the cell.

Sulphur-dioxide-water is not the only system in which
the conductivities at high concentrations are difficult to
measure. Other systems, such as carbon dioxide-water, hydro-
chloric acid-water, etc., can be thoroughly examined by means
of the apparatus to be described.

Pig.XIIlrepresents diagramatically, the appsaratus,
in which the various parts, for purposes of convenience,
are not drawn to scale. Bulbs A and B serve in the process
of the purification of the volatile component. C is a pent-
oxide tube used in the process. This purification system is
connected through tap O to the main apparatus, in which tap

E leads to & mercury vacuum pump. This pump can therefore
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be used in the process of purification. A flask F)cmx kept
in a constant temperature bath, serves in the addition of known
quantities of the volatile component to the electrolytic cell,
G . The water was transferred into the cell from bulb H. The
requisite amount of water to fill the cell, and cover the
upper electrode is dropped into bulb H, from a weight pipette,
which gives the weight of the water accurately. The opening
to H is then glass sealed off, and the water within frozen,
first by & salt-ice mixture, and finally by CO, - ether mixture
at -78°. The bulb amd cell are then evacuated by opening taps
I and J and E to the mercury pump:. I is then closed, and the
jce in H is allowed to melt. A small amount of dissolved air,
occluded during the freezing of the ice (sufficient to hinder
the establishment of true equilibrium between sulphur dioxide
and water, later on), is freed during the melting process. The
water is therefore frozen agein, and the space above once more
evacuated. The ice is again allowed to melt, and the water con-
densed in the cell by heating up tube H and surrounding the
cell with ice water. Tube H is then sealed off at the con-
striction marked K. The cell has two platinum electrodes
sealed in its side, with room enough below the lower for the
presence of & small amount of a second liquid phase, and room
enough above the upper electrode for the increase in volume
caused by the addition of sulphur dioxide.

The actual position of the electrodes in the cell

is not quite correctly represented in the diagram. Two glass
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pockets were blown in the side of the cell, into which the

electrodes were drawn, as shown in the accompanying sketch,

thus preventing the knocking of the electrodes by the stirrer.
l[\ The electrodes were pulled tight against the

/J glass, to prevent changes in the cell constant

due to their movement, and the wires were glass-

sealed through the end of the glass pockets.

A glass stirrer with a nail sealed

in the upper end can be moved up and down by

_ means of the solenoid L, thus bringing about
thorough stirring. During the actual conductivity determin-
ation, the stirrer is drawn above the liguid so that the cell
constant is not interfered with. The addition of the sulphur
dioxide is carried out without the necessity of cooling the
water in the cell more than a few degrees below room temper-
ature. I and J are pressure taps. The ends of the glass
stoppers in these taps are connected, through taps P and N,

to a suction pump running continuously. Between the pressure
taps, there is a small glass tube Q, in which the sulphur di-
oxide to be added, is condensed. The volume of this tube, and
the glass tubing between taps I, D, R, T and E, is very small,
but is accurately known, and is added to the volume of the
large flask F, for purposes of calculation. All this tubing
and flask F are filled with sulphur dioxide, whose pressure

is accurately known by means of the manometer to be described
later on. Some of this is condensed in Q. Tap J is closed,

the condensed sulphur dioxide is allowed to warm up to room
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temperature, and tap I is opened. The sulphur dioxide distils
over into the cell which is a few degrees below room temper-
ature. Tep I is then closed. It is true that some sulphur
dioxide at a high pressure remains in 2, but on opening tap

J this runs back into the tubing snd flask F. The amount of
sulphur dioxide which has passed from flask F and the small
connecting tubing, into the cell, is then given with an
accuracy depending on the accuracy with which the change in
pressure can be measured. A special manometer was constructed
which allows the reading of pressures of one atmosphere &nd
less with an accuracy of one tenth of a millimetre. This
manometer is represented in the lower right-hand side of the
diagram, The large arm V, and the small arm W, are connected
at the bottom to a mercury reservoir, which in turn is closed
by a two-way tap, one tube leading to the suction system,

the other tube open to the air. At the start, taps R, T, are
opened to the mercury pump through tap E, and the tubing is
completely evacuated. Tap J is then permanently closed. Tap
R is opened when the pressure in flask F and connecting tub-
ing is to be measured. The mercury level is brought to the
wide portion of manometer arm W, by applying suction or press-
ure to reservoir,Y. A calibrated glass scale was used to read
the mercury levels. Arm V, and that part of arm W, at which
the level was read were 2 cm. wide, thus making possible very
accurate pressure reading. The appsarent excessive length of

arms V and W, below the level of reservoir Y, is necessary to
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take care of sudden changes in pressure during the ad justment
of the manometer during a pressure reading.

The lower left-hand portion of the disgram is comnect-
ed with the electric apparatus used in the conductivity deter-
mination, and is shown here because it was connected through
tap X to the suction system which was used at the same time
for pressure taps P and N, and for the manometer regulation.

Since the apparatus used in the measurement of the
resistance of the electrolytic cell was somewhat different
from the ordinary bridge-wire method, it is worth devoting
& little space to & description of it.

Figure XIV. shows diagramatically the electric lay-out
used in the measurement of the cell resistance. A and B are the
ratio arms, 100 ohms each, of the Yheatstone Bridge. D4 F is
the variable resistance which is then balanced against the
cell resistance E. The part D consists of a resistance box
with decade:; dials of thousands hundreds tens and units of
ohms. The part F is the special resistance which was repre-
sented in Fig.,XIIl., since it was regulated by warying press-
ures. P consists of a platinum wire, sealed in an evscuated
tube, the lower portion of which is connected toc a mercury
reservoir., By turning tep X, the mercury column can be made
to rise or fall in the tube. Since the resistance of the
wide mercury column is exceedingly small compared to the re-
sistance of the platinum wire, rise of the mercury column
decreases the resistance, lowering of the mercury column -

by suetion - increases the resistance. This resistance was
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calibrated for each portion of the mercury column in the tube,
and at its lowest level, corresponded to about 1.5 ohms. Thus
F mskes possible the meassurement of fractions of an ohm. The
source of current used is a Vreeland Oscillator (N in Fig.XIV )
which gives & perfect sine curve. Instead of attaching a
telephone directly, a two-stage amplifier is used. The con-
nections are shown in Fig.XIV., the sasme disgramatic repre-
sentation used in radio hook-ups being used. The electrodes
of the cell were well electro-plated with platinum black so
that a good minimum could be established, the amplifier making
it possible to discern it easily, in spite of the noise of the
suction pumps. The cell constant was obtained by measuring the
conductivity of a standard KCl solution, under identical comn-
ditions as those under which the sulphur dioxide solutions were
measured. This eliminates a8ll need for correcting for capacity,
since the resistancesin absolute value were all of the same
order and the accuracy desired was of the order of .5%. Per-
haps the simplest way of indicating the manner in which the
percentages of the liquid phrase in the cell were obtained, is to

give a sample calculation below.

Weight of whter in cell 4,906 gms.
Initial pressure of sulphur di-

oxide volume 330.2
FPinal pressure of sulphur di-

oxide volume 120.8
Pressure change in sulphur di- 209,.4

oxide volume

Temperature of sulphur dioxide 250



(1¢)

Amount added to cell .231 gms.
Amount previously added 587 "
Total amount of sulphur dioxide .818

in cell

Apparent percentage sulphur di-

oxide
= = 14.29 %

Vapour pressure of sulphur di-

oxide at 150 for a concentra-

tion of 14.29 % 110 cms.
Volume of space ahbove liguid 10.7 c.c.
Weight of sulphur dioxide in

space above .041 gms.

True percentage sulphur dioxide
in liguid =

= 13.68 percentage
sulphur di-
oxide.

In this calculation it is seen that the amount of
sulphur dioxide transferred into the cell is obtained with
great exactness. If all the sulphur dioxide were dissolved
the calculation of the percentage would be a simple matter.
But part of the sulphur dioxide is above the ligquid, the
amount depending on the vapour pressure which in tuwrn is de-
pendent on the concentration of the solution. The concentration
of the solution is therefore first calculated on the basis of
complete absorption. The vapour pressure of such a solution
is then obtained from vapour pressure determinations given in

a previous section. The volume of the space above the liguid

being known, it is possible to calculate the amount of sulphur



&)

dioxide in the gaseous phase. On subtracting this from
the total amount of sulphur dioxide added, the concen-
tration of the solution is obtained. The difference in
vapour pressure between the two percentages is too small
to cause any appreciable errdér, since in every case, the
vast bulk of the sulphur dioxide is dissolved. The sample
calculation chosen is one in which the correction had the
greatest magnitude.

Below are given the results obtained with the

first cell of the type described sabove.

TABLE XIII.
Temperature in Percentage Specific
degrees Centi- Sulphur Conduct-
grade Dioxide ivity
15° 2,74 02732
6,34 .04355
10.26 .05586
13,68 .06579
17.30 .07101
19.18 07350
20.45 07496
22.01 07660
23462 07731
25.13 .07850
27 .26 07875
28.18 07875
07875
25° 2.74 .02848
6427 04476
10.13 05724
13.50 06651
17.04 .07186
18.98 07415
20.19 07536
21.80 «07660
23.41 07731

07762
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During a second experiment to check up the values
obtained, the cell was broken, which necessitated the mak-
ing of a new one. Advantage was taken of experience gained
with the first cell, and several minor points were improved.
For example, more room was left above the upper electrode
for the addition of sulphur. Furthermore, glass tubes were
sealed on to the cell through which the wires from the elec-
trodes could be led out of the thermostat ensuring complete
electrie insulation.

Results obtained with the new cell, using KCl so-
lution for its standardization, gave very good agreement

with those in Table XIII.

TABLE XIV,
Temperature in Percentage Specific
Degrees Centi- Sulphur Conduct-
grade Dioxide ivity
15,0° .1981 .004232
« 5187 . 009497
8746 «01306
1.524 01866
2379 02445
5.403 03945
7.984 . 04864
10.94 05703
13.64 06311
15.98 .06759
19.54 07276
21.98 .07548
24.65 07734
26.86 07841

The results obtained in another experiment st
the same temperature with the same cell as used above, are

given to show how accurately the work may be repeated.
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These values are only given from 014% to 8.9%, as the stir-

rer broke at this point, and the experiment was discontinued.

TABLE XV,
Temperature in Percentage Specific
Degrees Centi- Sulphur Conduect-
grade Dioxide ivity
15.0° 1479 .003787
<2917 .006189
.5924 .01011
.8728 .01305
1.811 .02054
2927 02757
3.741 03145
4,447 .03510
6.383 04271
8.980 .05142
TABLE XVI.
Temperature in Percentage Specifiec
Degrees Centi- Sulphur Conduct-
grade Dioxide ivity
23,00 .1689 .004355
« 4257 .009908
. 7820 .01352
1.151 «01663
3.126 .03004
4,347 03649
6.457 04526
7.838 .05001
12,28 06203
14.49 .06628
17 .69 .07168
20453 07491
2375 07739
25,78 07807
28.52 07803

The conductivities contained in Tables XIV and
XVI are plotted against percentage in Fig.X.
Both at 15° and at 23° the specific conductivity

eventually reached a constant value independent of the further
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addition of sulphur dioxide. This of course is to be ex-
pected in view of the appearance of the second phase, after
which the concentration of the conducting phase cannot vary.

It had been hoped that this might prove to be a
sensitive method for estimating the percentage compositions
of the water phase. But, unfortunately, for that purpose, the
variation of specific conductivity becomes exceedingly small
around the higher concentrations. Nevertheless, it can be
seen from the diagram that the straight line signifying con-
stant conductivity cuts the curves at the 25% concentration,
which is in agreement with the values deduced, both in the
sections on "Vapour Pressure" and "The Two-phase Systems”.
Furthermore, it is of interest to note that the temperature
coefficient of the specific conductivity decreases with rise
in ftemperature, and apparently has a small negative value

above 23% concentration, as indicated by the following table.

TABLE XVII.
Temperature Coefficients of Specifie
Conductivities.
Concentration Conductivity at 23° -Conductivity at 15°
8 X Conductivity at 150,

5% + +0056
10% +.0050
15% +.0029
20% +.0020
23% +.0010
24% +.00016

25% -.0010
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A comparison of Tables XIII and XIV shows that
the measurements have been repeated with an accuracy of 1%,
although they were made with different cells, and at long
intervals of time.

Very little is to be found in the literature on
the conductivity of sulphurous acid solutions. Of the three
investigations that were carried out, none of them included
measurements of solutions with & higher concentration than
6%; that is, the range was about one fourth of that covered
in the present investigation. Values taken from these three
papers are given below, and compared with the values found
in the present experiments. Where the concentrations were
given in terms of volume of solution containing 1 gream.
molecule, they were changed into percentages, so that corre-

sponding values could be read off from the vurves in Fig.Z.

Temperature in Percentage Specific
Degrees Centi- Sulphur Conductivity
greade. Dioxide ) Kerp & Bauer Maass.
250 6.437 04919 0496
3.299 03419 0315
1.640 .02280 . 0208
6334 «01335 .01225
« 3178 008426 .0083
«1599 + 005067 0043
Temperature in Percentage Specific
Degrees Centi- Sulphur Conductivity
grade Dioxide Lindner Magass.
159° 6.20 «04637 0425
3.24 03296 0295
e 343 008185 0070
230 6.20 .04831 0444
324 « 03430 .0309

« 543 .008720 .0084
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Temperature in Percentage Specific
Degrees Centi- Sulphur Conductivity
grade. Dioxide Barth Maass
250 «200 .00591 .0051
« 100 00358 .0027
values

Kerp and Bauer's(zg)/agree very well at higher
percentages, but on the average, are about 10% higher than
the writer's results. Lindner's work shows a disagreement
of about 9%, while Barth's values differ by about 12%.

All three of the experimenters referred to above,
used titration methods for determining the strength of the
sulphur dioxide solutions. As has been shown, there is
considerable chance for error in even the most careful anal-
ytical work, when dealing with so volatile, and easily oxi-
dizable a substance as sulphur dioxide. Both these effects
tend to increase the conductivity. The early values obtained
by the writer where concentrations were determined by ti-
tretion, were in every ease found to be tcn high, aad a3
in much closer agreement with the results obtained by Barth
end Lindner Vggg;entrations).

In 211 the measurements made with the new pro-
cedure, the time factor was completely eliminated. After an
interval of meny hours, no cheange in conductivity of & sul-
phurous acid solution obtained in the manner outlined,could
be detected.

The conclusion is justified that the values ob-

tained by the writer can be accepted as being more sccurate
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than any previously determined.

In order to calculate the molecular conduct-
ivities, it was first necessary to change percentages of
solutions into the volume containing one gram molecule of
sulphur dioxide. The densities of the solutions were needed
for this. Giles and Schearer(42) determined the densities
over & short range. Their values were plotted, and the den-
sities taken from the curve. At higher percenteges where mno
values were given, the values were extrapolated. The mole-
cular conductivities were then obtained by multiplying the
specific conductivity by the volume of solution in c.c. con-
taining one gram molecule of sulphur dioxide.

The dissociation constant o4 1is the ratio of the
molecular conductivity at any one concentration, divided by
the molecular conductivity at infinite dilution. The molec-
ular conductivity at infinite dilution cannot be obtained

of
by extrapolation becauquthe secondary ionization,

HSOy == S0z + EHVY
which occurs at greater dilution. Hence this has to be
estimated from the sum of the limiting conductances of the
H™ and Hsog' ijons. These conductances can be obtained
from the work of Kohlrauch and Drucker. Theyvare 299 and
337 8t15° and 23° respectively for the H' ion, and 42, and
49.5 at 15° and 23°, for the Hsog’ ion. The sum of these
velues gives 341, and 388.6 as the molecular conductivity at

jnfinite dilution at 15° ana 23°.
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In Table XVIII, the molecular conductivity corre-

sponding to the specific conductivities contaeined in Tables

XIV and XVI, are given.

The fourth column gives the amount

of dissociation, snd the last column gives Ostwald's dilution

law constant.

Dissociation
(M, - 341)

+4005
« 3430
« 2790
.2282
.1908
¢ 1335
.1101

.09065
.08137
07364
06377
.05821
.05252

P ST

(Mo= 388.6)

4271
. 3845

TABLE XVIII
15.0°C,
Percentage Number of Gm. Molecular
Sulphur Mols.per litre Conduct-
Dioxide ivity.
«1981 « 03098 136.6
. 5187 .08119 116.9
8746 1372 95.17
1.524 « 2397 77.82
2.379 « 5758 65.07
5,403 .8668 45.51
7.984 1.296 37 .54
10.94 1.845 30.91
13.64 2.274 27.75
15.98 20692 25.11
19,54 3.346 21.75
21.98 3.803 19.86
24,65 4,318 17.91
23.0°C.
« 1689 .02638 165.1
04257 06664 148.6
.7820 1227 110.3
1.1510 «1809 91.94
3.126 « 4957 60 . 60
4,347 6653 54.86
6.457 1.041 43,48
7.838 1.271 39 .36
12.28 1.989 31.18
14.49 2.424 27 « 35
17.69 5.005 23.85
20.53 54533 21.20
23.75 4,144 18,67
4,536

25,78

PSR NS

s N A

17.21

- * e e

.2852
2379
.1568
«1419
«1125
.1018

. 08067
07074
06172
.05486
.04832
«04452

X

.008318
.01454
.01481
.01614
.01694
«01797
01762
.01669
.01641
01574
«01455
.01368
«01256

vere B o

008395
+01606
.01393
«01345
.01450
.01563
.01499
.01472
.01409
. 01304
.01200
.01126
.01015
.009396

®
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K varies in the same way at both temperatures,
reaching & maximum velue at a concentration corresponding
to 8 grams moles per litre. Over the large range, .06 to
4 grams moles, the variation is remarkably small, from the
point of view of the variation usually met with in the dis-
sociation constant of electrolytes. The dissociation con-
stant decreases considerably with the tempersture, en 8°
change causing a decrease of A2%.

The values obtained by Kerp and Bauer, and Lindner
are 15% higher, This is due in part to the higher values
for conductivity obtained by these investigators. A dis-
cusgion of the trve significance of the dissociation con-
stant, in this particular case, and the deguctions that can
be made in regard to it, from vepour pressure data of sulphur
dioxide solutions will be given in the next section.

It may be of interest to mention in conclusion of
this section that the sulphur dioxide phase which has been
shown to contain more than 1% of water, has an exceedingly

small conductivity, less than that of tap water.
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THEORET ICAT, DISCUSSION

As has salready been stated in the introduction,
the exact composition of a solution of sulphur dioxide
in water, is not known. There is some experimental evi-
dence(7) for the existence of sulphur dioxide molecules,
as such, in these solutions, but nothing is known of the
percentage. of these molecules existing uncombined. It is
of great interest to know the exact distribution of the
sulphur dioxide molecules. Sulphurous acid is considered
& weak acid, from the point of view of its conductivity.
Balculations of conductivity, however, have always been
based on the assumption that all the sulphur dioxide in
solution existed as sulchurous acid. Hence, if very little
of the sulphur dioxide Zorms sulphurous acid then this acid
may be much stronger than has been thought.

Solutions of sulphur dioxide do not obey Henry's
Law, as indicated by the early work of Sims on solubilities.
Attempts have been made by Fulda(45), and later on by Lind-
ner (40) to account for the discrepancy by taking into account
the sulphur dioxide used up in the dissociation of sulphvr-
ous acid. This factor is, of course, not sufficient to mske
possible exact correlation of experimental results and theory,
as was pointed out by Lindner, both with regard to his own and
Fulda's calculations,

In the following discussion, this is first of all

confirmed, and then an attempt is made to deduce an exact
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relationship between partial vapour pressure of sulphur
dioxide and the concentrations of sulphur dioxide, sulphur-.
ous acid, and Hsoé ions. This relationship was found to
represent accurately the experimental results, and makes
possible a reliable estimate of the true strength of sul-
phurous acid, and of the eguilibrium existing between un-
combined sulphur dioxide molecules and sulphurous acid.

Let 0502 be the total concentration of the sul-
phur dioxide dissolved in the solution, expressed in gram
molecules per litre. Now, this sulphur dioxide exists as
sulphur dioxide molecules, as sulphurous acid molecules,
and as HSOé ions. Hence -

Cs0, = (S0p) + (HgSO03) + (HSO3) (1)
where the brackets indicate the concentrations of the
various substances. The following are the equilibria to
be considered;

(a) HpS0gx ' Hs0 + S0p

This equilibrium can be expressed as follows:

where k 1is the mass law constant,

(H50) (S0s) .

k (2
(E2S03) )
(b) HoSOz ——2 E' + HSOz
which can be expressed
+ {
(B7) (ES03) = K, (3)

(HgSOg)

where K,y is the true ionization constant as defined by
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Ostwald. The ionization constant K, which has been calcu-
lated from values of «£ and V, the dilution, is not the true
constant Kg. V represents the volume in litres containing
one gram molecule of sulphurous acid. If all the sulphur di-
oxide does not form sulphurous acid, then V is really the
volume containing one gram molecule of sulphurous acid and
sulphur dioxide. The equilibrium, then, must be written:

(E¥)( HESO3)

{(HzSOzH'(SOg-)} - (4)

where K is the ionization constant sctually measured and
tabulated in Table XVIII., Furthermore, the partial vapour
pressure of the sulphur dioxide above the solution is pro-
portional to the real concentration of sulphur dioxide, so
that,

(SO5) = hp (5)
where (SOg) is the sulphur dioxide present, as such, in the
solution, h 1is Henry's constant, and p the pressure of
sulphur dioxide gas. Now, in equation (1), (H5S80z) can be
replaced by(SOz)(Hzof&T and (HSO3) byvfi {}32805)+(502{} (%Nm %)

k
since the concentration of hydrogen ion is the same as that

of HSOz. This gives,

Cs0, = (502), (S02) (H20) .\ X {(HgS03)+ (s02)}
X

Substituting again for (HpSO0gz)

Cs0, = (802)+(502)]§H20) _th (SOg)LHzo).‘—(SOz)

But (S0s) = hp, from equation (5),
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CSOZ = hp_'_ hp(Hzo) +mhp(H20) + hp (6)
k k

If, in equation (6) the concentration of water is
considered as constant, this becomes,

Cs0p = ap+ b\ p (7)
where g8 - h jl-\—(H20§ and b = \/ Kh !1+{H20§

( k U x
It follows that,
K = D@ (8)
8,

The above equation takes into account only the
effect of ionization on the aberration of Henry's Law, and
in order to test this out, the values contained in the
Table on p.44 are chosen. The percentages in this table
are expressed in weight per cent., and have been recalcu-
lated as gram molecules per litre, taking into account the
densities of the solutions. Table XIX contains the concen-
trations expressed in this way, together with the corre-

sponding calculated concentrations of water.

TABLE XIX
% s0s 5 10 15 20 25
Concentration Cgpos 7984 1.631 2.499 3.400 4,335
" CHZO 53.93 52.20 50.34 48,37 46,26
Temperature Partial Vapour Pressure of SO
10.0° 25.1 53.1 87.9 128.3 169.1
16750 32,7 71.4 114.9 161.0 209.6
22,00 40.9 88.0 140.0 194,.2 250.2

27.00 49.1 104.5 165.2 228.7 292.5
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Choosing the values for the vapour pressures of

sulphur dioxide at 10°, for concentrations Cgp, = .7984

and 0302 = 1.631, equation (7) gives for the values of

& and b, .0283 and .0175 respectively. Substituting in
equation (8), X is given as .0108. This value for X is
not so {ar from that deduced from the conductivity exper-
iments,inamely .016*;$ that temperature. But using the
above values for a and b, to calculate the CSOg values for
the other 3 concentrations at 10°, these are found to di-
verge enormously from those given in the table, the last.
one corresponding to an error in pressure reading of 40 cm!
If concentrations 1.631 and 2.499 are used in equation (7)
to calculate a and b, the latter have values .0205 and
0741, giving the absurd value of .267 for X, It is ob-
vious that equation (8) does not represent experimental
conditions, and deviates widely at all concentrations above

8 « The assumption of the constancy of the water concen-

tration is evidently not justified, and in the following,

*’The value of X was chosen as follows. An exam-
ination of Table XVIII shows that XK decreases with ris-
ing concentration. The aversasge value above 5% of sul-
phur dioxide for 5% intervels was taken as .012 at 230
and .0145 at 150, and .016 as the approximate extra-
polated value at 10°.
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it will be seen how this can be teken into account.

In equation (6), (Hg0), the real concentration
of water in the solution, can be calculated as follows.
Let 0320 be the calculated concentration of water in the
solution, as if no water was used up in any of the equi-
libria. It follows, as in the case of iCSOZE that,

CE,0 = (Ep0) + (HpSO3) + (HSOz )

Then,

k

, (H20) ,_ hp (H30) +Wp (E50), np) (9)
k k

By subtrsastirige equation (6) from (9),

Ca,0 = (Bg0) 4 (H0)(50p) _HF{ {(Hzo)(soz) T+ (80231
X

Q
i
o

"

CHZO — C302 = (HzO) - hp
(E20) = Cgyo + bp - Cgo, (10)

as the last two terms in each equation are identical,

and thus cancel out. (Hg0) is now expressed in terms of
known values, amd (HpO) in equation (6) can be replaced

by (CH,0+ hp - Cs0,), giving,

Cs0, = bPy bp (CH,0+hp - C50,) +\) K hp {l *-@Hzo+h1°- CSOJ

(11)
K -+ A

Equation (11) contains 2 unknown quantities, h and k, if the
value for K found in the donductivity experiments is employed.
By selecting two different values of C802 from the conductivity
tables, and using the corresponding pressures, h and k can be

found. As can be seen, the solving for h and k from the above
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equation, is a very complicated matter. The last term is
comparatively small, and in order to facilitate the solutiom
of the equation, can be neglected for the first spproximation.
The values for h and k determined in this way, can then be
substituted in the last term of eguation (11), and new values
found for h and k, which completely satisfy the two equatioms
employed. The values found for h and k at 10° are .00624
and 15, respectively. With these values, and K = .016, the
concentrations calculated are found to agree with every one
of the concentrations in Table XIX, within .02 of the con-
centration, so that the pressures are represented within one
centimetre. This close agreement, however, does not signify
that the values of k and h ate determined with anything like
this accuracy, since a considerable increase in k and a
corresponding increase in h, will represent the results within
experimental accuracy. This is not surprising, since, after
all, the variation in water concentration is small compared to
the variastion in sulphur dioxide concentration. In order to
estimate the accuracy with which k has been determined, a
number of values of k, differing widely from that found, were
chosen, and by a series of approximations, corresponding ®alues
for h, (calculated to best represent experimental results),
were deduced.

In the following table, the values of h and k, head

the concentrations calculated for these particulsr values,



beside which are placed the differences

found.

k =
h -

« 849
1.60
2. 56
3450
4.33

5.1
. 00258

+.0b
T e OS

T 06

+.10
: .00

""005

@4

TABLE XX

k = 10.15 k¥ = 15
h = .0046 h = .00624

0842 +. 042 .819 1"002
1.65 +002 1.61 ‘002
2052 1‘002 2051 1—001
3.4:7 1‘007 3.46 -(-006
4.51 -002 4033 .OO

Average
+.026 +.014

k - 2291
h = .0081
799 0.0
1.573 - 006
2.48 -.02
3.43 +.03
4031 -002
'0014

from those actually

k = 40.5
h = .01157
77 -.02
1.53 '010
R.43 =.,07
3.41 +.01
4053 -.OO
"'0056

It is seen that the best value of k lies between

15 and 22.1 . For values less than 5, and gresater than 40,

the divergence becomes far greater than experimentsl error.

The average of k chosen, is 15, but this may differ from the
—+10.

of k, which is the first that has been made, is of consider-

true value by -5 or However, even the estimation

able interest, because it makes possible the estimation of
the real strength of sulphurous acid.

The constants Ky, K and k¥ (see (a),(b), and

(4)

are relsted as follows:

(8*) (BSOz) - Kk = Ko (HsS03)
Substitute (S05)(H50) for (EyS0,) and
k
K - Kp (SOg)(HzO)
k{LSOz)(HZO) + (sozj]
k
K = Ky (Hp0) (12)

(E,0)+ k
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From the numerical values at 109, it follows
that Kg = .023, as compared to K = .016, that is, at this
temperature the dissociation constant has practically the
same value as the constant given by the conductivity. In
Table XVIII, it is noted that the valve of ¥ after a con-
centration of .BIB;;;eases with rising concentration of
sulphur ‘dioxide and conseguently, decreasing concentration
of water. Equation (12) shows that this is to be expected
even though the true ionization constant, Ky, rémains con-
stant, and a numerical calculation shows that the order of
magnitude in the decrease of X is exactly that which has been
found.

An examination of Table XVIII shows that there is a
marked decrease in the value of K with temperature, correspond-
ing to28% per degree. The ionization constant of most elect-
rolytes increases very slightly with rising temperature at
ordinary temperatures, and only at high temperatures does a
decrease occur. From that point of view, sulphurous acid
would be guite anomalous, and the strength of sulphurous
acid at about 1400, where it is used in pulp cooking, would
be exceedingly small. The decrease, however, is only appsar-
ent, for X is not the true ionization constant.

Let Kt and Ktz be the ionization constants as de-
termined by the conductivity method at temperatures t7 and ts

respectively, where to is greater than tj, Then the change in

K can be accounted for by a change in k. Let ki, and ktl be the
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values of k corresponding to these tempefatures. Then

equation (12) gives:

X
ty o (HgO)t+ kg,
Kt ) Ky = constant (13)
2 (HoO)+ ktl

If ktz is greater than ktl, then Ktl is gresater
than K{é . Hence the decrease in K can be accounted for by
an increase in k. This is equivalent to assuming that the
higher the temperature the greater will be the amount of
uncombined sulphur dioxide in solution. When the values of
the pressures and concentrations are examined at 22° (see
Teble XIX), then these values can be represented perfectly
by a choice of k = 100 and h = .01138, whereas smaller
velues of k lead to large discrepancies.

Thus a simple calculation shows that at 10° the
amount of uncombined sulphur dioxide in solution is approxi-
mately 20% of the total dissolved, whereas at the higher
temperature, 50% is uncombined for a 5% sulphur dioxide so-
lution.

It follows, also, that the higher the temperature,
the greater will be the vealue of k, and the smaller will be
the influence played by the water concentration, anéd hence,
at higher temperatures, equation (7) will approximate more
closely as a representation of the experimental results,

Since K decreases with rise in temperature, eventually the

pressure will be directly proportional to CSOZ, the calculated
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sulphur dioxide concentration. Experiments are in pro-
gress at higher temperatures which confirm the above.

It might be well to point out that the guant-
itative side in the relationships deduced sbove is not being
unduly stressed. A number of assumptions have been made the
validity of which might be/ggject of discusion. For in-
stance, the part played in the equilibrium between associated
and unassociated water molecules, and the possible existence
in the solution of hydrates of sulphur dioxide. The remark-
able agreement between experimental results, and deduced
values may be taken to indicate that the above mentioned
assumptions were Jjustified, and that the following conclu-
sions ere probably correct.

Sulphur dioxide dissolves in water and exists
trhere only in part in the form of sulphurous acid. With rise
in temperature, the amount of uncombined sulphur dioxide in-
creeses rapidly, the order of msgnitude being about 20% at
100, snd 50% at 25°. The true dissocistion constant of
sulphur dioxide lies in the néighbourhood of .02, and with
rise in temperature this does not decresse st all rapidly.
The decrease of the conductivity dissociation constant with
rise in temperature is due to a decrease in the amount of

sulphurous &acid which is in equilibrium with the sulphur di-

oxide.
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S UMMARY

The following brief resum€ is designed to bring out
the salgent festures of the above invegtigation.

A short historical account of sulphur dioxide and
sulphurousg acid was given.

A procedure for accurately analysing solutions of
sulphurous scid, and incidentally for the standardization of
iodine solutions, was described.

The apparent molecular weights of sulphur dioxide were
measured over the temperature range -5° to +35°C. An eguation
was developed in terms of apparent molecular weighﬁf@?%es the
most convenient and accurate evaluation of the weight of a gas
taken out of a known volume when the initial and final pressures
are meesured.

A convenient metho&igéasuring vepour pressures of
solutions containing one volatile component was described.

The vapour pressures of aqueous solutions of sulphur dioxide
were measured over the temperature range 10° - 27° and cover-
ing 81l possible concentrations. The vepour pressures of pure
sulphur dioxide were measured over the range 1° - 279, The
vapour pressures of the two liquid phase system were measured
over the range 100 - 279, A comparison of values found by other
investigators, is included. It was shown that the concentretion
of the volatile component in the water phase can be determined
by means of the veapour pressure measurements, and the concen-

tration of water in the sulphur dioxide phase, approximately
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calculated by using Rsoult's Law,.

A method was designed for separating a portion of
one liquid phase from any three phase system (liquid-liguid-geas)
which is in eguilibrium at pressures which are so great that
other methods cannot be used to obtain accurate analysis of
the equilibrium concentration. This method was employed for
measuring ‘the concentration of sulphur dioxide in the aqueous
phase and the values deduced from the vapour pressure measure-
ments for the range 10° - 27°C. were confirmed at the temper-
ature where mesasurements were made.

A method was devised by means of which the concen-
tration of water in the sulphur dioxide phase can be more exact-
ly determined. This method consisted in the measurements of
vapour pressures of solutions of water in sulphur dioxide, and
gave values agreeing very closely with those calculated.

Methods used in the determination of conductivities
of sulphurous acid, were described. An appareatus w;s designed
suitable for conductivity measurements, in the case of all so-
lutions in which the solute is & gas with a high partial va-
pour pressure. <Lhe results obtained over a concentration range
of .1 - 25%, by means of this apparatus, are tabulasted, and

compared with values of other workers. The dissociation con-

stand of sulphurous acid was calculated.

The theoretical conclusion with regard to the stsate
of sulphur dioxide in solution can be best summed up as in the

last section:
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Sulphur dioxide dissolves in water and exists
there, only in part, in the form of sulphurous acid. With
rise in temperature the amount of uncomhined sulphur dioxide
increases rapidly, the order of magnitude being about 20% at
10° and 50% et 25°. The true dissociation constant of sulphur
dioxide lies in the neighbourhood of .02, and with rise in
temperature this does not decrease at all rapidly. The de-
crease of the conductivity dissociation constant with rise
in temperature is due to a decrease in the amount of sul-

phurous ac¢id vhich is in equilibrium with the sulphur dioxide.
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