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VIL. The Density of the Vapours in Equilibrium with Water, Ethyl Alcohol,
Methyl Alcokol and Benzene.

A A

< By the Earl of BErkELEY, F.R.S., and E. STENHOUSE.

— C

;5 S (Received November 7, 1929,—Read February 20, 1930.)

o= . . :

= Aim of the Research.—The ultimate aim of the research was to put the vapour
ook, pressure method of determining osmotic pressures on to a sound experimental basis.
E 8 For that purpose it was necessary to investigate the following :—

(1) The validity of DALTON’S law.
(2) The extent of the association among vapour molecules.
(8) The dependence of this association on temperature.

The agreement found by Berkery, HarTLEY and BURTON™ between the osmotic
pressures of aqueous solutions derived from the lowering of the vapour pressure and
those directly observed shows, when it is remembered that their vapour pressure method
is in reality a measurement of the relative vapour densities, that there isno great depar-
ture from DALTON’S law, nor any great change in associationf with the relative con-
centration of vapour and air. Their experimental errors were of the order of 0+5 per
cent., so that to obtain further light greater accuracy will be required. ;

‘For the investigation of DarToN’s law it was decided to (1) compare the vapour
densities of two liquids, of as widely different molecular weights as possible at 0° C.
in air, and (2) repeat the observations in argon, and (3), if possible, in helium.

Thus, if the departure from DaLToN’s law is, as is generally supposed, due to mutual
attraction between the molecules of the gas and vapour, and is, therefore, probably a
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_ ~ function of the reacting masses, the wide range of the molecular weights of the gases
;5 S should be sufficient to bring out the order of magnitude of the departure. ’

olm The choice of liquids to be used for this purpose is limited, partly on account of
= experimental difficulties and partly because the more accurate] formula for calculating
O the ratio involves a knowledge of the respective vapour pressures; it was decided
Eg therefore to compare water, ethyl alcohol, and methyl alcohol, although the range of

molecular weights is not as great as:could be wished.

# ¢ Phil. Trans.,” vol. 218, A, p. 295 (1919).

T Unless the two effects cancel out.

1 The less accurate formula, which involves the assumption that the vapour densities are proportional
to the vapour pressures, introduces an error of about 1 in 1000 in the ratio.
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256 EARL OF BERKELEY AND E. STENHOUSE : DENSITY OF VAPOURS IN EQUILIBRIUM

For the investigation of the association we hoped to be able to correct our vapour

density ratios for any departure from DarToN’s law, and then compare them to the ratio

- of the respective vapour pressures (multiplied by the molecular weights). Then,
using benzene, presumably a non-associating vapour, as the reference substance, it
would be possible to calculate the average molecular weights of the other vapours.
This has been done, but it emerges that benzene is associated and a highly speculative
method, given at the end of this communication, had to be adopted.

For the investigation of the change in association with temperature, a direct method
was found to be practicable and is applied to water and to EtOH at 0° C. and 30° C.
The results are compared with the ratio of the vapour pressures and give the change in
the association between these temperatures. _

It was also thought advisable to determine the ratio of the vapour densities of water
and EtOH at other temperatures as well as at 0° C. and 30° C. so as to deduce its value
for any desired temperature lying between the limits.

Unfortunately the complete programme could not be carried out, for on proceeding
to temperatures higher than 0°C., various experimental difficulties arose, the investiga-
tion of which took up a great deal of time and was barely finished before we had to give
up work.

The Method.

On p. 316 of BERKELEY, HARTLEY and BUrRTON’S paper,* G. W. WALKER derives the
equation .

-~ po, B—m .
- = = X P S 1
A pr B—my ' @

where I, and I, are the observed losses from the solvent and solution respectively ;
po and p, are the vapour densities of the solvent and solution respectively ; =, and =,
are the vapour pressures of the solvent and solution respectively ; and B is the mean
barometric pressure during the experiment.

This equation applies to the particular arrangement of liquids given by the a,uthors
but it is evident that had they modified their scheme so that the air entered the solutlon
vessel, passed over sulphuric acid, then entered the solvent vessel and passed again
over sulphuric acid (or even if the solvent and solution had been interchanged) WALKER's
analysis would still hold ; and it still holds if we substitute, as in the method here used,
two other liquids in place of the solvent and solution, the vapours of which are absorbed
by sulphuric acid.

“Obviously also the equation is valid if we substltute any non-absorbable gas in place
of air, while a slight modification will make it applicable to the compamson of the
vapour densities of the same liquid at different temperatures.

The apparatus used was that described in the paper mentioned. The authors of that

* Loc. cit.
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WITH WATER, ETHYL ALCOHOL, METHYL ALCOHOL AND BENZENE. 257

communication had been content with results agreeing within about 1 part in 400 ;
greater accuracy was not required for the object in view, t.e., that of deducing the
osmotic pressure from the vapour pressure, for, in that deduction, they had to assume
that the ratio of the vapour pressures was equal to the ratio of the vapour densities ;
while, on the other hand, the direct osmotic pressure did not seem to be of any
greater accuracy.

A study of the conditions seemed to warrant the belief that greater accuracy was
attainable ; indeed, at first sight it would be thought that it is only limited by the
errors of weighing, and in fact the experiments at 0° C. on water and on EtOH came
out satisfactorily close together ; later experiments at higher temperatures belied this
and it was found necessary to investigate the cause of the discrepancies.

Before proceeding to describe this investigation it is advisable to give further details
of the apparatus and method, and also enumerate the corrections which have to be
applied. ‘

The apparatus consists of five quartz glass vessels, preceded by one (No. 0) which
always contains H,S0, and serves to give a final drying to the entering air.
Numbering the vessels from the entry end, Nos. 1, 2, 3 and 5 have four parallel
branches, while No. 4 has only two. These branches are horizontal tubes each of which
1s charged with liquid (20 c.c.) until half filled ; they are joined together in such a way
that the air enters the first branch through a vertical tube ; when it reaches the surface
of the liquid it divides into two streams which travel to the ends -where they pass into
the second branch and converge towards the centre ; from the centre of the second
branch the stream is led to the centre of the third branch where it again divides, travels
to the ends, enters the fourth branch to reunite in the centre and pass to the next vessel
through a removable inverted U-tube of some 12 c.c. capacity. (These U-tubes are
themselves joined to the vessels by junction pieces also of about 12 c.c. capacity.) All
the branches of all the vessels were made as closely alike as possible, as were also
the vessels themselves, except that the second and third branches of No. 3 were spaced
somewhat further apart so as to allow the bath stirrer to work between them.

The Corrections.

The procedure adopted was as follows. The vessels, after cleaning and drying
out by a stream of warm dry air, were charged with the respective liquids. The outer
surface was then washed with water, followed by pure alcohol, and wiped dry with fine
linen dusters ; each vessel was weighed against a quartz glass sealed counterpoise which
had been treated in the same way—the method of double weighing was employed and
the weight deduced from the recorded decrement in the movement of the balance
pointer. Care was taken to loosen the stoppers just before each weighing. The times
of weighing, the temperature of the balance base, and the barometric pressure were
noted. :

Correction (1).—After weighing, the vessels were put by until they could be assembled

2L2
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258 EARL OF BERKELEY AND E. STENHOUSE : DENSITY OF VAPOURS IN EQUILIBRIUM

to form the train. ‘During this period each liquid loses weight by diffusion past the
stoppers. The hourly loss thus sustained was determined by separate experiments
(unfortunately this precaution was omitted in the case of the MeOH, but it is interesting
to note that the method of weighing was sufficiently accurate to enable us to calculate
the time rate of loss for this substance). A similar loss occurs when the vessels are
waiting to be weighed at the end of the experiment.

Correction (2).—We are concerned only with the loss of weight of the liguid during the
period when the air current is passing, it is necessary therefore to include in the buoyancy
correction the mass of air and vapour contained between the liquid and the stoppers—
this gives us the vacuum weight of the liquid when on the balance. If the temperature
of the balance is not the same at the beginning as at the end of the experiment {or should
there be a fall in the barometric height) it is easy to see that there has been either a
loss from or a gain by the liquid which is not caused by the air current. The method
employed for calculating this correction is given under ““2nd vessel losses.”

Correction (3).—When the vessels are joined together some vapour is given off sufficient
to fill the U-tubes and junction pieces—on dismantling the train, this vapour is lost—
hence the correction.

Correction (4).—During the run a quantity of vapour is transferred to the adjacent
‘H,S0, ; this is supplied by the liquid which in the case of EtOH loses some 10 to 20 c.c.,
but the vacated space is filled with vapour which is not a loss that can be charged to
the air current, and must therefore be allowed for..

Correction (5).—In most of the experiments a deposit was found in the U-tubes—this
deposit was weighed and an appropriate correction applied. The deposit was found
even in the tube connecting two vessels charged with the same liquid—it was for a long
time thought to be a temperature effect, but another more probable explanation will
be given under “ 2nd vessel losses.” :

It may be mentioned that the sum of the first four corrections, even in the case of
EtOH rarely exceeds 0-0100 grammes, but it should be borne in mind that there is
another source of error, the magnitude of which cannot be estimated ; it lies in the fact
that the vessels have to be handled (in “ taking down ”’) both to disconnect the train
and to wash and dry—this handling, if prolonged, may warm the contained liquid to
such an extent that loss occurs by increased diffusion past the stoppers—obviously a
liquid of low specific heat with a high ratio of change of vapour pressure will be most
affected. To minimise this loss the vessels were never held with the bare hand.

Correction (6).—In this section it is convenient to discuss two sources of error since
each is the result of changes in temperature and the method of calculating the correction
is the same.

(@) The loss in the second vessel.—Before discussing this it is well to point out that
the elucidation of the cause of the second vessel loss is of considerable importance ; for
should the magnitude of this loss turn out to be proportional to the total loss (as we
at one time thought it to be) then our method of determining vapour densities
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18 limited in accuracy to about 1 per cent. (see the second vessel loss in the benzene
experiments). In fact it was this fear that compelled us to devote a very large part
of the time spent on this research to experiments devised to find out the cause.

When we have two vessels charged with the same liquid, the second vessel always lost
weight. This phenomenon has already been reported to the society.* In the appendix
to that communication it was tentatively ascribed to a local small difference in the
temperature of the bath. Later experiments where the two vessels were placed in
different positions in the train, and others with the direction of the air current reversed
seemed conclusively to rule out a temperature gradient in the bath ; but it still remained
possible that the air on leaving the first vessel is cooled by the latent heat of evaporation
and only attains the bath temperature when it enters the second vessel. This hypothesis
is negatived both by calculation and by experiments where the air speed is greatly
reduced (indeed in the latter case the second vessel loss was markedly increased). There
remained the possibility that the pressure gradient along the train was considerably
greater than that shown by a manometer placed across the ends—in other words there
might be local} differences of pressire which might cancel out before the air reached
the exit. A great number of experiments with a sensitive manometer placed in various
positions were made with negative results. .

Moreover, an obvious modification of the ana,lysm given later enabled us to
calculate the effect of any small pressure gradient and it was at once apparent that the
pressure difference required to explain our results was vastly higher than anything
shown by the manometer. Other hypotheses, which, however, need not detain us,
were considered ; as they seem all to be functions of the air speed they were ruled out
by the results for slow air currents.

(b) The other -error (which we will call the H and C loss) to be considered is mamfest
when we compare the vapour density ratio with water ““leading ” to that with EtOH
“leading.” This discrepancy is shown even at 0° C., while at 30° C. it is much greater ;
various hypotheses were adumbra,ted of which the only one Worth mentioning is.the
following.

When EtOH is treated with H,S0, at temperatures higher than 30° C., ethylene is
found ; now it is possible that small quantities are formed at lower temperatures,] if
so, the ethylene may pass into the air stream and thus alter the volume of air passing
over the comparison liquid. The change in the air speed can be calculated, and although
the effect is in the right direction, yet the calculated result is only of the right order of
number if we assume that the ethylene is itself reduced to carbon and hydrogen and the
latter taken as the diluent of the air. In this connection it is worth noting that the
quantity of alcohol vapour absorbed by the H,S0, is always notably less than that
lost by the liquid ; markedly so at 30° C.

* ¢ Phil. Trans., loc. cit. v
T Caused by, say, the kinetic effect of accelerating the vapour from rest, etc.
I Our experiments take some days ; a minute effect thus prolonged might be mariifest.
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The explanation of these anomalies is as follows: We will begin with the H and C
correction, for, as will be seen later, the calculated correction causes the discrepancy
to vanish.

Consider a train of five vessels in Whlch vessels 1, 3, and 5 contain H,SO, and 2 and
4 contain water. Let the stopper be in the outer end of 1, and assume that the train,
with its contents in equilibrium with the atmosphere through the open end of 5, is at
a temperature Ty. Neglect diffusion and let us confine our attention to the movements
of the contained air.

Raise the temperature to T, ; clearly a certain volume, say A’ c.c., leaves vessel 2,
carrying with it approximately A’ (e, 4 o1,)/2 grammes of vapour (where p is the
vapour density of water) into the H,SO, in vessel 3.

Simultaneously a volume A’ 4 B’ c.c. of air leaves vessel 4, carrying with it approxi-
mately (A" + B’) (¢r, + éT,) /2 grammes of vapour into the H,S0, in vessel 5.

Thus vessel 4 loses more vapour than vessel 2.

Now lower the temperature to T, ; a volume of air, say, A" c.c. leaves vessel 2 to
enter vessel 1, and carries with it*

A" (o, + pr,)/2 grammes of vapour,
and at the same time vessel 4 loses

(A” + B") (e, + e1,)/2 grammes of vapour.

Again vessel 4 loses more vapour than 2, and it is readily seen that both losses are due to
the fact that more air passes over the last vessel than over the first ; so that if we had
had vessel 4 charged with EtOH instead of water, the alcohol would have lost relatively
more than the water ; on the other hand, had vessel 2 contained the alcohol, the water
in 4 would then have lost relatively more than the alcohol.

The discrepancies between the ratio of vapour densities when derived with water
leading and with EtOH leading are thus qualitatively explained.

Turning now to correction 6 (a). If we apply the preceding discussion to the losses
in two water vessels, which are joined together without any intervening H,S0,, it is
manifest that the second vessel will lose more than the first. If the dimensions of the
two vessels are the same and if the rate of change of temperatures is slow and its range
sufficiently restricted, the first vessel will on balance suffer no loss. This result is due
to the fact that in the first operation (that of heating) the first vessel loses a quantity of
vapour which during the subsequent cooling is returned to it by the air passing through
vessel 2 provided that no condensation takes place in the connecting U-tubes.

The following considerations, which avoid the postulate that an air-vapour mixture
obeys the gas laws give us a general method for calculating the maximum loss in any

* Ror simplicity we neglect the probability that the supersaturated vapour may carry with it condensed
vapour.
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vessel containing a volatile liquid—we say maximum advisedly—for, as far as we can
see, any departure from the ideal conditions contemplated will reduce the loss.

Both the ““2nd vessel ”* and the “ H and C” losses can be calculated thus :—

Consider the flask shown in fig. 1 where P,, P, and P, are the positions taken by
a weightless, frictionless piston under conditions to be explained. The initial position
is Py and the flask if it were cut off at this point would represent one
of the vessels in the train. Let the flask be at T, and its contents in
equilibrium. If the volume between the liquid and P, be A, c.c., and if
o be the weight of dry air in 1 c.c., b, the weight of vapour per gramme
of air, then the weight of vapour enclosed by P, is Ajweb. Warm the
flask to T, ; when equilibrium is reached the piston will have moved
to P, ; the weight of vapour enclosed will be A, w,b, .

Neglecting the expansion of the liquid, and the space vacated by ‘&=
the evaporated vapour, the loss sustained by the liquid is

— (A oyby — Agaweby) but Aye;, = Ayw,

substituting ; the loss is — Ajw, (b, — b,). Suppose we had started at T,, with the
piston at Py, and cooled to T,, the new position of the piston will be P, and the gain in
weight by the liquid is Ay b, — A2 0obq. :

To represent the actual circumstances obtaining in a vessel protected by H,80, on
either side we must now imagine that the piston is furnished with a semi-permeable
membrane, only permeable to air, and gradually cause the piston to be moved to its
original position. KEvidently now the liquid will lose the vapour required to saturate
the space between P, and P,—this loss is — (A, — A;) wob,; so that the total gain in
the operation is Agw;b; — Aywoby — (A — Ay) weby. The result for the two operations
is a loss of — Agh; (wg — ). ‘

Evidently this method of calculating the H and C losses is based on the assumption
of a close approach to equilibrium during the changes in temperature. In many
of our experiments this condition was not satisfied, for we had plunged the
train of vessels straight into the bath (the two being at different temperatures),
hence the calculated correction could not be applied. In the later experiments,
however, we placed the train in the bath, when both were at the temperature
of the laboratory. The temperature was then gradually raised to 30° C. taking about
2 hours to get there—in some experiments the air current passed through the vessels
during this period, while in others no air passed but the stopper was inserted at that
end of the train which would cause the gaseous contents to move in the same direction
as the subsequent air current. At the end of the constant temperature period the bath
was slowly cooled to laboratory temperature. Having noted the bath temperature at
intervals of 5 minutes and using the above exposition as a basis, it was possible to obtain

* In this case the whole of the loss is not accounted for—later on it is suggested that part is caused .
by diffusion.
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262 EARL OF BERKELEY AND E. STENHOUSE : DENSITY OF VAPOURS IN EQUILIBRIUM

an approximate correction for the H and C losses.  Even in the latter cases there are
uncertainties in the tabulation of the quantity o, but allowing for these we find that
the calculated correction does not account for the whole of the second vessel loss—
there must therefore be some other disturbing factor—this is discussed under the
“ diffusion hypothesis,” p. 277.

Analysis.

There seems to be some ambiguity in WALKER's definitions of r (and p);
it may mean either the number of cubic centimetres of air which pass a given point per
second, or the number of cubic centimetres of space traversed by it ; under the con-
dition of the experiments contemplated by hlm either of these definitions will result in
equation (1).

At the time of WALKER’s analysis we had no thought of a comparison between the
losses from the same liquid in different experiments ; and for that purpose and other
reasons it is convenient to define the speed of the air, s,* as the number of cubic centi-
metres of space it traverses in unit time, ¢.

A consideration of the suction device and associated mercury reduction valve shown
in fig. 2, which is the arrangement in the experiments, suggests that the flow of air can
be regarded as actuated by the piston and capillary represented in fig. 3.

C hafgmber land o exhaust pump Air from
Air from ilter vessels Capillary
vessels d

L= “"Air from the
Z\ laboratory

— ==1-0il

Fic. 2. Fic. 3.

The piston is supposed to work without friction and is of a constant but negligible
weight.

In these conditions, the temperature and setting of the mercury in the valve being
constant, the piston moves at a speed which is uniform and independent of the baro-
meter, consequently the volume of air entering the apparatus in unit time will also be
constant and independent of the barometer. ‘

If the bath be of a constant temperature differing from that of the remainder of the
apparatus, the air entering the train of vessels will traverse a volume of s cubic centi-

* We use s instead of WALKER’S 7 50 as to emphasise the definition.
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metres (in unit time) which bears a constant relation to the speed of the piston ; the
total space traversed by the air will be

j:s dt.

When the air mixes with the vapour it will then traverse a larger space in the pro-
portion of B to B — =, and if p be the weight of vapour in each cubic centimetre of
this space the total loss of vapour will be

_[* sBe
Z_LB—ﬁM

This equation leads to WALKER’s relation (1), but with liquids having a larger vapour
pressure than water this relation may not be strictly accurate. The ratio of the vapour
densities can, however, be calculated thus :
For example if the suffixes w and @ relate to water and EtOH respectlvely, we have
for the observed losses
l,= Ji) BSBPw dt and l‘— jt _Be, dt,

— T, oB—m,

where s, ¢, and p, are constants, hence

L, _ eu("B—m,
E—Ehﬁiﬁﬂt"' ...... L@
and, knowing the variations of the barometer with time, the integral can be evaluated.

The foregoing is based on ideal conditions which are not readily realised in practice.
To investigate the consequences of a departure from this ideal, and for other purposes,
it may be necessary to compare the loss sustained by the same liquid when the laboratory
is at different temperatures (i.e., when the apparatus shown in fig. 3 or the mercury
valve of fig. 2 is at different temperatures).

Consider two experiments, each carried out at the same bath temperature and with
the same setting of the mercury valve.* Let the absolute temperature of the laboratory
be K and the corresponding viscosity of the air be v; then, using suffixes 1 and 2 to
distinguish the quantities, we have for the losses from the same liquid

_ " B
L, — JFt;m

in the first experiment, and
Ty B
= | 222
2 j() Bg — T
in the second experiment.

* The quantity of air passing when the mercury is at different levels in the reduction valve was deter-
mined experimentally ; but the results were not concordant enough to apply equation (3) (vide infra).
VOL. CCXXIX.—A. 2M
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Now consider fig. 3. As the variation in the temperature of the laboratory is only
a matter of a few degrees, the change in the dimensions of the capillary (the capillaries
of the Chamberland filter) may be neglected ; so that the speed of the piston in the
first experiment is to that in the second inversely as the respective air viscosities.
Furthermore, as the density of the air enclosed by the piston is inversely proportional
to the absolute temperature, we get

& — '_0_1_ X _IS‘%..!
S Vg K,

Sa

This relation makes it clear that if the laboratory temperatures are different the two
experiments are carried out at different air speeds ; and we get for the losses

& v, K
X 8§ X L 22 By
zl—:j’..sl_]ilf_dt and 12=S vu K =
0Dy —T 0 Bz—'—‘ﬂ:

Now the quantity %1 X %—2- never varies more than 3 per cent., so during the run the
2 1 '

mean value can be taken, and taking the mean barometer as sufficiently accurate, we
get

ol

Lo K Eg —T
X=X ==X = e e e e e e e e e 3
Bg Uy K2 B1 T ( )

2

5
|

L

)

1

This equation* gives us a means of determining the experiment error.

On p. 261 we mentioned two methods by which it is possible to caleulate the effects
of bringing the bath from the laboratory to the desired temperature, and wice versa.
As far as our experiments, which only reach 30° C., are concerned, we think it preferable
not to pass the air current during this period ; but if experiments are to be made with
extremely volatile substance, or at higher temperatures (where obviously the time taken
to reach the temperatures will be longer) it may be that the diffusion effects (see p. 277)
will be greater, and it will then be necessary to start the air current when the train is
at its initial temperature, and keep it running until this temperature is again reached
at the end of the experiment. It has been shown, under correction (6), that the
losses sustained on heating (apart from the possibility that the initial and final
laboratory temperatures may not be identical) are not the same as when cooling, and
they must therefore be separately calculated. To make them amenable to calculation,
the procedure outlined on p. 261 was adopted, but it must be remembered that there
may be an interval of some 9 days between the two operations of heating and
cooling and the laboratory temperatures may differ considerably.

If I be the loss observed, [, that sustained at constant temperature of 30° C., [,

* We give the formula although there are no two experiments, with the same setting of the mercury
valve, sufficiently good to apply it.
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that while heating to 80°, and [, that while cooling from 30° to laboratory temperature,
then :
lobs.zlo +l +l

: :
| SOBOPO b 191 : 323292 v
— L dt +L dt +j d

0 — T 17— T °B2—7’-'2

In this equation the only unknowns are the air speeds. To evaluate them approxi-
mately we can put for s,, its value, 5, at the mean laboratory temperature during the
period of constant- bath temperature (should the laboratory temperature have varied
during that period). Thus when the train is first put into the bath we have

- K, . K, |

8§ =38 ><—><——
! vo K, " K,

and when the bath hds reached 30° C., s =75, </U % > similar relatxons hold for s,.
: 1

It will be noted that these values of s; and s, are those at the limits of the respective
integrals ; but the changing bath temperature not only affects the speed of the entering
air but also that of the air leaving any vessel,*} and if we know the dimensions of the
vessels, this effect, due to the expansion (or contraction) and readjustment of relative .
concentrations,} can be calculated and expressed in terms of 5, (the details need not
be given here). Thus the s,’s and s,’s can be replaced by §,, multiplied by known vary-
ing factors V; we then have

S <r’_ BPo 4+ Jt‘_lelh dt _‘_J’ V?szz d) (4)

0By — mo 0By —m By — 7,

and all the terms inside the brackets can be evaluated and the value of 5, determined.
The further procedure for calculating the ratlo of the vapour densities of the two
substances is readily seen. ’

It may be mentioned that subsidiary experiments designed to determine the sum
of the last two integrals in equation (4) were made by noting the losses when the air
passed only during heating and cooling (¢.e., there was no constant temperature period) ;
but we were unable to secure the same conditions of laboratory temperatures and

* Note that therefore the speed of the air entering any one vessel is not the same as that entering another.

+ Therefore for the integration, the function under the | sign has to be multiplied by two varying
factors : (1) a correction for the changing speed of the entering air; (2) a correction for the changing
speed of the air leaving the vessel. The correction (1) is, as already indicated, v;/v, — Ko/K; = K,/Kr
(where the suffix O refers to the temperature of the bath when at laboratory temperature, while T is the
temperature of the bath at the time ¢). The correction (2) is Ko/K; = wo/wr (where W is the weight of
air in 1 c.c. of mixture). These corrections apply to the leading vessel of the train, but for the air entering
No. 4 a small correction depending on the expansions of the gaseous contents of the vessels must be applied
after which (1) and (2) obtain as before.

1 A change of 1° C. in the neighbourhood of 30° C., involves a gaseous expansion of 1 part in 300,
but the change in the concentration is 1 in 100 for EtOH.

2 M 2
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barometric pressures as in the experiments themselves, consequently the method of
evaluating equation (4) has to be carried out. '

The labour involved in calculating the H and C corrections from equation (4) is
serious, and at the best only leads to an approximation. Prof. LINDEMANN suggested
that the train should be placed in the bath when at laboratory temperature and raised
to 30° C. gradually, then at the end of the run gradually cooled—both operations to be
done without allowing the air to pass. The train should be stoppered at that end which
causes the expanding (or contracting) air to move in the same direction as the air
current, this is advisable both for the greater ease of calculation and for the purpose
of avoiding the contamination of the anterior protecting H,SO,.

This method, which we had already followed in one or two experiments without
realising its full advantages, has the merit of lessening both the labour of calculation
and the magnitude of the correction. On the whole we think it more accurate in
despite of increased losses by diffusion.

Pugrification of Materials.

The concentrated H,S0, used was KaHLBAUM’S purest—no test was applied, but the
precaution of subdividing the contents of the main supply by pouring it into numerous
small glass-stoppered bottles and keeping these in desiccators was made.

The EtOH was KAHLBAUM’S purest ; it was treated by standing over metallic calcium
and, after redistilling, its density was determined—if the density differed too much from
the accepted value, the purification was repeated. It may be mentioned that we were
not satisfied that a pure substance is obtained by this method, and Sir H. HARTLEY
kindly supplied us with a sample of the alcohol specially purified in his laboratory,
he also gave us the specially purified MeOH and the charcoal used for absorbing the
benzene. The latter was purified by the freezing method.

The Tables of Experiments.

"The following tables give the experiments which were considered to be successful,
together with others, which although defective, are noteworthy for special reasons.
The rejection of experiments was guided by four criteria :—

(1) Variation in the bath temperature during the run. If this variation took place
during the night and was equal to or greater than 0-02° C., the experiment was rejected
—a variation of 0-02° C. as a maximum would not affect the results to any great extent,
but obviously we could not tell what took place at night. On the other hand if the
variation took place during the day and the break down rectified within a reasonable
time the experiment was accepted.

(2) A stoppage or leak in the air current. At first sight neither a stoppage nor a leak
would be thought to affect the results, yet if it be remembered that the space above the
liquids in the train is about 800 c.c. it is easy to see that differential movements in the
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air contained therein may take place and cause one of the liquids to lose more than
its share.

(3) A breakdown in the stirring mechanism. If this took place during the night the
experiment was stopped, but once or twice the breakdown was noticed in time to effect
repairs and the experiment was saved.

(4) Another criterion lies in the experiment itself. Clearly the success of an experi-
ment depends on the complete absorption of the vapour from the “ leading ” liquid by
the adjacent H,SO, ; this is tested by comparing the loss from the ““leading ” liquid
to the gain in weight of the acid.* Should the defect in *“ tot up ”” be unduly great it is
to be presumed that the experiment is faulty, for, apart from weighing errors and leaks
in the vessels, the defect means (a) that the air is not saturated and therefore the vapour
density is not that sought for ; or (b) the absorption by the acid is not complete and the
speed of the air is no longer a constant, moreover some of the vapour carried forward
may be absorbed by, and alter the weight of, the comparison liquid. A sufficient pre-
caution against this source of error and indeed against others, which need not be recorded,
was afforded by interchanging the positions of the comparison liquids and repeating
the experiment. The “tot up ” test also applies to the comparison liquid. Extra
large deposits in the U-tubes were always viewed with suspicion.

In Tables I, IT and ITI, column (11) gives the speed, in cubic centimetres per minute,
of the air entering the vessel containing EtOH at the temperature of the experiment ;
it is derived from the equation _

I — r SBe, gy
°B —mx,
As these speeds are required only for calculating correction (6), or for comparison (see
diffusion hypotheses on p. 277) we have assumed that the p, of LanDoLT and BORNSTEINS
tables will give us a sufficiently accurate value of p, when substituted in our experi-
mentally determined ratio p,/p,. Column (13) gives the vapour density ratio calculated
from equation (2). ‘
In column (14) the same ratio g, /p, is calculated from the equation

o by Ty (L > |
e B<la R (5)

where M is the ratio of the molecular weights.
This equation is derived from equation (2), by assuming that

buw — M Tw

Pa Ta
and is the type of formula which would have to be used were we to determine the vapour
pressures of (say) alcoholic solutions. Column (15) gives the observed density at 0° C.
of the EtOH used ; we were unable to get closer to Youna’s value (i.e., 0-80625) ;

b

* A true comparison is only possible when the observed gain in the acid is corrected for volume changes
caused by absorption of- the EtOH (or water) vapour—these changes were determined by experiment and
the corrections included in the buoyancy corrections.
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except in the two experiments at the bottom of Table I where the alcohol was repeatedly
treated with calcium. ’

The headings of the other columns explain the numbers tabulated. The figures
given for the losses and gains have all (except where otherwise stated) been corrected
for everything except the H and C.

Notes to Table I.—The experiments of March 1, 1923, and December 11, 1923, are
included so as to show that at 0° C. somewhat large vamatlons in the bath temperature
may not cause large errors in the results.

The experiment of October 22, 1926, is rejected, the defect in the ““ tot up ”” between
4 and 5 is too great, but the experiment is of interest as there is a definite loss from the
second alcohol vessel. The experiments with argon and hydrogen were carried out by
passing these gases through the train (the rate being noted by means of a H,S0,
“bubbler ”” in which the gas bubbled through a depth of 1 to 2 cm. of acid), after they
had passed through soda lime and over H,SO,. The argon was stated by the British
Oxygen Company to be 90 per cent. argon, 16 per cent. oxygen and 8-4 per cent.
nitrogen—the hydrogen was given as 99-9 per cent. pure. A difficulty arose with
these gases in applying the buoyancy correction. It was impossible to get consistent
results with argon filling the vessels ; but it was found by experiment (the details need
not be given) that if air replaced the argon 2 hours before ‘‘ taking down ” apparently
all the argon was displaced. A similar procedure was adopted with hydrogen
where, however, 2} hours were given; the weighings were consistent, and it is to be
presumed that all the hydrogen had been removed. In calculating the ratios we have
had to assume that the vapour pressures are the same in argon and in hydrogen as in air.

It will be noticed that the hydrogen results are somewhat higher than the previous
numbers. It may be that this is a real effect, but we are inclined to think that the
alcohol is at fault. ;

We would draw attention to the discrepancy between the results when water leads
and when alcohol leads—the difference is small but marked. The discussion on p. 259
et seq. explains part of this, but unfortunately, as already stated, we are not in a position,
accurately to correct for the H and C losses.

The mean values of the ratio p,/p, are i—

At 0-35° C. with water leading in air p,/p, = 0-14855.
At 0-75° C. with water leading in air ¢,/p* = 0-14861.
At 0-75° C. with alcohol leading in air ¢,/p, = 0-14883.

b

If we assume that had we had successful alcohol “ leading ”” experiments in air at
0-35° C. these would have been 0-00022 (the same difference as at 0-75° C.) in excess,
then our mean value would come to :— '

0-14866 at 0-35° C. in air. 0-14865 at 0-75° C. in argon.
0-14877 at 0-75° C. in air. 0-14933 at 0-75° C. in hydrogen.
0:14881 at 0-35° C. in argon.
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Notes to Table I1.—In the experiments of November 18, 1926, and November 30,
1926, the air speed is calculated from the loss of water in the first experiment, and from
the loss of EtOH in the second. Kach experiment shows a loss in the second MeOH
vessel ; and although we cannot correct these for the H and C loss, yet it is interesting
to calculate the ratio p,/p, and compare it with that found from the numbers in Table
I. The calculated ratio comes to 0-14886, and compares favourably with the mean
value 0-14877 found directly.

The experiments with benzene and EtOH do not seem to be so successful ; here again
there are second vessel losses, which are of a different order of number—they are dis-
cussed under ¢ Diffusion hypothesis.” The two experiments of October 13 and
November 3 are to be rejected on account of the large variation in the bath
temperature. - They are tabulated so as to show the magnitude of the ¢ 2nd vessel
losses. | .

It should be noted that in the November 25, 1927, experiment the benzene was
absorbed by charcoal® in a glass tube placed outside the bath; while on December
13, 1927, the charcoal was in vessel 5 backed by charcoal outside.

The mean values are :——

euw/em = 0-08366 at 0-75° C.
Pa/Pm = 0-5620 at 0-75° C.
0a/pr = 0-2863 at 6-45° C.

* The charcoal was used more to protect the Fleuss pump oil, than with the intention of obtaining a
satisfactory “ tot up.” We were not sufficiently familiar with the manipulation to expect more than this.

VOL. COXXIX.—A. 2N
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Notes to Table I1I.—The experiments, the results of which are given in brackets, are
included merely to illustrate the second vessel losses. These are higher at 30° C. than
at other temperatures ; but as before stated most of them cannot be corrected for the
H and Closs ; those that can be corrected have the corrections shown (the experiments
of September, 1927, could be so corrected, but as they are rejected it was deemed not
worth while doing so). ‘

The experiment of March 16, 1928, is interesting because during the constant tempera-
ture period the barometer fell somewhat irregularly from 754-9 to 728-6. If we
remember that the vapour pressure of EtOH at 30° C. is about 78 mm., the question
arises as to whether the mean barometer is sufficiently accurate for evaluating the
integrals. We were able to test this from the times and barometer readings taken
during the run; these were plotted and the value of B at the mid-time interval
was assumed to be that operating during that interval; from this we calculated
(B —=,)/(B —=,); which on comparing to that-derived by taking the mean barometer
was found to be 1-0704 instead of 1:0703. There is, however, another effect brought
about by a large change in the barometer ; it arises thus: although the speed of the
air is independent of the barometric pressure (and can be taken as constant at vessel 5)
yet it is evident that the differential movements of the gaseous contents lying between
5 and 1 must follow the changes in the barometric pressure, and hence the air speed at
1 must vary. This effect is easily calculated (approximately) for the experiment under
discussion and results in a correction of 0-0033 gramme to be added to the loss of alcohol
observed. This correction is shown in the table.

The experiment of December 20, 1928, was carried out by Prof. LINDEMANN’S method
where slow heating and cooling take place with the air current cut off. The positions
of the stopper were in this case known and a fairly correct H and C loss could be
calculated. It will be seen that the second vessel loss, even when cor;ected, is still
large, and therefore there must be some other cause in operation.

A curious effect was noticed in the experiments at 30° C.; on ‘““taking down ”
there was always a marked orange colour to be seen in the H,SO, of the second branch
of the vessel which had received the alcohol vapour ; the first branch never showed more
than the merest trace of discoloration ; the fact that this occurs in the second branch
rules out the possibility that traces of rubber lubricant (this is used on the ground
joints) have been carried forward with the alcohol—it seems a proof that a change has
taken place in the reaction between EtOH and H,S0,.

The accepted results for ¢,/p, are :—0-15233 at 12-95° C.; 0-15437 at 20-02° C. ;
0-15648 at 30-02° C., and 0:15645 at 30-06° C. | '

The two experiments of March 19, 1927, are not included as they could not be
corrected for the H and C loss.
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Notes to Table IV.—In this table we give the results obtained by comparing the
vapour densities of the same liquid at two temperatures. The experiments were
carried out as follows. Two baths were placed alongside one another ; one, containing
the quartz vessels was to be heated to 30° C. ; the other, containing a train of Jena glass
vessels was to be cooled to 0° C. At the beginning, these baths were at the temperature
of the laboratory and the weighed vessels were placed in position—the baths were then
simultaneously and slowly brought to the requisite temperature, 2 hours being taken
over this operation. No air passed, but each train was closed at the proper end for
the air movement to be in the direction of the subsequent air current. On reaching
the temperature aimed at, the trains were joined together and the air current started ;
the air entered the 0° C. bath and then passed into that at 30° C. At the end of the
experiment the air current was stopped, the trains disconnected and each stoppered at
the appropriate end, and the baths slowly brought to the laboratory temperature.
Again 2 hours were occupied in this operation.

Unfortunately three of these experiments suffer from defects. That of November 8,
1928, is somewhat vitiated by the accidental omission to charge the vessel anterior
to Jena 1 with H,S8O,—luckily this omission is not so serious as might be thought, for
in all experiments we have had a protecting H,S0, tube (outside the bath) containing
glass beads moistened with the acid ; obviously this protection is not perfect and the
air entering Jena 1 was, towards the end of the experiment, slightly moist. In ordinary
circumstances this experiment would be rejected, but as we are not in a position to
repeat it it is included, and the gain in the adjacent H,S0, (vessel 2) is taken as repre-
senting the loss that would have occurred had the air been dry (¢.e., the defect in ““ tot
up,” which is 0-0052 gr., is added). On reference to other experiments at 0° C. (Table
I) it will be seen that this procedure is justified ; a further strengthening of the argument
is afforded by an experiment made in January, 1929, which is rejected because the
“tot up ” for the 30° bath was largely in defect owing to a globule* of mercury (weighing
about 1-56 grs.) which fell into the H,S0, in vessel 5. This experiment without the
H and C correction} gives a value for the vapour density ratio of 0-16950, agreeing
closely with the result of November 8, 1928.

In the experiment of November 29, 1928, one of the heating lights burnt out, and the
temperature droppedj from 0-75° to 0-65°; fortunately it could be proved that the
temperature was normal 1 hour before. A simple calculation shows that the observed
loss is in defect by 0-0030 gr. as a maximum-—the more probable value is 0-0015,
which is the correction we have applied. The change of temperature in the ““nought ”
bath does not affect the air speed in the “ thirty ” bath.

* The mercury probably fell into the vessel when * taking down ”; similar accidents have happened

before.
+ The H and C losses are, as seen in the No. 8 experiment, almost negligibly small.

I It will be realised that we have now lost the advantage given when the comparison liquids are in the

same bath.
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The experiment of December 11, 1928, was spoilt by persistent oscillations in the
temperature of the ““ nought ”” bath ; they ran from 0-02° above to the same below
the mean. The experiment is interesting, however, on account of the second vessel
loss which, on applying the H and C correction is turned into a small gain (see Diffusion
hypothesis). We are left therefore with the two experiments of November, 1928, to
give us the vapour density ratios for water and alcohol each compared between 0-75° C.
and 30-02° C.

These ratios as given in column (16) are those calculated as in all previous cases from
equation (I), but as the speed of the air in the “ nought > bath is slower than in the
“ thirty * bath, the observed losses in the former have been multiplied by 303-02/273-75,
the ratio of the absolute temperatures.

If we take the experiment of December 20, 1928 (Table III), as giving the true* value
for ¢,/p, at 30-02°, namely 0-15645, and calculate ¢,/p, for 0-75° from the two
experiments in Table IV, we get 0-14867 ; the mean of the observations at 0-75° in
air (Table I) is 0-14877 ; the agreement is eminently satisfactory, and tends to prove
that the method is susceptible of considerable precision.

The Diffusion Hypothests.—On p. 347, paragraph (1) of B. H. & B.’s papert an
experiment is mentioned as disproving the diffusion hypothesis, but we know now that
the H and C loss is responsible for part of the effect, so this hypothesis is still open
to us.

Table V gives the results of experiments at 0° C. when no air passes through the
train of vessels. The train was stoppered at both ends so as to avoid any differential

TaBLE V.
Date. Vessel 2. Vessel 4. Time.
(Water) (EtOH) h. m.
November 12,1924 . . . . . —0032 —0048 42 40
November 17, 1924 . . . . . —0057 —0101 91 O
December 17,1924 . . . . . —0006 —0048 43 0
December 20, 1924 . . . . . . —0050 —0099 91 45
April 7,1925 . . . . . .. —0053 —0109 91 30
(EtOH) (Water)
November 27,1924 . . . . . —0165 —0033 91 0
December 3, 1924 . . . . . —0078 —0015 43 40
January 13,1924 . . . . . —0082 —0010 43 45
January 17,1924 . . . . . —0174 —0037 91 O
March 28,1925 . . . . . . . —0160 —0036 91 30

The mean hourly loss from the water through U-tube 2/3 is 0,65 grammes.

” I3 EE B EtOH v, 4:/5 iS 03113 3y
» ’ ' water ' 4/5 is 0,36 )
»s ’s ys EtOH ’s 2/31s 05183,

* The reason for choosing this experiment is given later on under the ““ diffusion hypothesis.”
T Loc. cit.
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movements due to changes of barometer; and ‘“ handling” corrections, which unfortun-
ately vary considerably, have been applied (details need not be given). The figures under
the two headings of vessel 2 and vessel 4 are the losses for the ““ forward ” diffusion
only ; they are deduced by subtracting the gain in the last acid vessel from the loss in
the adjacent vessel 4, and the difference, which is the back diffusion from 4 into 3
(containing H,S0,), when subtracted from the gain in 3 gives the forward diffusion
from vessel 2. - .

Thus the “ static ” diffusion through U-tube 2/3, which is of slightly larger diameter
than U-tube 4/5, is the greater ; and the mean rate for water as compared to EtOH is
as 1 to 3-17, which is the same as the ratio of the vapour pressures multiplied by the
inverse ratio of the viscosities, but as the latter differ by only 10 per cent. we may put
the diffusion as proportional to the vapour pressures, and can then calculate the
values for other temperatures and if necessary for MeOH (the viscosity of which is
undetermined). Table VI gives the calculated values for the hourly rates at different
temperatures. - '

TasLe VL
Water. . EtOH.
Temperature. » -

: Ratio of 7y, | U-tube 2/3. | U-tube 4/5. | Ratio of ;. | U-tube 2/3. |. U-tube 4/5.

°C. S

0-7 1 0,55 0,36 1 0,183 0,113
13-0 2-43 0,134 0,87 9-27 0,415 0,257
20-0 3-80 0,209 0,137 3-68 0,673 0,416
30-0 6-91 0,380 03249 6-17 0,1129 0,697

Clearly these “static” diffusion rates are the upper limit to any diffusion that
may be assumed to take place while the air is passing, and as they are much greater
than any second vessel loss, such an assumption is not incompatible with the facts.

We will therefore assume that in the slow air currents of our experiments diffusion
is still in operation. We are not concerned with back diffusion for even if such takes
place, it is easy to see that it will not affect the losses sustained.* We will also make
the further assumptions that this “ dynamic ” diffusion is inversely proportional to the
air speed over the range of our experiments, and as already stated, it is proportional to
the vapour pressure. It must however, be pointed out that these two assumptions can
only be valid while the H,S0, is still undiluted, and this qualification is the more
important when it is remembered that four-fifths of the vapour is absorbed in the first

* [t is obvious that when the posterior H,80, becomes diluted by the vapour carried forward by the air
ipso facto, the forward diffusion tends to cease, but it may be argued that back diffusion, if any, into the
anterior acid still goes on. = Even if this be so, the air leaving the third branch of this vessel is dry and will

thus dry the fourth branch, thus receiving precisely the amount lost; but this may not apply to EtOH
on account of chemical reaction. '
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branch of the sulphuric acid vessel. This latter fact, the effect of which cannot be
calculated, prevents any other than rough qualitative results emerging from the analysis
of such experiments as can throw light on the hypothesis. In this connection it should
be borne in mind that in most cases we are dependent on the ““ handling corrections ”
which are far from accurate.

We must therefore be content to consider our hypothesis as probably true if the second
vessel losses are found to run in the direction indicated, ¢.e., that the loss is less the
swifter the air current. ,

In Table VII all the second vessel losses are gathered together and numbered (first
column) for convenience in reference. The losses are corrected for ¢ handling ” where
a proper H and C correction was not known. '

TasLe VIL

Second
Vapour vessel

No Date Tablo. Tempera- | Sub- S\?;(;ﬁl pressure,| Speed Ri‘;ll I\CI)(f). loss
’ t | ture. stance. | mm. of | of air.. hours.| vessel reduced
" |mercury. ) | to 65
hours.

°C. ¢.C./min.
(1) | Oct. 22,1926 .| T 0 EtOH | —0026 | 12-8 | 31-16 | 115 2 | 0-0015
(2) | Nov. 18,1926 .| II 0 MeOH | —0076 | 29-7 | 30-72 | 115 4 | 0-0041
(3) | Nov. 30,1926 .| II 0 MeOH | —0050 | 29-7 | 30-56 | 6b 4 | 0-0050
(4) | Sept. 16,1926 .| TIII 13 Water | —0005 | 11-2 | 29-56 | 116 2 | 0-00028

(5) | Sept. 2,1926 . .| III 13 EtOH | —0052 | 28-9 | 29-76 | 115 2 | 0-0039
(6) | Feb. 22,1927 .| III 20 Water | —0022 | 17-5 | 17-65 66 2 | 0-0022
(7) | Feb. 1,1927 . .| III 20 EtOH | —0018 | 44-0 | 17-84 | 115 2 | 0-0010
(8) | March 4, 1927 .| III 30 Water | —0032 | 31-9 | 17-94 64 [ 2 | 0-0032

(9) | Dec. 20,1928 .| III 30 EtOH | —0115 | 78-5 | 32-32 63 4 -—
(10) | March 25, 1927 .| III 30 BtOH | —0049 | 78-5 | 17-83 66 2 | 0-0048
(11) | Sept. 1, 1927 . .| III 30 EtOH | —0210 | 78-5 5-33 | 186 2 | 0-0073
(12) | Sept. 15, 1927 .| III 30 EtOH | —0161 | 785 5-42 | 186 2 | 0-0053
(13) | Nov. 8,1928 .| IV 30 Water | —0044 | 31-9 | 30-35 | 160 4 | 0-0018

(14)| Nov. 29,1928 .| IV 30 EtOH | —0131 | 78-5 | 26-56 | 112 4 —

(15) | Dec. 11,1928 .| IV 30 EtOH | 40024 | 78-5 | 28-24 63 4 —

The experiments (9), (14) and (15) will not be included in our discussion ; in all three the quantity of
alcohol evaporated off was such as to leave the first branch dry.

2

The last column of the table gives the second vessel losses reduced to the same ““ run
of 65 hours—the loss. has been assumed to be proportional to the time.

At the onset it seems clear that we cannot compare experiments carried out at different
temperatures because we cannot even guess at the effect of the dilution of the acid, for
this depends on factors such as diffusion in the acid and density changes which are
totally unknown—on the other hand for different substances at the same temperature
we may get some information. |

VOL. CCXXIX.—A, 20


http://rsta.royalsocietypublishing.org/

A\

/ y

A A

a
N

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

V. \
AL A

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

280 EARL OF BERKELEY AND E. STENHOUSE : DENSITY OF VAPOURS IN EQUILIBRIUM

For the same substance ot the same temperature we have the following three sets of
experiments (10), (11) and (12), where clearly the faster air current carries away less
vapour from the second vessel. ‘

(8) and (13) also follow the rule, but the figures are somewhat complicated by the
fact that in (13) the water was in vessel 4, but we may assume that if the water had been
in 2, the'loss would have been 0018 X 1:6 = 0029.

(2) and (3) also follow the rule.

For different substances at the same temperature, we can compare (1) and (2). Here we
have to bring (2) to the loss that would have occurred had the EtOH been in vessel 2,
while (1) must be corrected in the ratio of the vapour pressures ; the numbers are (1)
losses 0-0015 X 29-7/12-8 = 0035, and (2) 0041 X 1-6 = 0066, these numbers follow
the rule.

But if we compare (4) and (5) ; (6) and (7) ; and (8) and (10) the rule is not followed.
An explanation of this is not far to seek, for on referring to the appropriate tables it
will be seen that in these three cases the large transference of EtOH is sufficient to dilute
the 20 c.c. in the first branch of the H,S0, enough greatly to reduce the diffusion.

As to the benzene experiments—we must leave out of consideration the experiment of
November 2 except to point out that the order of magnitude of the second vessel loss
(at mean laboratory temperature of 12-8° C.) agrees with the others done under similar
conditions, that is with the charcoal contained in a tube outside the bath ; it is to be
noted that the length of tubing* separating the charcoal from the benzene was about
three times that on December 13 where the former is in vessel 5 4 the bath.

In the October experiment the mean temperature of laboratory and charcoal is
12-7° C. ; second vessel loss is 0-1137.

In the November 25 experiment the mean temperature of laboratory and charcoal
1s 11-0° C.; second vessel loss is 0-1228.

In the December 13 experiment the temperature of bath and charcoal is 6-45° C. ;
second vessel loss is 0-1701.

The losses are inversely as the temperature ; this may be entirely fortuitous, but it
may be, as generally supposed, that we here have evidence that charcoal is more
absorbent the colder it is ;- on the other hand, the efficacy of charcoal is known to
depend largely on its history, and our charcoal was not treated precisely in the same
way each time so no great stress can be laid on the run of these figures, but in any event
the magnitude of these losses can only be ascribed to diffusion.

~ On the whole the evidence seems to point to diffusion as operating when the air is
passing slowly—a conclusion which ought not to be unexpected. Obviously the faster
the current the less the diffusion, consequently it was decided to increase the speed
(still keeping the pressure gradient along the train of vessels negligible), and in order

* Unfortunately no record was kept of the diameter of the tubing ; but it was of the order of 5 mm., so
that the square and not the fourth power of the diameter would enter as a factor in considering the viscosity.
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WITH WATER, ETHYL ALCOHOL, METHYL ALCOHOL AND BENZENE. 281

to render some of the other corrections small as compared to the total loss, to run for as
long as possible compatible with complete saturation. The result of this reversal of
policy is shown in experiments (9), (14) and (15) where the second vessel losses, which are
now relatively small, are no longer due to diffusion, but are doubtless the result of
evaporating off too much EtOH with the consequence that the first branch of the first
vesselis run dry, and, as the air current is rapid, the first branch of the second vessel is
drawn upon to complete the saturation.

Thus these three experiments afford a strong confirmation of our hypothesis. Unfor-
tunately it is impossible to calculate from theory or from the experiments the losses
caused by diffusion where the air current is slow, hence we must regard the experiments
at 20° C., and those at 30° C. except Nos. 9, 13, 14 and 15 as somewhat unreliable ; on
the other hand the air speed in the experiments at 0° and 13° was, it will be noticed,
sufficiently rapid (¢.e., some 30 c.c. per minute) to make the diffusion effect negligible
compared to the total loss.

Discussion of Results.

DavtoN’s Law.—If we are to investigate the question of association by means of our
results it is evident that we must form some idea as to how much they are affected by
deviation from DarTon‘s and BoYLE’s laws.

It is generally assumed that deviations from DALTON’S law are brought about by
some interaction (not chemical) between the gas and vapour molecules which results
in a certain percentage of vapour molecules adhering to the gas.

Two effects will ensue :—

(1) The kinetic energy of the composite molecule as compared to that of the original
gas molecule is increased, hence in a given space the total pressure will increase,
but, in so far as it affects the conditions in our experiments the mixed air and
vapour being open to the atmosphere can only be at atmospheric pressure, hence
it is a fair inference that the vapour pressure in the air current is decreased as
compared to the vapour pressure in a vacuum, or if it remains the same, then the
air pressure is diminished.

(2) In so far as a certain per cent. of vapour molecules are adhering to the gas, the
gas on passing out of the vessel will carry away more vapour per cubic centimetre
than is contained in the same space in a vacuum. '

If, as suggested in (1), the vapour pressures in air and in a vacuum differ, then
equation (1) becomes
ly ¢, B—x',
LT B
where =, and ©’,, are the new vapour pressures and p’, and p’, the new vapour density
in air.
202
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Unfortunately we have no knowledge of the magnitude of the pressure coefficient in
mixtures of air and vapour, but the experiments of Messrs. C. W. GiBY, C. C. TANNER
and 1. Masson* give ““ b " the pressure coefficient due to the departure from DALTON’S
law of a 50 per cent. mixture of hydrogen and helium as about 1 part in 2000.

To form an estimate of how our air experiments differ from vacuum conditions, we
may assume that the air-vapour coefficient is ten times that of the hydrogen helium
mixture, ¢.e., 1 part in 200, and to get the maximum deviation we will take the EtOH
and water experiment at 30° C. (where m, = 78-5) and assume that the alcohol
mixture only is affected. Then n', =777, =n’, =mn,. Putting these values in
equation we find that o’,/o’, differs from p,/p, by 1 part in 1500—a quantity less than
our experimental error. .

Asregards the change in the partial pressure of the air suggested in (1) : the arguments
given in the following two paragraphs seem equally applicable here and rule out
any change large enough to alter our results.

There are two sets of experiments which bear on the subject :—

(@) Our own experiments in air and argon (we will refer to the hydrogen later) where
the mass of the gases per cubic centimetre are as 28 to 40, and the weight of
vapour as 0-18 gramme of water to 1 gramme of EtOH seem to give a range of
operating masses large enough to have brought out any variation there may be
in this part of the departure from DarToN’s law.

(b) BerkELEY, HARTLEY and BURTON’S experiments on aqueous solutions of cane
sugar and methyl glucoside and calcium ferrocyanide, where they compare the
directly observed osmotic pressures to those calculated from the vapour density
ratios, show no difference in the results greater than 0-5 per cent. In these
experiments the maximum vapour density ratio is only 1-1, yet as the osmotic
pressure is proportional to the logarithm of this number it is evident that a
departure from DarLToN’s law of 1 in 1000 would induce a discrepancy of 1
per cent. in the highly concentrated solutions, moreover if we remember that the
relative departure from DartoN’s law would be more apparent for the high
concentrations we should expect the latter to show larger discrepancies, all in
one direction. As a matter of fact these discrepancies are somewhat less and are
not in one direction.

As regards BoyLE’s law. Only a substantial departure therefrom will affect our
results ; for it must be remembered that we are comparing one vapour with another,
and presumably both will be similarly affected, hence the correcting factors will tend to
cancel out because they will appear in the numerator and denominator of the right-
hand side of equation (2).

Our experiments cannot show any such effect, except in so far as there is a difference

* ¢ Roy. Soc. Proc.,” vol. 122, p. 283 (1929).
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between the vapour density ratios given in columns (13) and (14). The former is
calculated from equation (2), and the latter from equation (5), which is an equation
derived from equation (2) by identifying the vapour density ratio with the rates of the
vapour pressures multiplied by the ratio of the molecular weights of the normal
molecules. But as this identity is only used in the nature of a correcting term, it does
not enable us to calculate the full effect, nor as it embodies the departure from BovLe’s
law and the effect of association can we separate the two.

Dealing now with the values found when hydrogen was used. We have the following
results :—

Temperature. In argon. In air. In hydrogen.
°C. PulPar PufPar Pu/Pa-
0-35 0-14881 0-14866 —
0-75 0-14865 0-14877 0-14933

Although the three ratios at 0-75° are roughly inversely proportional to the molecular
weights of the gases, yet as the two at 0-35° run in the contrary direction it is clear
that the first sequence gives no information as to the divergence from DaLTON’S law.
On the other hand we view the hydrogen results with suspicion not only because the
density of the EtOH differs considerably from that previously used (a difference which
certainly means a different composition) but because, as is well known, hydrogen nearly
always behaves in an abnormal manner.

Association in the Vapour.—From the preceding dlscussmn we may therefore identify
pwfea With o, /e, and for the discussion of the association it is convenient to reduce all
our results to 0-75° C. so that we may compare the substances at the same temperature
and pressure and in the same volume, for under these conditions we may assume that
the same number of molecules are present.

In this discussion we will distinguish all quantities appertaining to the temperatures
0f 0-75° C., 6-45° C., and 30-02° C. by one, two and three dashes respectively.

We will take the case of EtOH at 0-75° and 30-02° as illustrative of the reduction.

Let the Weight of vapour, in unit volume, when the temperature is 0-75° and the
pressure =’, be W’,, while when at temperature 30-02° and ="', it is W'",. Then
W JW', = p',[e"", = 0-17839.

Assuming that the vapour obeys the gas laws, then the weight of vapour, which was
originally at ='”, and 30-02° C., will, when reduced to =’, and 0:75°, be

303-02

57375 =W",x0-18923; (n', =13:42, = « = 78°50).

7 T'-'a
W a>< o X

Thus the ratio of the weights in the same volume, at the same pressure (x’,) and the
same temperature (0-75° C.), is 0- 17839/0-18923, so that if M, and M'”’, are the mean
molecular weights, then 0-17839/M’, = 0-18923/M"”,, hence M',/M ", = 0-9427.
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Using the same method, and remembering that in the case of EtOH and water at
30° both substances must be reduced to 0-75°, we get the equations given in the first
half of the following table :— ‘

For EtOH at 0-75° and 30-02° C.— )
M, /M", = 0-9427 (1) M, = 47-6l.

EtOH and water at 30-02° C.—
M, /M", = 0-43399 @2 M, = 20-66.
EtOH and water at 0-75° C.—
M, /M, — 0-41267 (3) M, = 50-48.
Water at 0-75° C. and 30-02° C.—
M, /M, = 1-0083 (4) M, = 20-83.
MeOH and EtOH at 0-75° C.-— o
M/, /M/,, = 1-2989 (5) M, = 38-88.
MeOH and water at 0-75° C.— '
M, /M’,, = 0-5372 (6) M, = 38-77.
EtOH and C,H, at 6-45° C.*—
M, /M, = 0-5948 (7) M”, = 47-61 (M", = 83-9).
Water and EtOH at 6-45° C.T—
M, /M", = 0-4178 (8) M, = 47-61 (M", = 20-77 assumed).

We had hoped that benzene vapour would turn out to be unassociated, but, if we
assume this, then, from Nos. (7) and (8), although the calculated molecular weight of
EtOH is a possible one, that of water comes out less than 18-02—hence benzene must
be an associating substance. By trial and error we can get a value for the molecular
weight of EtOH at 0-75° which fits all the equations—this value is 50+ 5 and the results
on this assumption are given on the same line as the equation for which it is derived.
But it must be emphasised that values ranging from 50-5 to 51-0 also give a fairly good
fit. | 4

We may now speculate a little further and get plausible values for the relative concen-
trations of the normal and associated molecules in EtOH vapour at 0-75° and 30-02° C.

Theoretically all vapours should be made up of normal, double, ‘treble and higher
associated molecules in varying proportions, the law on which the variations depends
being unknown. There seems to be a consensus of opinion that EtOH is not highly
associated ; if we assume this to be true we can put for the vapour at 0-75° C.

Co Co _ 1
18-02 2 X 18:02 50-5
* We have taken the o', /p”, = 0-2889; see Table IV notes.
1 This value is derived from a curve plotting p,,/es against temperature.

I_
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where (V,, is the weight of normal EtOH molecules per gramme of vépour and (',
the weight of the double molecule. Remembering that ¢/,, =1 — C',,, we get

¢, = 0-8238, ¢, = 0-1762.
And from the corresponding equation for EtOH at 30-02° C. we get
¢, =0-9345 C", =0-0655.

In the case of water our equations, as it is known that near the freezing point there
must be normal, double and treble molecules, become

¢, ', ¢, 1
18-02 + 2 X 18-02 + 3X18-02  20-83
Gruw A C//rw ' C//lw 1

1 _I__ 2 + 3 —_—

18-02 2 X 18-02 3 X 18:02  20-66°

Clearly these two equations cannot be solved unless we make some further assumptions.
3 X 18:02
small compared to the other two ; and having noticed that the ratio C'”/,/C’,, = 1-134
is a close approximation to (243 — 0-75)/(243 — 30-02) = 1-137, where 243° is the
critical temperature of EtOH, we shall assume (2) that a similar relationship applies
to water. ' :

But. with water we are dealing with three sets of molecules, so that with some
plausibility, we will put

O FC)NC, +C) = 1-0851,

We will make two assumptions (1) that at 30-02° C., the term is negligibly

which is the ratio (374 — 0-75)/(374 — 30-02) where 374° is taken as tlie critical point
of water. : -

Our first assumption enables us to calculate the concentrations for 30-02° C.; resulting
in ¢, = 0-7444 and (", = 0:2556. And these figures, in conjunction with the
second assumption, give, for 0-75° C.,

¢y, =0-7554, (', =0-1662, (', =0-0784.
If our second assumption had been

C,”«wl' C/u%
1802 T 2 X 18-02

C’ C, )
—1-0851 (" 0
> <18-O2 TEx 1802,

it would give us :
¢, = 0-7753, C',, = 0-1677, and C’,, = 0-0570,

* The difference between these two assumptions is that in one case it is the sum of the concentration
and in the other the sum of the number of molecules that is involved ; with EtOH, the corresponding ratio,
as the molecular weights are the same, may refer to either interpretation.
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which, as C’,, is now considerably smaller, makes our first assumption, 7.e., that
¢",,/18-02 = 0, more plausible.

We attach no great importance to these figures; they are given here merely as a
possible help to others working on the same subject..

Referring now to the experiments with MeOH. The large amount of association
indicated by the figures given for M’, as compared to the normal molecular weight seems
to show that this substance is even more highly associated than water, and as this
probably involves the three sets of molecules, the equation for which cannot bé solved,
it is deemed not worth while to speculate thereon. i -

The experiments with benzene and EtOH could not be carried out at any lower
temperature than 6-45° C.; hence we have no direct connection at 0-75° C.; but we
may make an estimate of the mean molecular weight of benzene (M",) in the following
way. We can derive a relation between EtOH and water at 6-45° C. from the curve
of the variation in p,/p, With temperature—this relation, on reduction to 0-75° can
be solved approximately if we assume that M”, = 20-77 is proportional to the
temperature interval. This assumption seems justified if we remember that the
numerical difference between M’, and M'"’, is small, and it results in M/, = 49-72, a
value which also is approximately proportional to the temperature interval between
M, and M"",. Inserting M", = 49-72 in equation (7) we get M", = 839, showing
that benzene vapour is associated.

Then assuming that this association is confined to double molecules, we can calculate
the relative concentration as before—giving us

C”bl == 0'8605, CN(,E = 0+1395.

Summary.

A precision method of determining the ratio of vapour densities in air and other
gases is detailed. The results with water, EtOH, MeOH and benzene are given, so alsois
a direct comparison of the vapour density of EtOH at 0-75° C. to its vapour density at
30-02° C., and a similar comparison with water. An analysis enabling the experimental
error to be evaluated, and other analyses affording means for calculating the effects
caused by changes in temperature or in the barometric pressure are also detailed.
Numerous corrections, which must be considered if the highest accuracyis aimed at,
are set out ; and it is pointed out that diffusion is probably the cause of slight dis-
crepancies, which, although not amenable to calculation, can be avoided when the
experiments are conducted with a relatively rapid air current and for a sufficient time.

On certain assumptions it is shown that an approximate estimate of the concentrations
of normal and associated molecules in the different vapours can be arrived at.

In conclusion, we wish to thank Sir HaroLp HarTLEY, F.R.S., for the gift of the pure
liquids mentioned, and Prof. LinpEMANN, F.R.S., Mr. Dosson, F.R.S., and Sir James
Jeans, F.R.S., for helpful advice freely given.



http://rsta.royalsocietypublishing.org/

