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Chemistry. -— “On critical end-points in ternary systems”. By
Prof. A. Swmirs. (Communicated by Prof. J. D. van pEr WaALS).
{Communicated in the meeting of June 25, 1910). -

In a previous paper ') some remarks were made about the ternary
system which is obtained when a third substance is added to ether
and anthraquinone, which does not yiell critical end-points 7 and ¢
either with ether or anthraquinoune, and is miscible with the other
two components in all proportions in the liquid state.

It was theu pointed out that with addition of this third substance
the two critical end-points p and ¢ at first continue to exist, but
that at last with greater quantities of the thixd snbstance they dis-
appear in consequence of the fact that the points p and ¢ wentioned
approach each other more and more, and at last coincide.

It was demonstrated on the same occasion that intervesting pheno-
mena must precede this coinciding, which was another incitement
to invesfigate experimenially the case under consideration.

This investigation though not quite completed is far enough advanced
to be fit for publication and in order to set forth eclearly what has
been found, some theoretical considerations must be premised.

At the beginning of the investigation the surprising phenomenon
occurred that with increase of volume the three phase equlibrium
S+ L+ G coud form from a mixiure which was at a temperature
a few degrees above the critical temperature.

This phenomenon seemed so surprising to me that I thought at
first that it was to be ascribed to impurities, but it soon appeared
to be essential. [t is very significant that the V,a-diagram, which
also solved so many questions in the system ether-antliraguinone,
showed the true connection of the equilibria m the clearest way
Lere too, and indicated the necessity of the above surprising pheno-
menon with greal clearness.

This has again proved the advaniage of (his way of representation,
and this is the rcason why the figures discussed here will be derived
from the V,a-diagram for the ternary system. '

The adjoined figure holds for the system alcohol-ether anthraquinone,
and for a (emperature lying between that of the {wo critical end-
points p» and ¢ of the sysiem ether-anthraquinone, so between 203°
and 247°, e.g. 230"

In the front plane of the trilateral prism the V7, X-figure of alcohol-
anthragninone has been drawn. The critical point of alcohol lies at
243°.1; so pure alcohol is still below its critical temperature in this

1) These Proc. Sept. 1909, p. 182
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figure, and this is the veason why the liquid point d and the vapour
point ¢ still lie comparatively far apart.

The field adde is the region for the coexistence of unsaturate
liquid and vapour, and the poinis ¢ and 6 indicate the liquid and
the vapour, which are in equilibrinm with solid anthraquinone, lying
in f. So the triangle ¢bf is the three-phase triangle, which is bounded
on the right by the region for solid anthraquinone - fluid, which
latter phases lie on the line b¢, which is one of the slable branches
of the continuous solubility isotherm cbeh, of which the second branch
eh indicates the liquids coexisting wilh solid anthraguinone.

In the plane for alcohol-ether the drawing is exceedingly simple
for, as 230° lies far above the critical temperature of ether, liquid
curve and vapour curve have continuously flowed iogether, and so
we have got a continuous binodal curve with a plaitpoint in XK.

On the plane for ether-anthraquinone the V,X-figure is equally
simple; there we have the continuous solubility isotherm c¢h,, which
is stable over its full length. Further we see in this plane the line
gI(,P, which indicates the metastable continuous binodal curve,
which may be realised if the solid substance did not appear, so
if the critical phenomenon, as has been found already, is to be
realised for a supersalurate solution.

If we now starl from the three-phase equilibrinm S 4 L 4 ¢ in
the sysiem alcohol-anthraguinone, and gradnally add more ether,
the quanlity of anithraquinone always excecding that of ether, the
points & and ¢ will move in the space, because the liquids and
vapours which now coexist with solid anthraquinone, will contain
also ether, and the vapour of conrse more than the liguid.

Hence the three coexisling phases no longer lie in the same plane
for a constani proportion aleohol-ether; such a section can contain
only iwo of the three ecoexisting phases, S+ 7 or S+ @, or in
other words on each scetion lie two pair of coexisting phases, but
to S L belongs a vapour, which coniains more ether than /[,
and 0 S G belongs a liquid, which coniains more alcohol than G-

Thus the three points f7, g, form a three-phase triangle, and it
is evident thal g, lies {arther back in the figure, consequenily it
conlains more ether than /[, and the same thing is to be observed
for the succeeding three-phase {riangles.

Now it is clear thal this fernary lignid and vapour line caunot
proceed to the plane for ether-anthraguinone, fov in this plane no
slable liquids can exist al the lemperature under consideratiou.

So we see that before this time the lines mentioned will have to
merge continuously into each other, and so that the eritical pheno-
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menon will appear for a saturate solution at ihe moment of this
continuous fransition, just as this can be the case in the sysitem
ether-anthraquinone,

So if K is this ternary critical end-point, the liquid point [ and
the vapour point ¢ coincide there and the spacial solubility isotherm
touches the three-phase coexislence curve dK [ exactly in K.

* Before we proceed it is necessary to mention what are the principal
modifications which the figure undergoes, when the temperature is
varied.

These modifications are obvious; for it is clear that at the tem-
peratures of the critical end-points p and ¢ the three-phase coexist-
ence curve O/ will just touch the plane for ether-anthraquinone
namely in the critical end-points p and ¢.

Between these tempevatures no contact with the plane for ether-
anthraquinone can occur, because then a stable solution cannot
occur in, this system.

So it is to be expected in the simplest case
that the ternary plaitpoint curve pRg in pro-
jection on the concentration triangle has a
course as is indicated in the adjoined drawing,
and from which it is to be seen at the same
time that the concentration E is the last at
which a critical end point still occurs.

So it is clear from what precedes that the
three-phase coexistence curve 0Kl between the two critical end-
temperajures beginning at ) will first recede into the space, and
approach the ether-anthraquinone plane again afterwards, and finally
touch it again at ¢ for the second time.

It follows {rom this that it is easy to derive from the v-z-spacial
representation what will have io be observed when a mixture of alcohol
and efher 4, with an excess of anthraquinone is studied at different
temperatures, for the phenomena must on the whole agree with
those which would be met with if at constant temperature we first
. made the alcohol-ether mixinre richer in alcohol, and then poorer
in aleohol, till the original concentration was reached again. In this
cass, however, we gel exacily {o the same poini, whereas this is
not the chse with change of temperature.

So we shall begin with projecting a plane through the axis of
anthraquinone and the liquid point [,; we then get the following
section, il being nolewortlhy, however, that now /, f, and g are
no coexisting phases now.

Fig. 2.
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[, without vapour, can indeed be in equilibrium
with f, and also g, when there is no liquid
present, but the three phases cannoti be in equi-
librium together, because there belongs a vapour
phase Lo the liguid 7, which contains mdre ether

Y

than g.
; Nor do the coexisting liquid and vapour phases
p lic on the line [ Ky, for they contain different
quantities of the three componenis, and can
4 / therefore, never lie in the same section.
Fig. 3. The Iines gec, and /& represent vapour and
liquid phases which can coexist with solid anthra-
(uinone. p
If in accordance with this v-z-section we project ]
the corvesponding p-z-figure, we get this. 2.4
The point g corresponding with a liquid which
coniains, less ether than /, the {hree-phase pres- £ P
swre in g is smaller than in [, and this is the 3*5' j’;‘-h s 1
reasot that we now get a p-a-figure with a three- \ Ny
phase region ,S,9,S, and the boundary between VS N
this region and that for ¢ -~ L is formed by the :
X

line g,/..
As to the continuous curve [, Kg,, no more Fig. 4.
' than in the wv-a-figure do coexisting liquid and
vapour phases lie on this line here, so that we
must regard it as a mere line of demarcation.

The lines Al, and g¢,c, are also houndary lines,
but there lie phases on these lines which can
coexist with solid anthaquinone ).

If we now project a plane through the axis
for anthraquinone and the liquid point /;, then
the p-r-figure corresponding with this v-z-section
is as indiealed in fig. 5. '

g, 5. The region for G-~ L has become smaller and
the poinis /, and ¢ have rvisen.

If we now think a plane projected through the axis of anthra-
quinone and the crifical endpoint X, the p, & figure corresponding
with ihis v-z-section has the following shape (fig. 6).

We see thal the plaitpoint K has coincided with the point /

1} The continuity is indicated schemalically in ull the figures.
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and so that the critical phenomenon is observed
for a solution saturate with solid anthraquinone.

The particulavities which present themselves
here for a termary system, are now very evideni,
for we see that ai the temperature of this critical
end-point no region has disappeared as yet, and
so that no coufinuitly exists as yet between the
vegion for L+ 8§ and G4 S, which is the
case in a binary system al the corresponding
critical end-temperalure.

If we now proceed 1o siill grealer concenira-
fions of ether, the poini { moves downwards along

Fig. 6.

the vapour branch, ¢ upwards, and if we now
project a plane which, passing through the axis
of anthraquinone just touches the three-phase
coexistence line 6K e, the poinis / and ¢, which
past K, may be mosl appropriately called iwo
different fluid phases, and at first differ very much
in depsity, have coincided. For this case we get
then the p,d diagram, which has been drawnin

fig. 7.

In the pownt g, where the curve for solid-

Fig. 7. (fuid just touches the p-z-loop, a three-phase equi-

Jibvium is possible for the last iime.

If we now lake a section, which corresponds
with still more ether, equilibrinm in stable state
is possible only between fluid phases and solid
anlhraquinone, as the p-z-loop for liquid-vapour
has no longer any poinit in common with ihe
carve for solid-fluid, as fig. 8 shows.

If' we now pass to greater contenis of alcohol,
in which the just-discussed sections, bul in reversed
order, are obiained, lhis succession gives us an
idea of what we get when o liquid mixture @
(see Fig. 2) with an excess of anthraquinone is
studied for a series of temperatures, if we also

¢

X

Fig. 8.

fake inlo account what will generally be the®influence of the tem-

perature on the concentration and the pressure.

Il we now indicaie these sections in a perspeclive spacial repre-
senlation, we gel fignre 9, from which follows that the curve which
connecls {he liquid points or the maaimum three-phase points { and
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the line on which the vapour points g or the masmum three-phase
points lie, ave two curves which continuously merge into each other
at the maximum three-phase temperature, so past the first ternary
critical end-point p. )

Above the maximum three-phase temperature we find for a series
of temperatures only fluid phases or equilibrium betiveen fluid phases
and solid anthraquinone, till al a certain temperature, which we
may now call a minimum three-phase temperature, the just-mentioned
phenomena repeat themselves, but now in reversed order.

It is now easy to derive from this spacial figure what will be
observed when mixiures of ether and alcohol of the conceniration
2, (Fig. 2) are examined with varying quantities of anihraquinone
al different {emperatures.

If we now assume that the anthraquinone-concentration is not
sufficient to reach the lernary first critical end-point, the (PT"),-section
which we study, will lie beyond p, and have the following shape
(fig. 10).

If the concentration of the anthraquinone just suffices to realize
the critical end-point, the (P7’),-seciion is that of fig. 11 from which
follows that the plaitpoint K and ihe minimum-three-phase point ¢

Tig, 10 Fig. 11.

have coincided, and that a liquid salurate with solid anthraquinone
shows the critical phenomenon.
In the mean lime we see that the three-phase equilibrium S+ L 4 G
can occur with increase of volume above the crilical temperature.
If we now take a mixture with still more anthraquinone, the
points / and g, the latter of which is now also a maximum three-
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phase point draw nearer and nearer o each other, and they finally
coincide, the maximum and minimum three-phase-curves merging
continuously into each other, and giving rise in this way to the
following (PT),-section (fig. 12).

4

Fig 12.

For a still greater quantity of anthraquinone the continuous three
phase line of demarcalion and the line for solid fluid get detached.

For a certain content of anthraguinone the second three phase
region will now be reached. At this moment, 1.e. with this content
of anthraquinonc a (PT'),-diagram will be found as is shown in
Fig. 13, consisting only of a continuous curve of solid-fluid tonching
the metastable loop liquid-vapour.

P

E -
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If we then choose a concentration which still contains too™ little
anthraquinone 1o realise the second critical end-point, we get Fig. 14,
of which it is noteworthy that the plailpoint K siill lies in the
metastable region. -

Fig. 14.

For a slightly greater content of anthraquinone the critical end-
point can just be reached, and the (P7),-section has the following
shape, / and K having coincided.

Fig. 15.

ONp—
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If we finally take a concentration of anthraquinone, which is
slightly greater than that which corresponds with the second critical
end-point, the corresponding (P7")-section is represented in Fig. 16.

Fig. 16

For a mixiure of alcolhol-ether with more alcohol, we shall be
able o realise two critical endpoints, as appears from fig. 2, 1ill the
alcohol-ether concentration has become w,, for if we join this point
@, with the point which represenis anthraquinone, this joining line
just touches the line pR,g, and this is the line on which the points
lie of the maximum three-phase temperature, so that we should get
a contact of the three-phase regions for this alcohol-ether concentration,
which, however, changes into intersection, as fig. 17 shows.

If we have a mixture alcohol-ether, lying belween 2, and 2, com-
munication has been broughi about between the two three-phase
regions, as Fig. 18 shows.

-12 -
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Fig. 18

And p, and p, coincide for the alcohol-ether concentration z,, and
all the peculiarities have disappeared eacept lhis one thail there still
exists one saturate solution which shows the critical phenomenon
(Fig 19), but this {oo disappears, when we take a mixture with
still more alcohol.

Fig. 19.

In how far this theory has already been corroborated by the
experiment, will appear from the communication of Dr. Apa Prixs,
who lhas not studied the system alcokol-ether-anthraquinone, bui the
system naphihalene-ether-anthragquinone.

Amsterdam, June 24. Anorg. Chem. Laboratory
of the University.
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