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INTRODUCTION

Until very recently there were reckoned to be five types
of equilibria: crystal-crystal, crystal-liquid, crystal-gas,
liquid-liquid, and liquid-gas. The theory of these phase
equilibria was developed by Konovalov !, Stoletov?, Gibbs 3,
van der Waals 4, Kuenen®, and others. There was also
convincing experimental confirmation of the theoretical
predictions.

It now seems astonishing to us why the possibility of the
existence of yet another type of equilibrium - gas-gas
equilibrium (the existence of which could have been postu-
lated even by simple analogy) — was generally not dis-
cussed right up to the end of the XIXth century. Even at
the time of Dalton, scientists were surprised® that gases
did not behave as liquids and did not take up positions in
relation to one another according to their specific gravi-
ties. The explanation for such behaviour of gases was
found in the fact that at low pressures they are mechani-
cally (energetically, in modern terminology) independent.

The concept of the energetic independence of gases, true
only at moderate pressures, greatly suppressed interest
in a search for equilibrium between gaseous phases. Even
after vander Waals” and Kammerlingh-Onnes and Keesom?
had made, in the 1890's, a theoretically based prediction of
the possibility of the existence of such an equilibrium, about
50 years elapsed before the first experimental work appeared,
carried out by Krichevskii®. The results completely con-
firmed the predictions of the Dutch scientists.

Such a prolonged break is explained not solely to the
viability of the concept of the energetic independence of
gases. van der Waals and his students correctly predicted
that the phenomenon of restricted mutual solubility of gases
is possible because there is a great similarity between
liquids and strongly compressed gases. Hence it seemed
natural to search for this phenomenon at high pressures.
The absence.of the technical means necessary for this was
a second reason, which for long delayed the experimental
confirmation of this interesting phenomenon. However, as
we shall see subsequently, it can also be observed at com-
paratively low pressures.

But somehow or other, if the honour of the theoretical
prediction of and basis for the new type of equilibrium belongs
to the Dutch scientists, that of resurrecting their forgotten

ideas, experimentally verifying these ideas, and develop-
ing further the theory of phase equilibria with allowance for
this new equilibrium belongs wholly to Soviet scientists °,

RESTRICTED MUTUAL SOLUBILITY OF GASES

The works of van der Waals and his coworkers contained
not only an indication of the possibility of equilibrium be-
tween two gaseous phases at temperatures above the criti-
cal temperatures of the two components of a binary mixture
but also predictions about the form of the critical curve.

According to these predictions two types of such equili-
bria are possible. The first type (to which belong systems
containing helium) is characterised by the critical curve (in
coordinates of pressure and temperature) in leaving the
critical point of the less volatile component (Fig. 1) being
directed towards the side of high temperatures. The curve
is convex towards the temperature axis and at the point M
turns towards lower temperatures. The reversal occurs
at appreciable pressures and after it the curve is directed
towards the side of the critical point of the more volatile
component. Fig.2 shows the phase diagram for this type
of equilibrium.

Second type. On leaving the critical point of the less
volatile component, the critical curve (Fig. 3) is at first
directed towards the side of lower temperatures. The
curve is convex towards the temperature axis and passes
through a minimum — point D. Its name, according to
van der Waals terminology, is the double homogeneous
point. Then the curve turns towards the side of high tem-
peratures and subsequently its form does not differ from
that described for the first typet.

Fig. 4 shows a phase diagram for this type of equili-
brium as we visualise it now. In the temperature region
from the critical temperature of the less volatile compo-
nent to the temperature of the double homogeneous point
both liquid-gas and gas—gas equilibria exist. In the tem-
perature region from the critical point of the less volatile
component up to the temperature maximum M there is only
gas—gas equilibrium.

METHOD OF INVESTIGATION

Phase equilibria between two gaseous phases have been
investigated by analytical and synthetic methods. These
methods (details of the apparatus and experimental technique)
have been described in sufficient detail already *. Here it
is possible only to mention that by analytical is meant those
methods in which the compositions of the coexisting phases
are determined by the analysis of specimens taken from
each phase. In working by synthetic methods a mixture of
the two components of known quantitative composition is
made up and then the moment for the disappearance or
appearance of one of the phases is observed, by measuring
the temperature, pressure, or volume (or all three para-
meters) of the system.

Many of the studies carried out in our country employed
analytical methods in equipment with a mercury piezometer
(Fig. 5) (a Callietet tube !*). The piezometer is a metal

T We will not deal with the form of the critical curve in the
region close to the critical point of the more volatile component
(see, for example, Vogelll),
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Fig.1, Critical curve of systems
giving the first type of separation,

K critical point of the less volatile
component; M maximal tempera-
ture of existence of gas—gas equili-
brium; K’ upper critical point of the
gas—gas equilibrium.

pressure

mole fraction of less
volatile component

Fig.2. Phase diagram of the gas—
gas equilibrium of the first type.

separating funnel filled with mercury. A mixture of known
composition which is being studied is prepared outside the
apparatus, run into the piezometer !*, and the temperature
and pressure for the experiment created in the apparatus.
Layering takes place. The upper phase is forced out by
the mercury through the upper valve and is analysed. After
all the upper phase has left the lower phase is forced out.
The operations of forcing out the phases are carried out at
constant pressure produced by puinping mercury from
beneath into the piezometer under the pressure of a work-
ing fluid, which is supplied by a multiplier (Fig. 6).

The use of mercury at temperatures above 200°C is un-
desirable, both from the standpoint of accident prevention
and also because it is soluble in compressed gases. There-
fore, mercury-free equipment is used!*~!®.  In this, the
mixture is created in a high pressure vessel fitted with an
electromagnetic stirrer and the compositions of the phases
are determined by withdrawing specimens of the phases
from above and below the vessel (Fig. 7).

Arons and Dipen ! used the synthetic method for investi-
gating gas—gas equilibria in the helium-xenon system. They
prepared a mixture of xenon and helium of known concentra-
tion and filled a glass piezometer with it. The piezometer
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Fig.8. Critical curve of systems giving
the second type of separation. K critical
point of the less volatile component;

D double homogeneous point; M maximal
temperature of existence of gas—gas equili-
bria; K’ upper critical point for the gas—
gas equilibrium,

pressure ——»

mole fraction of less
volatile component

Fig.4. Phase diagram of the gas—gas equili-
brium of the second type. 1)-4) liquid-gas
equilibrium curves; 5), 6) gas—gas equilibrium
curves,

was put in a high pressure vessel with a sight glass (Fig.8).
The mixture in the piezometer was compressed by mercury.
The phase diagram of the system could be constructed from
observations of the appearance and disappearance of a
meniscus and by noting the pressures corresponding to the
appearance and disappearance of a bubble of the upper or
lower phase. The volumes of the coexisting phases could
also be measured with this apparatus.

Gas-gas equilibrium of the first type starts at the criti-
cal point of the less volatile component, which is usually
found at moderate temperature and pressure. Making use
of this, Krichevskii proposed, and Khodeeva?® put into
practice, a method in which the less volatile component is
introduced into a glass ampoule of known capacity in such a
quantity that it is at its critical volume. The critical tem-
perature of the substance is measured and then a small
quantity of the second component is added and the critical
temperature of the mixture again measured. If the critical
temperature is higher — that is, the meniscus between the
phases disappears atahigher temperature — than the criti-
cal temperature of the pure component (less volatile), then
a region of gas—-gas equilibrium of the first type must exist
in the system.
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Fig.5. Drawing of the high-pressure
vessel with piezometer;

1) metal piezometer (Callietet tube);

2) beaker; 3) mercury; 4) high-pressure
vessel; 5) head seal; 6) packing; 7)gland
nut; 8) female screw; 9) valve for with-
drawing specimens; 10) working liquid for
multiplier,

REVIEW OF THE EXPERIMENTAL DATA

After Krichevskii and his coworkers 2!-2® had observed
the phenomenon of restricted mutual solubility of gases,
another 25 systems with a region of phase equilibria be-
tween two gaseous phases were found. Table 1 lists all
the systemsi}.

Table 1 shows that all the systems with helium give
layering of the first type. Layering of the second type is
usually observed in systems containing a polar component.
An exception is water: layering of the first and of the
second type is observed in systems with water.

We will discuss two systems in greater detail: helium-
carbon dioxide, as a representative of systems giving the
first type of layering, and ammonia-nitrogen, a system
with the second type of layering.

The He-—-CO, system?* wasstudiedattemperatures
from 25° to 100°C and pressures up to 10000 at.  Figs.9
and 10 give the phase diagram and critical curve and repeat
the picture represented in Figs. 1 and 2, with the difference
that the critical curve of the real system does not return
towards lower temperatures as the pressure is raised.

i It is evident from the table that the great majority of investi-
gations of this phenomenon have been made in the Soviet Union.
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Fig,6. Drawing of apparatus for investigating
the equilibrium between two gas phases at pres-
sures of up to 20000 at:

1) double-walled high-pressure vessel; 2)female
screw; 3) valve; 4) isolating ring; 5) head seal;
6) packing; 7) exhaust ring; 8) electrical entry;
9) head piezometer; 10) solenoid; 11) stirrer
armature; 12) beaker with mercury; 13) spring;
14) valve box; 15) reversing valve; 16) packing
for piston of multiplier; 17) cylinder of high-
-pressure multiplier; 18) high-pressure piston;
19) low-pressure piston; 20) low-pressure
cylinder.

Attemperatures less thanthe critical temperature of CO,
liquid-gas equilibrium is observed. The curves of this
equilibrium (the curve for the solubility of helium in liquid
carbon dioxide and that of the latter in compressed helium)
start at a point corresponding to the saturation vapour pres-
sure of CO, at the given temperature. At temperatures
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Fig.7. Drawing of mercury-free apparatus for investigating gas—gas
equilibria at high pressures and temperatures:

1) high-pressure vessel (EI437B steel); 2) seal; 3) solenoid;

4) stirrer; 5) valve box; 6) bellows for protection of the manganin
manometer; 7) manganin manometer; 8) valve for removing upper
phase; 9) valve for removing lower phase; 10) valve box; 11)press
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Fig, 8., Drawing of apparatus for investi-
gating gas-gas equilibrium by a synthetic
method:
1) high-pressure vessel; 2) sight window;
3) piezometer with gas mixture; 4) inner
part of telescope tube; 5) mercury; 6)piston;
7) water; 8) seal; 9) solenoid; 10)armature
of electromagnetic stirrer; 11) permanent
magnet; 12) thermocouple pocket; 13) valve.
TABLE 1. Systems in which gas-gas equilibrium has
been observed.
Intervals of
investigation Type of
Syst Reference | 995—gas
ystem tempera- | pressure, equili-
ture, °C at brium A T
Ammonija—nitrogen 90—175| 16 000 | 21—23.25 | second \ /
Ammonis—methane 45—100| 10 000 | 28 second ol
Ammonia—nitrogen—hydrogen, 8
three compositions with 22, 50,
and 75 % hydrogen in the mixture
without ammonia 90—120| 5500 | 2 second
Ammonja—nitrogen—methane with
20 and 80 % methane 55—1101 5 500 | 26 second
Ammonia--argon 70—140| 10 000 | 27 second
Nitrogen—sulphur dioxide 35—40 9000 | 28 second «
Helium—ammonia 125—175( 40 000 | 24 first '5
Helium—carbon dioxide 25—100( 10 000 | 2¢ first 3
Helium—ethylene 25—150| 40 000 | 29 first K
Helium—propane 100—150| 7 000 | 30 first <
Helium—benzene 300 1000 | 3t first £
Helium~methanol 245 3000 | 3t first e AN
Helium—hexane 245 3000 | 3t first g vﬁ'
Helium—sulphur dioxide 175—200{ 7 000 | 3t first
Helium—xenon 5—65 2000 | 19 first
Helium—acetylene 36 64 | 20 first
Helium~ethane 32 51| 2 first
Water—butane 200—430| 6 000 15 first 0
Water—nitrogen 300—350{ 6 000 | 32 second \ J 25°
Water—carbon dioxide 250—350 3 500 | 1617 second
Water—argon 350—400] 4000 | 33 second 1000 N
Helium—dinitrogen monoxide 37 74 | ¥ first A \ ”"\
Helium—Freon-12 25122 330 | first ENaA
Helium—Freon-22 100 330 | % first -
Helium—Freon-114B2 216—223 330 | ® first B 4
Helium—butane — — 37 -
Water—benzene 265—300 700 | 38 second carbon dioxide, vol. %
Water—n-heptane 295—355 700 | 38 secon:
Water—nepentane 300—352 700 | 38 secon i iaui ilibri
Water—2-§'xethy]pentane 300—355 700 | 38 second Fig. 9. G_as—gas and hfluld—gas equilibria
Water—toluene 280—310 700 | 38 second in the helium-—carbon dioxide system.
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Fig.10, Critical curve inthehelium-
carbon dioxide system.

greater than the critical temperature of CO, the curves
leave the ordinate axis and form a characteristic horn. As
the temperature is raised the horn is gradually obliterated.

The NH;—N, system. This system was studied
at temperatures from 90° to 175°C and pressures up to
16000 at. Figs.11 and 12 give the phase diagram and
critical curve, which are similar to Figs.3 and 4, except
for the form of the curve at higher temperatures and pres-
sures.

We will consider in greater detail the phase diagram of
such a system represented three-dimensionally (Fig. 13) in
the coordinates pressure-~composition-temperature. Two
regions of phase equilibria are clearly evident here: liquid-

gas equilibrium and gas—gas equilibrium. The loops of the

liquid~gas equilibrium start on the vapour pressure curve
of the less volatile component (here, ammonia). The com-
position region occupied by these branches decreases with
rise in temperature and shrinks to a point at the critical
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Fig.11, Liquid-gas and gas—gas equilibria in the
ammonija-nitrogen system, Data from:

1) Ref.21; 2) Ref.23; 3) Ref.25; 4) Ref.39;

5) Ref.40.
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Fig.12. Critical curve in the
ammonia-nitrogen system, The
symbols are the same as in Fig, 11,
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Fig.13. Space diagram for systems which
give the second type of layering.

point of the less volatile component. The gas-gas equili-
brium curves are situated in the same composition interval
but at other pressures. The region of this equilibrium
also extends to the side of temperatures higher than the
critical temperature of the less volatile component.

The point corresponding to the temperature minimum on
the critical curve is clearly evident on the diagram. This
is point D, at which the gas—gas and liquid-gas equilibrium
curves touch. In van der Waals terminology it is called
the binary homogeneous point§. The binary homogeneous
point is a singular point. On raising the temperature above
the temperature of this point the equilibrium loop breaks
into two parts — the curves of the gas—gas and liquid-gas
equilibria. On reducing the temperature below the tem-
perature of the binary homogeneous point breaking of the
loops also takes place, but now it is along the pressure
axis. As a result fantastic forms of the solubility curves

§ This terminology is derived from the theory of folds %! on the
basis of which the existence of the types of gas—gas equilibria was
also predicted,
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for gas in liquid (right branches) and liquid in gas (left
branches) are produced. It can be noted from this that at
the moment of the break (longitudinal) points of return (S,)
appear on the curves; these points then degenerate into the
points of the solubility maxima for gas in liquid and liquid
in gas (S,).

Fig. 13 shows that the solubility curves for gas in liquid
and liquid in gas have a very complex form, especially
close to the binary homogeneous point.  The solubility of
gas in liquid under pressure first increases with the pres-
sure, passes through a maximum, decreases, and then (if
the possibility of the existence of an upper critical point of
gas—gas equilibrium is considered) should start to rise
again.

The solubility of liquid in gas at first decreases with
rise in pressure, passes through a minimum, starts to
rise, reaches a maximum, falls again, subsequently hardly
changes with the pressure, and finally (if the upper critical
point is considered) can start to rise again.

This complex form for the curves has a theoretical
explanation®, The fact is that both the minimum and the
maxima on the solubility curves for liquid in gas and gas in
liquid are points at which the partial molar volume of the
substance and its molar volume become equalf.

At low pressure the partial molar volume of a substance
in its infinitely dilute solution (73) is much greater than the
molar volume of the substance in the condensed phase
v3.  But with increase in pressure the value 7; rapidly
approaches v and becomes equal to it since the compres-
sibility for 7} is greater than the compressibility for ¢3. In
this a liquid in gas solubility minimum is observed. At
still higher pressures 7; becomes less than 3 and the solu-
bility starts to rise. However, this decrease cannot be
continued indefinitely. With rise in pressure the inter-
molecular interaction starts to increase.  Therefore the
partial molar volume of the substance in the gas phase
begins to increase. It again becomes equal to the molar
volume and a solubility maximum appears on the curve.

Similar arguments show that the gas-in-liquid solubility
maximum occurs at a pressure when the molar volume of
the gas being dissolved equals the partial molar volume of
this gas dissolved in the liquid.

Fig. 13 shows clearly that the presence of gas~gas
equilibrium curves allows all the known facts about phase
equilibria in binary systems to be explained. For example,
it becomes quite clear that the gas—gas equilibrium curves
do not start and do not end on the vapour pressure curves
of the less volatile component and have nothing in common
with the liquid-gas equilibrium curves. It is also under-
standable that the points of the maxima and minima on the
curves are degenerate points of reversal formed from the
double homogeneous point. Hence it can be concluded that
if a solubility maximum is found in investigating the solu-
bility of a gas in a liquid, a region of gas—gas equilibrium
should occur in that system.

We will return briefly to the question of the reversal of
the critical curve. On considering solutions of helium as
intrusion solutions, Tsiklis and Zhukhovitskii 2 showed
that here there is generally no reason to expect reversal.
This, however, does not signify that it cannot happen in

¥ Here it is necessary to consider the solvent to be a pure sub-
stance,
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other instances. But if such a reversal is possible in
principle, then it should occur at rather high pressures,
when the solubility of the gas again starts to increase with
pressure owing to a further change in the partial molar and
molar volumes. But at such high pressures crystallisation
of the gases can begin. In this instance the critical curve
generally will not be continuous. The gas—gas equilibrium
changes into a new form of equilibrium — crystal-gas
equilibrium (Fig. 14).

On considering the experimental data on gas—gas equili-
brium in the systems investigated it is noticeable that for
each of the types (first and second) the experimental results
repeat Figs.2 and 4 well. They differ, of course, in the
parameters of the curves and especially in the coordinates
of the double homogeneous point and the temperature inter-
val between it and the critical point of the less volatile
component. In this respect the water ~nitrogen system is
especially characteristic. In it the binary homogeneous
point is at 364°C, that is, 10 deg below the critical tem-
perature of water. For the ammonia-nitrogen system it
is at 87°C, that is, 46 deg below the critical temperature
of ammonia; and in the CO,~H,0 system it is at 260°C,
that is, 108 deg below the critical temperature of water.

To conclude the discussion of the existing experimental
data it is necessary to add the following. Visual observa-
tions have been made of the helium—ethylene system??; the
layering process takes place instantaneously. Initially
during the compression of a homogeneous mixture strong
eddy currents, similar to convection currents, are ob-
served. On reaching the pressure at which layering occurs
a sharp visible meniscus appears (Fig. 15). Its appearance
is rapid and is accompanied by a fall of “rain” from the
drop of heavier phase. The presence of a meniscus con-
tradicts the conclusion that gas-—gas equilibrium is a phase
transformation of the second order 43,

The surface tension at the boundary of separation in the
helium-ethylene and helium-carbon dioxide systems was
measured in an analogous apparatus with sight glasses by
the capillary method *¢. It was found that, for example, in
the helium—~ethylene system at 600 at and 18°C the surface
tension is ~ 0.5 erg cm™2,

o D

pressure

composition

Fig.14, Gas—gas and crystal-gas
equilibria in systems of the first type.

P, pressure of crystallisation of the
pure less-volatile component;

P, pressure at which the gas phases

g; and g, and the solid phase s, are in
equilibrium;

P, pressure at which the two solid phases
s; and s; and one gas phase g; are in
equilibrium,
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Fig,15. Meniscus in the helium-
_ ethylene system,

The surface tension in these systems increases with
pressure and decreases with rise in temperature. The
dependence of 0 on P can be represented by the equation:

0=aP—P,

where @ is a constant and P, the critical pressure. Fig.16
shows that this condition is obeyed over a wide range of
pressures.

Finally, mention must be made of another interesting
phenomenon, which is observed in systems with a restricted
solubility of gases. We refer to the barotropic phenomenon.
This is that with increase in pressure the upper phase be-
comes heavier and sinks in the lower. Close to the critical
point (any equilibrium) the curve in coordinates v (specific
volume of the phase on the curve of coexistence) and N,
(composition) is to the first approximation a parabola with
its axis perpendicular to the tangent through the critical
point. The gas—-gas equilibrium curve (for the second type)
in coordinates of pressure against composition is symmet-
rical with respect to the axis passing through mole fraction
0.5. Therefore an analogous picture will be observed for
curves plotted in coordinates of v and N,.

Fig. 17 shows the liquid-gas and gas-gas equilibrium
curves in coordinates v and N,. A liquid phase of compo-
sition A, will be in equilibrium with gas phase 4,. At
higher pressure the phase of composition B, is in equili-
brium with a gas phase of composition and volume B,. On
approaching the binary homogeneous point tne difference in
volumes decreases and close to the critical point of the
gas—gas equilibrium the specific volumes of the coexisting
phases become equal (D, and D,). Then the phase in which
there is more of the component with higher molecular
weight also has the highest specific gravity. Subsequently
the volumes of the phases again hecome unequal but now the
volume of the phase containing the component with higher
molecular weight diminishes more rapidly and the baro-
tropic phenomenon intensifies.

Hence, the barotropic phenomenon can occur when the
molecular weight of the liquid is less than the molecular

o, g ?'3» -

; R
®104P P2, kgt eyt —
Fig.16., Variationofo with (P - Pc)%.

!
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|
|
|
!
!
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7 a5 T

Fig, 17, The barotropic phenomenon,

weight of the gas and the form of the gas-gas equilibrium
curve is such that the chords joining the coexisting phases
can become parallel to the composition axis.

The barotropic phenomenon was first observed by Kam-
merlingh-Onnes ¢ in investigating liquid-gas equilibrium
in the hydrogen—-helium system at 20.1°K. In investigations
of gas-gas equilibria the barotropic phenomenon has been
observed in the ammonia-nitrogen, ammonia-nitrogen-
hydrogen (with 22% hydrogen), and ammonia~nitrogen-—
methane (with 17% methane) systems and also in the argon-
ammonia ?7»¥, water-carbon dioxide 16,17 and water—-argon 3
systems.

Despite the fact that the molecular weight of water is
less than that of butane, the barotropic phenomenon is not
observed in this systemt. Evidently it is very important
that the form of the phase curve should permit the condition
of lines parallel to the composition axis to be fulfilled.

---000---

An isotropic substance at temperatures greater than
critical is usually called a gas. Therefore the equilibrium
state of the two gaseous phases in the above systems can
unreservedly be consideredtobe gas—gas equilibrium. The
credit for the theoretical basis for the equilibrium exist-
ence of two gaseous phases at supercritical temperatures
is due to Dutch physicists, as mentioned above. However,
the possibility of such a state in a system was discussed
independently of them, but subsequently. Thus Randall
and Sosnik © considered gaseous solutions of argon in
ethylene at supercritical temperatures. On plotting the
activity ¥ of a component against its mole fraction they
concluded that an increase in the constant a in the Hilde-
brand equation could lead to the mathematical conditions
necessary for the separation of the mixture into two phases.
However, for this the value of logy should rise to the same
value, which they considered improbable. In the final
analysis these authors were convinced of the impossibility
of phase separation. '

Shottky ®, starting from general ideas about the reasons
for the breakdown of a homogeneous mixture into two
phases, admitted the possibility of the existence of gas—gas
equilibrium at high pressures. Evidently, neither Shottky

1 This confirmsthe correctness of the experimentaldata accord-
ing to which a gas—gas equilibrium of the first type is observed in
the system (concerning which Schneider 48 has doubts, in relation
to Connoly's work39),

357



Vol.36 No.5

RUSSIAN CHEMICAL REVIEWS

May 1967

nor Randall and Sosnik knew of van der Waals' work and
expressed their views before the appearance of experimen-
tal works in this field.

Even after these works had been published, Dodge °
wrote, in 1944, “.... systems consisting of gases and
vapours are always homogeneous. No one has ever ob-
served more than one gaseous phase”. However, Lindros
and Dodge !® subsequently repeated the investigation of the
ammonia-nitrogen system, and on finding layering, were
convinced of Dodge's error.

Hildebrand®' wrote, in the third edition of his book:
“gases are infinitely miscible and hence raise no problems
of miscibility....”{.

Nobody can now dispute that at temperatures above the
critical temperatures of both components a region where
the system is heterogeneous can exist. But some authors
consider that the phenomena observed should be called
equilibrium between two liquid phases %2,%3, since the den-
sity of the phases at high pressures hardly differs from the
liquid density. Others34,%% assume that this is equilibrium
between gas and liquid. Schneider ¥ says: “the so-called
gas—gas equilibrium” and cannot imagine why the critical
curve for liquid-gas equilibrium changes smoothly (for the
first type) into the gas—-gas equilibrium curve. Discussion
on this has been published (see Krichevskii and Tsiklis %¢)
but cannot be given in this article.

Here it is proper to state the following. It becomes
clear from Fig. 13 that gas—~gas equilibrium has no relation
to liquid-gas equilibrium. The fact that in a single region
of temperature but at different préssures there are two
phase equilibrium curves does not signify at all that both
phase equilibria are of the same type. It is known, for
example, that in the temperature region through which
passes a liquid-vapour equilibrium curve there may also
pass the liquid-liquid equilibrium curve. But no one
ascribes these equilibria to the same type on this basis.
Incidentally, Schneider # admits that the critical curve for
liquid-gas equilibrium can be curved and change continu-
ously into the critical curve of liquid-liquid equilibrium.
But if this is possible, then why should change to gas—gas
equilibrium be impossible?

“«

van der Waals and Kohnstamm3” wrote: “.... Hence it
follows that (as Kammerlingh-Onnes and Keesom noted)
in this instance with strict observance of terminology it
is necessary to speak of the equilibrium of two gaseous
phases. Actually, there is'no basis for calling one of the
two phases liquid in a completely closed fold and therefore
here one must speak of gas—gas equilibrium at all tem-
peratures exceeding the critical temperature of the second
component”. :

It must be stated once again that liquid-gas equilibrium
is the most incorrect name: the equilibrium investigated
does not begin and does not end on the liquid—gas equili-
brium curve of a pure component. To this it can be added
that this question has been discussed repeatedly 8, Quite
recently Rowlinson®® produced weighty evidence in support
of the name gas-gas.

i It is interesting in this connection to note that recently Mal'-
nev and Pekar ®8, who considered theoretically a gas in whicha high
percentage of the molecules are excited to the same electronic
energy level (for example, in a laser regime), showed that owing
to the anomalously large intermolecular forces the layering of
such a gas into two phases of different (in the number of excited
molecules) composition is possible. This separation can occur
even at atmospheric or even lower pressures. .

358

SOME QUESTIONS OF THEORY

As experimental results accumulate it becomes more
and more necessary to give a theoretical explanation for
the observed experimental facts.

The problem of the prediction of the possibility of
layering of gas mixtures and even pre-calculating the para-
meters of the critical points of the layering would be solved
relatively simply if there was an equation, of state giving the
behaviour of the binary systems being considered. = Then
by using the known thermodynamic relations (1) and (2):

(a In fz/aNa)p_T,K =0, (1)
(@ In fofOND, 1= O, (2)

where f, is the volatility of a component, N, its mole frac-
tion, and K the critical phase, the pressure and compo-
sition of the critical point can be calculated. However,
such an equation does not exist and, as Rakovskii noted®,
“the enormous power of the apparatus of thermodynamics
stumbles about our ignorance of the actual equations of
state” §.

Such a calculation could also be carried out if we had
experimental data about the variation of the volume of the
gaseous solution and of the components of the mixture with
pressure and composition at different temperatures. Then,
by calculating the volatility of a component of the solution
a graph can be constructed in coordinates of Inf, against
N,. The existence on such a graph of a point of inflection
with a horizontal tangent (see, for example, Tsiklis and
coworkers ®!) signifies that there is a region of layering in
the system.

Usually such data are not available in the literature, and
it is more difficult experimentally to obtain them than to
make a direct investigation of the phase equilibria in the
system.

The literature shows that attempts have been made to
judge the possibility of the appearance in a given system of
a region of gas-gas layering by comparing the properties
of the components of the system. Mixtures should show
layering when their components have not so much strong
intermolecular interaction, as different.

Thus, Kreglewski® used the Hildebrand solubility para-
meter (A) and showed that the greater the difference be-
tween the value of A? of the components of the mixture the
more probable the layering of the mixture. The solubility
parameter is determined by the expression

A = —(Epy/s (3)

where E is the energy of the component and v the molar
volume. According to van Dranen's hypothesis ®4, at the
critical point the negative potential energy of a substance
is E =2RT.. Consequently, relation (4) holds for the
critical point:

RT,

A =3, (4)

<
Table 2 gives values of A? for the components of the
mixtures investigated and shows that in reality in all the
mixtures which show layering the difference in the values

§ Schiifer ® attempted to use for this purpose an equation of
state with virial coefficients. By finding the values of these coef~
ficients, Schifer calculated by a very complex path the conditions
of layering in the N,—NH; system and obtained good agreement with
experiment,
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TABLE 2, Values of A? of the components of the mixtures investi-
gated,
Component | T¢,°K :&:m-l 3, ot | Component | T,,°K ;‘0' T AR e
He 523 | 577 | 1.2 CH, 526.4 | 260.0 | 266.4
H, 3325 | 857 | 3.2 H, 234 | 1240 | 3810
N, 126.0 90.3 172.0 304.1 93.3 399.0
CHyp 5258 58.0 | 204.0 4304 | 123.7 | 2280
CeHys 507.8 | 283.0 | 221.0 | CH,OH | 53.0 | 1200 | 4%0.0
GHe 370.6 | 200.0 | 227.0 NH, 4061 729 | 685.0
Sh, 190.7 9.0 | 237.0 H,0 847.0 | 547 | 14600
Ar 150.7 75.5 246.7
of A? of the components is significant. Nevertheless,

Kreglevskii's criterion is approximate. It does not allow
a quantitative estimation of the parameters of layering to
be given. Moreover, in a series of instances the calcu-
lation leads to erroneous results. For example, for the
ammonia-hydrogen system the difference in the values of
A2 for ammonia and hydrogen is greater than in the am-
monia-nitrogen system, but layering does not occur in the
ammonia-hydrogen system. .

Temkin® proposed a strict criterion of layering. By
using the van der Waals equation of state for a binary mix-
ture and the Helmholtz equation for free energy, he found
the conditions for the development of the so-called longi-
tudinal fold on the surface in the coordinates free energy-
volume—composition, which, in accordance with the theory
of folds ¢, is also the condition for the layering of the mix-
ture.

For calculation according to this criterion it is neces-
sary to find the value of the coefficients a, and a, of the
equation of state for the pure components and a,, for the
binary system. Layering in the system is possible if
Eqn. (5) is fulfilled for a mixture of non-polar components ¥
and Eqn. (6) for mixtures containing polar components:

a,<0.053a, (5)
I/I(al +83) — 813> us (6)

From Eqns. (5) and (6) it is evident that layering is pos-
sible when for mixtures of non-polar components the quan-
tity a, is significantly less than a, and for a mixture with
polar components a,, is less than the half-sum of the values
of a, and a,. Calculation shows that all systems with
helium should show layering. Experiment confirms the
calculation. It appears that even mixtures of helium and
xenon — two noble gases — show layering. The results
for layering in systems which contain water also agree with
calculation.

However, this criterion is also approximate, since it is
based on the van der Waals equation of state and this, as is
known, is only qualitative, since it does not describe fully
the behaviour of a substance at high pressures.

The layering of a homogeneous system, including also a
phase transformation of the gas—gas type, indeed serves as
a touchstone for any statistical theory of the condensed state
of a substance.

In the theory based on the use of a method of correlating
functions, phase transformations are connected with the
singularities of the integral equations for these functions.
Attempts to connect the crystal-liquid phase transformation

1 In essence Eqn. (5) is the particular case of Eqn. (6) when it
is assumed that agy = Vaja,.

with the presence of branching points in the integral equa-
tion for a single-index unary distribution function appeared
quite fruitful.

In Rott's works®® the phase transformation of interest to
us here is considered from the standpoint of the statistical
theory of the conditions for distribution. In it the phase
transformation is connected with the singularity of the con-
figuration integral. The latter is directly extended also to
the distribution function itself (in the present instance the
so-called two-index correlation functions). This can be
traced also to the reverse dependence. If the state of the
homogeneous system cannot be realised, then the distribu-
tion functions corresponding to it, say the most minor E,,,
should transform to zero, which transforms the configura-
tion integral into infinity. Therefore a knowledge of even
the minor distribution functions (for the binary system
there are two such functions) allows the approximate con-
dition for the phase transformation to be found without
resort to calculation of the configuration integral itself.

Thus for dilute binary solutions a final evaluation is ob-
tained which allows us to find whether the occurrence of
layering of the gas—gas type is possible or impossible; the
parameters of the molecular interaction are calculated
during this,

The criterion for layering in the given instance is the
parameter 8, given by

e
3.31 % ot

B : ' (7)

Un

where 7, is the radius of the molecular volume (v = §1rrg),
€ and o are the parameters of the Lennard-Jones potential,
k is Boltzmann's constant, and T the temperature,

It appears that the nature of the change in 8 is approxi-
mately the same for many substances. At the critical
temperature B =~ 4-5, at the triple point 8 =~ 28 for the
liquid phase and 34 for the solid.

In calculating the parameter 8 for a two-component sys-
tem values of T and 7, for the less volatile component (sub-
sequently, for water, as an example) must be inserted in
the denominator of Eqn. (7) and values of € and o for the
more volatile (non-polar component) in the numerator, In
this the value of B for the case when gas-gas layering of
the first type is possible in the neighbourhood of the criti-
cal point of the less volatile component should be greater
than its value at the critical point (that is, 4-5).

From the experimental results it is evident that features
of the phase equilibrium known previously as features of
helium solutions (the presence of a characteristic horn on
the pressure-mole fraction curves near the critical point
of the less volatile component) are present also in other
binary systems the components of which do not differ
greatly in energetic respects. Such are also all the systems
with water considered betow. Table 3 gives the values of
B for a series of binary systems (aqueous solutions) in the
vicinity of the critical point of water (for all the systems
shown the critical density of water is greater than the den-
sity of the dissolved component at its critical point).

Experiment confirms the calculations. The layering in
the water—butane systems is of the first type. In the
water-nitrogen and water—carbon dioxide systems gas-gas
equilibria of the first type are not observed. Gas-gas
equilibria of the second type are observed.
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TABLE 3. Values of 8 for systems containing water, problems of the formation and migration of petroleum, and
Teyering | Layering also by scientists dealing with hydrothermal syntheses with-
Systom Bl System Bl gotthe, in laboratories and with the observation of these processes
in nature.
Butane—water ~21 | possible | Methane—water 2.4 | impossible
Denzene—water | ~281 Nihane—water 73 ) It cannot be doubted that the number of experimental
Octamewater ~82 » Carbog dioxide—water | 4.0 » studies concerned with gas—gas equilibrium will grow and

Attempts to use the methods of the statistical theory of
“free volume” for the calculation of layering have been
made recently *°,

New results obtained comparatively recently which
relate to systems consisting of helium and fluorine com-
pounds do not fit into the framework of any of the theories
mentioned.

According to the criteria of Kreglewski, of Temkin, and .
of Rott, these systems (He-CCIF,, He~CHF,, He-CH,=CF,,
and He-SF) ought to have a region of gas—gas equilibrium
of the first type. Experiment showed that they did not
possess such a region 20,34,

In addition to that, mixtures of helium with other fluor-
ine compounds, for example, He-C,Br,F, (Freon-114B2),
He-CHCIF, (Freon-22), and He-CCLF, (Freon-12) behave
normally 35,3,

Evidently there is something new and interesting here in
the unusual behaviour of the gaseous solutions of fluorine
compounds. It is known 31,5987 that liquid solutions which
contain hydrocarbons and their fluoro-derivatives are also
distinguished by unusual behaviour.

From the experiments described it is clear that the
existence or absence of a region of gas—gas equilibrium of
the first type in mixtures of helium and fluorine compounds
is connected with features of the structure of these com-
pounds. Evidently a negative part in the existence of
layering is played by the polarity of the C-F bond and the
small size of the fluorine atom, The latter assumes the
approach of helium and fluorine, which can lead to polari-
sation of the helium and the production of additional inter-
action, which is unfavourable for layeringt. .

With a decrease in the number of fluorine atoms in the
molecule, owing to the introduction of chlorine, bromine,
or hydrogen, layering is produced.

---000---

The comparatively recently observed phenomenon of
restricted mutual solubility of gases was for a long time
regarded as exotic. It can be hoped that the material pre-
sented in this review will disperse these doubts.

Gas—gas equilibrium is a widespread phenomenon. It
has its place in the series of phase equilibria.  Not only
investigators occupied with the study of phase equilibria, but
also technologists should take this phenomenon into account.
This must be done both now (since this equilibrium starts
at pressures and temperatures which are usual for many
technological processes of the chemical and petroleum
industries) and especially in the future, when high pres-
sures will come into chemistry on a full scale.

This phenomenon will undoubtedly be used to explain
many facts by geochemists, who are concerned with the

T Ya.K, Syrkin brought this to our attention,
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accordingly will extend our knowledge of this new and
interesting phenomenon.,
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NEWTONIAN VISCOSITY OF CONCENTRATED
SOLUTIONS OF POLYMERS

A A.Tager and V.E.Dreval’

The factors which influence the irreversible flow of
high-molecular compounds and of their concentrated solu-~
tions have attracted increasing attention in recent years be-
cause of their relevance to current problems in the tech-
nology of polymer fabrication. However, the study of
viscoelastic properties in polymers is important not only
as a route to formulating the scientific foundations of tech-
nology: it can also provide valuable information on the
nature and on the rates of conformational changes in macro-
molecules and also on their mutual arrangement (i.e. on the
structure of the polymer and of its solution?).

Studies of the rheological properties of concentrated
solutions of polymers began in the 1930's, when it was
shown 2~4 that the anomalous flow of polymer solutions (and
of the polymers themselves) arises from the interplay of
elastic (reversible) deformations and viscous (irreversible)
flow. It was subsequently shown3 that relaxation pheno-
mena are associated with the elastic deformations. Thus,
concentrated polymer solutions give rise to a viscoelastic
system: to investigate these solutions we must separate
reversible from irreversible deformations, and also
examine the rate of shear as a function of stress over a
wide range of these parameters.

For polymer solutions of intermediate concentration
this function gives, when plotted on logarithmic coordi-
nates, a characteristic S-shaped curve with linear lower
and upper sections at 45° to the horizontal axis® (Fig. 1).

Over these sections of the plot (i.e. in the regions of
small or large shear rates or stresses) the viscosity coef-
ficient is constant and the flow is Newtonian. The visco-
sities corresponding to the two linear sections are usually
termed the maximum and the minimum Newtonian visco-
sity. It should be noted that with very concentrated solu-
tions of high polymers, and with melts, the upper linear
section (Fig. 1) is not observed: hence, most of the pub-
lished values for the maximum Newtonian viscosity have
been measured at insufficiently high stresses and shear
rates. However, in many systems the viscosity depends
on the applied shear stress even under these conditions, as
can most clearly be seen by plotting the logarithm of the
viscosity against the logarithm of the stress’. In thiscase
the Newtonian viscosity is obtained by extrapolation to zero
stress or to zero shear rate.

Low stresses cannot break down the structures present
in melts or in solutions: hence, the Newtonian viscosity at
low shear rates describes the flow of the solution without
any disturbance of its structure. In this sense, studies of
the Newtonian viscosity of polymer solutions are a very
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