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Abstract 

Even for such simple mixtures as (argon+methane), the excess enthalpy H E and the excess volume V E in the near critical 
region are about two orders of magnitude higher than for the liquid mixture at low temperatures and pressures near ambient 
conditions. Mixtures for which the critical temperatures are close together, and for which the critical pressures are far apart, 
have similar HEm (x,p,T) and VEto (x,p,T) surfaces, and near critical isotherms show double maxima in the supercritical fluid 
region. Mixtures for which the critical pressures are close together, and the critical temperatures are far apart, also have similar 
H E (x,p,T) and VEm (x,p,T) surfaces, but isobars on the surfaces are 'S' shaped. The shapes of these near-critical excess-function 
surfaces can be understood from an inspection of the enthalpy, or residual enthalpy curves of the mixture and of the pure 
components. Examples of both are given. Attention is drawn to the large value that these excess functions can have close to a 
pure component critical point. © 1997 Elsevier Science B.V. 
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I. Introduct ion 

The invitation to review progress in measuring and 
understanding the shapes of heats of  mixing and 
volumes of mixing in the near critical region for such 
a notable journal  is welcome. It provides the oppor- 
tunity to explain how some of  the curiously shaped 
excess function curves arise, and to report some work 
which has not previously been presented. When I 
began work in Professor Guggenheim's  laboratory, 
at Reading, in the early 1960's, measurements of  the 
excess volume V E and excess enthalpy H E were made 
using only batch techniques, and were all made under 
near ambient conditions. To measure an excess 
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volume bigger that 3 c m  3 mo1-1 was regarded as 
unusual. The batch calorimeter of  Larkin and McGla-  
shan [1], which allowed liquids to be mixed without 
there being a vapour space, was developed at that time, 
and their design was much copied by others. I mysel f  
was not engaged in making these measurements but 
was involved with the development of  a flow calori- 
meter for the measurement of  Joule-Thomson coeffi- 
cients. Another group in the UK which was doing 
much of  the excellent early work on liquefied gases, at 
Oxford, was lead by Staveley. Staveley and his co- 
workers developed a low temperature batch calorimeter 
[2] to measure heats of  mixing of  liquefied gases, but 
the problem was that corrections for evaporation of  the 
fluids into the vapour space increased with increasing 
pressure and introduced ever larger errors. Measure- 
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ments to about one quarter of the critical pressure 
could be made, but that was about the limit. A 
revolution in measurement of the excess molar 
enthalpy H E was brought about by the development 
of flow-mixing calorimetric techniques, and later a 
parallel revolution in the measurement of densities 
came with the invention of the vibrating tube densi- 
meter. Flow-mixing calorimeters have the advantage 
of having no vapour space, and so measurements up to 
high temperatures and pressures are possible. They are 
faster than batch calorimeters, though this is at the 
expense of the much larger amount of material which 
must be used. Excess enthalpy measurements on 
compressed gases were begun by Beenakker and 
Coremans [3] who used a simple apparatus and a 
mixing calorimeter with a heater wound on the out- 
side. Measurement of Hm E for simple gas mixtures in 
the liquid, two phase, critical and supercritical regions 
were pioneered at Bristol, where a low-temperature 
high pressure flow-mixing calorimeter was developed 
by Wormald et al. [4]. At that time it seemed surpris- 
ing that, for a mixture as simple as (argon+methane) 
for which H E in the liquid phase [5] at 91.5 K and 
x = 0.5 was 101 J mol - l ,  increase of temperature and 
pressure should cause H E to be about 6 times larger 
and exothermic, and further increase should cause it to 
be ,-~10 times larger and endothermic as shown in 
Fig. 1. This figure neatly summarises the state-of-the- 
art at that time. The squares are the liquid phase 
measurements of Staveley et al. [5], the circles are 

those of Wormald et al. [4], and the triangles are gas 
phase measurements made by Beenakker et al. [3], all 
at x = 0.5. Once the behaviour had been modelled by 
an equation of state [4], the Redlich-Kwong (1949) 
equation was used to generate the curve shown in the 
figure, it become clear how the three sets of measure- 
ments were related. 

More recently the excellent calorimeters at Brig- 
ham Young University [6] and at the Oak Ridge 
laboratory [7] have produced a large body of excellent 
H E measurements. Christensen et al. [6] developed, 
firstly, a flat spiral Peltier-cooled flow-mixing calori- 
meter and, subsequently [8], a cylindrical Peltier- 
cooled calorimeter, and then for higher temperatures 
[9] a controlled heat-leak calorimeter. At Oak Ridge, 
Busey et al. [7] developed a flow calorimeter module 
which could be inserted into a high-temperature Cal- 
vet calorimeter, thus making possible measurements 
up to 700 K and 40 MPa. Wormald and Eyears [10], 
reported a low temperature fiat spiral Peltier-cooled 
calorimeter coupled with an in-line vibrating tube 
densimeter so that two measurements could be per- 
formed simultaneously. The apparatus was capable of 
handling liquefied gases and operating at pressures up 
to 15 MPa at temperatures down to 220 K. To obtain 
values of Vm E, measurement of the density of the pure 
components had to be separately made under the same 
conditions, and this was only possible because of the 
high degree or repeatability attained by computer 
control. Another development from this laboratory 
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Fig. 1. The excess molar enthalpy //mE for (0.5 argon+0.5 methane) at 6 .0MPa:  (I-3) - Lewis et al. [5]; ( O )  - Worma]d et al. [4]; 
( / k )  - B e e n a k k e r  a n d  C o r e m a n s  [3] ;  a n d  ( ) - c a l c u l a t e d  f r o m  t h e  R e d l i c h - K w o n g  e q u a t i o n  o f  s t a t e  [4] .  
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was a high-temperature - high-pressure gas phase flow- 
mixing calorimeter constructed by Wormald et al. 
[11,12], which has subsequently been used to make 
measurements on 18 mixtures containing steam up to 
the critical point. Some of the current pioneering work 
is on H E measurements of electrolyte solutions at high 
temperatures and pressures, much of it being done at 
the Oak Ridge National Laboratory. Because of corro- 
sion problems this is a difficult area, and those who 
work in the field have my admiration. Most of the 
calorimeters described here have been used to make 
measurements on non-electrolyte mixtures, and the 
scope of this paper will be restricted to a discussion of 
a few of these systems. 

2. The shapes of HEm and Vm E surfaces 

At 10 or 20 K above the critical temperature of the 
mixture, and at pressures greater than the critical, 
graphs of HEm and Vm E vs. either pressure or temperature 

show maxima in the supercritical region, which fade 
as the distance from the critical locus increases. Good 
examples of this include measurements of Wormald 
et al. [13] on (carbon dioxide+ethane) shown in Fig. 2, 
where the excess functions at (x = 0.5) are plotted as 
functions of pressure. The continuous curves shown in 
the figure were drawn through the experimental mea- 
surements using a flexicurve, the broken curves were 
calculated using the Patel-Teja [14] equation of state 
with the interaction parameter kl2 = 0.1325 in the 
cross-term critical-temperature combining rule. 

~2 = (1 - k 1 2 ) ( ~ )  1/2 (1) 

This mixture exhibits two successive maxima in the 
scans of HE(x ---- 0.5, T) vs. pressure and correspond- 
ing maxima in the VE(x = 0.5, T) curves. These 
maxima do not, as was initially thought, lie on exten- 
sions into supercritical region of the pure component 
vapour pressure curves, nor are they due to molecular 
clustering in the supercritical region. Moreover, the 
maxima in H E are not at exactly the same values of T 
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Fig. 2. Excess molar enthalpies H E and excess molar volumes V E for (0.5 carbon dioxide+0.5 ethane) measured in the supercritical region 
over a range of pressure: ( O )  - [10l; ( ) - drawn with a flexicurve; and (- - -) - calculated from the Patel-Teja equation of state [14] as 
described in the text. 
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Fig. 3. (a) H E for (0.5 carbon dioxide+ethane)  at 291 K measured over a range of pressure: ((3) - [10]; ( 

(b) H E for (0.5 propanone+n-hexane)  at 510 K measured over a range of pressure: (C)) - [15]; ( 

) - drawn with a flexicurve. 

) - drawn with a flexicurve. 

and p as those in V E, though they are very close. V E 
and H E are related through the equation, 

HEm = vEto - T(dVEm/dT) (2) 

Wormald et al. [15] discovered that the 

HEm(X = 0.5, T) against pressure curves for the (pro- 
panone+hexane) mixture in the supercritical region 

showed two successive maxima as the pressure was 
increased, and the shape of the curves was very similar 

to those for the (carbon dioxide+ethane) system. At 
subcritical temperatures, the behaviour of the (carbon 

dioxide+ethane) mixture at 291.6 K and of the (pro- 
panone+hexane) mixture at 510.2 K are of the same 

shape as shown in Fig. 3(a, b). It was also found that 

the shape of the HE(x = 0.5,p) against temperature 
curve for (propanone+benzene) [16] at a pressure of 
5.68MPa is almost the same as that for the 
(argon+methane) mixture curve at 6.0 MPa shown 
in Fig. 1. The first thing to note about these two pairs 
of mixtures is that the critical region phase diagrams of 
(carbon dioxide+ethane) and (propanone+hexane) 
are similar, as shown in Fig. 4(a, b), and this is also 
the case for the (propanone+benzene) and 
(argon+methane) systems as shown in Fig. 4(c, d). 

To understand the origins of the maxima, and 
indeed the shapes of the H E and V E curves for any 
mixture, it is necessary to examine either the total 
molar enthalpy (or volume) curves or the residual 
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Fig. 4. Critical locii for the systems: (a) carbon dioxide+ethane;  (b) propanone+n-hexane;  (c) propanone+benzene;  and (d) argon+methane.  
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Fig. 5. (a) An enthalpy - pressure diagram for n-hexane [17]. (b) An enthalpy - temperature diagram for n-hexane. The broken curve indicates 

the two phase region. 

molar enthalpy (or volume) curves of the two pure 
components and of the mixture, and it is instructive to 
give examples of both. The residual molar enthalpy is 
defined by the equation, 

HR(p, T) = H(p, T) - H(p = 0, T) (3) 

and it can be obtained either from enthalpy measure- 
ments or calculated from an equation of state, using 
the formula, 

HR(p, T) = f (V - TOV/OT)dp (4) 

The excess molar enthalpy is then calculated from 
the formula, 

HE(x,p, T) = HR(x,p, T) - xHR(p, T) 

- (1 - x)HR(p, T) (5) 

where HR(x,p,T) for the mixture can be obtained 
either from enthalpy measurements on the mixture or 
calculated from an equation of state using suitable 
combining rules. For the (propanone+n-hexane) mix- 
ture, Wormald and Yerlett [17-19] used an enthalpy 
increment calorimeter to measure the enthalpy of both 
pure components and of the (x = 0.5) mixture. In 
addition, a high-temperature flow-mixing calorimeter 
[11,12] was used to make measurements of H E in 
subcritical and supercritical regions so that the values 
of H E derived from the measurements made using the 

enthalpy increment calorimeter could be compared 
with those measured using the mixing calorimeter. 
Enthalpy increments for n-hexane plotted as a func- 
tion of pressure at constant temperature are shown in 
Fig. 5(a), and enthalpy increments plotted as a func- 
tion of temperature at constant pressure are shown in 
Fig. 5(b). Similar diagrams for propanone and for an 
equimolar (propanone+n-hexane) mixture can be 
drawn. Residual enthalpy curves for hexane can be 
constructed by subtracting the zero pressure values of 
the enthalpy from those at p > 0. The shape of the 
enthalpy-pressure curves is retained, but all the resi- 
dual enthalpy curves now pass through zero at zero 
pressure. However, for the (pronanone+hexane) mix- 
ture, for which the critical temperatures of the pure 
components are almost the same, we will show how 
the shape of H E curves arise using a total enthalpy 
diagram. This will be done by inspecting enthalpy 
isotherms in the supercritical region at 510.2 K as 
shown in Fig. 6. All the isotherms lie above their 
respective two phase regions and have a shape similar 
to the supercritical isotherm shown in Fig. 5(a). In 
Fig. 6, the dotted curves are for the two pure compo- 
nents, the long-dashed curve is the mean of the two 
pure component curves, and the continuous curve is 
for the equimolar mixture. The excess enthalpy at 
x = 0.5 is the difference between the enthalpy of 
mixture (the continuous curve) and the arithmetic 
mean (the long-dashed curve) of the pure component 
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Fig. 6. A composite diagram showing experimentally determine enthalpies of n-hexane, propanone, and of a (0.5 hexane+0.5 propanone) 
mixture at 510 K. The difference between the continuous curve for the mixture and the dashed curve, which is the mean of the two pure 
component curves, is the excess enthalpy shown in Fig. 7. 

enthalpies.  If  one follows along these two curves from 

low to high pressures, and plots the difference be tween 

them as a funct ion of  pressure, the curve passing 
through the exper imental  excess enthalpies shown 
in Fig. 7 is generated. This  curve is s imilar  to the 

curves for (ca rbon-d iox ide+ethane)  shown in Fig. 2, 
and diagrams similar  to Fig. 6 could have been con- 

structed for this mixture.  
The origin of the HEm(X = 0.5, T) against  pressure 

curves at subcrit ical  temperatures shown in Fig. 3 can 
be understood from a residual  enthalpy d iagram such 
as that for (ca rbon-d iox ide+ethane)  at 291.6 K shown 

in Fig. 8. Here, two of  the cont inuous  curves are the 
residual enthalpies of  carbon dioxide and ethane. They 
are of  the same shape as the subcrit ical  isotherm 
shown in Fig. 5(a). The vertical sections correspond 
to the enthalpy of  vapourisat ion of  the pure fluids. The 
long-dashed curve is the mean  of  these pure compo-  
nent  curves, and the upper  cont inuous  curve is the 
residual enthalpy of  the mixture which is in a super- 
critical state. The difference be tween  the long dashed 
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Fig. 7. The excess enthalpy//mE of (0.5 n-hexane+0.5 propanone) 

at 510 K. (O) - values of Hm B measured with a flow-mixing 
calorimeter [15]. ( ) - calculated using the Patel-Teja 
equation of state [14]. 

curve and upper cont inuous  curve is Hm ~, and if  one 
follows the difference from low to high pressure, it can 
be seen that Fig. 3(a) is generated. 
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Fig. 8. Residual enthalpies of carbon dioxide, and a (0.5 carbon 
dioxide+ethane) mixture at 291.6 K. At this temperature the pure 
gases are subcritical fluids and the residual enthalpy curves have 
discontinuities at the saturation pressures, but the mixture is a 
supercritical fluid and gives a continuous curve. The broken line is 
the mean of the two pure component curves. The difference 
between the broken line and the continuous curve is the excess 
enthalpy shown in Fig. 3(a). 

One  more example  is worth discussing. The shape 
of  the HE(x = 0 .5 ,p)  vs. temperature curves for 

( a rgon+methane )  shown in Fig. 1, and for (propanone 

- b e n z e n e )  shown in Fig. 9(a), can be understood 
by reference to an enthalpy vs. temperature diagram. 

Isobars on this d iagram have shapes like those shown 

in Fig. 5(b). Fig. 9(b) shows enthalpy increments  for 

hexane, propanone,  and for an equimolar  mixture,  all 
at 5.68 MPa, plotted against  temperature.  The upper  

cont inuous  curve is the enthalpy of  pure propanone  
whereas the lower one is the enthalpy of  hexane,  and 

the central broken curve is the mean  of  these two pure 

component  curves. The central cont inuous  curve,  on 

which experimental  points measured at 5.68 MPa are 

marked,  is the enthalpy curve for the equimolar  mix-  

ture. The difference be tween this curve and the broken 

curve is H E , and, if this difference is plotted against  

temperature,  the cont inuous  curve which passes 
through the independent ly  de termined H E measure-  

ments  at 5.68 MPa - shown in Fig. 9(a) - is obtained.  
A diagram similar  to Fig. 9(b) can be constructed for 

(a rgon+methane) ,  and the explanat ion of  the shape of  
the cont inuous curve shown in Fig. 1 is the same. The 

general  conclus ion that can be drawn is that the shape 
of the H E (x,p,  T) and V E (x, p, T) surfaces depends on 

the relative posit ion of  the two critical points Tc and 

Pc. If the two critical temperatures are near ly the same 

the excess funct ion curves will be like those (carbon 

d ioxide+ethane) ,  and if the two critical pressures are 
the same the excess funct ion curves will be like those 

of (p ropanone+benzene) .  All  other cases are inter- 
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Fig. 9. (a) The excess enthalpy at 5.98 MPa of (0.5 benzene+0.5 propanone) mixture: (O) - experimental values measured by flow-mixing 
calorimetry [16]; and ( ) - draw with a flexicurve. (b) Residual enthalpies of benzene, propanone, and of a (0.5 benzene+0.5 
propanone) mixture at 5.98 MPa. The shapes of these supercritical residual enthalpy curves are the same as those shown in Fig. 5(b). The 
broken curve (A) is the mean of the pure component values [16]. The difference between the central continuous curve for the mixture and the 
broken curve is the excess enthalpy shown in Fig. 9(a). 
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Fluid pairs with almost the same T¢ 

TJ(K) Pc/(MPa) 

Fluid pairs with almost the same Pc 

Tc/(K) Pc/(MPa) 

Carbon dioxide 304.2 7.37 
Ethane 305.4 4.88 

Carbon dioxide 304.3 7.37 
Nitrous dioxide 309.6 7.24 

Propane 369.8 4.24 
Chlorodifluoromethane 369.2 4.98 

Propanone 509.6 4.78 
n-Hexane 507.4 2.96 

Methanol 512.6 8.09 
Hexane 507.4 2.97 

Ethane 305.4 4.88 
Benzene 562.1 4.89 

Toluene 591.7 4.11 
Cyclohexane 553.4 4.07 

Ethane 305.4 4.88 
Chlorodifluoromethane 369.2 4.98 

Butane 425.2 3.80 
Sulphurhexafluoride 318.7 3.76 

Propanone 508.1 4.78 
Benzene 562.1 4.89 

mediate. The amplitudes of the maxima and minima 
will depend on the distance between the two critical 
points. If they are close together, small values of the 
excess functions can be expected. The third important 
parameter is the shape of the critical locus itself, and 
no generalisation can be made about this. From the 
vast number of possible binary mixtures, two small but 
very interesting groups can be identified: fluid pairs 
with almost the same critical temperature, and pairs 
with almost the same critical pressure. For flow-mix- 
ing calorimetry considerable quantities of material are 
needed, and some pairs of readily available fluids are 
listed in Table 1. 

Wormald [20] used the van der Waals equation of 
state to investigate the shapes of HE(x,p,T) and 
VE(x,p, T) surfaces in the near critical region, and 
all the behaviour discussed here was predicted. How- 

ever, the equation is not very realistic, but some of the 
more recent cubic equations of state give a much 
closer fit to experiment. After testing several modem 
cubic equations, it was found that the equation of Patel 
and Teja [14] was as good as any, and its use can be 
made easier with the Valderrama [21] modification. 
Using this equation, we found that a good overall fit to 
the near critical region measurements on (carbon 
dioxide+ethane) could be obtained with the choice 
k12 -- 0.1325 in the critical temperature combining 
rule, Eq. (1). 

In Fig. 10(a) we show the HE(x,p) surface for 
(carbon dioxide+ethane) in the supercritical region 
at 308.4 K, which is about 3 K higher than the critical 
temperature of the pure components, and 18 K higher 
than the critical temperature of the (x = 0.5) mixture. 
The surface was generated using the Patel-Teja 
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Fig. 10. The Hm ~ (x, P) and Vm E (x, P) surfaces for (carbon dioxide+ethane) mixture at 308.4 K in the supercritical region. These surfaces were 
calculated using the Patel-Teja equation of state [14] as described in the text. 
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equation. Fig. 2 shows how closely this equation 
describes the experimentally determined excess func- 
tions. In Fig. 10(b), the (carbon dioxide+ethane) 
VE(x,p) surface is shown. It can be seen that the 
shapes of  the peaks are different from those on the 
H E (x,p) surface and the maxima at the higher pres- 
sures are smaller than those on the H E (x,p) surface. 
At x = 0 . 3 ,  the peak in V E is approximately 
100 cm 3 mo1-1, which means that the density of  the 
mixture is about 40% less than the mole fraction 
weighted mean density of  the pure components. This 
sort of  the behaviour has consequences for super- 
critical extraction processes using mixed solvents, 
and indicates that there can be conditions in the 
supercritical region where the solubility of  a solute 
in a mixed solvent could be less than that in the pure 
solvent. 

An interesting feature of  Fig. 10 is the behaviour of  
the HEm and V E curves at very low mole fractions. We 
have explored this further by calculating excess func- 
tion curves at 306.3 K, which is 1 K above the critical 
temperature of  ethane. At x = 0.001 and at a pressure 
of  ,-~5.3 MPa, there is a peak in the H E curve which is 
,-~400 J mo l -  t high, and another peak in the Vm E curve 
which is ,-~15 cm 3 mo1-1 high. Three such peaks, 
calculated at the values of  x = 0 . 0 1 , 0 . 0 0 1  and 
0.0001, are shown in Fig. 11. These peaks are close 

tO the critical pressure Pc = 4.87MPa of  ethane. The 
scale shown in the figure is marked as decimal frac- 
tions of  Pc. While the peaks become narrower as x 
decreases, the striking feature is that even at these very 
low values o fx  the peak amplitudes are still very high. 
The size of  the peak in the V E surface highlights the 
need to use materials of  the highest purity when 
making critical point measurements on 'pure'  fluids. 

Wormald and Hodgetts [22] have recently reported 
H E measurements for (carbon dioxide+ethane) at 
291.6 K, which is 0.5 K above the critical temperature 
of  the minimum in the critical locus shown in 
Fig. 4(a). The measurements were all made at this 
single temperature but over a range of  pressure starting 
from the gas region at 3.1 MPa and finishing just 
above the critical locus in the supercritical region at 
6.2 MPa. At 5.6 and 5.87 MPa, some unusual results 
were obtained. Under these conditions, both carbon 
dioxide and ethane enter the flow-mixing calorimeter 
in the liquid state, and over most of  the composition 
range a liquid mixture is formed. However, some of  
the composition scans just intersect the top of the two 
phase liquid-vapour envelope and, here, the mixture 
formed is more like a dense gas than a liquid. Where 
the measurements graze the two-phase region, there is 
a large peak in the H E (x) curve corresponding to 
vapourisation into the gas-like state. This behaviour is 

HE 
k j  mol- i  2 ~ crn3 tool_ I I00 ( ~  306.0  K 

' ;  t.._ 
R "  "  oo, 

/ ' - "  " "/o.oo,- ' ' / / / o.oo/,-,-,,, 
/ / / / 

/ I C  . . .  oo,/L . . ,  oo, 
1.00 1.04 1.08 Pc 1.00 1.04 1.08 Pc 

Fig. 11. H i and V~ for (carbon dioxide+ethane) mixture in the supercritical region at 306.0 K, and at very low mole fractions of ca.tbon 
dioxide. The pressure scale is in multiples of the critical pressure (4.88 MPa) of ethane. The chosen temperature is 0.6 K above the critical 
temperature of ethane. The curves were calculated using the Patel-Teja equation of state [14] as described in the text. 
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Fig. 12. Hm E (x) for (carbon dioxide+ethane) mixture at 291.6 K. The measurement [22] on which these curves are based lie very close to the 
critical locus of the mixture and just graze the top of the two phase loop, at which point the mixture becomes gas-like rather than liquid-like. 
( ) - Curves calculated using the Patel-Teja equation of state [14] as described in the text. 

well reproduced by the Patel-Teja equation using 
k12 = 0.1325. This equation has been used to explore 
the shape of the excess functions curves in this region 
by calculating the set of curves shown in Fig. 12, 
which slice into the two-phase region at pressures 
from 5.6 to 5.95 MPa. At 5.95 MPa, the peak is 0.02 
mole fraction wide, and 2 kJ mol - t  high. At 6.0 MPa, 
the peak vanishes completely as the pressure exceeds 
the saturation pressure of the mixture at this tempera- 
ture and at all compositions, and the Hm E curve is the 
usual skewed parabola. 

The (carbon dioxide+ethane system) has been 
widely used to test theories of near-critical fluid 
behaviour. The moxt notable work is that of Sengers 
et al. [23,24], who have developed a crossover model 
which describes the free energy of binary fluid mix- 
tures in the critical region. Their model works best in 
the one phase near critical region, and for the (carbon 
dioxide+ethane) mixture in this region, they have 
attempted a fit of all the available thermodynamic 
data, critical locii, specific heats, coexisting vapour 
and liquid densities, and heats of mixing in the super- 
critical region. Because of errors in the different data 
sets, they found it impossible to fit all the measure- 
ments within the claimed experimental uncertainties. 

Their fit to Hm E measurements [10] at 306.4 and 308.4 
K at 7.5 MPa in the supercritical region are shown in 
Fig. 13. The model does not quite fit the measure- 
ments but does confirm that the asymmetric shape of 
the experimental Hm E (x) curves is correct. 

Before closing the discussion on HEm curves for 
(carbon dioxide+ethane) mixture, it is worth making 
a point that is often lost sight of. The value of an excess 
enthalpy is that it can be added to the mole fraction 
weighted mean of the enthalpies of the pure compo- 
nents to give the enthalpy of the mixture. This pro- 
cedure is adopted because it is more difficult to 
measure the enthalpy of an equimolar binary mixture 
in the critical region than to measure excess enthalpy. 
Using enthalpies for carbon dioxide [25] and for 
ethane [26], calculated from equations of state, and 
adding to these the values of HEm(x = 0.5) determined 
experimentally, the enthalpy-pressure curve at the 
critical temperature (290.86 K) of the equimolar 
mixture can be constructed. This curve is shown in 
Fig. 14. Points calculated from the experimental Hm E 
measurements are shown as circles. The one triangular 
point is at the critical pressure of the mixture, and is 
the one point that can be calculated from the scaled 
equations of Chang and Doiron [27]. The broken curve 
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Fig. 13. H E (x) curves for (carbon dioxide+ethane) mixture at (left) 306.4 K and (right) 308.4 K and (O) at 7.50 MPa. [13]. ( 
Curves calculated using the cross-over model of Sengers et al. [23,24]. 
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Fig. 14. The molar enthalpy of a (0.5 carbon dioxide+0.5 ethane) 
mixture at 290.86 K. The points were calculated by adding 
experimental values of H E to the mean of the pure component 
enthalpies. (A) - Curves calculated from the scaling equation of 
Chang and Doiron [27]; (- - -) - Curves calculated from the Patel- 
Teja equation of state [14]; and ( ) - Curves calculated from 
Patel-Teja equation with correction for non-analytic behaviour 
!128]. 

was calculated from the Patel-Teja equation of  state, 
and the continuous curve was calculated using a 
modification, suggested by Vine and Wormald [28], 
which attempts to correct for non-analytic behaviour 
in the critical region. Evidently, better equations are 
needed if  the experimental  enthalpies are to be fitted 
within experimental error. 

The foregoing survey shows how the shapes of the 
excess function surfaces arise. The measurements on 

(carbon dioxide+ethane)  mixture have been referred 
to extensively because the system has been the subject 
of  so many studies. There are, of  course, many other 
simple systems of  interest and, in concluding, it is 
worth showing some of  the results for one 
more mixture. We have recently made H E and V E 
measurements [29] on the two mixtures, namely (car- 
bon dioxide+sulphur  hexafluoride) and (ethane 
+sulphur  hexafluoride), and these systems have 
HEm(x,p) and VEm(x,p) surfaces which are similar to 
those for the (carbon dioxide+ethane)  mixture, and 
yet the differences are quite marked. Tc for SF6 is 
318.7 K and Pc is 3.76 MPa, so the shape of  the 
phase diagram is a little different to that for the 
(carbon dioxide+ethane)  mixture. Recall  that 
TcCO2 = 304.2 K, and TcC2H6 -- 305.4 K. Some of  
our measurements on (xCO2 + (1 - x)SF6) at 
301.95 are shown in Fig. 15. We estimate that the 
critical temperature of  the mixture at x ---- 0.5 is 290 K, 
so these measurements are in a region where the two 
liquid phase components are being mixed together to 
form a supercritical fluid; similar conditions under 
which the measurements shown in Fig. 3 were made. 
The continuous curves in Fig. 15 were calculated 
using the Patel-Teja equation of  state for 
kl2 = 0.1495, and the agreement with experiment is 
clearly quite good. Despite the very different inter- 
molecular  potentials of  the two pure substances, this 
equation seems to perform as well in the critical region 
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Fig. 16. The HEm(x, P) and vEto(X, P) surfaces of (carbon dioxide+sulphur hexafluoride) mixture at 305.65 K calculated from the Patel-Teja 
equation of state [14] using k12 = 0.1495. 

as it does for mixtures of  more similar substances. 
Fig. 16 shows the HEm(x,p) and VEm(x,p) surfaces 
calculated for the mixture at 305.65 K, another tem- 
perature at which many measurements were made. 
The surface is interesting because the conditions are 
such that CO2 enters the calorimeter as a supercritical 
fluid, SF6 enters as a subcritical liquid, and over much 
of  the composition range - though not all of  it - the 
mixture is a supercritical fluid. Vertical lines in Fig. 16 
correspond to the evaporation of  the SF6 into the 
supercritical CO2, and the near vertical lines at values 
o f x  < 0.3 and, at ~ 4  MPa, correspond to a region of 
composition where the mixture is liquid rather than a 
supercritical fluid. That the excess volumes here are so 
very large, ,-400 cm 3 mo1-1, is a consequence of the 
collapse of the supercritical fluid mixture to the liquid 
state. That the lines are not vertical like those at the 
lower pressures arises because the lower pressure lines 
correspond to the change of  phase of  a pure compo- 
nent, whereas the higher pressure near-vertical lines 
correspond to the change of  phase of a mixture starting 

at a certain composition in the gas-like phase and 
finishing in the liquid phase at another composition. In 
theory, the (xCO2 + 1 ( 1 - x ) C 2 H 6 )  mixture should 
also show this behaviour but the critical temperatures 
of  the two pure components are so close that similar 
measurements are almost impossible. 

For the foregoing mixtures considered, there is total 
miscibility in the liquid phase. For unlike fluids, such 
as mixtures of  water or alcohol with a hydrocarbon, 
there are often large regions of  the phase diagram 
where the liquids are only partially miscible. These are 
indicated by linear sections of  the heat of  mixing 
curves, and Ott et al. [30] have published some good 
examples of  this behaviour. At Bristol, a large number 
of  measurements of  heats of  mixing of (water+ 
hydrocarbon) mixtures in the vapour phase at high 
temperatures and pressures have been made, and an 
equation of  state which describes the behaviour of  the 
gas-like mixture has been constructed [31]. At near 
critical temperatures, water and alcohols are far less 
polar than under ambient conditions and the properties 
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of  mix tu r e  o f  these  fluids wi th  h y d r o c a r b o n s  can  be  

desc r ibed  fai r ly  well ,  t h o u g h  less so than  for  the  

sys t ems  d i scussed  here ,  us ing  cub ic  equa t ions  o f  state. 

For  the  m o s t  part ,  the  HE(x ,p ,  T) sur faces  are s imi la r  

to those  for  mix tu re s  o f  n o n - p o l a r  fluids, bu t  whe re  the 

phase  d i a g r a m s  show l imi ted  misc ib i l i ty  at h igh  pres-  

sures  there  are some  d i f fe rences .  These ,  however ,  are 

ou ts ide  the  scope  of  this  review. 
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