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Applications of Calorimetry to Nonelectrolyte Solutions
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This paper describes the application of calorimetry to the measurement of the excess molar enthalpies
H,i for binary mixtures of nonelectrolytes. Batch, displacement, and flow calorimeters are described,
using as examples the batch calorimeter of McGlashan;, the displacement calorimeters of Van Ness and
of Marsh and Stokes, and the flow calorimeters of Christensen, Wormald, and Picker. Applications are
described using calorimeters to measure H,i for {(nonpolar + nonpolar), (polar + nonpolar), and (polar +
polar)} mixtures. Excess enthalpies for liquid mixtures containing charge-transfer complexes and
hydrogen bonds are used to help in understanding the nature of the molecular interactions in these
systems. Applications involving measurements on liquid, gas, and supercritical fluid mixtures, including
measurements in the near-critical region, are also described. The use of calorimetric measurements to
determine {(liquid + liquid) and (vapor + liquid)} phase equilibria is discussed. Finally, equations used
to represent HrEn(x) measurements are summarized.

1. Introduction

The earliest attempts at measuring the heat effects when
nonelectrolytes are mixed date back to the beginnings of
the century when workers such as Clarke (05-cla), Bose
(07-bos), and Baud (15-bau) reported heats of mixing for
mixtures such as alcohols with water, hydrocarbons with
halogenated hydrocarbons, and aromatic with aliphatic
hydrocarbons. Hildebrand (17-key/hil) became involved in
the measurement of heats of mixing as early as 1917 in
his study of the solubilities {(liquid + liquid) equilibria}
in the (aniline + hexane) system.

Heats of mixing are now referred to as excess molar
enthalpies HE, as defined in section 2. Excess molar
enthalpies can be obtained from calorimetric measure-
ments or the temperature effect on the excess molar Gibbs
energy Gﬁ, {usually obtained from (vapor + liquid) phase
equilibrium measurements} using eq 13. However, obtain-
ing temperature derivatives of Gﬁ as required by eq 13 of
the accuracy necessary to give reliable Hﬁ is very difficult
to do, and this method is not often used to obtain HE.
(The usefulness of eq 13 usually involves the reverse
process. That is, Hﬁ values obtained calorimetrically are
used to calculate the effect of temperature on Gr'i.) Thus,
there are no good alternatives to the calorimeter for
measurement of excess molar enthalpies, and the calorim-
eters used by the early investigators were very crude.
Clarke (05-cla) used a Bunsen ice calorimeter, which
restricted his work to 0 °C. For the others, mixing was
usually accomplished in a Dewar flask and the temperature
change measured with a Beckman thermometer or equiva-
lent.

The work of Hirobe (25-hir), published in 1925, deserves
special recognition. He developed a more sophisticated
isothermal calorimeter and used it to measure the excess
molar enthalpies for 51 binary mixtures. His results, some

of which were obtained as early as 1910, are often within
a few percent of results obtained with the best modern
calorimeters.

It is not correct to draw the conclusion as a result of the
success of Hirobe that it is easy to make accurate measure-
ments of excess molar enthalpies for mixtures of nonelec-
trolytes. The literature is full of results which are suspect.
It was not until the development of modern calorimeters
in the past 30 years that reliable results have been
obtained. Even now, incorrect results find their way into
the literature when care is not taken to ensure accurate
measurements.

The mixing process can be endothermic or exothermic,
with the amount of heat usually small. Problems such as
incomplete mixing, inaccurate temperature measurement,
and unknown heat leaks can cause serious errors. A
potentially serious source of error involves the heat effects
caused by evaporation or condensation of vapor from or into
the liquid phase during mixing, if a vapor phase is present
in the calorimeter and the components are volatile. Mod-
ern calorimeters used to measure excess molar enthalpies
are designed to ensure complete mixing, provide the
necessary temperature measurement and control, and
eliminate the vapor phase, to minimize these sources of
error.

2. Excess Molar Thermodynamic Functions

An excess molar function YE is the difference between
the change AnixY for the molar thermodynamic function
Ym on forming one mole of mixture and that of forming one
mole of ideal mixture, that is, for the process

XA + X,B + ... = mixture 1)

lei =A Ami><Yir?1 (2)
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where X3, Xy, ... are the mole fractions of components A, B,
... and Yy, is the molar thermodynamic function: enthalpy
(Hm), Gibbs energy (Gn), entropy (Sm), volume (Vp), or heat
capacity (Cpm). Y:g is the molar thermodynamic function
in an ideal mixture.

The ideal enthalpy, volume, and heat capacity of mixing
are zero so that

Hﬁ = Amime (3)
Vg = Amime (4)
CE,m = Ami><Cp,m (5)

For Gibbs energy and entropy

Ay G = RTS x; Inx; (6)
Ay S = —RY xInx @)
so that
Gm = AmiGm — RTY X In X, (®)
Sm = ApinSm+ RY X In X, 9)

The excess molar functions are related through the equa-
tion

GE =HE — TSE (10)

The excess molar Gibbs energy GrEn is usually obtained
from phase equilibria measurements and Hﬁ, from calori-
metric measurements, with SE then calculated from eq
10.

The pressure and temperature coefficients of Hﬁ are
calculated from egs 11 and 12

(0H/0T), = Co (11)
(H5/0p)r = V5, — T(AVL/0T), (12)

while HE can be used to determine the effect of tempera-
ture on GE] through the relationship

{JGR/MIIT}, = —H/T? (13)

Equations 11 and 12 are useful in correlating and under-
standing the calorimetric measurement of HrEn, since they
predict the effect of temperature and pressure. Equation
13 provides a method for predicting the effect of temper-
ature on activity and hence, the activity coefficients.

3. Types of Calorimeters

Most HE measurements are now made with one of
three types of calorimeter: a batch calorimeter, a displace-
ment calorimeter, or a flow calorimeter. All three are
designed to eliminate the vapor phase, which can cause
serious errors in the measurement.

a. Batch Calorimeter. In abatch calorimeter, the two
components are loaded into separate compartments, then
mixed, and the heat effect measured. An example of a
batch temperature change calorimeter is described by
Larkin and McGlashan (61-lar/mcg) and shown in Figure
1. The calorimeter consists of a glass vessel in which the
upper half is separated into two compartments. The vessel
is filled with mercury and immersed in a bowl of mercury.

side view

Figure 1. Batch calorimeter of Larkin and McGlashan (61-lar/
mcg). A and B are the compartments which contain the fluids to
be mixed. Movement of a column of mercury in the capillary C
takes up the expansion or contraction upon mixing to prevent the
formation of a vapor phase. Filling is accomplished through F,
which can also be attached to the capillary through the tapered
joint E. T1, Ty, T3, and T4 are temperature thermistors. H is the
calibration heater. Reprinted with permission from ref 61-lar/mcg.
Copyright 1961 Royal Society of Chemistry.

The two components to be mixed are injected into the
compartments A and B through opening F with a curved
needle attached to a hypodermic syringe, which displaces
the mercury from the compartments.

The capillary C is half-filled with mercury and attached
to the vessel at F. The entire apparatus is then placed in
a vacuum enclosure in a thermostat and equilibrated at
the bath temperature. Rotation of the vessel through 180°
mixes the components. The temperature change is mea-
sured with the four thermistors Ty, T,, T3, and T4 placed
at different positions on the surface or in the vessel.
Electrical calibration is provided by the heater H. Changes
in volume due to mixing are taken up by movement of the
mercury in the capillary. This procedure prevents the
appearance of a vapor phase.

Modifications of the Larkin—McGlashan calorimeter and
other batch calorimeters have been used by a number of
investigators. However, they have been largely replaced
in recent years by the displacement calorimeter, and more
recently, by flow calorimeters. The batch calorimeter has
the disadvantage that the measurement at each composi-
tion requires refilling the calorimeter. Hence, the com-
paratively large number of independent measurements
necessary to measure H,i over a range of compositions
requires a considerable length of time.

b. Displacement Calorimeter. Displacement calorim-
eters have an advantage over batch calorimeters in that
incremental additions of a second component can be made
to the first component so that a series of HE, results over a
range of composition can be made in one run. By reversing
components, two runs can give a series of measurements
that span the entire range of composition. Less chemical
is required in a displacement calorimeter than for the batch
calorimeter, and considerably less than for the flow calo-
rimeter. The displacement calorimeter also allows for
better control of heat leaks and can be designed to give
results of high accuracy.

The power compensation displacement calorimeter as
designed by Van Ness and colleagues (61-mra/van, 66-sav/
win) is shown in Figure 2. The calorimeter mixing vessel
is the Dewar flask A. One of the components to be mixed
is weighed into this mixing vessel, all air is removed
through a vent hole in piston B, and a plug is inserted into
B to seal the vessel. The second component is stored in
the feed bulb C. Small bore capillary tubing leads from C
into A, with the open end in the mixing vessel submerged
in mercury contained in the small cup E. Mixing is
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Figure 2. Van Ness displacement calorimeter (61-mra/van, 66-
sav/win). The liquid in container C is added to the liquid in the
Dewer flask A through line D and the mercury bubbler E.
Movement of the piston B eliminates the vapor phase. Mercury
in G displaces the fluid in C during mixing in A. Reprinted with
permission from ref 66-sav/win.

accomplished by lowering the mixing vessel, which causes
the second component to bubble through the mercury and
into the flask. In the process, the piston B advances to
increase the available volume in the flask. The head of
mercury in G assures that a positive pressure will be
applied to the mixing vessel during injection to prevent the
formation of a vapor space in A. Mixing is aided by a
stirrer in the mixing vessel.

With this design, the Van Ness calorimeter can only be
used for endothermic mixing processes. In a typical run,
energy is added with an electrical heater to keep the
mixture isothermal as increments of the second component
are added to the mixture, with the amount of electrical
energy carefully measured during each addition. Each of
these additions results in a value of HE at a new and
larger mole fraction. This process continues until over half
of the mole fraction range is covered. Reversing the
components covers the other half of the mole fraction range,
with the result that HS, measurements are obtained at
close mole fraction intervals over the entire range of
composition. Temperature sensing is accomplished with
a thermistor in a Wheatstone Bridge circuit.

In a later modification of the Van Ness calorimeter (66-
win/van), a thermoelectric cooler was added, which allowed
measurement of negative excess molar enthalpies.

Several other calorimeters based on the Van Ness design
have been reported in the literature. An especially suc-
cessful design is that developed by Marsh and co-workers
(69-sto/mar, 70-ewi/mar-1), shown in Figure 3. In this
apparatus, the calorimeter vessel is partially filled with
mercury and partially with one of the components. The
second component is then added in increments from a
motor driven buret, which displaces the mercury. Electri-
cal energy is added during the mixing process to keep the
calorimeter at bath temperature (isothermal operation).

As a result of the incremental addition, a single run
measures Hﬁ as a function of composition over slightly

Figure 3. Displacement calorimeter of Marsh and Stokes (69-
sto/mar, 70-ewi/mar-1). The calorimeter A is partly filled with one
of the components. Mixing is accomplished by adding the second
component through the capillary H, which displaces mercury from
A. Heat is added electrically with the heater B, with the temper-
ature monitored by the thermistor D to keep the calorimeter at
constant temperature. E and F are stirrers while O is a motor
driven buret. Reprinted with permission from ref 69-sto/mar.
Copyright 1969 Academic Press.

more than half of the composition range. Reversing the
components in a second run completes the measurements
over slightly more than the other half of the range of mole
fractions. Overlap of the two sets of measurements in the
middle is confirmation that the calorimeter has performed
properly.

The original apparatus was restricted to endothermic
processes, but in a later version (79-fre/ric, 80-mar/ott, 80-
cos/hod), a Peltier cooler was added so that H, could also
be measured for exothermic processes. The displacement
calorimeter of Marsh and co-workers is very reliable and
has provided results of exceptionally high accuracy. How-
ever, the Van Ness and Marsh calorimeters both suffer
from a limitation in that measurements are restricted to
atmospheric pressure and to temperatures not too far
removed from ambient. A strong interest in HS, results at
high temperatures and high pressures, including measure-
ments in the near-critical region and with supercritical
fluids, requires a different concept. Flow calorimeters have
been used very successfully to make these measurements.

c. Flow Calorimeter. Flow calorimeters have a major
advantage over batch and displacement calorimeters in
that measurements can be made over a wide range of
pressure and temperature conditions. Thus, measure-
ments can be made with gases as well as liquids. Flow
calorimeters require large amounts of chemicals, which
makes it difficult to measure Hf, for rare and expensive
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Figure 4. Christensen isothermal flow calorimeter (86-ott/sto).
The operation of this calorimeter is described in the text.

substances, although measurements can often be made
with corrosive and reactive chemicals that would not be
compatible with batch or displacement calorimeters.

In an early version of a power compensated flow calo-
rimeter designed by Christensen and co-workers (76-chr/
han), fluids were mixed in a metal capillary tube wound
on the surface of a flat metal plate. The plate was later
replaced by a copper cylinder, as shown in Figure 4 (86-
ott/sto). The metal capillary mixing coil is wound on the
cylinder with a steel sheathed calibration heater wound
between the turns of the coil. The top of the cylinder is in
contact with a Peltier cooler, which is also in contact with
a constant temperature bath surrounding the apparatus.
Isothermal operation is obtained by balancing the cooling
from the Peltier device with a pulsed heater. Values of
HrEn are obtained from changes in the frequency of the
pulsed heater before and during mixing. This apparatus
can be used to measure HE for both endothermic and
exothermic processes at pressures from (0.4 to 20) MPa and
temperatures from (250 to 475) K (the high-temperature
limit for the Peltier device). A modification by Christensen
(84-chrfiza), which replaces the Peltier device with a
controlled heat leak path, extends the temperature range
to 673 K.

Wormald and colleagues (76-ell/wor, 77-wor/lew) have
reported power-compensated flow calorimeters of a differ-
ent design, which again can be used at high temperatures
and pressures. The design used to measure HrEn in liquid
mixtures (76-ell/wor) is shown in Figure 5. The liquid
components are brought together through tubes T; and T,
and mixed at M over a heater wire H positioned in the
center of the calorimeter. Complete mixing is accomplished
with three reversals of flow of the liquids between concen-
tric cylinders separated by a stainless steel gauze.

For endothermic processes, electrical heat is added to
the central heater to ensure isothermal operation, with
temperatures measured with a thermopile. For exothermic
processes, two calorimeters are used. The temperature rise
which occurs in the mixing vessel is matched by adjusting
the electrical power supplied to the second calorimeter.

—

Figure 5. Wormald flow calorimeter (76-ell/wor) used to measure
excess molar enthalpies for liquid mixtures. The operation of the
calorimeter is described in the text. Reprinted with permission
from ref 76-ell/wor. Copyright 1976 Royal Society of Chemistry.
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Figure 6. Flow calorimeter designed by Picker et al (74-pic). The

operation of the calorimeter is described in the text. Reprinted
with permission from ref 74-pic. Copyright 1974 Maclean Hunter.

The flow calorimeter of Picker (74-pic) shown schemati-
cally in Figure 6 is limited to near-ambient conditions but
has been used for a number of years by different investiga-
tors. Fluids A and B flow into the calorimeter from a pump
that is designed so that the ratio of the flow rates of the
two liquids can easily be adjusted to change the composi-
tion of the mixture. The liquids are equilibrated to the
temperature of the thermostat and mixed in tube a where
a temperature change due to mixing occurs. The resulting
AB mixture is brought back to the temperature of the
thermostat as it flows down tube a by a countercurrent heat
exchanger. In the process, the temperature of the heat-
exchanger fluid changes. The AB mixture that is now at
the temperature of the thermostat flows past a second heat
exchanger. No heat is exchanged, since the mixture and
heat-exchanger fluid are at the same temperature. The
result is a heat-exchange fluid at a temperature corre-
sponding to an excess enthalpy of zero that can serve to
establish the baseline of the instrument. Fluid from the
same source flows through both heat exchangers, with a
modulating device c alternating fluid between the two. The
detector d measures the temperature difference between
the two sources of the fluid as they exit the heat exchang-
ers. The output signal from the detector is amplified in e
and serves as a measure of the excess enthalpy. An
electrical heater attached to line a near the point of mixing
serves to calibrate the calorimeter.

The Christensen and Picker calorimeters have been
manufactured and sold commercially. Other commercial
calorimeters have also been adapted and used to measure
Hﬁ. For example, Busey and co-workers (84-bus/hol)
have inserted a coiled (platinum + rhodium) tube into a
high-temperature Calvet calorimeter and used it to mea-
sure H,E at temperatures to 700 K and pressures to 50
MPa.
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4. Applications with Liquid Mixtures

Excess enthalpies have been measured for many systems
using a variety of calorimeters. J. J. Christensen and co-
workers (82-chr/han) compiled a comprehensive handbook
in 1982 which summarized the data reported in the
literature to that date. Most of the measurements reported
were made under near-ambient conditions, since calorim-
eters were not available before that time to extend HE,
measurements to high temperatures and high pressures.

In 1984, C. Christensen and co-workers (84-chr/gme)
made a similar compilation. In 1988 J. J. Christensen and
colleagues (88-chr/row) published a supplementary volume,
which contains a larger proportion of measurements ob-
tained by flow calorimetry at extended pressures and
temperatures.

If the temperature is well below the critical temperature
of either component, the enthalpy of mixing of binary liquid
mixtures is a good indication of the strength of the
interactions between the molecules of the two different
fluids as compared to the strengths of the interactions
between the molecules in the two pure unmixed compo-
nents. In general, strong interactions between unlike
molecules in comparison to the strength of the interactions
between the like molecules, give rise to negative enthalpies
of mixing, whereas positive enthalpies of mixing indicate
relatively weaker interactions between the unlike mol-
ecules.

The particular size and shape of the HE](X) curves
depend on the nature of the forces existing in the mixtures,
and these forces depend on the nature of the pure compo-
nents being mixed together. Examples of binary mixtures
taken from the literature illustrate the effect of polarity,
shape, and size on HE,.

a. (Nonpolar + Nonpolar) Mixtures. Hydrocarbon
mixtures are among the best examples of (nonpolar +
nonpolar) mixtures. The excess enthalpies are usually
relatively small and greater than zero and do not change
significantly with temperature, so that the excess heat
capacities are small. Unusual behavior does occur, and
these special systems are interesting for theoretical inter-
pretation.

Figure 7 gives HE (x) for {xn-CsHy4 + (1 — X)n-C1oHa2}, @
typical (n-alkane + n-alkane) mixture (80-mar/ott). Also
shown is GE] (obtained from vapor pressure measure-
ments) and TSEq calculated from eq 10. Of interest is the
fact that TSE is larger than HE, which results in a
negative G5,. The excess molar volumes are also negative
for this and similar systems. Thus, the molecules pack
together upon mixing to decrease the volume, but increased
disorder occurs, resulting in a larger entropy than in the
ideal mixture.

A similar comparison is made in Figure 8 for {xc-C¢H1>
+ (1 — x)n-CeH14} (69-mar/sto, 80-ott/mar). The excess
molar enthalpy in this system is larger than in the previous
example, and G,E is greater than zero. The excess molar
entropy expressed as TSE, is smaller than HE, although
still much larger than in the (hexane + decane) system.
For this system, Vﬁ is greater than zero (80-ott/mar).
This, along with the large SE, indicates the destruction of
structure resulting from mixing the chainlike n-alkane with
the globular cycloalkane.

Marsh and co-workers have measured HE, for the vari-
ous binary combinations of the Cs through Cg cycloalkanes
(69-sto/mar-1, 70-ewi/lev, 74-ewi/mar, 70-ewi/mar, 74-ewi/
mar-1). The results at 298.15 K are shown in Figure 9 and
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Figure 7. Comparison of HE, GE, and TSE at 298.15 K for {xn-
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Figure 8. Comparison of HE, GE, and TSE at 298.15 K for {xc-
CeHi2 + (1 — x)n-CeH14} (69-mar/sto, 80-ott/mar).

illustrate the unexpected diversity that can occur. All of
the HrEn results are small, but the (cyclopentane + cyclooc-
tane) (69-sto/mar-1, 70-ewi/lev) and (cyclopentane + cyclo-
hexane) (74-ewi/mar, 70-ewi/mar) systems have much
larger excess molar enthalpies than the others, with Hﬁ
negative in the former and positive in the latter. On the
other hand, H,'i for the (cyclopentane + cycloheptane) (74-
ewi/mar) system is small and s-shaped, with Hr'i changing
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Figure 9. Comparison of HE] at 298.15 K for {xc-CmHom + (1 —
x)c-CnH2n} with m less then n. The values of m and n are as
follows: (1)m=5n=6;2)m=5n=7,3)m=5,n=238,; (4)
m=6n=7,5m=6,n=8;(6)m=7,n=38.

from positive to negative with increasing mole fraction of
pentane.

For the (cyclohexane + cycloheptane) (74-ewi/mar-1),
system, HrEn is positive, with the maximum shifted toward
the low mole fraction of the smaller cycloalkane. For
(cycloheptane + cyclooctane) (74-ewi/mar-1) HrEn is posi-
tive with the maximum shifted toward the high mole
fraction of the smaller alkane. For (cyclohexane + cyclooc-
tane) (74-ewi/mar), an s-shaped HrEn(x) curve is obtained.

Ewing and Marsh (77-ewi/mar) have suggested that the
unusual properties in the cyclopentane systems are due to
the lack of flexibility (hindered conformational changes) of
the Cs ring, but these systems need to be understood better
before all of the effects can be adequately explained. They
illustrate how little we understand about the nature of the
effects which contribute to the HE in hydrocarbon mix-
tures.

The (cyclohexane + n-hexane) system has been thor-
oughly investigated by a number of laboratories and HE1 is
well established for this system so that it is often used as
a test system to verify the operation of new calorimeters.
The equation (78-mar) {modified here to express HrEn in
terms of (1 — 2x) instead of x} that is used to calculate
HE at 298.15 K for {xc-CsH12 + (1 — X)N-CgHua}is

HE/J-mol ™ = x(1 — x){866.10 — 249.4(1 — 2x) +
97.0(1 — 2x)? — 31.8(1 — 2x)°*} (14)

The excess molar enthalpy for (cyclohexane + n-hexane)
issmall. The (benzene + cyclohexane) system (69-sto/mar)
is often used instead as a test system when a larger H5, is
needed. The equation used for test purposes, for {xc-CsHi»
+ (1 — X)CgHg} at 298.15 K is

HE/J-mol ™t = x(1 — x){3197.3 + 160.3(1 — 2x) +
121.4(1 — 2x)* + 39.2(1 — 2x)*} (15)

b. (Polar + Nonpolar) Mixtures. Mixtures of a liquid
containing nonpolar molecules (such as an alkane) with a
liquid consisting of polar molecules (such as a halogenated
alkane, nitrile, ether, or ketone) usually have a positive
Hﬁ, the value of which depends on the polarity of the
polar compound and the size and shape of the molecules
of both components.

Haloalkanes are moderately polar. The excess molar
enthalpy obtained when they are mixed with alkanes has
been considered to result from two major contributions
(80-val/lop): intermolecular interactions, and the energy
effect associated with changes in molecular orientation
upon mixing, referred to as the CMO (the correlation of
molecular orientation) effect. The contribution of CMO to
Hﬁ depends not only on the correlation degree but also on
the ability of the other component to act as an order-
breaker.

Figure 10 summarizes the trends in HE observed for
(alkane + haloalkane) mixtures. The equimolar excess
molar enthalpy (x = 0.5) increases with an increase of
alkane size due to the CMO effect and to the dilution effect,
since both intensify with an increasing molar mass of the
alkane. An increase in the size of the haloalkane molecule
has an opposite effect on HE, since the polarity of these
molecules decreases as their size increases.

By comparing the Hﬁ obtained for branched and linear
haloalkanes, it becomes evident that globular molecules are
better order-breakers than are linear ones.

As the polarity of the polar compound increases, (liquid
+ liquid) phase separation may occur, as is the case for
nitroalkanes and alkylnitriles mixed with alkanes. The
HE (x) curves contain a linear region in the concentration
range corresponding to the miscibility gap. Figure 11
compares Hﬁ at 348.15 K and 15 MPa for {C Hon12 + (1 —
X)CH3CN} (89-ott/nee, 91-ott/sip, 92-woo/sip) with n = 2—4
and (xc-CeHiz + (1 — X)CH3CN) (88-ott/pur). Again, HE,
increases with increasing molar mass of the alkane.
Solubility decreases with increasing molar mass of the
alkane, with (liquid + liquid) phase separation occurring
in the (cyclohexane + acetonitrile) system. {Phase separa-
tion also occurs in the (ethane + acetonitrile) system, which
is related to the fact that the ethane is a supercritical fluid
at 348.15 K.}

c. (Polar + Polar) Mixtures. The sign and magnitude
of HE1 for (polar + polar) mixtures depends upon the
relative strengths of the interactions between the like
molecules which are present in the pure liquids and the
interactions between unlike molecules which result from
the mixing process. Excluding systems containing hydro-
gen bonds which will be described later, H,i is often
greater than zero and nearly symmetrical with mole
fraction for (polar + polar) systems, and if the molecules
of both components have similar dipole moments, HrEn is
small in magnitude. For example, HE(X = 0.5) is 20
J-mol~! at 297.48 K for (chlorobenzene + bromobenzene)
(55-can/che) and zero at 318.15 K (within the accuracy of
the measurements) for (acetonitrile + nitromethane) (56-
bro/foc).

In other examples, larger values of HE(x = 0.5) are
obtained. For (2-propanone + diethyl ether) (58-dri/kiv)
and (2-propanone + dimethyl sulfoxide) (71-cle/pig) the
values at 298.15 K are 565 J-mol~! and 335 J-mol1,
respectively. There are exceptions to the positive HrEn.
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Figure 10. Trends in Hﬁ(x = 0.5) observed for (alkane +
haloalkane) mixtures. n refers to the number of carbon atoms in
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sion from ref 80-val/lop. Copyright 1980 Academic Press.
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Figure 11. Comparison of excess molar enthalpies at T = 348.15
K and p = 15 MPa for {xCnHzn+2 + (1 — X)CH3CN} (89-ott/nee,
91-ott/sip, 92-woo/sip) with n = 2—4, and for {xc-C,Hzn + (1 —
X)CH3CN} (88-ott/pur) withn =6. The Hﬁ(x) curves become more
positive with increasing n. The linear regions of the curves for n
= 2 and n = 6 result from phase separation. At 348.15 K, C,Hgs is
a supercritical fluid while all other components are liquids.
Reprinted with permission from ref 92-woo/sip. Copyright 1992
Academic Press.

For example, Hﬁ (x =0.5) = —108 J-mol~! at 298.15 K for
(2-propanone + acetonitrile) (81-nag/tam).

Letcher and Domanska (94-let/dom) have reported Hﬁ
at 298.15 K for mixtures of acetonitrile with a series of
ethers. The values obtained vary from a positive H,i(x)
with a maximum of 1260 J-mol~! for (acetonitrile + di-n-
butyl ether), to an s-shaped HE (x) for (acetonitrile + 1,4-
dioxane), with a maximum of 34 J-mol~! at a low mole

fraction of acetonitrile to a minimum of —28 J-mol~! at a
high mole fraction.

These results illustrate the effect of the relative strength
of the like and unlike interactions on the magnitude of
Hﬁ. A major contribution to the large positive Hﬁ in the
(acetonitrile + di-n-butyl ether) system is the energy
required to overcome the attractions between the highly
polar acetonitrile molecules as they are diluted and sepa-
rated by the alkyl groups of the di-n-butyl ether. In the
(acetonitrile + 1,4-dioxane) system, attractions between
sites on like molecules are replaced by attractions of similar
strength between sites on unlike molecules (even though
1,4-dioxane is nonpolar) and an is small.

d. Mixtures Containing Charge Transfer Com-
plexes. Specific interactions can occur in solution which
can have a significant effect on H5. An example is the
formation of charge-transfer (or donor—acceptor) com-
plexes. Both polar and nonpolar molecules can form these
complexes. For example, solid (tetrachloromethane +
aromatic) molecular addition compounds have been identi-
fied (62-ott/goa). The interractions that result in the
formation of solid compounds in these mixtures of nonpolar
molecules have been attributed to a charge-transfer process
in which electrons from the & ring of the aromatic molecule
are transferred to the empty 3d orbitals of the chlorines in
the tetrachloromethane (96-ott/goa). It is expected that an
equilibrium process in the liquid mixture would result in
the formation of similar liquid-phase charge-transfer com-
plexes, even though an absorption band in the UV—visible
part of the spectrum due to the charge-transfer process has
not been observed. {Slifkin (71-sli) describes the proce-
dures to follow in identifying charge-transfer complexes in
solution. He notes that the absorption band may be
difficult to observe since it can fall in the far ultraviolet
region of the spectrum or the extinction coefficient ¢ and/
or the equilibrium constant K, may be small so that the
product Kce, which gives the extent of absorption, is small.}

The size of HE, for mixtures that form charge-transfer
complexes depends upon the strength of the charge-transfer
bond. This bond is weak in (benzene + tetrachloromethane)
and a small Hﬁ of (98, 112, and 124) J-mol~1 is obtained
at (288.15, 298.15, and 308.15) K, respectively (66-vil/sta).
In general, the temperature coefficient of Hﬁ is positive
for systems involving charge transfer since the equilibrium
resulting in the formation of the charge-transfer complex
is less favorable at higher temperatures.

The positive excess molar enthalpy decreases and can
become negative as the strength of the charge-transfer
complex increases. For example, Hﬁ for (1,4-dimethyl-
benzene + tetrachloromethane) (67-ras/nat) is (—28, —21,
and —15) J-mol~1 at the same three temperatures as above.
The charge-transfer complex in this system is stronger than

in (benzene + tetrachloromethane) because of the higher
electron density on the aromatic ring in 1,4-dimethylben-
zene. Even more extreme examples are the (N,N-dimeth-
ylformamide + tetrachloromethane) (66-qui) and (1,4-
dioxane + tetrachloromethane) (80-cos/hod) systems, where
Hﬁ = —354 J-mol~! and —252 J-mol~%, respectively, at
298.15 K. It has been suggested that the electron pair on
the nitrogen in N,N-dimethylformamide and the electron
pair on the oxygen in 1,4-dioxane make these molecules
moderately strong electron donors, and relatively strong
charge-transfer complexes form with tetrachloromethane
(96-ott/goa).

e. Mixtures Containing Hydrogen Bonds. The excess
molar enthalpies in mixtures in which one or both compo-
nents form hydrogen bonds have long been of special
interest in calorimetry. In (alkanol + alkane) systems,
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association occurs between the alkanol molecules as a
result of hydrogen bonding. The excess molar enthalpy
that results when an alkanol and alkane are mixed is
usually considered as resulting from two different effects,
a chemical part due to the breaking of hydrogen bonds and
a physical part due to the interactions between the species
present in the solution, with the chemical part usually
dominating.

The excess molar enthalpies for (alkanol + alkane)
mixtures are positive and asymmetrical, with the maxi-
mum value occurring at a low mole fraction of the alkanol.
The excess molar enthalpy increases with increasing tem-
perature up to approximately the boiling point of the
alkanol, where the temperature coefficient may become
negative. Thus, if one goes to a high enough temperature,
HE should first increase, then go through a maximum,
and then decrease. Values of Hr'f1 are strongly dependent
on the size and shape of the alkanol molecules. For alkan-
1-ols HE increases as the molar mass of the alkanol
increases. The effect of the shape of the alkanol molecules
is illustrated by the excess molar enthalpy results for
hexane with four isomeric butanols (69-bro/foc) where the
values of Hﬁ decrease in the order (hexane + 2-methyl-
propan-2-ol) > (hexane + butan-2-ol) > (hexane + 2-meth-
yl-propan-1-ol) > (hexane + butan-1-ol).

The excess molar entropies for (n-alkanol + n-alkane)
systems increase with the number of carbon atoms in the
alkanol and, in general, are negative at high mole fractions
of alkanol where translational and orientational restric-
tions are high but become positive at lower mole fractions
where a larger number of hydrogen bonds are broken. The
excess molar enthalpies and entropies are thus both
asymmetric functions of mole fraction, with the resultant
Gr':;] more symmetrical and decreasing as the size of the
alkanol increases.

Bellemans (76-bel) and Woycicka (79-woy) applied spe-
cific association models to HE]/xAxB curves for dilute solu-
tions of alkanols in alkanes and concluded that for most of
the alkanols, cyclic trimers and cyclic pentamers, along
with straight-chain polymers, are formed. The values of
the association constants were calculated. Stokes (77-sto)
made a similar analysis of Hﬁ] and spectroscopic results
for (ethanol + cyclohexane) mixtures, in which he calcu-
lated the energy of the hydrogen bond and the association
constants for straight-chain and cyclic complexes.

The excess molar enthalpies for (alkan-1-ol + benzene)
mixtures are much more positive than those for the (alkan-
1-ol + n-hexane) mixtures. According to Barker (52-bar),
more alkanol hydrogen bonds are broken in benzene
solutions than in hexane solutions due to the stronger
interaction between benzene and the hydroxyl hydrogen.

Ott and co-workers (96-ott/bro) have recently completed
an extensive study of HF, for all the binary mixtures of
ethane, propane, or butane with methanol, ethanol, propan-
1-ol, or butan-l-ol. The study correlated the effect of size,
shape, temperature, and pressure on Hﬁ for these simple
(alkane + alkanol) mixtures. Of special interest is the
effect on HE, as the critical temperature of the alkane is
approached and exceeded for the systems containing
ethane. When this happens, large Hﬁ are obtained that
are very pressure as well as temperature dependent.

Another interesting group of mixtures are those in which
one of the components contains hydrogen bonds while the
second does not, and hydrogen bonds can also occur
between molecules of the two components. Examples are
(2-propanone + alkanol) (71-ben/mur, 27-par/caf, 72-cam/
ana, 74-kiy/ana) mixtures, in which excess molar enthalpies
are positive and nearly symmetrical about x = 0.5. Dilu-
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Figure 12. Excess molar enthalpies for {xCoHsOH + (1 — x)-
H,0} (87-ott/sto) at 298.15, 323.15, 348.15, 373.15, 423.15, 448.15,
and 473.15 K. The solid lines give HE] at a pressure of 5 MPa,
while the broken lines are for HE, at 15 MPa. HE, increases with
increasing temperature so that the bottom curves are at 298.15 K
and the top curves are at 473.15 K. Reprinted with permission
from ref 87-ott/sto. Copyright 1987 Academic Press.

tion of the alkanol breaks hydrogen bonds between the
alkanol molecules and leads to absorption of energy.
Dilution of 2-propanone reduces the (dipole + dipole)
interactions between the 2-propanone molecules, leading
also to absorption of energy. However, 2-propanone mol-
ecules contain the carbonyl group, which can hydrogen
bond to the hydroxyl hydrogen of the alkanol. The forma-
tion of these hydrogen bonds produces a compensating
negative energy effect. Positive Sr'f] values suggest that
the orientational disorder accompanying the breakup of
both the 2-propanone structure and the alkanol hydrogen
bonds are the main contributions to the positive Hf, and
SE.

Another group of hydrogen bonded systems are those in
which hydrogen bonds (of any appreciable strength) are not
present in either pure component, but do form in the
mixture. Probably the most studied examples involve
mixing trichloromethane with a second component in which
the molecules contain a fluorine, oxygen, or nitrogen atom,
but no hydrogens which can form a hydrogen bond.
(Trichloromethane + 2-propanone) is an example of such
a system. A hydrogen bond forms between the two
components when they are mixed, resulting from the
interaction of the hydrogen in the trichloromethane (which
has a high positive charge due to the combined inductive
effect of the three chlorine atoms) with the carbonyl oxygen
of the 2-propanone. In systems such as this, HE is large
in magnitude, but negative, due principally to the forma-
tion of the hydrogen bond. In (trichloromethane + 2-pro-
panone) (75-han/fen), H- at 298.15 K has a minimum
value of —1.93 kJ-mol~1.

(Ethanol + water) is an example of a system in which
strong hydrogen bonds are present between both like and
unlike molecules. Figure 12 shows H,'i(x) for this mixture
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Figure 13. Comparison of the excess molar enthalpies at a
temperature of 298.15 K and a pressure of 0.1 MPa for {xCH3;OH
+ (1 — x)H20} (85-bat/row), {xCH3CH,0H + (1 — x)H,0} (80-cos/
hod), and {x(CH3),CHOH + (1 — x)H-0} (85-bat/row).

at eight temperatures and two pressures (87-ott/sto). The
large negative Hﬁ at low temperatures with the minimum
shifted toward the low mole fraction of alkanol, and with
a large positive temperature coefficient, has been explained
as resulting from formation of hydrogen-bonded (alkanol
+ water) complexes in which the alkyl group of the alkanol
is situated in a cage of water molecules (90-ott). At high
temperatures, few hydrogen bonds are present and positive
excess molar enthalpies result. At intermediate temper-
atures, the HE] results are also intermediate in value.

Methanol and other alkanols mixed with water show
similar excess molar enthalpy results. Figure 13 compares
HE at 298.15 K for methanol (85-bat/row), ethanol (80-
cos/hod), and propan-2-ol (85-bat/row) mixed with water.
The shift in the minimum to lower x with increasing molar
mass of the alkanol can be explained as being due to the
participation of more water molecules in the formation of
the complex as the mass and, hence, the size of the alkanol
increases. (An increased number of water molecules is
necessary to form a larger cage to surround the larger alkyl
group.)

(Ethanol + water) has been recommended as a reference
system for testing mixing calorimeters (87-ott/sto), espe-
cially at high temperatures and pressures. The excess
molar enthalpy as a function of composition at several
temperatures and pressures can be represented by equa-
tions with the coefficients given by Ott and co-workers (86-
ott/sto, 87-ott/sto).

An exchange of hydrogen bonds also occurs when al-
kanols are mixed with amines. These systems are inter-
esting in that negative HE values that are very large in
magnitude can be obtained. For example, the minimum
Hr'f1 for (methanol + dimethylamine) at T = 298.15 K is
approximately —4.6 kJ-mol~1 (70-nak/tou). This HE, is
one of the most negative obtained for mixing liquids where
the temperature is well below the critical temperatures of
the components. Funke et al. (89-fun/wet) have suggested
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Figure 14. Comparison of the pressure effect on HrEn at ambient
temperature. The examples of different types of liquid mixtures
are (1) {xn-CgH14 + (1 — x)n-C1oH22} (80-hei/lic) at 0.1 and 48.5
MPa, (2) {x(CH3)2CHOH + (1 — x)n-C7H1¢} (81-hei) at 0.1 and 55.5
MPa, and (3) {xn-C4H1o + (1 — X)CH3CI} (92-gru/sip) at 5 and 15
MPa. The solid lines represent the lower pressure, and the broken
lines represent the higher pressure.

that the large Hﬁ in these systems is a result of a strong
hydrogen bond that forms between alkanols and amines,
which can exceed —40 kJ-mol~!, while hydrogen bonds
between alkanols and between amines are approximately
—25 kJ-mol~1 and —10 kJ-mol~1, respectively.

5. Applications Involving Measurements at
Temperature and Pressure Extremes

a. Liquid Mixtures. Excess molar properties of liquid
mixtures at high pressures and at high temperatures are
of importance in thermodynamics. As Heintz and Licht-
enthaler (80-hei/lic) have pointed out, the high-pressure
thermodynamic behavior of fluids and their mixtures is
very sensitive to the nature of the intermolecular interac-
tions, and therefore, data of excess molar properties at high
pressures provide an important test of modern fluid
theories. Heintz and Lichtenthaler were among the first
to perform systematic measurements of H,'i for liquid
mixtures at high pressures.

Liquids at temperatures well below their critical tem-
peratures have small compressibilities. Pressure causes
only small changes in the intermolecular interactions, and
usually only a weak dependence of HE on pressure is
observed under these conditions. Figure 14 shows the
pressure dependence of HE] for different types of mixtures
(80-heillic, 81-hei, 92-gru/sip). Hydrocarbon mixtures have
a positive (aHﬁlap)T, while for mixtures of (polar + non-
polar) compounds, (aHEJap)T is usually negative. How-
ever, if the liquid alkane is at a temperature close to its
critical temperature, a large increase in the excess molar
enthalpy with pressure occurs. This behavior is illustrated
in Figure 15, which gives the HrEn(x) results at 298.15 K for
(ethane + propan-1-ol) (95-ott/lem). (The critical temper-
ature of ethane is 305.50 K.)
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Figure 15. Excess molar enthalpies (a) and excess molar volumes
(b) for {xC2Hg + (1 — x)CH3(CH3),0H} (95-ott/lem). The solid lines
give the results at 298.15 K and the broken lines at 323.15 K.
The pressures are (O), 5 MPa; (x), 10 MPa, (v), 15 MPa.

Equation 12 relates the pressure coefficient (aHﬁ/ap)T
to V5. As is evident in Figure 15, (9H%/dp)r is large and
positive near the critical temperature of the alkane. Under
these conditions, V5, is negative. Hence, (3V5/9T), must
be large and negative to compensate.

Negative values of VE and HE for (alkane + alkanol)
mixtures near the critical temperature of the alkane have
been explained (90-ott/sip) as due to condensation of the
liquid, but “gaslike” alkane into the liquid alkanol. This
is similar to the “condensation effect” introduced by Patter-
son and colleagues (79-des/van).

b. Gas Mixtures. Not many excess molar enthalpy
measurements have been reported in the literature for

mixtures of gases at high pressures. More measurements
would be useful, since data on such mixtures are of special
interest in testing equations of state. Interaction virial
coefficients can also be calculated from HE, for gas mix-
tures. Results for several investigators have been sum-
marized by Ott and Wormald (94-ott/wor).

Special care is required to obtain reliable Hﬁ for gas
mixtures, since errors resulting from pressure gradients
and Joule—Thomson effects can become important. Ott
and Wormald (94-ott/wor) have described these problems
in detail and summarized procedures to follow in minimiz-
ing the error.

Beenakker and co-workers (65-bee/van) reported mea-
surements of HE for simple gas mixtures containing Ho,
N,, CO, CH4, and Ar. The measurements were made at
near-ambient temperatures and at pressures up to 15 MPa.
Other investigators have reported measurements for (N,
+ CO,) (70-lee/mat, 71-hej/kat), (N, + CH,) (71-kle/ben),
(CO; + C3Hy) (79-ba/kal), and (CH,4 + H,S) (82-bar/kal).

Ott and Wormald (94-ott/wor) have reported that Hﬁ
for mixtures containing the gases He, Ar, H;, N, CO, CO,,
and CH, could be satisfactorily predicted using the Redlich—
Kwong and BWR equations of state. Excess molar enthal-
pies for steam with methane, ethane, propane, or butane
were well fitted with the virial equation of state using the
virial coefficients B, C, and D for steam (89-wor/lan). The
same equation applied to the (steam + n-hexane) and the
(steam + n-heptane) systems gave good results only at
lower pressures. A special cubic equation was formulated
to fit the results at pressures up to 12.6 MPa.

c. Mixtures Containing a Supercritical Fluid. Grusz-
kiewicz has measured Hﬁ for (ethene + ethane) (95-gru/
sip) and for (chloromethane + ethane, propane, or butane)
(92-grul/sip, 93-gru/ott, 93-gru/ottl) at pressures from (5 to
15) MPa and temperatures from (273.15 to 363.15) K,
including some results where both components are liquid,
where one is liquid and the other is a supercritical fluid,
and where both are supercritical fluids. Measurements
near the critical locus are included. The Redlich—Kwong,
Soave, and Peng—Robinson equations of state were used
to predict Hﬁ for these systems (96-gru/ott). A prediction
method based upon the principal of corresponding states
also worked well on these relatively simple systems (96-
gru/ott).

The measurements of Sipowska et al. (91-sip/ott-1) on
{xC;Hs + (1 — X)CH3(CH);0OH} at the temperatures
298.15, 323.15, and 348.15 K and the pressures 5, 10, and
15 MPa are shown in Figure 16. At 298.15 K, liquid ethane
is mixed with liquid butan-1-ol. At the two higher tem-
peratures, the ethane is a supercritical fluid, since T, =
305.50 K.

A striking feature of Figure 16 is the large pressure effect
on HE], especially when the ethane is supercritical, with
phase separation occurring at 5 MPa (as evidenced by the
linear region of the Hr'f](x) curves), and H,i changing from
negative to positive as the pressure increases from 10 to
15 MPa, with the change being the largest at the highest
temperature.

Ott et al. (89-ott/nee), et. al. have studied in detail the
pressure effect on Hﬁ for {xC;He + (1 — X)CH3CN} at
temperatures where the ethane is supercritical. The excess
molar enthalpy along the isopleth (x = 0.2) at 348.15 K is
shown in Figure 17. At a pressure near 5 MPa (which is
very nearly the critical pressure of the ethane), HE, has a
value of approximately —350 J-mol~! and changes only
slowly with pressure. At approximately 8 MPa, Hﬁ starts
to increase rapidly with pressure and levels off at a value
of approximately 600 J-mol~! at 15 MPa.
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Figure 16. Pressure and temperature effect on the excess molar enthalpies for {xC;Hg + (1 — x)CH3(CH;)sOH} (91-sip/ott-1) at (a) 5
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from ref 91-sip/ott-1. Copyright 1991 Academic Press.
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Figure 17. Excess molar enthalpies (89-ott/nee) at 348.15 K for
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These effects can be explained by assuming that at the
low pressures (near 5 MPa) the ethane is behaving “gas-
like.” This gas, when it mixes with the liquid acetonitrile,

condenses to a liquid and the enthalpy of condensation is
released, resulting in a relatively large negative HrEn. At
high pressures (15 MPa and above) the supercritical fluid
is compressed to the point that it is behaving “liquidlike”
and a positive Hﬁ is obtained, which is of the magnitude
obtained when a liquid containing polar molecules is mixed
with a liquid containing nonpolar molecules. At intermedi-
ate pressures (around 10 MPa), the ethane is changing
from “gaslike” to “liquidlike” as the pressure increases, and
intermediate values for HE are obtained.

Brown and co-workers (96-bro/ott) have recently com-
pleted measurements of HrEn on mixtures of (propane +
ethene) at pressures ranging from (5 to 15) MPa and
temperatures from (273.15 to 373.15) K, including mea-
surements at the critical temperature of propane (369.82
K). Figure 18 summarizes the effect of pressure on this
system at T = (298.15, 323.15, 348.15, 363.15, 369.82, and
373.15) K. These results demonstrate the complexity in
Hﬁ that can occur, even for simple hydrocarbon mixtures,
when measurements are made near the critical locus. A
striking feature is the change in H,'i with temperature at
p =5 MPa. These results have been explained as resulting
from a change with temperature of the relative contribu-
tions to HE, of condensation effects and vaporization ef-
fects. These results are in good qualitative agreement with
predictions made by Wormald (86-wor) using the van der
Waals equation of state.

d. Measurements in the Near-Critical Region. Ex-
cess molar enthalpies are very difficult to measure in the
near-critical region. The difficulties are caused by large
pressure and temperature coefficients (3H5/dp)r and
(aHﬁ/aT)p and large density fluctuations. It has been
reported (94-ott/wor) that acceptable Hﬁ measurements
can be made, although with difficulty, at temperatures



998 Journal of Chemical and Engineering Data, Vol. 41, No. 5, 1996

3000 (a)< | —— B T T (C)I | —

2000

1000

0 pr=

E -1
HE /(J-mol™)

-1000

-2000

3000

2000

1000

HE /(J-mol™)

m
(=]

T
|
I
|
T

-1000

-2000 - —+ -+ -

02 04 06 08 02 04 06 0.8 0.2 04 06 0.8

X X X
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(--) 10 MPa; (— - —12.5 MPa; (— *- —) 15 MPa. Reprinted with
permission from ref 96-bro/ott. Copyright 1996 Academic Press.

within 1 K and pressures within 10 kPa of the critical locus.
At temperatures and pressures this close to the critical
locus, care must be taken to make sure that the residence
time in the calorimeter is sufficient for the components to
mix completely, and this condition is not often met in excess
molar enthalpy measurements. Measurements closer to
the critical locus than the above are generally not success-
ful, even under the most careful conditions.

Figure 19, which shows Hﬁ results for (ethane +
methanol) at 298.15 K and 5 (96-ott/sip), 6 (96-ott/sip), and
7.5 (89-sip/gra) MPa, demonstrates problems that can
occur. The measurements were made at a temperature
7.35 K below T, for ethane, with the 5 MPa results at a
pressure only 90 kPa above p. for ethane.

It appears from Figure 19 that at 5 and 6 MPa, it is
difficult to obtain equilibrium, since scattered results are
obtained, but more complicated phase effects may also be
occurring. (Ethane + methanol) is a type 111 system (Scott
and van Konynenburg'’s classification (70-sco/van)), which
is distinguished by the absence of a continuous {gas (g) +
liquid ()} critical locus. The curve consists of two branches,
one of which ends at an upper critical end point, while the
other branch passes through a maximum and a minimum
and then increases very rapidly to a very high pressure as
the temperature is decreased. At temperatures and pres-
sures just below the upper critical end point, such as T =
298.15 K and p = (5 and 6) MPa for (ethane + methanol),
three different two-phase equilibria can be obtained,
depending upon the pressure and composition. A (I; + g)
equilibrium is present at a pressure below a three-phase
(I3 + I + g) surface, with (I, + 1) and (I, + g) equilibria
possible above the surface. Only small changes in pressure
or composition are required to change from one equilibrium
to another. With the possibility for large pressure gradi-
ents at (p, T) conditions this close to a critical point, it is
not unreasonable to separate the HE results shown in
Figure 19 into stable and metastable Hﬁ(x) curves. What
appears to be two different linear regions at p = 5 MPa
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Figure 19. Excess molar enthalpies for {xC;Hs + (1 — X)CHs-
OH} at 298.15 K and the pressures (O) 5.0 MPa; (x), 6.0 MPa, (a)
7.5 MPa (89-sip/gra). The differences in reproducibility of the
results at the three pressures are explained in the text.

supports this explanation, since they could result from two
different phase equilibria.

At a pressure of 7.5 MPa, phase separation is still
present, as evidenced by the linear region of the HE](X)
curve. However, at this higher pressure, reproducible
results are obtained. This pressure aparently is enough
higher than the pressure at the upper critical end point so
that metastable equilibrium does not occur.

An interesting feature of Hﬁ in the near-critical region
is its dependence on the relative positions of the critical
points of the pure components and the critical locus of the
mixture and whether the critical region is approached from
the liquid or the gaseous side. For example, Hﬁ for
(propane + dichlorodifluoromethane) (85-chr/cor) changes
from values of —1.75 kJ-mol~* to +3.1 kJ-mol~1, depending
on the composition and temperatures of the mixture. The
large negative values were obtained at a temperature 3.2
K higher than T, for propane while the large positive values
were observed at a temperature 0.5 K lower than T, for
the dichlorodifluoromethane.

6. Applications of Calorimetry to Phase Equilibria
Studies

Calorimetric measurements of HS as a function of
composition can be used to predict (fluid + fluid) phase
equilibria when it occurs. Figure 20 is a graph represent-
ing the measured HE] in (propane + acetonitrile) at 5 MPa
and a series of temperatures (91-ott/sip). (Liquid + liquid)
equilibria are present in this system, and the linear regions
of the Hﬁ(x) curves result when phase separation occurs.
These lines represent an average of HrEn for the two
solutions in equilibrium, and hence, do not represent HE
for mixing in a single phase.

The compositions corresponding to the intersection of the
straight lines with the Hﬁ(x) curves (points A and B in
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Figure 20. Excess molar enthalpies for {xCsHg + (1 — x)CHs-
CN} (91-ott/sip) at a pressure of 5 MPa and a series of tempera-
tures. The intersection of the straight lines with the Hﬁ(x) curves
at points A and B give the compositions of the phases in
equilibrium at the various temperatures.

Figure 20) are the solubility limits for the two phases in
equilibrium and can be used to construct the (liquid +
liquid) phase diagram. Villanafian et al. (84-vil/all) were
among the first to apply this method. Ott and colleagues
have used the procedure to measure (liquid + liquid)
equilibria in several systems (89-ott/nee, 91-ott/sip, 88-ott/
pur, 89-sip/gra, 94-gru/ott).

(Vapor + liquid) equilibrium data can also be obtained
from HE (x) results. Figure 21, which shows HE (x) curves
at several temperatures and a pressure of 5 MPa for
(ethane + chloromethane) (93-gru/ott-1), is an example in
which (vapor + liquid) equilibrium is present. Again, the
linear regions result from phase separation, in this case
(vapor + liquid) equilibria. The intersections of the
straight lines with the Hﬁ(x) curves give the compositions
of the liquid and vapor phases in equilibrium.

The HrEn(x) curves in Figure 21 are typical of what are
obtained when a supercritical fluid (such as ethane) dis-
solves in a liquid (such as chloromethane). At low x, the
gaseous ethane dissolves in the liquid chloromethane and
HE1 is negative due to the enthalpy of condensation. At
high x, the liquid chloromethane vaporizes into the gaseous
ethane and Hﬁ is positive, principally due to the enthalpy
of vaporization of the liquid chloromethane.

Figure 22 is a three-dimensional (T, p, x) phase diagram
for {xCoHs + (1 — xX)CH3CI} (93-gru/ott-1), showing the
vapor pressure curves for the pure components and the
critical locus. The (T, x) equilibrium values were obtained
from the intersection of the Hﬁ(x) curves with the straight
lines in Figure 21, which were then used to construct the
(T, x) constant-pressure phase diagram.

(Liquid + liquid) equilibrium (T, x) points can be ac-
curately obtained from Hﬁ(x) results only at temperatures
at least (10 to 20) K below the upper critical solution
temperature (UCST). At these temperatures, the intersec-
tion of the Hﬁ(x) curves with the straight lines can be
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Figure 21. Excess molar enthalpies for {xCzHgs + (1 — x)CH3C1}
(93-gru/ott) at 5 MPa and the temperatures (O) 298.15 K, (®)
323.15K, (O) 348.15 K, and (M), 363.15 K. The straight line regions
result from (vapor + liquid) equilibrium.
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Figure 22. Three-dimensional phase diagram for {xC,Hg + (1 —
X)CH3CI} (93-gru/ott-1) at 5 MPa; ® compositions of the vapor and
liquid in equilibrium obtained from the Hﬁ results shown in
Figure 21. The insert in the lower left-hand corner of the figure
illustrates that at low X, the T(x) (vapor + liquid) equilibrium
isobar intersects the critical locus just above the critical point of
ethane. Reprinted with permission from ref 93-gru/ott-1. Copyright
1993 Academic Press.

accurately obtained. The procedure could also be applied
to systems where a lower critical solution temperature
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(LCST) is present. In this case, accurate results would be
obtained only at temperatures at least (10 to 20) K above
the LCST.

Various procedures have been used to extrapolate the
results to the UCST. Ott and colleagues have fitted their
results for systems such as (propane + acetonitrile) (91-
ott/sip) to the equation

T=T,+Kkly—vy/|" (16)

where
y=ox{1+ x{a — 1)} a7
Y. = ox {1+ x (o — 1)} (18)

In these equations, T, and x. are the critical temperature
and critical mole fraction, respectively, and o and k are
fitting coefficients. The coefficient § is the critical expo-
nent, which is known to have a value of around 0.32.

By setting 8 at a value of 0.32 and using equilibrium (T,
X) results obtained from Hﬁ(x) measurements, one can use
eqs 16—18 to predict T.. The procedure is subject to
considerable error since, as discussed earlier, only Hr':;](x)
results well below the UCST can be used to obtain reliable
equilibrium (T, x) results, and the extrapolation is a long
one to the critical point.

Gruszkiewicz et al. (94-gru/ott) have recently described
a procedure in which they insert a sapphire capillary in
the exit line of a flow calorimeter and use it to visually
observe T.. A combination of this visual measurement of
T with (T, x) results obtained from HrEn(x) measurements,
(all of which are obtained in the flow calorimeter) can be
fitted to eqs 16—18 to obtain reliable (liquid + liquid) (T,
x) phase diagrams.

Cordray (87-cor/chr) et al. have described an extrapola-
tion method for obtaining the critical locus from (vapor +
liquid) results obtained calorimetrically. They calculate «
at a specified pressure and a series of temperatures, where
K« is defined as

K= XglX| (29)

with xg and x; the compositions of the vapor and liquid
phases, respectively, as determined from the H,'i(x) re-
sults. They then plot 1n « vs 1n T and extrapolate to 1n«
= 0 where the resulting T is the critical temperature T..
The problem with this method is that the extrapolation is
not linear and is difficult to do. As a result, the T, values
obtained are not very accurate.

There are advantages and disadvantages to using Hﬁ
results rather than the more conventional visual methods
to determine (fluid + fluid) phase diagrams. The advan-
tages are that Hﬁ and equilibrium (T, x) results are
obtained over a wide range of temperature and pressure
conditions from the same set of measurements and both
types of data are often useful in understanding and
designing processes such as extraction and other separation
schemes, and for theoretical interpretation. The disad-
vantages are that a large number of Hﬁ measurements
are required to establish each phase diagram, since each
Hﬁ(x) curve gives only two equilibrium points. As de-
scribed earlier, another serious disadvantage is that the
method does not work well for measurements near the
UCST or LCST, since the linear section of the Hﬁ(x) curve
becomes short and the end points are difficult to locate
precisely. This disadvantage can be largely overcome if the
(T, x) results obtained from Hﬁ(x) are combined with T,

measurements obtained by visual observation of the efflu-
ent from the flow calorimeter as described earlier.

7. Equations for Representing Excess Enthalpy
Results

Equation 20, a power series expansion in mole fraction
often referred to as the Redlich—Kister equation, is the one
most commonly used to express Hﬁ results as a function
of mole fraction x

H§=m1—mnaa—2w (20)
; J

where the aj's are fitting coefficients.

Equation 20, with all coefficients equal to zero except
for ag, is parabolic in form with the maximum (ap > 0) or
minimum (ap < 0) centered at x = 0.5. It represents Hr':;]
results for only the very simplest of systems, and frequently
higher order a; terms are needed to fit the shape of the
Hﬁ(x) curve. Coefficients with odd values of j compensate
for the asymmetry in Hﬁ, while coefficients with even
values of j narrow or broaden the parabolic shape. Higher
order coefficients add bulges (or depressions) to take care
of unusual shapes in the Hﬁ(x) curves. Care must be
taken not to add too many coefficients in an attempt to
improve the fit since oscillations may occur which do not
correctly represent the experimental results.

A skewing factor k is often added to eq 20 to give

HE = x(1 — X) Zaj(l —2'{1 — k(1 - 2x)} (21)
£

Care must be taken to restrict k to a value in the range
(—1 < k < 1) to avoid discontinuities. Equation 21 is used
when the maximum or minimum in HE](X) is displaced to
high or low x. When this skewing occurs, eq 21 represents
the experimental results better and with fewer coefficients
than does eq 20, and successfully represents HE](X) results
within experimental accuracy for many binary nonelectro-
lyte mixtures. However, there are still a number of
systems that cannot be fitted with either eq 20 or 21 and
more complicated expressions are required. Examples of
such systems are mixtures containing hydrogen bonds such
as (alcohols + hydrocarbons) or (alcohols + water).

Oftt, et al. (87-ott/sto) have successfully fitted HE, re-
sults for (ethanol + water) with

HE = x(1 — x){ s;aj(l —2x) + (1 - S)kZobk(l - 2)(()22)

where a; and by are fitting coefficients and S is given by
S=e¢* (23)

or
S=1-¢® (24)

The function S in egs 23 and 24 can be thought of as a
switching function which changes the fit of H,'i(x) from a
power series in (1 — 2x) with coefficients that apply at lower
values of x to a different power series, again in (1 — 2x),
with coefficients that apply at higher values of x. With eq
23, the switch occurs at low x, while with eq 24, the switch
occurs at high x. Inegs 23 and 24, a is a fitting coefficient
that determines the sharpness of the switch.
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Figure 23. Curves of the switching function S as given by (a)
egs 23 and 24 and (b) eq 25. In (a), the solid line represents eq 23
and the broken line is obtained from eq 24. The values of a used
in plotting eqgs 23 and 24 are 10, 20, 30, and 40, with the larger
value of o corresponding to the steeper curve (sharper switch). In
(b), the values of A are 10, 20, 30, and 40, with the larger values
of A corresponding to the steeper curve (sharper switch). The value
of B was set at 0.6 in eq 25 for all four curves.

Equation 22 combined with eq 23 or 24 works well for
systems such as (ethanol + water) where the switch is
made at low mole fractions (of alcohol). However, the
nature of the switching function is such that it does not
work well when the switch is to be made at intermediate
mole fractions. Figure 23a is a graph of eqs 23 and 24,
illustrating how S changes with mole fraction and param-
eter a.

Gruszkiewicz et al. (93-gru/ott) have proposed a different
switching function, as given in

S =0.5[1 — tanh{A(x — B)}] (25)

where A determines the sharpness of the switch and B sets
the value of x where the switch occurs. Equation 25 causes
the switch to occur at intermediate mole fractions, as
shown in Figure 23b. This function has been used in
combination with eq 22 to successfully represent HE (x)
results for (ethane + chloromethane) (93-gru/ott) at pres-
sures near the critical point of ethane where Hﬁ(x) has an
unusual shape and appears to have potential for success-
fully fitting Hﬁ results obtained under conditions where
unusual dependence on composition is present.

Other investigators (85-chr/cor, 77-mar, 84-chr/wal, 85-
chr/zeb, 83-chr/chr) have used rational functions as given
by the equation

HE = x(1 — x)[;c,-(l —20MLE S d(1 - 2x>k}](26)

to fit Hr':;] results with unusual dependence on x. Equation
26 appears to be about as effective in fitting these Hﬁ(x)
results as eq 22 with eq 25, but eq 26 has the problem that
discontinuities can occur unexpectedly at certain mole
fractions. Methods have been developed by King and
Queen (79-kin/que) and by Heiser and Parrish (89-hei/par)
to help choose parameters which will prevent these dis-
continuities from occurring. Heiser and Parrish (89-hei/
par) have shown benefits in using eq 26 for calculating
derivatives of Hf, with respect to x.

Equations 20—26 are simply empirical fits of HE](X)
results and find application in smoothing and summarizing
experimental measurements. Other semitheoretical equa-
tions such as the Wilson (64-wil), NRTL (68-ren/pra), and
UNIQUAC (75-abr/pra) are described in the literature.
They were originally developed from equations for calculat-
ing GE and activity coefficients with a built-in tempera-
ture dependence. The H,i forms of these equations are
complicated and are usually used only when there is an
interest in providing a correlation between Gt and HE,
results. A comparison of the above equations is given in
reference 88-chr/row.

In summary, excess molar enthalpy measurements on
nonelectrolyte mixtures continues to be a fertile field for
further study. The excess molar enthalpy remains an
important probe to use in understanding the interactions
and structure of liquid mixtures. Of special interest are
studies at high pressures and temperatures, especially in
the near-critical and supercritical fluid regions. Measure-
ments under these conditions have only begun to come
forth in the last few years with the development of flow
calorimeters, and much interesting work remains to be
done.
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