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EXPERIMENTAL TECHNIQUES AND MOLECULAR INTERPRETATION

A. Heintz and R.N. Lichtenthaler
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ABSTRACT

Calorimetric equipment and experimental procedures recertly de-
veloped for measuring excess enthalpies of liquid mixtures at high
pressures are described. Experimental results of alkane-alkane
mixtures and alcohol-alkane mixtures are discussed according to
the Prigogine-Flory free volume theory and the real associated
solution model,

INTRODUCTION

The interest in_experimental and theoretical work on thermodyna-
mic properties of liquid mixtures has increased within the last
years. Most of this work has been done in the fieid of fluid phase
equilibria but also excess properties in the liquid and super-
critical region have been measured which partly indicate a re-
markable change with increasing pressure. Mainly data of the excess
volume VE have been determined (ref. 1 -8) and until about three
years ago only some data of the excess enthalpy HE at high pressure
existed (ref. 9-13). In the meantime, however, a few high-pressure-
flow calorimeters have been developed suitable for measurements

of endothermic and exothermic excess enthalpies {ref. 14 - 16).
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Newadays it is therefore possible to determine excess properties
experimentally over a wide range of pressure and temperature with
such a precision that systematic investigations of these properties
allow to study the thermodynamic behavior of fluids and their
mixtures,

From the theoretical point of view excess propertieé at high pres-
sure gre of particular interest. High pressure thermodynamic be-
havior of fluids and their mixtures sensitively depends on the
Intermolecular interactions especially on the repulsive forces.
Therefore, data of excess properties at high pressures provide an
important test of current molecular theories, e.g. perturbation
theories or modern free volume theories,

In the first section of this article a description of calorimetric
experimental equipment is given which has proved to provide reliable
results working at pressures higher than 100 bar. The principle of
flow calorimetry is the common constructive feature of all calori-
meters described. This calorimetric method presents not only an
elegant procedure of measuring excess enthalpies of fluid mixtures
at high pressure but also is the easiest way of avoiding vapor

space in the liquid system which is an indispensable precondition

at working with liquids under high pressure.

In the second and third sections experimental results and theore-
tical interpretations of two groups of binary systems are presented
and discussed: alkane-alkane mixtures and alkane-alcohol mixtures.

HIGH PRESSURE CALORIMETRIC PROCEDURES

Fig. 1 shows the schematic diagram of the isothermal flow calori-
meter coriginally published by Heintz et al. (ref. 14).

The reaction vessel {I) containing the internal waterbath of the
temperature T, has a volume of about 30 ml. It is immersed in a
large external waterbath (~ 100 1) whose temperature Te =Ti is
controlled to within + 10'3 K. Tc measure the enthalpy of mixing,
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P,. Py High pressurc pumps TH Control thermistor
R.. Ry Liquid reservoirs H Control heater
® High pressure valves P Peltier cooler
G High pressure gauge HE Calibration heater
B Back pressure regulator EC Equilibrating coils
I Insulated reaction vessel M Beginning of mixing coil
T, Temperature in the external water bath 5§ Stirrer
T, Temperature in the reaction vessel ECC  Electronic control ciecuit
Fig. 1. Schematics of high pressure flow calorimeter.

the two liquid components A and B are pumped through equilibrating
coils (EC) in the cuter waterbath and enter at point M into the
mixing coil in the internal waterbath. For all coils stainless steel
tubing is used (wall thicknes = 0.3 mm, internal diameter = 0.9 mm) .
The energy liberated (exothermic) or absorbed (endothermic) during
mixing is absorbed or delivered by the water in the reaction vessel.
A Peltier cooler at the bottom of the reaction vessel removes energy
from the water inside at a constant rate and discharges it to the
surrounding waterbath. A controlled heater (Electronic Control
Circuit Tronac 1250) compensates for this energy and for the energy
liberated or absorbed by the mixing process maintaining the internal
waterbath at a constant temperature (to within + 2 -10'5 K). The
difference in the energy supplied by the heater during and before
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@ mixing process is a direct measure of the energy of mixing. The
number of heat pulses (0 -25.000/sec) supplied to the heater are
counted and registered. The temperature Ti is controlled with a
thermistor {TH) and a stirrer (S) assures a homogeneous temperature
within the bath. Using the heater HE, a well defined energy can be
generated thus making the calibration of the whole system possible,

Two high pressure pumps {PA, PB; Varian HPLC BbH00) cocupled with a
back pressure regulating valve (B; Circle Seal Corp.) allow the
unit to be run at any pressure from 1 to 600 bar. Pressures are
measured with a precision Heise gauge (G) whose accuracy is 0.1%
of full scale (+ 1 bar). The flow rates of the two pumps are inde-
pendent of pressures and can be varied in steps of 1 ml/h to form-
ulate mixtures of different compositions in the mixing coil. The
flow rates must not be chosen too high teo assure complete heat
exchange before the mixtures leave the mixing coil.

Knowing the volumetric flow rates VA and OB delivered by the two
pumps the molar excess enthalpy HE is given by:

H™ = —— e — 1
s . %, ‘)
M

+V, —

=
w

where Ay is the change in the heating power before and during the
continuous mixing presess;,‘pA and‘pB4are the densities of the two
components at the pressure and temperature under investigation;

and MA and MB are the molar masses. The mole fraction of the mixture
obtained in the mixing coil is:

¢ TA
A
N (2)
A
. P . Pp
e
M M
A B

The mixing coil is about 45 c¢m long and has a volume of about 1 ml.
Measurements have been performed with different QA and QB but with
a ¢onstant ratio QAIGB for each system to find the limiting flow
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consistent with complete heat exchange.

As an example of the experimental procedure, Fig. 2 shows the
analog registration of the heating power necessary to keep the
system iscthermal at 1 bar and at 300 bar, respectively. The meas-
urement was perfbrmed with n-C6 +C -C6 at a mole fraction xn_C6=
0.453 and at 298.15 K. The change ay of the heating power with
respect to the baseline corresponds to the change in the heat pulse
rate supplied to the control heater before and during mixing. There
are two reasons for the different values of Ay at 1 bar and at 300
bar. The endothermic HE is larger at 300 bar and the molar flow at
300 bar is larger, too, due to the increase in density. To deter-
mine VR the heat pulse rate is measured and registered at inter-
vals of 1 minute each. The difference in the time-averaged heat
pulse rates before and during mixing gives ay directly after cali-
bration of the system has been performed.
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Fig. 2. Analog registration for n—C6 +c-c6 with x = 0.453
n-C6

at 258.15 K and 1 and 300 bar.

A similar high pressure calorimeter has been constructed by
Christensen et al. (ref. 12) and its recent modification (ref., 15)
is shown in Fig. 3. Instead of the external waterbath an air path
is used in which the reaction vessel, thermal shields, and accom-
panying supply lines are suspended. The air bath is capable of
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temperature control to better thanm + 1 K over the temperature range
253 to 473 K. The isothermal electronic control system is the same
as in the calorimeter described above (see also Fig. 1) but the
construction of the reaction vessel is different. The brass reaction
vessel (Fig. 3) contains an isothermal plate and equilibrium coil.

INLETS OUTLET

= e 11111 NN

C’ELTIER COOLER HEATER

CONTROL HEATER 1SOTHERMAL PLATE
HEAT EXCHANGER EQUILIBRATION COIL

Fig. 3. Reaction vessel with isothermal plate according to
Christensen et al. (ref, 15}.

Under the plate are a 100 ohm wafer control heater and a high
temperature model Peltier thermoelectric cooler. The isothermal
plate consists of two round brass plates with the equilibration

coil soldered between the plates. After entering the reaction vessel
and before entering the coil the reactants are equilibrated with
the products from the coil in a countercurrent heat exchanger. The
two tubes containing the reactants are brought together as shown

in Fig. 4. The smaller tube is fitted inside the larger tube and
the two reactant streams run coaxially for approximately 1 turn of
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the equilibration coil before the smaller inlet tube ends and mixing
begins. Thermistors are used to continuously monitor the reaction
vessel temperature and to control the plate at a constant temperat-
ure. A 100 ohm calibration heater was placed between the tubing
turns of the equilibration coil and soldered in position. The
temperature of the bottom of the reaction vessel in contact with

the Peltier cooler is controlled to + C.0005 K. The upper temperat-
ure at which the calorimeter can be operated {423 K) is limited by
the Peltier cooler. 1t is anticipated that the upper range of the
calorimeter will be extended to 470 - 480 K as Peltier coolers having
higher operating temperature limits become available.

The thermal shields (not shown in Fig. 3) consist of two cans sur-
rounding the reaction vessel. The temperature of the inner shield
is controlled to + 0.005 K. The outer shield (an aluminium can) is
not temperature controlled but is allowed to assume a steady state
temperature between that of the inner shield and the air bath.

The upper pressure limit of this calorimeter is 400 bar.

|

O7I CM_O.
/ CRIMPED WIRE

0.2 METERS TOTAL LENGTH 15 METERS

0.159 CM OD.

—g—

~———— 1.8 METERS

Fig. 4. Mixing procedure of the two fluid components in the
reaction vessel according to Christensen et al. {ref. 15}.
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The principal design of the flow circuit, the high pressure pumps,
and the pressure control are essentially the same as in the calori-
meter of Heintz and Lichtenthaler (ref. 14)., Two advantages of
Christensen's calorimeter should be mentioned. Firstly, the length
of the mixing coil (180 cm) allows working with relatively high
volume speeds and therefore a large heat effect can be measured
with the same precision as for smaller flow rates. Secondly, the
air bath construction makes it possible to extend calorimetric
measurements to higher temperatures. In spite of these interesting
improvements only heats of mixing below 50 bar have been published
so far with this apparatus (ref. 15).

Another construction of a high pressure calorimeter has been pub-
lished recently by Siddiqi and Lucas (ref. 16). This apparatus is
essentially identical with the calorimeter of Heintz and Lichten-
thaler. A comparison of results obtained by the three calorimeters
described in this section is shown in Fig. 5 for the pressure
dependence of the excess enthalpy of the system c-C6 +n-C6. The
agreement of the results obtained with the calorimeter by Heintz
et al. and the one by Siddiqi et al. is excellent. The results
obtained with Christensen's calorimeter (ref. 12) are slightly
higher but still in the experimental error limits.

E

Fig. 5. Comparison of AHE =HE (150 bar) - HE® (1 bar) at 298.15 «
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g,——-:~A HE from Heintz et al. (ref. 14); -.-.-., ©,
j}HE from Christensen et al, {ref. 12), - - - - A HE
representing experimental data (x) from Siddiqi et al.
(ref. 16}.

ALKANE + ALKANE MIXTURES

Experimental Results

At ambient pressure HE-data for a large number of mixtures of
saturated hydrocarbons at various temperatures are available (ref.
17). At high pressures systematic measurements so far have only
been performed by Heintz et al. (ref. 18) and the results obtained
for some mixtures are shown in Figs. 6 -8,

The HE-values are always positive (endothermic mixing). Either
the differences

AHE(p) = WE(p) - WE(p =1 bar) (3)

or the HE(p)-values directly are shown over the entire range of

mole fraction x at 298.15 X. Except for the system cyclohexane
(C'CB) +2,2,4-trimethylpentane (i-Ca), for all systems a positive
value (leEfglp) is obtained. For the systems with c-C, the depen-
dence of H  on pressure increases with increasing chainlength of

the n-alkane, i.e. with increasing differences in molecular size

and shape, as shown in Figs. & and ¥ for n-octane (n-ca) and
n-dodecane (n-C72) respectively. As expected leE is relatively
small, for an equimolar mixture always about 5-8% of the correspon-
ding absolute HE-vaIues at 1 bar for an increase in pressure of

300 bar. For the systems with n-hexane (n-CG) the absolute increase
of HE with pressure is of the same magnitude as for the corresponding
mixtures with c-CG, however, the relative change with respect to

the value at 1 bar is very large, as shown in Fig. & for the mixture
with n-decane (n-C10)_ In all cases (A HE/AJH decreases with
increasing pressure, which was to be expected as the compressibility
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of the liquids decreases with increasing pressure,

20 o t-Cg +n-Cg

292 bar

aHE
(J)-malY

X X

— Xn-Cg,i-(g
0 05 1

Fig. b6, Effect of pressure on the composition dependence of HE
faor c-C6-+n-68 and c—C6-+i-C8 at 298.15 K. o, ® measured;
Redlich-Kister fit; x determined indirectly from
excess volumes using equation (4} (at 161 bar for the
n»C8 mixture and at 290 bar for i-Cgq mixture).

According to the exact thermodynamic relation

E E
oH _JE Ay
(W)T =V (p) -T("—GT )p (4)

E

at a given temperature the variation of H- with pressure and com-

position can be calculated indirectly from the dependence of VE
on pressure, temperature and composition, One way toc determine VE
is to measure densities of mixtures and pure components at various

pressures and temperatures. Those measurements, however, have to
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be extremely accurate, as for liquid mixtures VE in general is
pretty small. Using a vibrating-tube densitometer {(e.g. DMA 601,
Paar/Heraeus) at ambient bre55ure and a bellows-dilatometer at
high pressures those measurements are possible (ref., 19, 20) and
the excess volume is obtained according to:

VE . MAXA‘FMBXB MA MB

- 4 - te—— 5
% Xp 35 *B (5)

where MA and MB are the molar masses, Xp and Xp are the mole frac-
tions and g, and g are the densities of the components A and B
respectively. Im is the density of the mixture.

30 °

9 e

)
* 4 HE

* [J-mol-1]

20
X
x
180 bar
X . o
L 3
10 x
' — Y-t
0 a5

Fig. 7. Effect of pressure on the composition dependence of HE
for c~C6+n—C12 at 298.15 K. o, & measured; ——— Red-
lich-Kister fit; x determined indirectly at {80 bar from
excess volumes using equation [4).



284

For all mixtures discussed by Heintz et al. (ref, 18) VE—data have
been obtained in this way at various temperatures and ambient pres-
sure, The slope (d\!E/dT)p=1 bap #AS determined at 298.15 K and the
corresponding A HE-values for a given A p were calculated using

equation (4). The results are included in Figs. 6 -8 and are marked
as determined indirectly. The VE-data are accurate to within 2 - 3%,

— -y

05
Fig. 8. Composition dependence of HE 4t various pressures and
238,15 K for "'C6+”'C1O‘ o, e, measured; ——— Redlich-

Kister fit; x determined indirectly at 268 bar from
excess volumes using equation (2).

but the temperature dependence of VE is very small and hence rela-
tively inaccurate. In calculating (aHE/Ap) from equation {4) that
is important as (avE/aT)p is multiplied by T, i.e. by a relatively
large number. Therefaore, the indirectly determined AHE—values are

only accurate to within + 25% (with respect of the absaolute HE-
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values that means about + 2%), possible systematic errors not in-
cluded, This error is nearly twice as high as the one of the'é}HE—
values measured directly with the flow calorimeter, which are estim-
ated to be accurate at least to within + 1.5% of the HE-values
involved. Within those experimental errors the Z}HE-values obtained
in the different ways agree with each other and hence the data are
thermodynamically consistent.

Theoretical Interpretation

Thermodynamic excess properties of liquid mixtures containing mo-
lecules of different size and shape {especially chain-molecules)
have been discussed on the basis of molecular statistics very suc-
cessfully using the Prigogine-Flory-Patterson free volume theory
(PFP-Theory) {ref. 21 -24), The theoretical equations derived from
this theory to describe the dependence of the excess properties

on temperature, pressure and composition contain quite a number

of system specific parameters. However, for a binary mixture all
these parameters, except one, can be calculated from pure component
data (e.g, p,V,T-data). The so-called interaction parameter X12
remains the only one being adjustable to represent the excess pro-
perties properly. This parameter is related to the difference of
the different intermolecular interactions between different mole-
cules. As a molecular parameter it is regarded to be independent
of temperature, pressure and composition.

For a large number of liquid mixtures, in particular for polymer
solutions, the PFP-Theory predicts good results for the thermo-
dynamic excess properties after the parameter )(&2 has been adjusted
properly {e.g. using an experimental value of HY). In some cases,
however, inconsistencies of the theory have been observed for
various reasons. For mixtures of n-alkanes with relatively compact
(globular) molecules (e.g. ¢-Cg) X,, shows a significant decrease
with increasing temperature (ref. 25). This is incompatible with
the concepts of the PFP-Theory, which regards X12 being independent
of temperature. Furthermore the x12-values determined from HE-data
for mixtures of C'C16 +n-alkanes are much larger than those obtained
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for mixtures of c-C6 with the corresponding branched isomers (ref,
25). The same results are obtained from experimental data of the
excess volume {ref, 19). This fact cannot be explained by the dif-
ferent numbers of methyl- and methylene-contacts within the differ
ent mixtures of the different isomers, as the difference in the
intermolecular interaction energy is toc small. Additionally for
mixtures of c-c6+ n-alkanes X12 was foundEto increase with in-
creasing pressure, when determined from H -data at various pres-
sures (ref. 26). Again this is incompatible with the concepts of
the PFP-Theory which regards x12 being independent of pressure.
For mixtures of c-C16 with corresponding isomers such a pressure
dependence was not observed.

Figs. 9 and 10 show for the mixtures c-CG +n—CB and c-CS-+n-C12
the experimental and calculated results for the differences A HE.

0+ -~
N 292 bor
/7 N
| // \
T 15 J
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Fig. 9. Effect of pressure on the composition dependence of HE

for c-Ce+c-Cg at 298,15 K. ———— experiment (Redlich-
Kister fit); ---- PFP-Theory with x12(p); —eme T e
PFP-Theory with X, (1 bar).
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Wwithin the error of the experimental data (see ref, 18) the agree-
ment is very good. The calculations with the PFP-Theory are very
sensitive to small changes in X12. If at high pressures, for example,
the calculations are performed using the same X12 as at 1 bar for

all c—C6-+n-a1kane systems much too small A HE-values_are obtained,
even negative ZSHE-values are predicted as sheown in Figs. 8 and 9.

The origin of these discrepancies has first been recognized by de-
polarized light scattering performed with pure n-alkanes and their
mixtures with c-C6 (see e.g, ref, 27), According to these results
within liquid n-alkanes exists some shert range order which is de-
stroyed upon mixing with a compact molecule like C'CG' This mole-
cular order most probably can be interpreted as a packing effect
fayoured between segments of different n-alkane chains. Apparently
this is associated with an energetic stabilisation in relation to
the completely desoriented state. Upon mixing with c-C6 this short
range order is destroyed gradually, depending on the composition
of the mixture. The associated energy leads to a larger endothermic
excess enthalpy and hence to a larger X12—va1ue. The decrease of
X12 with increasing temperature shows that the short range order
within the pure n-alkanes already is partially destroyed by thermal
motion before mixing. These effects are small or do not exist at
all for mixtures containing the branched isomeric alkanes, as these
pure components show only little or no short range order due to
steric hinderance (ref, 25). Along the same lines the increase of
X12 with increasing pressure is physically reasonable as at higher
pressures the short range order is expected to be more distinct,
thus leading to a larger endothermic excess enthalpy and hence to

a larger X12-va1ue. Again these effects of pressure are small or
do not exist at all for mixtures containing branched isomeric
alkanes (X12 for c-C6+ i—C8 is independent of pressure).

Making use of these gualitative results the PFP-Theory has been
modified and extended quantitatively in order to take into ac¢count
possible short range order present in liquids (ref. 26). Within

the framework of the extended PFP-Theory X12 is depending on temper-
ature and pressure according to the following relation:

_ 0 . T
Y12 = X2 ¥=T 000 (T>T,) (6)
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Fig. 10. Effect of pressure on the comnosition’dependence of HE
for c-C6 +n-C12 at 298.15 K. —— experiment (Redlich-
Kister fit); ---- PFP-Theory with X12(D); e,

PFP-Theory with Xy (1 bar).

X?z is the interaction parameter in case no short range order is
present and hence it is independent of temperature and pressure.
To(p) formally has the significance of a transition temperature,
which for a given pressure can be determined together with X?Z from
the temperature dependence of XIZ' At 1 bar TO was found to be
lower than the melting temperature Tm {ref, 25) and in fact transit.
ion phenomena have been observed for some alkanes below Tm (ref.

28).

The pseudo-transition temperature To(p) should increase with in-
creasing pressure as at higher densities the short range order is
more distinct and that is in fact the case for mixtures of c—Cﬁ+
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n-alkanes {ref, 26). The origin for the increasing X12 with in-
creasing pressure hence is the increase of To(p). An averaged in-
crease af 8 K was obtained for an increase in pressure of 300 bar,
It is interesting to compare this number with the results obtained
‘ by Wirflinger (ref. 28), who measured the pressure dependence of
the transition temperature in the solid state for some alkanes using
the DTA-method. He found an increase of 5- 10 K for an increase in
pressure of 300 bar. This agreement is somewhat surprising, as
Warflinger not only has investigated n-alkanes but also more globu-
lar molecules, which show the typical rotational transition of
practically first order. The processes characterized by TO(D),
however, are occuring within a wider temperature range., Neverthe-
less the direct investigations of transitions and their dependence
on pressure support the physical interpretation and the theoretical
concept of short range order within liquid n-alkanes.

The extended PFP-Theory discussed accounts for possible short range
order present in liquids. Such order, for example, exists within
n-alkanes and hence only the PFP-Theory in its extended form gives
a consistent description of the temperature and pressure -dependence
of HE of the alkane mixtures discussed here. The results clearly
indicate that very reliable HE—data over a wide pressure and tempe-
rature range make possible a rigorous test of molecular theories

of fluids and their mixtures.

ALCOHOL + ALKANE MIXTURES

For such mixtures the thermodynamic excess properties depend main-
ly on the asscciation due to hydrogen bonding of the alcohol. As
the temperature dependence of the excess properties gives some
information about the enthalpy of hydrogen bonding, the pressure
dependence should give some insight in the volume change associated
with the formation of hydrogen bonds.

Experimental Results

HE-data at high pressures have only been reported by Heintz (ref, 30)
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t1 shows results for

and more recently by Oswald {ref. 31). Fig.
the mixture Z2-propanol + n-heptane experimental at various pressures

and temperatures {from ref. 30). An increase of KE with increasing
is obtained.

temperature and a decrease with increasing pressure
The alcohol + alkane mixtures show a dependence on pressure and
is opposite to the one for azlkane + alkane mixtures

temperature which
From a physical point of view this is the important result.

Hess has determined the pressure dependence of H- from his VE-data
using equation (4) (ref, 29). For an equimolar mixture of 2-pro-
pangl + n-heptane at 298.15 K Fig. 12 shows a comparison of the pres-
sure dependence ¢of HE as determined directly with the calorimeter

by Heintz (ref. 30) and indirectly by Hess. The results obtained
in the different ways agree well showing the V- -data and HE-data

to be thermodynamically consistent.
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and pressures for 2-propanol + n-heptane. o measured at
238.15 K and pressures indicated; o measured at 303 X

- . - E _4E -
aEd 1 bar; Redlich-Kister fit; .... thys. 'Hexp.
HcheITI according to equation (¥).

780 |
= 730 o DIRECT, HEINTZ {1981)
5 * INDIRECT, HESS {1982)
=
— 680
"t 630
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530 | I WU IS R N O SR SR W W |
0 400 800 1200 1600
— P [bar]
Fig. 12. Pressure dependence of HE for an equimolar mixture of

Z-propanol + n-heptane at 298,15 K. o (ref. 30) and +
(ref. 29) measured; best fit.

Theoretical Interpretation

In case of mixtures with associating components like -alcohols mostly
quasi rigid lattice theories have been applied, based on real asso-
ciation models (ref. 32, 33) or approaches like UNIFAC (ref. 34},
These theories are very useful for a systematic description of the
Gibbs excess energy GE and HE but they neglect all excess proper-
ties related to Vv, (GVE/Bp)T or (BHE/BT)p as vF =0 is assumed.

The real association solution model, for example, has been applied
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successfully to mixtures with strong hydrogen bonding components
like alcohols. In this theory thermodynamic properties are split

in a so-called chemical and physical contribution (e.g. HE zHEhem
HE ). At low pressures the model allows a consistent description

o?héﬁiand HE {ref. 33, 35). The model assumes that linear i-mers of
associated alcchol molecules are formed by consecutive “chemical
reaction" (ref. 32, 36). The final equation for HE at normal pres-
sure is obtained as follows:

E _ . . a0 . .
Ho = Ahg - Ko (8, -989) - x, +B'8, « (1-0,) (7)
. E E
where the first term represents Hchem. and the second one thys.'
A L is the enthalpy of formation of hydrogen bonds and x, Is the

A
mole fraction of alcohol. 91 and ﬂ? are the volume fractions of

alcohol monomers in the sclution and the pure alcohol respectively,
depending only on the association konstant K and Xp K is regarded
as independent of the number i of associated units, an assumption
being justified by Flory (ref. 37). EA is the volume fraction of
alcohol. B' is related to the differences in the intermolecular
interactions between the different molecules of the mixture.

Renon and Prausnitz (ref. 33) found A h0= -25,1 kJ mol-1, being the
same for different alcoheol + hydrocarbon systems. For 2-propanol +
n-heptane K = 60 was found at 323 K. With these values the HE-data
for this mixture at 298.15 K and t bar can be described well using
the following equation for the temperature dependence of K:

Aho
37 'p RTZ

(8)

In this way at 298,15 K a value of K=131.5 was obtained. The value

E . . E E :
for thys. calculated by taking tge difference Hexpli—Hchem. is
shown in Fig. 7. At its maximum thys is 140 J mol (for Xy = 0.65)

and for low alcohol compositions it has even small negative values.

With increasing pressure thys decreases slightly.

The real associated sclution model shows that hydrogen bonding
accounts for the main contribution to H™ also at higher pressures.
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This result was not only found for the 2Z-propanol + n-heptane system
discussed but also for other alcohol + alkane systems (ref. 30, 31).
As the model is not able to describe VE and related properties like
(BHE/BD)T Heintz (ref. 30) has extended the theory in order to ac-
count for the volume change associated with the formation of hydrogen
bonds. To a first approximation the different numbers of hydrogen
bonds in solution and in the pure alcohol are calculated using the

: : E E ]
same kind of equation for Vchem. as for Hchem.'
E = - . - 0 . A
Venem, =AY " K {2y -8y) - X, | (9)

Here A*“o is the volume change associated with the formation of one
mol hydrogen bonds; the notations Xpo K, ﬁ1 and ﬂ? meaning the same

as before. From the values reported in literature (ref. 38) vy ©

-4 cmam mol'1 has been chosen as the most probable one, VEhem cal-
culated with equation (9) for the maximum of the VE Versus coﬁposition
! for 2-propanol + n-heptane in contrast to

U (ref. 39). The

E - 0.48 cn’

- phys.
mol ! clearly shows that this contribution is dominating.

plot gives 0.12 cmamol'
the experimental value found to be 0.60 Cmamol-
resulting value for the physical contribution is V

E - E
at high pressures the product p'vchem. has

In calculating Hchem
to be added to the first term in equation (7) with Vghem given by
equation (9). The value of K at high pressures is obtained using

the relation:

aan AVO

-t (10)

Th . E E E . .
e results obtained for A Hchem = Hchem (p) -HChem (1 bar) in this

way are shown in Figs. 13 and 14 for the mixtures 2-propanol + n-
heptane and 2-propancl + i-C8 respectively. In both cases the chemical
contribution is about 20% of the total value of (A HE/AD)T deter-
mined experimentally. Again, as already found for VE, the physical
contribution is larger than the chemical one.

In conclusion it follows that in mixtures of alcohol + alkane the
physical contribution according to the real associated solution
model plays a more important role than the chemical one for those
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excess properties which are associated with VE. This already has

been suggested by Treszczanowicz and Benson (ref. 40) in the inter-
pretation of their VE-data of alcchol + hydrocarbon mixtures. Direct
ly measured HE—data at high pressures confirm this conclusion as
discussed here.

High pressure thermodynamic properties depend the stronger on the
change of volume the higher the pressure is. To obtain better de-
scription at such important state conditions the extended real as-
sociated solution model provides a reasonable basis for further
theroretical work. Most important are efforts to develop a theo-
retical expression for the physical contribution of excess proper-
ties including the change in free volume. This would allow a better
physical inSight in the dependence of the excess properties of
associated systems on pressure.

XA
0 0 10
Tt AHEhem
-50
S53bar
-100
(imol) AHE
I mp

Fig. 13. Effect of pressure on the composition dependence of HE
for 2-propanol + n-heptane at 298.15 kK, experiment
(Redlich-Kister fit): éﬁHExp.’ HE(p)- HE(1 bar}); -----
according to equations (7) and {9).
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Fig. 14, Effect of pressure on the composition dependence of HE
for 2-propanol +2,2,4-trimethylpentane (i-CB) at 298.15 K
experiment (Redlich-Kister fit): A HEX = HE(p)-
HE(1 bar); ----- according to equations (7) and (9},
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