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PVTx Measurements and Crossover Equation of State of Pure
n-Hexane and Dilute Aqueous n-Hexane Solutions in the Critical

and Supercritical Regions
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The PVTx relationship of aqueous n-hexane solutions (0.0201, 0.082, and 0.8500 mole fraction
of n-hexane) has been measured in the near-critical and supercritical regions with a constant-
volume piezometer. Measurements were made on the critical isotherm of pure water 647.1 K
with pressures ranging from 8 to 33 MPa. The total uncertainties of density, pressure,
temperature, and composition measurements are estimated to be less than 0.16%, 0.05%, 15
mK, and 0.001 mole fraction, respectively. The Krichevskii parameter was estimated (124.4 +
20 MPa) from direct measurements of the P—x dependence along the critical isotherm-isochore
of pure water. The measured PVTx data were used to calculate partial molar volumes at infinite
dilution for n-hexane V; in near-critical water. The asymptotic behavior of the partial molar
volume along the solvent’s (pure water) critical isotherm-isobar was studied. The molar volume
values for the dilute HoO + n-CgHy4 mixture along the critical isotherm-isochore of pure water
were also used to estimate the critical exponent of partial molar volume V; 0 x ¢ (e = 0.795 +
0.001). Using our new PVTx data together with data obtained in other studies, we developed a
crossover Helmholtz free-energy model (CREOS) for dilute aqueous n-hexane solutions in wide
temperature and pressure ranges around the vapor—liquid critical points. The CREOS model
requires only the critical locus as an input and represents all available experimental PVTx data
for a dilute HyO + n-CgHys mixture with an average absolute deviation (AAD) of about 0.50—
0.65% in the temperature and density ranges 0.987T.(x) < T < 1.15T.(x) and 0.35p.(x) < p <
1.65p.(x), respectively, and concentrations up to 0.05 mole fractions of n-hexane. The accuracy
and predictive capability of the crossover model was confirmed by comprehensive comparison
of present crossover EOS for the pure n-hexane with the available experimental data in the

critical and supercritical regions.

1. Introduction

Thermodynamic properties of hydrocarbons in water
at high temperatures and high pressures are of consid-
erable interest in a number of industrial applications.
Since water’s dielectric constant varies from a room-
temperature value of 80 to a value of 5 at its critical
point, it can solubilize most nonpolar organic compounds
including most hydrocarbons and aromatics at temper-
atures starting at 473 and extending to the critical
point.12 Therefore, supercritical water (SCW) has been
proposed as a solvent and as a reaction medium for a
number of technological applications such as coal con-
version,? organic synthesis,* environmentally friendly
destruction of toxic and hazardous wastes,”  including
chemical weapons and the cleanup of nuclear processing
sites,10-12 SCW oxidation processes,!31* and extraction
of organics from environmental solids.’5719 Water +
hydrocarbon systems may also serve as model systems
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that are useful for the development of processes such
as the hydrolysis of plastic, synthetic fibers, or polycar-
bonates for recycling.20

Exploration of the possibilities offered by SCW solu-
bility requires an accurate and detailed knowledge of
the fluid thermodynamic properties, particularly PVTx
relation and equation of state of the near-critical
mixtures. The present technological advancement in the
use of high temperature and high pressure in chemical
industries would be well-served by an understanding
of the phase and PVTx relations in water + hydrocarbon
mixtures. PVTx data for water + hydrocarbon systems
provide additional information on the effects of temper-
ature, pressure, and composition on the thermodynamic
behavior in such systems, which could lead to improved
understanding of processes near the solvent critical
point. However, PVTx data for the water + hydrocarbon
systems under supercritical conditions are scarce and
there is no reliable nonclassical equation of state that
adequately describes the anomalous thermodynamic
behavior of the near-critical and supercritical aqueous
hydrocarbon mixtures.

The thermodynamic behavior of dilute mixtures in the
vicinity of a solvent’s (water) critical point is also of
considerable theoretical importance. Much of the theo-
retical work on supercritical solubility has focused upon
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Table 1. Summary of the Thermodynamic Properties Measurements for Aqueous n-Hexane Mixtures

temperature pressure concentration
first author year property method range (K) range (MPa) range (mol. fr.)
Abdulagatov3* 1994 PVTx, By, Cy, CVP? 523—-623 2—-16 0.198-0.9398
Abdulagatov3® 2001 PVTx, Bis CVPp? 643—651 8-35 0.0021-0.0138
Degrange?¢ 1998 PVTx, HE VTD« 298—675 up to 33 infinite dilution
Yiling3” 1991 PVTx CVA VVAd 550—700 20—200 0.4-0.8
De Loos*3:44 1982 PTx 600—675 25—170 n.a.
Majer®” 1999 Vo Lim.—o? V,, 573—623 up to 30 infinite dilution
Wormald?>4-56,109 1980 By FMCe 363—698 up to 12 0.369—-0.611
1983 Do
1988 Z
1996
Smith110 1984 HE FMCe 363—423 0.101325 0.42—0.47
Kamilov38 1996 PVTx, CyVTx HTHPAC/ 398—622 up to 25 0.385—0.879
Ts, ps
Kamilov3? 2001 CyVTx HTHPACS 463—522 up to 6 0.62—0.994
Kamilov*® 1997 PVTx, CyVTx, Ts, ps HTHPAC/ 373—-780 up to 60 0.25—0.933
Stepanov*! 1997 CyVTx, Ts, ps HTHPAC/ 380—495.8 up to 25 0.256, 0.615
Tsonopoulos*? 1983 three-phase P—T 313—422 0.0454—3.52 0.00123—-0.11
this work 2004 PVTx CVP 647.1 9-34 0.02—-0.85

@ VTD, vibrating-tube densimeters. ® CVP, constant-volume piezometer. ¢ CVA, constant-volume autoclave. ¢ VVA, variable-volume
autoclave. ¢ FMC, flow mixing calorimeter. " HTHPAC, high-temperature and high-pressure adiabatic calorimeter. ¢ FM, flow method.

relating the infinite dilution properties, for example,
negatively and positively diverging solute partial molar
volume in mixtures in the immediate vicinity of the
solvent’s critical point, path-dependence solvent proper-
ties in near-critical systems, and microstructure of
infinite dilute supercritical aqueous solutions.?1733
The main objectives of this paper are to provide new
reliable experimental volumetric, PVTx data and to
develop a new theoretically based crossover equation of
state for pure n-hexane and dilute aqueous n-hexane
mixture in the sub-, near-, and supercritical regions. We
proceed as follows. In section 2 we review the existent
experimental data for HoO + n-CgHis mixtures. In
section 3 we describe an experimental procedure used
in this work. A brief review of the previous equations
of state mixtures is given in section 4, and in section 5
we describe a crossover free-energy model for HoO +
n-CgHi4. The results and discussion are presented in
section 6, and the conclusions are given in section 7.

2. Literature Review of the Experimental
Thermodynamic Properties of HoO + n-CgHi4
Mixture

The thermodynamic properties of HoO + n-CgHiy
solutions have been reported by many authors. Table 1
shows the available thermodynamic data sets for HoO
+ n-CgHi4 mixtures. In this table the first author and
the year published are given together with the method
employed, and the temperature, pressure, and concen-
tration ranges. The available experimental critical curve
data sets are given in Table 2. A brief analysis of the
different data sets is given below.

2.1. PVTx Measurements. Abdulagatov et al.34
reported PVTx data for HoO + n-CgHi4 mixtures along
the three isotherms (523.15, 573.15, and 623.15) K for
12 compositions between 0.1968 and 0.9398 mole frac-
tion of n-C¢H14. Pressures ranged between 2 and 16 MPa
and densities from 9 to 496 kg-m 2. Newer more precise
experimental PVTx data for infinitely dilute HoO +
n-C¢H14 mixtures near the solvent (pure water) critical
point were reported recently by Abdulagatov et al.35
These experimental PVTx data provide a stringent test
of scaling models. Measurements were made at five
near-critical and supercritical isotherms of pure water
643.05, 645.05, 647.05, 649.05, and 651.05 K and at

Table 2. Summary of the Critical Properties (T¢, Pc, pc)
Measurements for Aqueous n-Hexane Mixtures

density
temperature range pressure
first author  year range (K) (kg'm~3) range (MPa)

Connolly! 1993 62542 31441
Yiling?3” 1991 663.2;673.3 93.0; 111.0
De Loos*344 1982 610—675 15—-140
Kamilov3? 2001 UCEP UCEP UCEP
Tsonopoulos* 1983 TUCEP UCEP
Brunner*6 1990 414-647.1 up to 40
Brunner*6 1990 UCEP UCEP
Roof*7 1970 UCEP UCEP
Rebert*® 1967 UCEP UCEP
Scheffer*® 1914 UCEP UCEP

pressures from 8 to 35 MPa for four compositions,
namely: 0.0021, 0.0050, 0.00850, and 0.0138 mole
fraction of n-hexane. The uncertainty in density mea-
surements reported by Abdulagatov et al.3435 is 0.16%.
Degrange3® also measured PVTx properties for infinite
dilution mixtures of water + hydrocarbon (benzene,
toluene, n-hexane, and cyclohexane) in the temperature
range from 298.15 to 675 K and pressures up to 33 MPa.
The measurements of density differences between hy-
drocarbon and water were carried out as a function of
concentration using vibrating-tube densimeters.

Yiling et al.3” reported mixture PVTx data for HoO +
n-Cg¢Hi4 in the temperature range from 550 to 700 K at
pressures from 20 to 200 MPa. Measurements were
made with a constant volume piezometer and a variable
volume autoclave. The uncertainties of the measured
values of volume, pressure, and concentration were 1%,
0.2 MPa, and 0.5%, respectively. Kamilov et al.38740 used
a high-temperature—high-pressure adiabatic calorim-
eter to measure PVTx properties of HoO + n-CgHiy
mixtures. The authors claimed uncertainties of the
pressure, density, and concentration measurements
were 0.09%, 0.10%, and 0.0005 mole fractions, respec-
tively.

2.2, Phase Equilibrium Measurements. Figure 1
shows the P—T phase diagram for the water + n-hexane
mixture. This figure includes all of the available experi-
mental three-phase data, low and upper critical curves,
UCEP, and vapor-pressure curves for the pure compo-
nents. The phase behavior of the HoO + n-CgHiyg
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Figure 1. Pressure—temperature phase diagram for the H,O +
n-C¢Hi4 mixture. CP1, critical point of pure water; CP2, critical
point of pure n-hexane; 1, vapor-pressure curve calculated with
the TAPWS®7 formulation for pure water; 2, vapor-pressure curve
calculated with the multiparametric EOS of Span.?

mixture belongs to type III mixtures in accordance with
the classification scheme of van Konynenburg and
Scott.4!

Phase transition phenomena (L—L—V, L—L, and
L—V) in water + n-hexane mixtures were studied by
Kamilov et al.38740 and Stepanov et al.#? using calori-
metric (Cy) experiments. They measured saturated
temperatures T's and densities ps at phase transition
points using quasi-static thermogram technique. The
measured densities on the three-phase curve define a
smooth curve, with a temperature maximum at 495.82
K. This maximum temperature corresponds to the
UCEP (upper critical end point), where the densities of
liquid and vapor mixtures in the three-phase equilib-
rium become identical or as the intersection of the
critical curve (L = G) and the three-phase solubility
curve (L—L—G). comparison of experimental values of
densities on the two-phase boundary (x = 0.61 mole
fraction of n-hexane) derived from calorimetric (PVTx)
measurements by Kamilov et al.?%and from thermal
(PVTx) measurements by Yiling et al.3” show that the
differences of about 0.6%.

A number of phase equilibrium (P7Tx measurements
along the phase equilibrium curve) studies have been
made by Yiling et al.,3” de Loos et al.,*3** Tsonopoulos
and Wilson,* Brunner,*® Roof,*” Rebert and Hayworth,*8
and Scheffer.#? All of the measurements were performed
at temperatures up to the critical point of pure water.
de Loos et al%* have made measurements of PTx
properties on the phase boundary for the seven compo-
sitions in the temperature range from 600 to 675 K and
at pressures from 15 to 170 MPa.

The two-phase equilibrium surface in PTx space has
been measured by Yiling et al.3” in the temperature
range from 550 to 700 K and with pressures between
20 and 240 MPa. Two types of autoclaves with constant
and variable volumes of about 60 cm?® and equipped with
sapphire windows were used. Measurements were made
for compositions between 0.4 and 0.8 mole fraction of
water. From the boundary curves, the binary critical
curves have been derived. Points on the phase boundary
were derived from “breakpoints” on P—T isochores. To
determine the phase equilibria, the “synthetic” method
was applied: known amounts of the two components
were heated in an autoclave of constant volume and the
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pressure increase with temperature was recorded. A
discontinuity (a “breakpoint”) indicated the transition
to homogeneous one-phase behavior and to an almost
linear P—T isochore. Each breakpoint was one point on
the three-dimensional binodal surface. It could also be
determined by visual observation through the sapphire
windows. A set of such breakpoints was obtained at
different volumes but constant compositions. The au-
toclaves were made from a high-strength nickel-base
alloy with 30 cm length and 60 mm o.d. and 20 mm i.d..
They were mounted horizontally and had a series of
heating and cooling jackets to control temperature
gradients. The sample temperature was determined by
thermocouples within the sample and within the auto-
clave wall. Magnetic stirring was provided for the
sample space. The uncertainties of the temperature,
pressure, mole fraction, and volumes were 0.5 K, 0.2
MPa, 0.5%, and 1%, respectively.

The PTx values on the liquid—liquid—gas three-phase
lines and on both branches of the critical curve Po(T)
for water + n-alkane mixtures have been measured by
Brunner*® from 414 K to the critical temperature of pure
water at pressures up to 40 MPa. Phase equilibria were
measured by de Loos et al.#3 at high values of composi-
tion of n-hexane and to moderate pressures by Rebert
and Hayworth.*®

2.3. Isochoric Heat Capacity Measurements.
Experimental Cy, data have been reported by Kamilov
et al.38740 and Stepanov et al.#2 near the liquid—gas,
liquid—liquid, and liquid—liquid—gas phase transition
points. Kamilov et al.?® reported the isochoric heat
capacity data along the critical isochores and coexistence
curves. Extensive Cy, measurements for six composi-
tions (0.6146, 0.7965, 0.9349, 0.9775, 0.9892, and 0.9940
mole fraction of n-hexane) near the (L—L—V) and (L—
L) and (L—V) phase transition curves have been re-
ported by Kamilov et al.?? These measurements cover
the range of temperature from 463 to 522 K at pressures
up to 6 MPa and densities between 259 and 312 kg-m 3.
The values of temperature, pressure, and density at the
upper critical end point (UCEP) were determined from
the measurements. Two peaks or jumps in the isochoric
heat capacity were found. The discontinuity in Cy,
behavior at the intersection of the phase boundary curve
is connected with (L—L) and (L—V) phase transitions
occurring in a binary water + n-C¢Hi4 mixture heated
in a closed volume. Heating the three phase (L—L—G)
water + n-CgHi4 mixture can lead to three different
sequences of phase transitions, depending on the fill
coefficient (ratio of the volume of the mixture to the
volume of the calorimeter at ambient temperature) or
the average fill density (ratio of the mass of mixture to
the volume of the calorimeter at ambient temperature),
and the n-CgH14 concentration in the initial mixture (see
Kamilov et al.??). For the first time Kamilov et al.3?
experimentally studied the temperature dependence
behavior of Cy, near the UCEP. The uncertainty in the
isochoric heat capacity measurements was 1.0—1.5%.

2.4. Critical Properties of Aqueous n-Hexane
Mixtures. Aqueous systems show unusually shaped
critical lines. The mutual solubility of hydrocarbons and
water is very low and the three-phase equilibrium line
occurs at significantly higher pressures than the vapor-
pressure curve of the pure alkanes (see Figure 1). The
liquid—gas critical curve that connects the critical end
point of the three-phase line and the critical point of
one of the components (n-hexane) is rather short. There
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Figure 2. Pc — T¢ projection (upper branch) of the critical curves
for HoO + n-alkane mixtures (Brunner46).
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Figure 3. P¢ — T¢ projection (lower branch) of the critical curves
for HyO + n-alkane mixtures (Brunner46).

is no continuous critical curve between the pure HyO
and pure n-hexane critical points (see Figure 1). One
critical curve (lower critical curve) goes from the point
T¢ of n-hexane and terminates at the upper critical point
(UCEP) three-phase L—L—V equilibrium end points.
The other critical curve (upper critical curve), originat-
ing from the pure water critical point T¢ extends toward
very high pressures and has a minimum with respect
to temperature at the point where the two-phase region
separates into two parts (see Figure 1). The shape of
the critical curves for water + n-alkanes changes
systematically from system to system (see Figures 2 and
3, Brunner,* and de Loos et al.#34%). It shifts to lower
pressures with the n-alkane carbon number. The tem-
perature at the critical locus minimum does not differ
very much. The temperature at the critical end point is
noticeably less than pure alkane’s critical temperatures
for the mixtures with butane and heavier alkanes. The
critical curves for water + n-alkane mixtures are
interrupted and show gas—gas equilibria of the second
kind (de Loos et al.#3** and Brunner?*6). de Loos et al.*3
have measured the phase equilibria (PTx) and the
critical properties (P¢, Te¢, x¢) in HoO + n-CgHig
mixtures in the temperature range from 610 to 675 K
and at pressures from 15 to 140 MPa.

From the boundary curves, the binary critical curves
have been derived by Yiling et al.3” The critical curve
passes through temperature minima at 7', = 628 K and
P,, = 31 MPa. The derived values of the critical

parameters for water + n-hexane are given in Figures
4a—c and 5 in the T¢ — x, pc — x, pc — x, and P¢c — T¢
projections, respectively, together with values measured
by other authors.

The critical curve of the water + n-hexane mixtures
has been derived from phase equilibrium measurements
by de Loos et al.*3** using a visual method (by observing
the behavior of the meniscus). They found that the
critical curve of the mixture starts at the critical point
of pure water (T¢ = 647.1 K and P¢c = 22.1 MPa) and
runs via a temperature minimum at 7}, = 627.8 + 0.2
K and P, = 31 + 2 MPa to higher pressures. They
showed also that the critical line changes systematically
with the carbon number of the n-alkane34446 (see
Figures 2 and 3). The temperature of the disappearance
of the second fluid phase was measured to accuracy
within +0.1 K. The pressure was measured with ac-
curacy within +0.02 MPa at pressures up to 40 MPa
and +0.05 MPa at higher pressures. The uncertainty
in the concentration measurements is estimated to be
0.002 mole fraction. The measured values of the critical
parameters (T¢ and Pc¢) as a function of composition x
are shown in Figures 4a,b. The critical curves for these
mixtures in Pc — T¢ projection are given in Figure 5
together with the vapor-pressure curve for pure water
near the critical point. With increasing number of
carbon atoms in the n-alkane, the critical line is shifted
to lower pressures and higher values of x (see Figure
2). The temperature of the temperature minimum of the
critical curves is almost the same in all HoO + n-alkane
mixtures.*446.50

The Pc — T¢ projections of the critical curves for 23
binary mixtures of water + n-alkanes with n-alkane-
carbon numbers i = 1 to 12 and { = 14, 16, 18, 20, 24,
25, 26, 28, 30, 32, and 36 were measured by Brunner.46
Measurements were performed in a 30 em? cylindrical
high-pressure optical cell. The operating pressure of the
cell is 200 MPa at 750 K. The uncertainties of pressure
and temperature measurements at phase boundary
appearance or disappearance are 0.1% and 0.2 K,
respectively. The total uncertainty of the critical pres-
sure measurements to be estimated 0.4%. The critical
parameters for water + hydrocarbon mixtures have
been also measured by Rebert and Hayworth*® (n-CgHy4,
cyclohexane, and benzene) and Roof*” (propane, butane,
n-pentane, n-C¢Hi4, n-octane, n-nonane, n-decane, ben-
zene, and toluene). These data are also presented in
Figure 5.

The available literature data on the UCEP param-
eters for water + n-hexane mixtures are given in Table
3. The results by Kamilov et al.?? for the UCEP
temperature Tycep = 495.82 K and UCEP pressure
Pycep = 5.250 MPa are in good agreement (differences
are ATycep = 0.63 K and APycep = 0.02 MPa) with the
values reported by other authors.*>~%° However, the
maximum deviation between the UCEP temperature
and the data reported by Tsonopoulos and Wilson*® was
0.88 K and the UCEP pressure differs by 0.045 MPa
(Roof*7). For the first time Kamilov et al.?? reported a
value of the UCEP density pycep = 259.94 kg'm 3. The
UCERP is located about 8 K below the critical tempera-
ture (T¢ = 507.85 K) and about 2.22 MPa above the
critical pressure (Pc = 3.03 MPa) of n-hexane.

2.5. Other Thermodynamic Property Measure-
ments. Degrange®® measured enthalpies for infinitely
dilute water + hydrocarbon mixtures (benzene, toluene,
n-hexane, and cyclohexane) in the temperature range
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298.15—-675 K with pressures up to 33 MPa. The
measurements of enthalpies were carried out as a
function of concentration using vibrating-tube densim-
eters.

The excess vapor enthalpy HZ of water + n-alkane
vapor has also been measured by Wormald et al.?4+-56
using a flow mixing calorimeter. Temperatures ranged
from 363 to 698 K at a pressure of 16 MPa for
compositions from 0.369 to 0.611 mole fraction of
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Figure 5. Experimental and calculated critical locus (P¢c — T¢)
for HoO + n-CgHi4 mixtures together with vapor-pressure curve
for pure water (IAPWSS7).

Table 3. Values of the UCEP Temperature, Pressure, and

Density for the H2O + n-C¢Hi4 Mixtures

Tucep Pycep PUCEP
X) (MPa) (kg'm~3) references
495.82 5.250 259.94 Kamilov et al.3®
496.70 5.270 Tsonopoulos and Wilson*>
496.40 5.282 Brunner#®
496.48 5.295 Roof*”
495.15 5.275 Rebert and Hayworths
495.21 5.274 Scheffer®

n-alkane. Cross-second virial coefficients B1s and cross-
isothermal Joule-Thomson coefficients @ for the water
+ n-hexane were derived from the excess enthalpy data.
An alternative to calorimetric measurements (HE) are
accurate PVTx measurements, which can be used for
testing of the two types of measurements. Wormald et
al.%* also constructed a high-pressure flow calorimeter
for the measurements of the HE at temperatures up to
700 K and used it to measure HE for HyO + n-pentane,
+ n-CgHi4, + n-heptane, and + n-octane. The high-
temperature measurements were used to calculate the
excess molar volumes VZ and compressibility factors for
the water + n-CgH14 mixtures.

Most recently a data set of partial molar volumes at
infinite dilution was obtained for the water + n-CgHi4
mixtures by Majer et al.5” at temperatures from 573 to
623 K and at pressures to 30 MPa from densimetric
measurements.

3. Experimental Procedure

The methods and procedures used in this study are
the same as those employed previously in the study of
pure water, n-alkanes, and water + n-alkane mix-
tures.3435.58-66 A detailed description of the apparatus
and the experimental procedures used for the PVTx
measurements has been given previously in our series
publications,343558-66 and only essential information will
be given here. The measurements were made using a
constant-volume high-pressure piezometer. The high-
pressure piezometer is constructed of heat- and corro-
sion-resistant high-strength alloy EI-43BU-VD (nickel,
77.00%; chromium, 19.84%; titanium, 2.82%; aluminum,
0.8%; iron, 0.59%; silicon, 0.44%; copper, 0.01%). The
inner volume of the piezometer was calculated by taking
into consideration corrections for elastic pressure de-
formation and thermal expansion and was calibrated
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by filling it with distilled water and then withdrawing
the water and weighing. The mass of the water with-
drawn m(Hs0) yielded the volume of the piezometer
Vop, = m(H20)/p(H20) from the well-established density
p(H20) of water at temperature Ty and pressure Py of
the calibration. The density of water was calculated with
a standard reference equation of state TAPWS, Wagner
and Pruss®?) at a temperature of Ty = 673.15 K and a
pressure of Py = 38.40 MPa. The uncertainty of the
density calculation from IAPWS®? formulation at this
condition is dpm,0 = 0.1%. All masses were determined
with an uncertainty of 5 x 107* g or 0.003—0.04%.
Therefore, in the worst case the volume of the piezom-
eter at this temperature T and pressure Py was deter-
mined with uncertainty of 0.14% (6Vp,v, = Om + dpm,0).
The volume at these conditions Vp,p, = (32.802 + 0.045)
cm3. This calibration was checked using other pure
fluids. The resulting value of the piezometer volume was
essentially the same as determined before with water
(difference is 0.12%).

It is necessary to know the volume of the piezometer,
Vpr, at a given temperature T and pressure P, for the
purpose of calculating densities p(T,P) = m/Vpr. The
effect of the temperature and pressure on the piezom-
eter volume Vpr was estimated using the thermal
expansion coefficient a of alloy EI-43BU-VD and the
pressure expansion coefficient § of the piezometer.
Variations of the piezometer volume Vpr with temper-
ature T and pressure P were calculated with the
equation (Tsiklis et al.58)

Vor=Vprll+3a(T = Ty + fP — Pyl (1)

where o =1.56 x 107® K1 is the thermal expansion
coefficient of the piezometer material, which is almost
independent of temperature in the range from 370 to
700 K, and = 3.51 x 107 MPa! is the pressure
expansion coefficient of the piezometer. The values of
o and  were determined also by using a calibration
procedure with pure water between 373 and 675 K at
pressures up to 100 MPa. The maximum uncertainty
in volume of the piezometer at a given temperature and
pressure Vpr is related to the measured uncertainties
of Vp,r, (0.14%), uncertainty of a and 3, which was 10%,
and uncertainties in pressure (0.05%) and temperature
(0.0015%) as

Ve
OVpr = 0Vpy, + ﬁBa[(T — Tyda + ToT] +

BI(P — Pyop + POP]] (2)

In the worst case (at maximum pressure 100 MPa and
maximum temperature 673.15 K) the uncertainty in V,,,
determination from eq 2 is 0.16%. Even if the values of
o and 3 were determined with uncertainty of 20%, the
uncertainty in Vrp is not worse than 0.18%. The pres-
sure dependence of the piezometer volume AVp was also
calculated from the Lave formula (Keyes and Smith®?)
for the cylinder. The differences between experimentally
determined values of AVp and those calculated with
Lave formula are within 0.1%.

Stirring of sample in the piezometer was accom-
plished with the aid of a steel ball that was moved by
the oscillation of the thermostat. The fluid temperature
was measured with a 10 Q platinum resistance ther-
mometer (PRT-10). The maximum uncertainty in the
measured temperature was 15 mK. The temperature

inside the thermostat was maintained uniform to within
5 mK with the aid of guard heaters located between the
thermostat walls and regulating heaters, which were
mounted inside the thermostat. The temperature inside
the thermostat and the fluid temperature were con-
trolled automatically (Bazaev™). The thermostat has
double walls with an inside volume of 65 dm?®. The
heating elements were arranged between the walls. To
minimize temperature gradients in the air thermostat,
two electrically driven high-speed fans were used. The
pressure in the piezometer was measured with an oil
dead-weight gauge with an estimated uncertainty of
0.05%.

The present experimental apparatus had no noxious
(“dead”) volumes.34355866 Taking into account the
uncertainties of measurements of temperature, pres-
sure, and concentration, the total experimental uncer-
tainty of density was estimated to be 0.163—0.20% (dp
= O0Vpr + Om) depending on the temperature and
pressure. To check the reproducibility of the experimen-
tal values, some of the measurements were repeated at
selected temperature and pressure several times. The
reproducibility of the (P,T)-data is better than +0.1%.
To check and confirm the accuracy of the measurements,
PVT measurements were made on pure water. The
measured values of density and pressure for the two
selected supercritical isotherms, 653.15 and 673.15 K,
of pure water were compared with the data calculated
from the IAPWS®” formulation for pure water. The
absolute average deviation (AAD) between measured
values of density and calculations with IAPWS®7 is AAD
= 0.14%.

Pressure was measured as a function of density at
fixed temperature. The piezometer was filled at room
temperature, sealed off, and heated along the quasi-
isochore. After the cell reached the desired temperature,
the sample was maintained in the piezometer for 2—3
h. After it reached equilibrium (pressure in the piezom-
eter at given temperature and density stabilized) at the
desired temperature, the sample pressure was recorded.

4. Analytical Equations of State for Water+
n-Hexane Mixtures

Different types of EOS have been used in the litera-
ture to represent thermodynamic properties of water +
n-hexane solutions, but all of them are classical, ana-
Iytical type EOS and fail to reproduce the singular
behavior of the thermodynamic properties of pure fluids
and fluid mixtures in the critical region. Table 4
summarizes available EOS for water + n-hexane pub-
lished in the literature and their features. Briefly, a
modified Soave—Redlich—Kwong (MSRK) equation of
state with an exponent-type mixing rule’ for the energy
parameter and a conventional mixing rule for the size
parameter was applied to correlate the phase equilibria
for four binary mixtures of water + hydrocarbon (ben-
zene, n-hexane, n-decane, and dodecane) systems at
high temperatures and pressures by Haruki et al.”>73
The perturbation type of the equation of state with
repulsion and an attraction term with square-well
potential for intermolecular interaction was used by
Neichel and Franck5! for water + n-alkane (C; to Csg,
and Cy2) mixtures. The three adjustable parameters w;;,
ke, and k, for the square-well molecular interaction
potential were fitted to the critical curves data.
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number of data used
temperature pressure structure adjustable in the
first author year range (K) range (MPa) of the EOS parameters development

Haruki?" 1999 603—633 up to 150 MSRK¢ 3 VLE

2000
Neichel?! 1996 670 up to 200 PTSWP? 3 critical curves data
Heiligh253 1990
Tsonopoulos*® 1983 470 3.5 RKJZe 1 solubility data
Eubank!!! 1994 n.a. n.a. PR¢ 1 solubility data
Victorov®? 1991 n.a. n.a. QCGCHe 5 VLE

@ MSRK, modified Soave—Redlich—Kwong type EOS. ® PT-SWP: perturbation type EOS with repulsion and an attraction term with
square-well potential for intermolecular interaction. ¢ RKJZ: Redlich—Kwong—Joffe—Zudkevitch type EOS. ¢ PR: Peng—Robinson type

EOS. ¢ QCGCH: quasi-chemical group—contribution hole model.

5. Crossover Free-Energy Model

In this study, we have used the parametric crossover
model CREOS-97 developed by Kiselev,’ as modified
later by Kiselev and Rainwater.”>7¢ Although the CRE-
08S-97 was initially developed for Type I mixtures only,
as was demonstrated in our previous work (Kiselev et
al.”?) for water + toluene mixtures, it can also be applied
to Type III mixtures. The crossover free-energy density
in this model is given by

where it = u2 — w1 is the difference of the chemical
potentials u; and ug of the mixture components, x = No/
(N7 + Ny) is the mole fraction of the second component
in the mixture, pA(T,p,x) is the Helmholtz free-energy
density of the mixture, and the isomorphic field variable
X is related to the chemical potential of the mixture i
by the relation

i/RT
e/t/R

1+ea/RT=1_g (4)

X =

where ¢ is a field variable first introduced by Griffiths
and Wheeler.”® The thermodynamic equation

1

BT )

x=—%1- 3%)(%)
ox

(where R is the universal gas constant) provides a
relation between the concentration x and the isomorphic
variable X. Similar to the concentration, the isomorphic
variable & changes from 0 to 1 for 0 <x <1. At fixed %,
the isomorphic free-energy pA is the same function of
T and p as the Helmholtz free-energy density of a one-
component fluid?477:79-81

A(T,p,%) ~
PP Er* " RY(@)[aW(») +
RTcOPcO
5 . 4 B o '
ZEJ"A’R_A"(Q)‘P,-&?)] + Z A+ ——m,|f®) -
1= i= 0.(&)
P (%) oT
+ In(1 — %) + mgl (6)
RTcOpCO Tcopco
T-T® )
T= W =r(l1 -5 (7
Ap = P_—Fic(x) — krﬁ D~ ,3+1/2(q)19 + C"zl_[ (8)

where b? is a universal linear-model parameter”™ and
k, di, @, ¢, A, and m; are the system-dependent
coefficients. The crossover function R(g) is defined by
the expression’

3 g2\
R(q)=(1—f-1 ) ,qQ =18 9)

+ qA”

where g 0 Gi ! (here Gi is the Ginzburg number for fluid
of interest8284) and A is a universal constant. The exact
expressions for the universal scaled functions W;(1}) are
given in Table 5.

In eqs 6—9, all nonuniversal parameters as well as
the critical parameters T.(%), p.(%), and P.(%) are analyti-
cal functions of the isomorphic variable %. In this work,
following the previous studies?76:85-87 for Type I binary
mixtures, we represent these functions, defined as
Y.(%), as simple polynomial forms of ¥ and (1 — %)

YR=Y,1-8+Y,2+1-0Syz (10

1=

where Y. € {T.,P.p.} and the subscripts c0 and cI
correspond to the pure solvent (water) and solute (n-
hexane), respectively. In addition to eq 10, we adopt a
so-called critical line condition (CLC) in the form"4~76

dmO 1 Pc < ~ \Peo TcO ch
+ @A+ I’)’Ll)p—CT—c2 dx

& RTp, di (1D

which implies that a zero level of the entropy of a binary
mixture can be chosen so that the isomorphic variable
X = x along the whole critical line, including the pure
solvent limit.

To specify the crossover equation for A(T,p, %) of a
binary mixture, we also need the system-dependent
parameters di(%), k&), 4&), &&), mi%), and A;&) as
functions of the isomorphic variable %. To represent all
system-dependent parameters in eq 10, designated as
ki(%), as functions of %, we utilize the hypothesis (Kiselev
et al.®) that, in binary mixtures, all system-dependent
parameters depend on % only through the excess critical
compressibility factor AZ.(%), where

AZ (%) = Z %) — Z ;&) (12)
is the difference between the actual compressibility

factor of a mixture Z.(%) = P.%)/Rp.(%)T.(%) and its
“ideal” part Z. (&) = Z.o(x)(1 — %) — Z.1%. The dimen-
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Table 5. Universal Scaled Functions
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sionless coefficients d1(%) and k(%) are written in the
form7475
k&) =Ry + (kg — k)& + B VAZ (%) + kP AZ (%)
(13)

and all other coefficients are given by
P&

EO = T ®

(ko + (ky — k)&% + BVAZ (%) +

kPAZ ()] (14)

Within the law of corresponding states (LCS), the

mixing coefficients kim in eqs 13 and 14 are universal
constants for all binary mixtures with AZ, < 0.2 (Kiselev
and Rainwater).

The parametric crossover model for binary mixtures
is specified by eqs 6—14 and contains the following
universal constants: the critical exponents a, 3, A;, A,
and the linear-model parameter 2. The values of all
universal constants are listed in Table 6.

To use the parametric crossover model defined by eqs
6—9, together with eqs 13 and 14, one needs to know
first the system-dependent coefficients %, d1, a, ¢;, g, A;,
and m; for pure components (¥ = 0 and ¥ = 1). For pure
water (X = 0), we adopted the critical parameters T,
pc0, and Py, and coefficients ko, d;9, ao, cio, o, Aio, and
mio as reported by Kiselev and Friend® and used earlier
by Kiselev et al.”? for water + toluene mixtures. For
pure n-hexane (¥ = 1), the critical parameters 7.1, p1,
and P.4, and the coefficients k1, d11, a1, ci1, g1, Ai1, and
m;1; were found from a fit of eqs 6—9 to the PVT data
sets by Kurumov and Grigorev?%°! and by Abdulagatov
et al.58 together with isochoric heat capacity data of
Amirkhanov et al.?2 We did this in two steps. First, we

Table 6. Universal Constants

optimized eqs 6—9 to the experimental data in the near
critical region at 7 + 1.2Ap? < 0.1. In the second step,
the coefficients d11, ¢;1 ¢ > 1), g1, A;1, and m;; have been
redefined from a fit of the crossover equation of state,
with the fixed values of the critical parameters and
coefficients k1, a1, and c11, to the experimental PVTx and
Cy data in the range of temperatures and densities
bounded by

T+ 1.2Ap% < 0.5, T > 0.98T, (15)

This range of validity of the parametric crossover model
is the same as reported earlier by Kiselev and Friends®
for pure water. The values of all system-dependent
coefficients for pure components and their mixtures are
listed in Tables 7 and 8.

To specify the crossover free-energy density model for
a binary mixture, one needs also to know the critical
locus for the mixture. In this work, for the critical locus
in dilute HoO + n-CgH14 mixtures, we used eq 10, where
the coefficients y; € {¢;,p;} for T. and P, were found from
a fit of eq 10 to the experimental T.(x) and P.(x ) data
listed in Table 2. Comparisons of the critical locus data
with values calculated with eqs 10 are shown in Figures
4a—c and 5. As one can see, for P. — T,, T.(x), and P.(x)
loci good agreement between experimental data and
calculated values is observed. We are not aware of
experimental p.(x) data for dilute aqueous n-hexane
solution; therefore, for the coefficients y; in eq 10 for the
critical density we found from a fit of the parametric
crossover model as given by eqs 6—14 to the present
experimental PVTx. The different curves in Figure 4c
represent the values calculated with eq 10 with different
sets of the parameters p; obtained from different fits to
experimental PVTx data. As one can see from Figure
4c, at compositions x < 0.03 mole fraction of n-hexane,
where the most experimental data have been obtained,
all curves practically coincide. However, at x > 0.03, the
difference between the critical densities calculated with
different sets of the parameters p; increases drastically.
As a consequence, the difference between the critical
compressibility factor Z, and the excess compressibility
AZ, calculated with these critical densities are also
increased dramatically (see Figure 6). We do not know
which of the curves presented in Figures 4c and 6 is
correct; therefore, in this work we have chosen the
simplest set of the parameters p;, which are shown in
Figures 4c and 6 by the solid curves. The values of the
critical-locus parameters y; € {¢;,p;,pi} in eq 10 are listed
in Table 8.

6. Results and Discussion

6.1. Pure n-Hexane. To check and confirm the
quality and predictive capability of the crossover model,
we made a comprehensive comparison of the present
crossover EOS for pure n-hexane with the available
experimental data in the critical and supercritical
regions. In particular, we made a detailed comparison

a=0.110
5 =0.325
y=2-o—-28=124

= (1 — 2B)/y(1 — 26) = 1.359
A1=A;=051
Ag = Ay =2A; = 1.02
As=Ay=y+p—1=0565
As=1.19

ég = A4 = A3 —0.5=0.065

A5 = A5 - 0.5=0.69

e0=2y +38—1=2455

e1= (5 — 2e0)(e0 — f)(2e0 — 3)/3(eq — ) = 0.147
es = (5 — 2e0)(eg — 36)/3(eo — 53) = 5.35 x 1072
e3=2—(1—A5=3.08

es = (2e3 — 5)(es — 3)/3(e3 — 56) = 0.559
Ao=0.5
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parameter water (ko) n-hexane (k;1) kD k2
Critical Amplitudes
k 1.41380 1.13977 —4.1776 4.1893
dy —7.13319 x 107! —9.22176 x 107! 0.5862 1.9908 x 10
a 2.25383 x 10 2.643562 x 10 —1.4994 x 10 —6.6113 x 10
c1 —6.83712 —2.58869 x 10 —6.7479 x 10 1.9677 x 102
co 1.33215 x 10 5.87390 x 10 0 0
c3 —1.16219 x 10 —1.34410 x 10 —2.2191 —2.4752 x 102
cq 7.83568 1.35784 x 10 2.2675 x 10 2.5603 x 102
Crossover Parameter
g 1.80152 x 10~° 2.08137 —4.0512 3.0924 x 102
Background Coefficients
A —17.81074 —7.60374 6.6065 8.2305
As 1.81122 x 10 2.33107 x 10 —5.2671 x 10 2.4531 x 10
As 2.72022 2.38793 x 10 0 0
my 0 -1.7911 2.8041 —2.5439
mo —1.14168 x 10 —5.36400 x 10 3.4528 x 10 0
ms 6.23749 8.63509 —1.0180 x 10 0
my —6.41886 0 0 0
Molecular Weight
My 18.0152 8.61780E+01 0 0
Table 8. Critical Parameters for Dilute H2O + n-CgH14 Solutions
Pure Water
Py, MPa 22.064 T, K 647.096 0c0, mol-L1 17.874
Mixture Coefficients
p1, MPa 1.20916757 x 105 t1, K 2.08728461 x 104 o1, mol-L1 1.32285674 x 104
p2, MPa —3.85848892 x 10° te, K —4.50143038 x 10* p2, mol-L1 3.28792339 x 10*
ps3, MPa 4.11578554 x 105 t3, K 2.39457775 x 10* p3, mol-L~1 2.42767881 x 10*
p4, MPa —1.46662825 x 105 04, mol-L1 4.59179121 x 103
Pure n-Hexane
P, MPa 3.088 T, K 507.790 0c1, mol-171 2.6900

with experimental data for the PVT, isobaric and
isochoric heat capacity data. Table 9 provides the
deviation statistics for these data.” In the range of the
densities and temperatures given by eq 15, the devia-
tions between experimental density data and values
calculated with crossover EOS are to within 0.5%, which
approximately corresponds to the accuracy achieved
with other multiparametric analytical type equation of

H,0 + n-CgHy,
05 H
——— p;set-1 !
-------- piset2 | |
final set | |
04F '
©
N
03[
0.2 : ! ’
0.00 0.04 0.08 0.12
'
——— p;set-1 {
025 |-—mm- p; set-2 !
final set i
©
]

0.08 0.12

5 L
0.00 0.04
x, mole fraction of n-CgH,,

Figure 6. Critical compressibility Z. (top) and excess critical
compressibility AZ. (bottom) for dilute HoO + n-CgHi4 solutions
as a function of composition calculated with eq 10.

state by Span,?? Polt et al.,% Starling,? and Grigor’ev
et al.9%97 Some of these EOS are directly fitted to various
properties as PVT, Cp, speed of sound data W, and
saturation properties (Ps,ps’,ps); therefore, it can be
expected to reproduce some properties as well as the
crossover EOS which is not fitted directly to these data.
However, all these analytical equations fail to reproduce
nonanalytical singular behavior of the isochoric heat
capacity in the critical region.

Figure 7 shows the results of the isochoric heat
capacity calculations with present crossover EOS to-
gether with experimental values reported by Amirkha-
nov et al.?2 and the values calculated from multipara-
metric analytical EOS along the critical isochore in the
one- and two-phase regions. As can be seen from Figure
7, in the one-phase region at the temperature above 553
K all calculations are in good agreement with experi-

6.0 nCeHyg

551 p =234 keeni?
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®  Amirkhanovetal.®?
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Y 45+~ & | Poltetal.
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Figure 7. One- and two-phase isochoric heat capacities of the
pure n-hexane as a function of temperature along the critical
isochore.
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Figure 8. One- and two-phase isochoric heat capacities of the pure n-CgHi4 as a function of temperature along the sub- (left) and super-

critical (right) isochores.

mental data (deviations are about 1—2%), while near
the critical point (about 45—50 K from the critical
temperature) analytical equations fail to reproduce the
anomalous behavior of the Cy in the critical region.
Similar behavior was found along the other near critical
isochores close to the phase transition temperatures (see
Figure 8). As one can see, in contrast to analytical EOS,
the present crossover model is able to represent the Cy
data to within their experimental uncertainty in the
critical and supercritical regions and near the phase
transition curve.

Figure 9 shows comparisons of the enthalpy data
reported by Wormald and Yerlett? for pure n-hexane
at sub- and supercritical regions with the values calcu-
lated from the present crossover model. The excellent
agreement within 0.56% is observed at pressures above
P¢ and in the vapor phase near the phase transition
curve. Deviation statistics are as follows: AAD = 0.56%;
Bias = 0.18%; St.Dev = 0.70%; St.Err = 0.09%; MaxDev
= 1.8%; N = 80. Maximum deviations up to 2—4% were
found in the critical region (along a near critical
isotherm of 510.2 K and pressures between 3 and 3.5
MPa). Extrapolation to low pressures (to the vapor
phase) shows the deviations within 6—9%.

To show how the crossover model represents other
thermodynamic properies at saturation near the critical
point, a comparison with selected relaiable experimental
data are given in Figures 10—12. These figures provide
a comparison of the present calculated values of the
various thermodynamic properties (Pgs,ps',ps,Cps') of
pure n-hexane on the saturated curve with available

510.2K

523.2K

548.2 K

573.2K

505.2 K

——  CREOS (thiswork)
saturation data
473.2K
490.2 K
498.2K

n-CgHiy

oprPOe

e 0mx

AH, kJkg!

410 !
1
P, MPa
Figure 9. Enthalpy of the pure n-C¢Hi4 as a function of pressure
in the sub- and supercritical regions. The symbols indicate

experimental data reported by Wormald and Yerlett.”® The solid
curves represent values calculated from present crossover model.

experimental data. No saturated properties data were
used in the determination of any of the system-depend-
ent constants in the present crossover equation for
n-hexane. AAD for the saturation data are as follows:
vapor pressure, 0.13%; saturated density data, 0.47%;
saturated isochoric heat capacity data, 2—4%; saturated
isobaric heat capacity data, 3—4%; speed of sound data
at saturation, 1-2%; and saturated enthalpy data,
0.21%. The present crossover model correctly represents
all of the availably saturation data near the critical

Table 9. Deviation Statistics for Thermodynamics Properties of Pure n-Hexane

PVT, PVT, C
K d ’ Vs Cp,
Gligil’z‘;g%& Abdulagatov et al.?8 Amirkhanov et al.?? Gerasim(fv et a].98
CREOS CREOS CREOS CREOS
deviations this work this work Span? Starling9 this work Span? Starling% this work

AAD, % 0.22 0.45 0.54 0.60 0.52 1.64 1.72 1.30
BIAS, % 0.01 0.31 —-0.45 —-0.20 -0.13 -0.12 -0.34 -0.72
SDV, % 0.34 0.47 0.72 0.88 0.73 2.11 0.95 1.29
RMS, % 0.02 0.11 0.12 0.18 0.04 0.10 0.15 0.16
MAXDEV,% 1.25 1.36 —1.28 2.0 3.5 5.98 5.12 3.80
N 300 30 30 30 300 431 431 100
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Figure 10. Vapor—liquid coexistence curves of pure n-CgHis
calculated with present crossover model together with experimen-
tal data reported by other authors from the literature.
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Figure 11. Vapor-pressure curves of pure n-CgHis near the
critical point calculated with present crossover model together with
experimental data reported by other authors from the literature.

point to within their experimental uncertainties without
systematic deviations. This excellent agreement con-
firms the reliability and accuracy of the present cross-
over model and correct representation all of the typical
thermodynamic anomalous behavior of the near- and
supercritical fluids.

6.2. Dilute Aqueous n-Hexane Solutions. Mea-
surements of the PVTx relationship of the aqueous
n-hexane solutions were carried out at three composi-
tions (0.0201, 0.0850, and 0.8500 mole fraction of
n-hexane) for the critical isotherm of pure water 647.1
K. The density ranged from 39 to 492 kg-m~3, and the
pressure ranged from 8 to 33 MPa. The experimental
PVTx and compressibility factor results are presented
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Figure 12. Isobaric heat capacity of pure n-C¢Hi4 at saturation
near the critical point calculated with present crossover model
together with experimental data reported by other authors from
the literature.
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Figure 13. Measured pressures P of HoO + n-hexane mixtures
as a function of density p along the critical isotherm of pure water
for various compositions together with values for pure components.

in Table 10. Some selected experimental results are
shown in Figures 13—15 as projections in the P—p, Z—P,
and P—x planes, together with values calculated from
IAPWS®7 for pure water and pure n-CgHy4 calculated
with Span.?® Figure 15 includes also our previous
measurements (Abdulagatov et al.35).

Measured values of pressure P as a function of
composition x along the solvent’s critical isotherm-
isochore (pure water) (T¢ = 647.1 K and pc = 322.0
kg'm~3, see Figure 15) can be used to determine the
value of the Krichevskii parameter (8P/3x)TV as the
slope of the experimental P—x curve at x — 0. Our
experimental result for (dP/ox)7 is 124.4 £+ 20 MPa

Table 10. Experimental PpTx Data for H;O + n-Hexane along the Critical Isotherm of Pure Water

T=64710K
x = 0.0201 mole fraction n-CgH14 x = 0.082 mole fraction n-CgH14 x = 0.850 mole fraction n-CgH14
p (kg'm~3) P (MPa) zZ p (kg'm~3) P (MPa) Z p (kg'm™3) P (MPa) zZ

39.320 9.140 0.8377 42.120 8.550 0.8904 174.24 8.610 0.6976

63.140 13.25 0.7563 71.250 12.85 0.7911 242.18 12.40 0.7228
100.12 17.63 0.6346 102.41 16.49 0.7063 297.90 16.64 0.7885
144.62 20.60 0.5133 149.33 20.35 0.5978 340.58 21.00 0.8704
195.37 22.09 0.4075 189.74 22.83 0.5278 373.65 25.55 0.9653
327.49 24.40 0.2685 288.35 27.52 0.4186 391.33 28.80 1.0389
378.14 25.69 0.2448 330.09 29.78 0.3957 410.61 32.71 1.1245
448.95 28.69 0.2303 383.00 33.53 0.3840

491.62 32.34 0.2371
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Figure 14. Measured compressibility factors Z = PV/RT of HoO
+ n-CgH14 mixtures as a function of pressure P along the critical
isotherm of pure water for various compositions together with
values for pure components.
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Figure 15. Measured pressures P of HoO + n-CgH14 mixtures as
a function of composition x along the critical isotherm-isochore of
pure water.

and the value calculated with the crossover model is
119.54 MPa, which is in excellent agreement with the
value of the Krichevskii parameter obtained earlier by
Abdulagatov et al.1%2 (119 MPa) from the analysis of the
critical locus data. The Krichevskii parameter in dilute
aqueous n-hexane solutions has also been studied
recently by Plyasunov et al.10%.101 The values reported
by Plyasunov et al.190.101 (168 and 197 & 40 MPa) are
about 30—40% bigger than the ones obtained in the
present work.

Figures 16—19 compare the present and our previous
(Abdulagatov et al.?®) PVTx data with the values
calculated with the crossover model. As one can see,
good agreement (within 0.36%) is observed between our
previous measurements (Abdulagatyov et al.?%) and
values calculated with the crossover model. An agree-
ment between present data and the values calculated
with the crossover model is fairly good (within 0.5%)
up to the densities 525 kg'm 3. It should be emphasized
that none of the experimental data shown in Figures
16—19 have been used for the optimization of the
crossover model. Therefore, the obtained results look
rather impressive.

Figure 18 compares our previous density measure-
ments and the data reported by Degrange?® for infinite
dilution HoO + n-Cg¢Hi4 mixture at a pressure of 28.1
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34571
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&
S 245
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Figure 16. Measured pressures P as a function of density p for
a HoO + n-CgH14 mixture along the critical isotherm of pure water
for various compositions together with values calculated from
present crossover model.
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Figure 17. (a,b) Measured pressures P as a function of density p
along various near-critical and supercritical isotherms for a H,O
+ n-Cg¢Hi4 mixture at concentrations of 0.0201 and 0.005 mole
fraction of n-hexane together with values calculated from present
crossover model.

MPa with the values calculated from the crossover
model. Excellent agreement (within +0.15% and 0.13%)
between the values calculated with the crossover model
and experimental data by Abdulagatov et al.> and by
Degrange?® is observed. Figure 19 shows the concentra-
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Figure 18. Measured densities p of infinite dilution HoO +
n-CgH14 mixtures as a function of temperature along supercritical
isobar of pure water 28.1 MPa together with values calculated from
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Figure 19. Measured molar volumes V,, as a function of composi-
tion x along the solvent’s (water) critical isotherm-isobar for HoO
+ n-CeH14 mixtures together with values calculated from present
crossover model.

tion dependence of the experimental molar volumes of
H30 + n-CgH14 mixtures along critical isotherm-isobar
of pure water together with the values calculated with
the crossover model. As one can see from Figure 19, in
the limit x — 0 the tangent (slope of the V,,—x curve
along the solvent’s critical isotherm-isobar) approaches
the vertical line and, therefore, the values of the
derivative (8V/ax)p, dominate in the partial molar
volume. Since the partial molar volume Vy* of solute
(n-CgHiy) is obtained from the tangent (9V,,,/dx)py

_ G)%
V,=V,_ +1- x)(a—;‘)PT (16)

the partial molar volume of infinitely dilute system near
the critical point of pure water tends to plus infinity
Vo® — 4. In the limit of infinite dilution we have

y (8anm)_K y (BP) 17
lim|—>—) = Kp, im{=) o an

and since Krichevskii function does not diverge at the
solvent’s critical point, the partial molar volume can also

Ind. Eng. Chem. Res., Vol. 44, No. 6, 2005 1979

H;0 +n-CgHyy

206

2021 \“\‘ T.=647.1 K P.=22.09 MPa

198 3

104}

Slope=0.2051+0.0008 3

. -
- 190
=3
o

186 . Abdulagatov et al.®

o Thiswork
This work (CREOS)

1.82

1.78 [

1.74

1 70 1 I 1 L 1 L 1 L 1 L 1 I 1 L 1 I

’ -1.4 -1.6 -1.8 -2.0 22 2.4 2.6 2.8 -3.0

logso x

Figure 20. Molar volume logio V,, against concentration logio x
for HoO + n-CgHis mixtures along the pure solvent’s (water)
critical isotherm-isobar in the asymptotic region.

be calculated using concentration derivatives of pressure
(dP/ox)7, as

v =p & %’)W‘” +1 (18)

where K7 is the compressibility of pure solvent (water),
which strongly diverges at the critical point of the
solvent as Kr O (T — T¢)™7 — oo, and p is the density
of pure solvent (water). Therefore, the partial molar
volume Vy® will also diverge strongly at the solvent’s
critical point. The sign of the divergence depends on the
values of Limy—o[(0P/dx)yr]l (Kr > 0 and values of the
K7(3P/3x)7, >1 near the critical point). The critical
anomaly of the partial molar volume Vy* is caused by
the critical effects due to the divergence of the isother-
mal compressibility K7 of the pure solvent (water) and
is common to all dilute near-critical mixtures. According
to scaling theory of infinity dilution solutions, Vo® along
the solvent’s critical isotherm-isobar diverges as x ¢ with
the critical exponent € = y/86 (Levelt-Sengeres et al.21).
Figure 20 shows experimental logio V,,, as a function of
logip x for HoO + n-Cg¢His mixture along the critical
isotherm-isobar of pure solvent (water). In this work,
from a fit of the correlation logiy V,,, = logio Vo + (1 —
©)logio x to the experimental data we found that in dilute
aqueous n-hexane solutions the critical exponent ¢ =
0.795 + 0.002, which is very close to the nonclassical
value € = 0.790 (with y = 1.25, 4 = 0.325, and 6 = (y +
1)/ = 4.82), which differs from the classical, or mean-
field, value € = 0.5 (ymr = 1, s = 0.5, and Omr = 4).
_ A data set of partial molar volumes at infinite dilution
Vo= was established for HoO + n-CgH14, HoO + benzene,
and H2O + toluene mixtures at temperatures up to 623
K and at pressures to 30 MPa by Majer et al.>” They
recommended the following correlation equation

V,* =V, + RTKpyla; + a)(exp(5py) — 1) +
a exp(1500/T)] (19)

which describes the partial molar volume of a solute (-
hexane, benzene, and toluene) as a function of temper-
ature T, density pw, and compressibility Kr of pure
water, a1, a2, and as are the system-dependent param-
eters which were found from the experimental values
of partial molar volume of hydrocarbon in infinitely
dilute H2O + hydrocarbon mixtures. In Figure 21, the



1980 Ind. Eng. Chem. Res., Vol. 44, No. 6, 2005

30000 |

25000 o+ nCH,,

651.05 K (Abdulagatov et al.%)
649.05 K (Abdulagatov et al *%)
647.10 K (this work)

----  Majeretal.5’

—— CREOS (this work)

20000

i»0e

15000 -

mol!

V,, cm

10000 |-

5000 [

90 170 250 330 410 490

Figure 21. Comparison of the partial molar volume, V>, in the
H20 + n-Ce¢His mixture calculated with the present crossover
model and semiempirical equation by Majer et al.5” along the near-
critical and supercritical isotherms with present experimental
values.

partial molar volumes of n-C¢Hi4, derived from our
present and previous PVTx measurements and values
calculated from eq 19 and the crossover model are
shown as a function of pure solvent’s (water) density
py along the various near-critical and supercritical
isotherms. Agreement between experimental values of
the partial molar volumes Vy® and those calculated with
eq 19 is satisfactorily. Equation 19 is valid only up to
623 K.57 Therefore, in Figure 21 the calculated values
of Vy® correspond to extrapolation of eq 19 to high
temperatures. Far from the critical region (at densities
lower than 250 kg'm~3 and higher than 410 kg-m~2),
the agreement between estimates made with eq 19 and
values calculated with the crossover model is good. In
the critical region, the systematic deviations between
these two models are observed, which partially can be
explained by the difference in the critical density in
crossover model and in the semiempirical eq 19 used
by Majer et al.5” The partial molar volume calculated
with eq 19 exhibits a maximum at a density of about
335 kg'm~3, which is slightly higher than the critical
density of pure water (prO = 322.0 kg'm3) adopted by
IAPWS®" and in the crossover model. But in general,
these deviations resulted from the analytical nature of
eq 19. As one can see from Figure 21, the partial molar
volume at infinite dilution at the critical point of pure
water is positively diverging, which in principle cannot
be described by analytical eq 19

Figures 22 and 23 show the values of excess enthalpy
and isochoric heat capacity of dilute HoO + n-CgHig
mixtures in the supercritical region along the 657.92 K
isotherm for the various compositions. Figure 22 also
includes the single data point measured by Degrange36
for a dilute HyO + n-C¢His mixture at the same
temperature and a pressure of 28.1 MPa. Figure 23
shows the behavior of Cv, as a function of log1o(7/7T c(x)
— 1) along the critical isochores for various compositions.
According to the principle of critical-point universal-
ity,78:103,104 3150 called the isomorphism principle,105-106
critical binary mixtures exhibit pure-fluid-like behavior
at fixed chemical potential of binary mixture /i, rather
than composition x. As a consequence, the asymptotic
behavior of the heat capacities Cy, and Cp, near the
critical point in binary mixtures differs from the as-
ymptotic behavior of Cy and Cp in pure fluids. An
asymptotic behavior of the isochoric Cy, and
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Figure 22. Excess enthalpies of HoO + n-CgHi4 mixtures as a
function of pressure along the supercritical isotherm of 657.92 K
for various compositions.
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Figure 23. Isochoric heat capacity Cv, of the dilute HyO +
n-CgH14 mixtures at p = pc(x) as a function of log1o(T/Tc(x) — 1)
together with values calculated for pure water.

isobaric heat capacities Cp, along the critical isochore
p = pfx) in binary mixtures is determined by two
characteristic temperatures?%-105-108

1 dT.\2]ve
T,(x) = ’on(l - x)( C) ]

T dx (20)

c

and

1 dPCxS 2 l/y
7, (x) = ’TOx(l - x)(RchC e ) ] (21)

where Ay and I'y are the critical amplitudes and the
derivative dP..s/dx is taken along the two-phase coexist-
ence boundary. In dilute solution limit, this derivative
reduces to the Krichevskii parameter Kj,

, dP, dT,
Kkr = hm(aP/a’XI)VTC = W - (3P/3D5,p:pc W
(22)

At temperatures 7,(x) < 7 < 1, Cy, and Cp, exhibit pure-
fluid-like singular behavior

CP,x

% ~ A 1(x)"* + Const and
R 0 R

~ Tyt(x)"" + Const
(23)



In the temperature range 7,(x) < 7 < 7,(x), the isobaric
heat capacity Cp, does not depend on temperature, Cp,
~ Const, while the isochoric heat capacity Cv, demon-
strates pure-fluid scaling law behavior as given by eq
23. Finally, asymptotically close to the critical point,
such that 7 < 74(x), the so-called Fisher renormaliza-
tion!% of the critical exponents oo — —o/(1 — o) and y —
o/(1 — a) takes place, and the heat capacities exhibit
mixture-like singular behavior:

Cy., ~ Const — ()"~ and Cp, ~ 1(x)" "™ +
Const (24)

At a concentration of x = 0.06103 mole fraction of
n-hexane, the derivative (dT¢/dx) = 0 and, as a conse-
quence, the parameter 7, is equal to zero (see Figure
4a). At compositions x = 0.06103 and x < 0.08, the
derivative dT./dx = 0, but it is small. Therefore, the
values of 7,(x) are almost zero (to(x) ~ 1072—10714), and
the renormalization as given by eq 24 does not occur.
In the entire experimentally available temperature
region at x < 0.08 the Cy, exhibits a pure fluidlike
behavior, as was shown in Figure 23. On the other hand,
at concentrations x > 0.08 mole fraction of n-hexane,
the parameter 7,(x) is not small anymore and the Fisher
renormalization of Cy,, as given by eq 24, should be
observed in this mixture. Unfortunately, Kamilov et al.??
measured Cy, for these mixtures at compositions which
are out of the range where the renormalization of the
critical behavior of Cy, can be observed. Therefore, to
experimentally test the renormalization of the critical
behavior of Cy, in HoO + n-Cg¢H14 mixtures, additional
measurements in the concentration range from 0.084
to 0.12 mole fraction of n-hexane are needed.

7. Conclusions

The PVTx relationship of the three HoO + n-CgHiy
mixtures (0.0201, 0.0820, and 0.8500 mole fraction of
n-hexane) were measured with a constant-volume pi-
ezometer immersed in a precision liquid thermostat.
Measurements were made along the critical isotherm
of pure water 647.1 K for the densities from 39 to 492
kg-m~3 with pressures between 8 and 33 MPa. The total
uncertainty of density, pressure, temperature, and
concentration measurements was estimated to be less
than 0.16%, 0.05%, 15 mK, and 0.001 mole fraction of
n-hexane, respectively. The Krichevskii parameter (124.4
+ 20 MPa) was derived using measured values of
pressure P for mixtures as a function of composition x
along the solvent’s (pure water) critical isotherm-
isochore and values of partial molar volumes Vy* at
infinite dilution have been calculated using the cross-
over equation of state. The values of derived Krichevskii
parameter and partial molar volumes were compared
with data reported in the literature. The value of the
critical exponent ¢ for partial molar volumes Vy* at
infinite dilution along the water’s critical isotherm-
isobar (Vo Ox™¢, € = 0.795 4+ 0.001) was estimated from
our experimental data. Using the present PVTx data
together with data obtained earlier by other authors,
we developed a crossover Helmholtz free-energy model
(CREOS) for dilute aqueous n-hexane solutions in wide
temperature and pressure ranges around the vapor—
liquid critical points. The CREOS represents all avail-
able experimental PVTx data for a dilute HyO + n-CgH14
mixture with an average absolute deviation (AAD) of
about 0.50—0.65% in the temperature and density
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ranges 0.98T.(x) < T =< 1.15T.(x) and 0.35p.(x) < p <
1.65p.(x), respectively, and concentrations up to 0.05
mole fractions of n-hexane.
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