1556

J. Chem. Eng. Data 2001, 46, 1556—1567

Liguid—Liquid—Vapor, Liquid—Liquid, and Liquid—Vapor Phase
Transitions in Aqueous n-Hexane Mixtures from Isochoric Heat
Capacity Measurements

Ibragimkhan K. Kamilov, Gennadii V. Stepanov, limutdin M. Abdulagatov,*
Anvar R. Rasulov, and Elena I. Milikhina

Institute of Physics of the Daghestan Scientific Center of the Russian Academy of Sciences,
Yaragskogo str. 94, Makhachkala, Dagestan, Russia 367003

The constant volume and constant composition heat capacity Cyx data for aqueous n-hexane mixtures
are reported for seven compositions, (0.6146, 0.7965, 0.9349, 0.9775, 0.9858, 0.9892, and 0.9940) mol
fraction of n-hexane, along seven near-critical isochores between 259.34 and 312.50 kg-m~2 in the
temperature range from 463 to 522 K at pressures up to 6 MPa. All of these isochores display two features
in the heat capacity as a function of temperature: the first peak appears when one of the liquid phases
disappears, and the second peak appears when the vapor or liquid phase disappears. These features are
interpreted in terms of the liquid—liquid—vapor, liquid—liquid, and liquid—vapor phase diagram, and
their consistency is shown with earlier PTx measurements on the three-phase (L-L-G) boundary.
Measurements of the isochoric heat capacity (CyVTx) of water + n-hexane mixtures were made in a
spherical high-temperature, high-pressure nearly constant volume adiabatic calorimeter. The calorimeter
was also used as a constant-volume piezometer to measure the PVTx properties. The uncertainties of the
measurements are as follows: isochoric heat capacity, 1.0—1.5%; density, 0.1%; temperature, 10 mK;
and pressure, 0.05%. The method of quasi-static thermograms was used to precisely measure the liquid—
liquid—gas (L-L-G), liquid—liquid (L-L), and liquid—gas (L-G) phase transition temperatures at each fixed
density, with an uncertainty of 0.02 K. New saturated densities and pressures are presented on the (L-
L-G) and (L-G) phase boundaries. The values of temperature, pressure, and density of the upper critical
end point (UCEP) in the water + n-hexane mixture were determined from the measurements. Results
for the UCEP (Tucep = 495.82 K; Pycep = 5.25 MPa; pucep = 259.9 kg-m~3) are in good agreement with
the values reported by other authors. For the first time the temperature-dependent behavior of Cyx near

the UCERP is reported.

Introduction

The thermodynamic behavior of mixtures in the vicinity
of the critical point of one of the components has consider-
able practical and theoretical importance.1=8 Near-critical
and supercritical water (SCW), like carbon dioxide, has
been proposed as an environmentally acceptable solvent
or reaction medium for a number of technological appli-
cations.”~14 In particular, the thermodynamic properties of
hydrocarbons in water at high temperatures and high
pressures is of considerable interest in petroleum engineer-
ing and chemistry (reservoir fluids, enhanced oil recovery),
environmental protection (removal of hydrocarbons from
wastewater, fate of hydrocarbons in geological fluids),
organic chemistry, geology and mineralogy, new separation
techniques, biological degradations without char formation,
etc. Fundamental understanding of some of these techno-
logically important applications of near-critical and super-
critical mixtures might be substantially improved through
a knowledge of the solvation structures around solutes
dissolved in SCW. SCW has emerged as an important
medium for carrying out chemical reactions,318 especially
in the area of toxic waste destruction.8~14 Organic materials

* Address correspondence to this author at the National Institute of
Standards and Technology, 325 Broadway, Boulder, CO 80305 [fax
(303) 497-5224; e-mail ilmutdin@boulder.nist.gov].

10.1021/je010136s CCC: $20.00

are oxidized in SCW to yield environmentally clean prod-
ucts such as water, carbon dioxide, and other small
molecules.®~14 SCW extraction has been used by Hawthorne
et al.’® and Yang et al.2% to remove organic pollutants from
environmental solids, such as soils, sediments, and air
particulates. Little is known about the reaction mechanism
and the molecular picture of solvation under supercritical
conditions. SCW is receiving increased interest as an
alternative to organic solvents. In contrast to the low
polarity of supercritical CO,, water is too polar to efficiently
dissolve organic materials. Low-polarity organics do not
have high water solubilities at ambient conditions, whereas
SCW has a much lower dielectric constant and therefore
is an extremely effective solvent for organics.20-2> SCW can
solubilize most nonpolar organic compounds including
hydrocarbons. The solubility of organics increases consider-
ably with rising temperature, especially in the vicinity of
the critical point of pure water. Above 350 °C and 25 MPa,
organic materials such as benzene, toluene, and n-alkanes
are completely miscible with water. Enhanced solvent
clustering in nonpolar supercritcal fluids has been found
from spectroscopic studies.?6=31 Gao®? used Monte Carlo
simulations to examine the hydrophobic effect of organic
molecules (benzene) in SCW. Molecular dynamics and
Monte Carlo studies33~38 of solute—solvent microstructure
in aqueous solutions at supercritical condition yield valu-
able insights into solute—solvent interactions in SCW.
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Figure 1. Pressure—temperature phase diagram for water + n-hexane mixture: CPL, critical point of pure water;8 CP2, critical point
of pure n-hexane;”8 1, vapor pressure curve for pure water calculated from the IAPWS-95 formulation;”3 2, vapor pressure curve for pure

n-hexane calculated from Span’s multiparametric EOS;’* dashed line

, three-phase (L-L-G) equilibrium curve (eq 1, Tsonopoulos and

Wilson®®); dotted ling, critical curve; a, Brunner;*® &, Roof;8 O, De Loos et al.;*¢ B, Yiling et al.;*” O, Scheffer;’® x, Brunner;* A, Brunner;*

v, this work; v, Tsonopoulos and Wilson;5® Maltese cross, Connolly.22

Design and control of systems for supercritical fluid extrac-
tion require pure-component and mixture thermodynamic
properties and molecular-based understanding of the mech-
anism underlying the supercritical solubility enhancement.
Efficient utilization of the possibilities offered by super-
critical fluid solubility requires an accurate and detailed
knowledge of the fluid thermodynamic properties, particu-
larly the CyVTx relationship of the near-critical and

supercritical mixtures, and properties on the two- [liquid-—
liquid (L-L), liquid—gas (L-G)] and three-phase [liquid—
liquid—gas (L-L-G)] curves. Isochoric heat capacity mea-
surements are very sensitive to accurate measurements of
the phase boundary for complicated mixtures such as water
+ hydrocarbons. CyVTx measurements improve our un-
derstanding of many important phenomena taking place
near phase transitions and critical points.
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Figure 2. Experimental heat capacities of pure water (®, Amirkhanov et al.,’3 and O, Magee et al.”®) as a function of temperature along
liquid isochores together with values calculated from the IAPWS-95 formulation” (solid lines): (a) 992.16 kg-m~3; (b) 886.92 kg-m~3; (c)

933.97 kg-m~3; (d) 971.82 kg-m~3,

The purpose of this paper is to obtain new experimental
CyVTx data and (L-L-G, L-L, and L-G) phase transition
parameters (PVTX) for water + n-hexane mixtures in the
critical region. Measurements are to be carried out in the
vicinity of the lower branch of the critical curve for water
+ n-hexane mixtures using the same apparatus as used
in our previous papers.’®=4 In the present paper we are
continuing our previous investigations*®°=42 of the C,VTx
properties of water + n-hexane mixtures with a high
temperature and high pressure and nearly constant volume
adiabatic calorimeter. Previously, CyVTx data for water +
n-hexane mixtures were reported by Kamilov et al 44! and
Stepanov et al.*2 Kamilov et al.*° reported CyVTx and PVTx
data for water + n-hexane mixtures at seven compositions,
(0.385, 0.655, 0.699, 0.744, 0.753, 0.8, and 0.879) mol
fraction of CgHi4, and at temperatures from 365 to 622 K.
Pressures ranged from 0.5 to 24 MPa and densities from
191.4 to 416.7 kg-m~3. Our new experimental CyVTx data
for water + n-hexane mixtures in the immediate vicinity
of (L-L-G, L-L, and L-G) phase transition points are very
important for stringent testing of phase boundary calcula-
tions for this system.

A number of phase equilibrium studies have been made
on water + n-hexane mixtures.#5—48 All of the measure-
ments were performed at temperatures up to the critical
point of pure water. The critical point locus for water +
n-alkane mixtures is interrupted and shows gas—gas
equilibria of the second kind. De Loos et al.> have made
measurements of PTx properties for fluid water + n-alkane
systems on the phase boundary for seven compositions in

the temperature range from 600 to 675 K and at pressures
from 15 to 170 MPa. De Loos et al.*6 and Yiling et al.#’
have measured the phase equilibria (PTx) and critical
properties (Pc, Tc, Xc) in water + n-hexane mixtures in the
temperature range from 610 to 675 K and at pressures from
15 to 140 MPa. The critical locus between the pure water
and pure n-hexane critical points (see Figure 1) is not
continuous. The lower branch of the critical curve (see
Figure 1b) starts from the critical point of n-hexane (CP2)
and terminates at the upper critical end point (UCEP). The
upper branch of the critical curve (see Figure 1a) originates
at the pure water critical point (CP1) and 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 (G-G and L-G critical loci). The
values of the critical temperature Tcn, critical pressure
Pcm, and concentration x.y, at the temperature minimum
of the critical curve for the water + n-hexane system are®
Tcm = 627.8 K, Pcyy = 31.0 MPa, and X, = 0.063 mol
fraction of n-hexane.

Abdulagatov et al.**=52 reported PVTx data and virial
coefficients for water + n-hexane mixtures along six
isotherms, (523.15, 573.15, 623.15, 643.15, 647.05, and
648.15) K, for 32 compositions between 0.0268 and 0.9399
mol fraction of n-hexane. Pressures ranged from 2 to 40
MPa and densities from 9 to 496 kg-m~3. More precise
experimental PVTx data for infinitely dilute water +
n-hexane mixtures near the solvent’s (pure water) critical
point were reported recently by Abdulagatov et al.>3
Measurements were carried out for four compositions
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Figure 3. Comparison between measured (Amirkhanov et al.”?) and calculated (Span’) values of Cy for n-hexane; the solid lines are
calculated from Span’s EOS:7 a, 62.50 kg-m~3; <, 83.33 kg:m~3; @, 100.00 kg-m~3; O, 165.84 kg-m~3; W, 210.08 kg-m~3; x, 222.22 kg-m~3;
A, 234.08 kg-m~3; @, 322.89 kg-m~3; +, values of Cy on coexistence curve.
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Figure 4. Percentage heat capacity Cy deviations, dCy = 100[(CZ®! — C'd)/CEP!] of the experimental heat capacities (Amirkhanov et
al.3) from the values calculated with the the IAPWS-95 formulation:”® @, 992.16 kg-m~3; O, 971.82 kg-m~3;

x, 933.97 kg'm~3; A, 886.92
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Figure 5. Percentage heat capacity Cy deviations, dCy = 100[(CZ®! — C'd)/CEP!] of the experimental heat capacities (Amirkhanov et

al.”) from the values calculated with the Span’* EOS: A, 62.50 kg:m~3; @, 83.33 kg-m~3; O, 100.00 kg-m~3;

kg-m=3; 4, 222.22 kg-m~3; <, 234.08 kg-m~3.

(0.0021, 0.0050, 0.0085, and 0.0138 mol fraction of n-
hexane) along five near-critical and supercritical isotherms,
(643.05, 645.05, 647.05, 649.05, and 651.05) K, for pres-
sures from 8 to 35 MPa using a constant-volume piezom-
eter. The uncertainties of these data are as follows:
density, 0.2%; pressure, 5 kPa; temperature, 10 mK; and

x, 165.84 kg-m~3; O, 210.08

concentration, 0.001 mol fraction. More recently, partial
molar volumes at infinite dilution from densimetric mea-
surements were reported for water + n-hexane mixtures
by Majer et al.>* at temperatures from 573 to 623 K and at
pressures to 30 MPa. Tsonopoulos and Wilson®® reported
three-phase equilibrium pressures for water + n-hexane
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Figure 6. Typical thermogram (T—7) of the sample’s temperature variation along fixed density 262.47 kg-m~3 and concentration 0.994
mol fraction of C¢H14 and record of the adiabatic condition for the water + n-hexane mixture: 1, record of the adiabacity condition; 2,
thermogram (T—1); A, phase transition point on the thermogram; B, phase transition point on the adiabatic condition curve.

mixture at temperatures from 313 to 422 K. The temper-
ature dependence of three-phase equilibrium pressures
were represented by a two-term equation®®

InP =9.8127 —4047.7 T * 1)

The excess enthalpy HE of water—n-hexane vapor has
been measured by Wormald et al.,¢-58 using a flow mixing
calorimeter in the temperature range from 373 to 698 K
at a pressure of 12 MPa for compositions from 0.369 to
0.611 mol fraction of n-hexane. The cross-term second virial
coefficients B1, and cross-term isothermal Joule—Thomson
coefficient @4, for water—n-hexane have been derived from
the excess enthalpies. A high-pressure flow calorimeter for
the measurements of HE at temperatures up to 700 K was
constructed and used to measure HE for water + n-
hexane.¢ High-pressure HE measurements have been used
to calculate excess volumes VE and compressibility factors
Z for water + n-hexane mixtures.®® An alternative to
enthalpy measurements (HF) is accurate C\,VTx measure-
ments, which can be used for testing the agreement of the
two different kinds of measurements.

Neichel and Franck®® calculated the critical curves for
water + n-hexane mixtures at temperatures up to 670 K
and at pressures up to 200 MPa using a perturbation type
equation of state (EOS) with a repulsion term and an
attraction term with a square-well potential for intermo-
lecular interaction. The three adjustable parameters of the
model (k,, ke, and wj;) have been calculated using (Pc, T,
and xc) critical locus data. A modified Soave—Redlich—
Kwong equation of state with an exponent-type mixing rule
for the energy parameter and a conventional mixing rule
for the size parameter is applied to correlate the phase
equilibria for binary mixtures of water + n-hexane at high
temperatures and pressures by Haruki et al.8%61 The three-
phase (L-L-G) equilibria for water + hydrocarbon mixtures
of interest in the thermal recovery of crude oil via steam
distillation were measured by Eubank et al.’2 A Peng—
Robinson equation of state model was developed to predict
these data. The improved equations for prediction of the

binary interaction constants k;; were also presented. The
P—T phase diagram for the water + n-hexane mixture from
the literature data is shown in Figure 1.

Experimental Section

Measurements of the isochoric heat capacity of aqueous
n-hexane mixtures were made in a high-temperature, high-
pressure nearly constant integrated adiabatic calorimeter,
of a design pioneered by Amirkhanov et al.®® The construc-
tion, method of measurements, and detailed analysis of all
sources of uncertainty of the measurements have been
described in our previous papers,3°-4464-68 and they will
be only briefly reviewed here. For the present measure-
ments we used a calorimeter with a volume of Vo = 100.085
=+ 0.0002 cm? at room temperature (25 °C) and atmospheric
pressure. The temperature was measured with a miniature
standard resistance thermometer type PRT-10 mounted in
a tube inside the calorimetric sphere with an uncertainty
of 10 mK. The pressure was measured with dead-weight
pressure gauges MP-60 and MP-600 with uncertainties of
0.05%. The heating time was fixed by means of a frequency
meter (F5041) with an uncertainty of 0.01 s.

The volume V(P,T) of the empty calorimeter at given T
and P is necessary to know for the purpose of calculating
densities of measuring fluid as the ratio of the mass of the
sample m to the working volume V(P,T), p = m/V(P,T).
The volume of the empty calorimeter at T and P was
calculated from

V(P,T)=V,+ AV + AV, (2)
with
AV =3a (t — 25)V, and AV, = (P — 0.1)V,

where oo = (1.66—1.75) x 1075 K1 (at temperatures from
373 to 673 K) is the thermal expansion coefficient of the
calorimeter vessel material (1X18H9T) and t is the tem-
perature in °C. The pressure expansion V(P) was deter-
mined by calculation using the Love formula (6 = 2.2978
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Table 1. Experimental Values of the Heat Capacities Cyx along Isochores in Aqueous n-Hexane Mixtures for Various
Concentrations

X = 0.9940 mol fraction of CeH14 X = 0.9892 mol fraction of CgH14
p = 259.34 kg-m~3 p = 262.47 kg-m~3
T (K) Cyx (kJ-K=t-kg™) T (K) Cyx (kJ:K~1-kg™) T (K) Cyx (kJ-K~1-kg™) T (K) Cyx (kJ-K~1-kg™)
497.15 3.89 499.62 4.06 496.00 4.38 497.13 4.62
497.34 3.88 500.00 4.16 496.19 4.39 497.32 4.93
497.53 3.87 500.19 4.19 496.38 4.46 497.51 3.16
497.72 3.91 500.38 4.27 496.57 4.45 497.70 3.05
497.91 3.92 500.57 4.47 496.76 4.50 497.89 3.06
498.29 3.94 500.76 4.68 496.75 4,55 498.08 2.99
498.48 3.92 501.14 3.11 496.94 4.58 498.27 2.95
498.67 3.99 501.33 3.02
499.05 4.01 501.51 3.01
499.24 4.05 501.91 3.00
499.43 4.08
X = 0.9940 mol fraction of CgH14 x = 0.9892 mol fraction of C¢H14 x = 0.9858 mol fraction of C¢H14
p = 262.47 kg-m~3 p = 262.47 kg-m~3 p=262.12-10"3 kg-m~—2
T (K) Cvx (kJ-K=1-kg™1) T (K) Cyx (kJ-K=1-kg™) T (K) Cyx (kJ-K=1-kg™?)
425.57 3.44 480.24 4.70 491.25 5.47
425.97 3.45 480.53 4,72 491.44 5.50
434.40 3.48 480.72 4.75 491.63 5.51
434.60 3.49 480.91 4,78 491.82 5.57
435.00 3.50 481.10 4.76 492.01 5.56
442.68 3.56 481.29 4.78 492.21 5.63
443.08 3.56 481.48 4.76 492.40 5.59
454.53 3.84 481.67 4,77 492.59 5.64
454.73 3.88 481.86 4,76 492.78 5.69
454.93 3.95 482.05 4.73 492.97 5.78
455.13 4.15 482.24 4,72 493.16 5.80
455.33 3.82 482.43 4.70 493.54 5.76
455.53 3.73 482.62 451 493.73 5.56
455.73 3.60 482.81 4.35 493.92 5.23
455.93 3.57 483.00 4.17 494.11 4.32
456.13 3.25 483.19 4.06 494.31 4.24
456.33 3.14 483.38 3.91 494.50 4.23
456.73 3.08 483.57 3.90
456.93 3.09 483.76 3.89
463.80 3.12
464.20 3.14
x = 0.9775 mol fraction of C¢H14 X = 0.9349 mol fraction of CgH14
p = 265.89 kg-m~3 p = 269.54 kg-m~3
T (K) Cyx (kJ-K~t-kg™?) T (K) Cyx (kJ-K~1-kg™?) T (K) Cyx (kJ-K~1-kg™?) T (K) Cyx (kJ-K~1-kg™?)
503.55 4.61 515.22 4.82 563.21 5.71 568.61 6.77
503.74 4.63 515.41 4.81 563.39 5.75 568.97 6.76
503.93 4.62 515.79 4.81 563.57 5.81 569.15 6.80
504.12 4.62 515.98 4,73 563.75 5.84 569.51 6.79
507.33 4.60 516.36 4.41 565.19 6.18 569.87 6.82
507.52 4.59 516.55 4.09 565.37 6.20 570.05 6.82
507.71 4.60 517.50 3.69 565.55 6.28 570.23 6.81
512.56 4.75 517.69 3.54 565.73 6.31 570.59 6.76
512.75 4.78 517.88 3.45 567.89 6.71 570.95 6.65
512.94 4.80 518.07 3.38 568.07 6.73 571.31 6.50
513.12 4.79 568.25 6.72
x = 0.9775 mol fraction of C¢H14 X = 0.9349 mol fraction of CgH14
p = 265.89 kg-m~3 p = 269.54 kg-m~3
T (K) Cux (kJ-K1kg™?) T(K)  Cw(kIKlkg)  T(K)  Cw(kIKikg?)  T(K)  Cux(kIKkg?)
518.45 3.33 372.62 3.18 494.21 7.15 563.21 5.71
518.64 3.29 372.89 3.20 494.40 7.55 563.75 5.84
520.16 3.08 373.11 3.19 494.59 7.08 565.19 6.18
520.35 3.06 373.33 3.21 494.78 5.84 565.73 6.31
520.54 3.05 423.90 3.81 494.97 5.16 567.89 6.71
520.73 3.05 424.31 3.83 495.54 4.81 568.97 6.76
523.01 2.96 424.72 3.84 495.73 4.75 569.15 6.80
523.20 2.96 478.89 5.07 495.92 4.68 570.05 6.82
523.39 2.95 479.33 5.05 496.11 4.69 570.95 6.65
523.58 2.95 479.52 5.08 496.30 4.66 571.31 6.50
479.71 5.12 496.49 4.68 571.49 6.44
489.73 5.77 496.68 4.65 571.67 6.32
489.92 5.83 510.74 4.72 571.85 6.14
490.68 6.13 532.47 4.98 572.03 5.72
490.87 6.14 532.65 4.99 572.21 5.40
491.06 6.17 532.83 4.96 572.39 4.89
492.69 6.40 533.02 4.99 572.57 4.06
492.88 6.34 551.36 5.65 572.75 3.45
493.07 6.38 551.54 5.69 572.93 3.11
493.26 6.49 551.72 5.66 574.01 2.98
493.45 6.67 551.90 5.67 574.19 2.99
493.64 6.74 556.94 5.88 574.37 2.98
493.83 6.81 557.12 5.87 574.55 2.97

494.02 7.03 557.30 5.90
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Table 1 (Continued)

x = 0.9775 mol fraction of C¢Hi4
p = 262.88 kg-m—3

x = 0.9349 mol fraction of C¢Hi4
p = 286.53 kg:m—3

x = 0.7965 mol fraction of C¢Hi4
p = 284.09 kg-m—3

x = 0.6146 mol fraction of C¢Hi4
p = 312.50 kg-m—3

T (K) Cvx (kJ-K~1-kg™) T (K) Cvx (kJ-K=1-kg™) T (K) Cvx (kJ-K~1-kg™) T (K) Cyx (kJ-K=1-kg™)
463.20 4.73 491.18 6.14 491.83 5.90 482.10 4.78
463.60 4.73 491.37 6.19 492.02 6.04 482.29 477
468.05 4.82 491.56 6.14 492.21 5.90 482.49 4.80
468.24 4.84 491.75 6.23 492.40 5.82 482.68 4.79
477.76 5.15 493.84 6.68 492.59 5.87 483.07 4.20
477.95 5.19 494.03 6.89 492.78 491 483.26 4.12
489.34 6.04 494.22 6.95 492.97 4.45 483.45 4.05
489.53 6.06 494.41 7.24 493.16 4.39 483.64 4.03
493.65 6.77 494.60 7.57 493.35 4.40 483.84 3.96
493.84 6.80 494.79 5.92 493.54 4.38 484.05 4.00
494.03 6.93 495.17 4.89 493.73 4.35

494.22 7.17 495.36 4.67 493.92 4.37

494.41 7.41 495.54 4.62 494.11 4.35

494.60 7.79 495.73 4.55 494.30 4.36

494.78 5.26 494.49 4.37

495.17 5.02

496.59 4.79

503.41 4.61

503.60 4.63

503.98 4.60

x 107% bar~1) for spherical vessel®®7° and determined
experimentally using the method developed by Bochkov.”°
The uncertainty in volume estimate at any T and P in our
experiment is ~0.05—0.09%. The mass of the sample was
measured using the weighing method with an uncertainty
of 0.05 mg. Therefore, the uncertainty in density measure-
ments p = m/V(P,T) is ~0.06—0.10%.

The heat capacity of the empty calorimeter Co was
determined experimentally using a reference substance
(helium-4) with well-known isobaric heat capacities,’® in
the temperature range up to 1000 K at pressures up to 20
MPa. The results of these measurements for C, can be
described by the equation

Co/(3-K™) = 81.2 + 0.069(t/°C) (3)

This equation reproduced experimental values of Cy within
+0.9%.

The heat capacity was obtained from the measured
quantities m, AQ, AT, and C,. The uncertainties in these
measured quantities are 6(AQ) = 0.02%, 6(AT) = 0.1% for
AT = (0.5—-1.0) K and 6(AT) = 0.5% for AT = (0.02—0.05)
K, 6(Co) = 0.3% at low temperatures and 6(Cy) = 1.0% at
high temperatures, and 6(m) = 0.02%. On the basis of the
detailed analysis of all measurement [6(AQ), 6(AT), 6(Cy),
and 6(m)] and nonmeasurement sources of uncertainties
likely to affect the determination of Cy with the present
system, the combined standard uncertainty of measuring
the heat capacity with allowance for the propagation of
uncertainty related to the nonisochoric conditions of the
process was 0.5—1.0% in the liquid phase, 1.0—1.5% in the
critical region, and 1.0—3.5% in the vapor phase.

The previous measurements of pure components (water®?
and n-hexane’) using this calorimeter confirmed the
reliability of the present calorimetric apparatus. The
agreement between experimental Cy data for pure water®
and the IAPWS-95 formulation® and between Cy data for
pure n-hexane’ and the Span’# multiparametric funda-
mental equation of state are within £2% and +3%,
respectively. Figures 2 a—d and 3 show the comparison
between measured and calculated values of Cy for water
and n-hexane. The deviation plots are shown in Figures 4
and 5. The deviation statistics are as follows: for water, N
= 175, maximum deviation = —2.39, bias = 0.29, standard
deviation = 0.92, standard error = 0.07, and AAD = 0.75%;
for n-hexane, N = 56, maximum deviation = 3.39, bias =
0.62, standard deviation = 0.98, standard error = 0.13, and

AAD = 0.56%. Excellent agreement between values of Cy
measured for pure water® using this calorimeter and
values measured by Magee et al.”® and values calculated
from IAPWS-9572 are observed. Good agreement between
Cv measurements for n-hexane and values calculated from
the Span EOS are observed in the temperature range
from 500 to 660 K for densities far from the critical and
phase transition points.

This method enables one to accurately determine the
phase transition temperature Ts of the system from the
three-phase (L-L-G) to the two-phase (L-L, L-G) state and
from the two-phase (L-L, L-G) to a single-phase (L or G)
state (i.e., to determine Ts and ps data corresponding to
the phase transition curves for each fixed composition), the
jump in the heat capacity ACy, and reliable Cy data in the
single-phase (liquid and vapor), two-phase (L-L, L-G), and
three-phase (L-L-G) regions. The techniques of determining
parameters Ts and ps at the phase transition curves and
measuring heat capacity Cy at this curve are similar to
the method of quasi-static thermograms.’®7” Measurements
of the temperatures Ts and densities ps corresponding to
the phase transition curves using the method of quasi-static
thermograms are described in detail by Polikhronidi et
al.4-68 |n the Cy experiments the state of the calorimetric
system is controlled with two independent sensors, namely,
(1) a resistance thermometer (PRT-10) (thermograms, T—t
plots, see Figure 6, curve 2) and (2) a layer of cuprous oxide
serving as an adiabatic shield (see Figure 6, curve 1).
Figure 6 show some typical thermograms [(T—1) plots] and
a record of the adiabatic condition for the water + n-hexane
mixture along isochore 262.47 kg-m~23 and concentration
of x = 0.994 mol fraction of CsH14. Synchronous recording
readings of the resistance thermometer (Figure 6, curve
2) and of the sensor of adiabaticity (Figure 6, curve 1) allow
one to follow the state of the sample upon approaching the
phase transition points. On intersecting the phase transi-
tion (L-L-G, L-L, and L-G) curves, the heat capacity is
known to change discontinuously, leading to a sharp
change in the thermogram slope (dT/dz). This process can
be very clearly read by recording thermograms (T—7 plots)
and from the adiabatic sensor (see Figure 6, points A and
B). The high sensitivity of cuprous oxide makes it possible
to fix immediately the temperature changes on a strip-chart
recorder. Temperature changes are recorded on a thermo-
gram tape of a pen-recorder as a spike produced by the
sensor of adiabaticity and as a break (change of the
thermogram slope). The coincidence in time of the positions
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of the spike in the adiabaticity-sensor signal and of the
break in the thermogram of the sample (positions of points
A and B) indicates that the processes occurring in the
system are quasi-static. Indeed, the cuprous oxide responds
to a change in the thermodynamic state of the sample at
the internal surface of the calorimeter, whereas the resis-
tance thermometer records temperature changes in the
center of the calorimeter. The presence of temperature
gradients in the volume of the sample had to shift the
positions of the spike and the break in the thermogram on
the tape of the pen-recorder. However, with temperature
changes occurring at rates of 5 x 107 to 10~* K-s™1, the
shift is not more than 10~* K. At dT/dz > 0, the thermo-
gram experiences a break when intersecting the phase
transition curve because of a jump in the heat capacity
ACy. At this moment, the temperature difference set at the
layer of cuprous oxide and ensuring the adiabaticity of the
calorimetric system becomes disturbed for a short period
(1—2 s, see Figure 6, point B). In the process of measure-
ment, the adiabaticity of the system was disturbed, which
is fixed by the pen-recorder as small undamped oscillations
with an amplitude of 5 x 10~° K. At the moment of the
transition, the disturbed adiabaticity becomes more pro-
nounced and represents decaying oscillations with an
initial amplitude of 2 x 1073 K. The uncertainty in phase
transition temperature Ts measurements in this method
is ~0.02 K. The rate of temperature change dT/dz, deter-
mined by the power supplied to the internal heater, varied
from 2.7 x 1074 to 5 x 10~* K-s1, depending on the region
where the investigation was carried out.

High-purity samples of H,O and n-hexane were obtained
to prepare the mixtures. The H,O sample was twice-
distilled and has an electrical conductivity of 1074 Q~1-m~1.
For the n-hexane sample, the commercial supplier claimed
a minimum liquid purity of 0.9986 mass fraction with
0.0014 mass fraction of n-hexane isomers. Each component
was degassed twice.

Results

The isochoric heat capacity data for water + n-hexane
mixtures were obtained for seven compositions: (0.6146,
0.7965, 0.9349, 0.9775, 0.9858, 0.9892, and 0.9940) mol
fraction of n-hexane along seven near-critical isochores
between 259.34 and 312.50 kg-m~3 in the temperature
range from (463 to 522) K at pressures up to 6 MPa. The
data are listed in Table 1. The typical temperature depen-
dence of the isochoric heat capacity along various isochores
and compositions is shown in Figure 7. Two peaks or jumps
in the isochoric heat capacity are often found. The discon-
tinuity in Cy behavior at the intersection of the phase
boundary curve is connected with liquid—liquid and liquid—
gas-phase transitions occurring in a binary water + n-
hexane mixture heated in a closed volume. Heating the
three-phase (L-L-G) water + n-hexane 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-hexane concentration in the initial mixture.

(1) At highest average densities and high concentration
of n-hexane, the liquid phase expands on heating and fills
the entire vessel, whereas the vapor phase disappears. A
transition from three phases (L-L-G) to two phases (L-L)
(L-L-G < L-L) occurs, with a drop in heat capacity. A
transition from two-phase (L-L) equilibria to one-phase (L)
(L-L < L) takes place at further isochoric heating of the
mixture.
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Figure 7. Typical isochoric heat capacity behavior as a function
of temperature along various isochores and compositions.

(2) At the highest average densities and low concentra-
tion of n-hexane, before the thermal expansion causes the
liquids to fill the entire volume, the initially immiscible
liquid water + n-hexane mixture becomes miscible due to
the positive temperature coefficient of solubility typical for
water + n-alkane mixtures. In this case, the first phase
transition is the miscibility of n-hexane in water in equi-
librium with its vapor (L-L-G < L-G), with a decrease in
heat capacity as the number of phases decreases. On
further heating of the two-phase (L-G) mixture, the
expanding liquid fills the entire cell, whereas the vapor
phase disappears. A transition from two-phase (L-G) to
one-phase (L) (L—G < L), takes place, with a decrease in
heat capacity.
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Table 2. Compositions (x), First (Ts1) and Second (Tsz)
Peaks or Jumps in Cyx Temperatures, and Averaged
Densities (p) on the Three- and Two-Phase Transition
Points

x (mol fraction of CgH14) Ts1 (K) Ts2 (K) o (kg'm~3)
0.9940 456.15 500.85 245.46
0.9892 482.45 497.35 262.47
0.9858 492.78 495.15 257.60
0.9851 494.69 494.69 259.94
0.9816 494.69 505.65 264.20
0.9775 494.65 515.23 262.88
0.9349 494.55 572.28 286.53
0.8271 492.97 608.11 262.47
0.7965 492.70 615.22 284.09
0.6146 484.61 628.77 312.89
0.3470 445.15 631.85 317.46
0.1289 395.75 644.20 303.03

(3) At the lowest average densities, heating increases the
vapor density, resulting in the disappearance of the liquid
phases. A transition takes place from three-phase (L-L-G)
to two-phase equilibria (L-G) (L-L-G < L-G), again with a
drop in the heat capacity. A transition from two-phase (L-
G) equilibria to one-phase (G) (L-G < G) takes place, at
further isochoric heating of the mixture.

Cases 2 and 3 have been encountered in our experimen-
tal data (see Figure 7). The first peak marks the disap-
pearance of a liquid phase, and the second peak marks the
disappearance of the liquid or vapor phase. The values of
measured temperature at the first and second peaks are
presented in Table 2 together with values of filled density
and initial filled composition. Case 1 has never been found
in our experiments. As one can see from Table 2 the
difference between the first and second peaks ATs = Ts, —
Ts1 depends on initial filled densities and compositions. For
example, for the isochore 259.94 kg-m~3 and composition
x = 0.9851 mol fraction of n-hexane we found only one peak
in the temperature dependence of Cy (see Figure 7c) where
both jumps take place at the same temperature, ATs = 0.
This isochore intersects the phase transition temperature
at the UCEP, where the three-phase curve L-L-G intersects
the L = G critical curve. Therefore, Figure 7c represents
the temperature-dependent behavior of Cyx for the water
+ n-hexane mixture near the UCEP. For the first time we
have studied the temperature dependence of Cyx near the
UCEP.

In Figure 8, the density of the fluid along the three-phase
curve is plotted. The measured densities on the three-phase
curve define a smooth curve, with a temperature maximum
at 495.82 K. This maximum corresponds to the UCEP,
where the densities of the liquid and vapor mixtures in the
three-phase equilibrium become identical or the same as
the intersection of the critical curve (L = G) and the three-
phase solubility curve (L-L-G) (see Figure 1b). The UCEP
is located ~8 K below the n-hexane critical point’® (507.85
K). The available literature data on the UCEP parameters
for the water + n-hexane mixture are given in Table 3.
Our results for the UCEP temperature Tycegp = 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 au-
thors.21:48:5579.80 However, the maximum deviation between
the present UCEP temperature and the data reported by
Tsonopoulos and Wilson®® was 0.88 K and the UCEP
pressure differs by 0.045 MPa (Roof®). For the first time
we reported the values of UCEP density pucep = 259.94
kg-m~3 for the water + n-hexane mixture. The measured
values of pressure on the three-phase curve are presented
in Table 4 and Figure 1b. The agreement between the
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Figure 8. Temperature dependence of the density on the three-
phase curve up to the critical end point for the water + n-hexane
mixture; the maximum temperature Tycep = 495.82 K corresponds
to the UCEP, where the densities of liquid and vapor mixture
(pucep = 250.94 kg-m~3) in the three-phase equilibrium become
identical.

Table 3. Values of UCEP Temperature, Pressure, and
Density for Water + n-Hexane Mixtures

Tucer (K) Pucer (MPa)  pucep (kg-m~3) ref
496.7 5.270 Tsonopoulos and Wilson>®
495.15 5.275 Rebert and Hayworth?!
495.21 5.274 Scheffer™
496.48 5.295 Roof8o
496.40 5.282 Brunner4®
495.82 5.250 259.94 this work

Table 4. Three-Phase Equilibrium Pressures for Water +
n-Hexane Mixtures

Ts (K) PS (MPa) TS (K) PS (MPa) Ts (K) Ps (MPa)

395.75 0.67 481.45 4.10 494. 65 5.16
455.25 2.49 492.56 4.95 494.50 5.20
456.15 2.55 492.97 4.95 494.69 5.22
477.00 3.76 494.45 5.02 494.82 5.25

Table 5. Average Density Data for Water + n-Hexane
Mixture (x = 75 wt % H,0) on the Three-Phase
Equilibrium Curve

Ts (K) ps (kg:m~3) Ts (K) ps (kg-m~3)
492.46 401.3 477.28 263.1
488.83 351.0 468.52 219.8
484.61 312.9 477.00 260.4
482.88 297.6

present measured values of three-phase pressure and
values calculated with eq 1 is within +0.75%. Figure 9
shows a comparison of experimental values of densities on
the two-phase boundary for the water + n-hexane mixture
(x = 0.61 mol fraction of n-hexane) derived from present
calorimetric (Cyx) measurements and from thermal (PVTX)
measurements by Yiling et al.#” As Figure 9 shows, the
agreement is satisfactory.

Figure 10 shows the critical temperature of water +
n-hexane mixtures as a function concentration. The critical
curve for the water + n-hexane mixture was expressed as

To() = Te(H,0)(L = X) + Te(CeHydx + (1 = x) Tx'

@

where T¢(H,0) = 647.096 K is the critical temperature of
pure water®! and Tc(CeHis) = 507.85 K is the critical
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Figure 9. Experimental values of densities for constant molar
fractions of n-hexane (x = 0.610) along two-phase boundary as a
function of temperature for the water + n-hexane mixture: @,
Yiling et al.;*” O, this work; solid curve is a guide to the eye.
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Figure 10. Critical temperature for the water + n-hexane
mixture as a function of concentration; the solid line is calculated
from eq 4. @, De Loos et al.;*¢ O, Yiling et al.;*” A, Rebert and
Hayworth.?!

temperature of pure n-hexane.”® The values of constants
T; derived from experimental data?14647 are T, = —3.778124
x 102, T, = 1.17860546 x 104, T3 = 4.132518596 x 105, T,
= 5.772977022 x 108, Ts = —2.2442830641 x 107. Accord-
ing to the theory of critical phenomena for binary mix-
tures,8-86 the asymptotic behavior of isochoric heat capac-
ity Cyx along the critical isochores p = pc(x) at fixed
concentration x is determined by the characteristic tem-
perature

1o
To(X) = ()

dT.\?
AX(1 — x)(ﬁ d_xc)

where A = 7.342 is the nonuniversal critical amplitude
for pure water®” and o = 0.112 is the universal critical
exponent for isochoric heat capacity.58

In the temperature range 7,(x) < 7(x) < 1 the isochoric
heat capacity at constant x behaves as a scaling power law
for pure fluids:

Cvx —a
R ~ Ayt(x) * + constant (6)

However, at temperatures asymptotically close to the
critical point

T(X) < 7,(X) (7)
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Figure 11. Characteristic temperature 74(x) as a function of the
concentration of n-hexane.

the renormalization of the critical exponent oo — —a/(1 —
a) takes place. Therefore, Cyx on the critical isochore
behaves as

Cyx ~ constant — 7(x)**~ % (8)

At a concentration of x = 0.06103 mol fraction of CgH14,
the derivative dTc/dx = 0 is equal to zero; therefore,
according to eq 5, 74(x) — 0 and in the temperature range
0 < 7(x) < 1 the isochoric heat capacity of the water +
n-hexane mixture behaves as for pure fluids. At concentra-
tions x > 0.084 mol fraction of CgHy4, the parameter 7,(x)
> 1071is not small (see Figure 11); therefore, at 7(x) < 101
the renormalization of the critical behavior of Cyx is
observed. For compositions between 0 and 0.084 mol
fraction of CgHy4, the values of 7,(x) are almost zero;
therefore, Cyx along the critical isochores corresponding to
these compositions behaves as for pure fluids. Unfortu-
nately, in the present work we measured Cyx for the water
+ n-hexane mixture for compositions out of the range
where the renormalization of the critical behavior of Cyx
takes place. Therefore, measurements in the concentration
range from 0.084 to 0.12 mol fraction of n-hexane (see
Figure 11) are needed to experimentally test the renor-
malization of the critical behavior of Cyx for the water +
n-hexane mixture.

Crossover equations of state for water + toluene mix-
tures developed by Kiselev et al.8® have also predicted the
renormalization of the isochoric heat capacity critical
exponent oo — —a/(1 — a) at concentrations x > 0.08 mol
fraction of toluene and at temperatures 7(x) < 1071, At
concentrations x < 0.08 mol fraction of toluene, the value
of the parameter ,(x) is small [z4(x) < 1073], and in the
temperature range 1074 < z(x) < 1 the isochoric heat
capacity of water + toluene behaves like Cy, for pure fluids.
Therefore, this is a general behavior of the dilute water +
hydrocarbon mixtures near the critical point of pure water.

Conclusions

New isochoric heat capacity data were presented for
aqueous n-hexane mixtures for seven compositions, (0.6146,
0.7965, 0.9349, 0.9775, 0.9858, 0.9892, and 0.9940) mol
fraction of n-hexane, along seven near-critical isochores
between 259.34 and 312.5 kg-m~2 in the temperature range
from (463 to 522) K at pressures up to 6 MPa with an
uncertainty of 1.0—1.5%. On isochoric heating, heat capac-
ity data show features such as jumps and spikes, which
indicate the occurrence of phase transitions. These transi-
tions are the disappearance of the liquid phase and the
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disappearance of a vapor or liquid phase. From the present
measurements the upper critical end point temperature,
pressure, and density of the water + n-hexane system were
estimated. The values of three-phase equilibria pressure
for water + n-hexane mixtures were presented. We dem-
onstrated that isochoric heat capacity measurements are
a very sensitive means to determine the location of three-
phase (L-L-G) and two-phase (L-L, L-G) boundaries of fluid
mixtures near the critical points. At concentrations be-
tween 0.084 and 0.120 mol fraction of C¢His and at
temperatures 7(x) < 107! the renormalization of the critical
behavior of Cyx is expected. For compositions between 0
and 0.084 mol fraction of C¢H14 and x > 0.120 Cyx along
the critical isochores behaves as for pure fluids. For the
first time we reported the values of Cyx for the water +
n-hexane mixture near the UCEP.
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