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The PVTx relationships of dilute (1 - x) water + x toluene mixtures were measured in the near-critical
and supercritical regions, with a constant-volume piezometer immersed in a precision thermostat. The
ITS-90 temperature was measured with a 10 Ω platinum resistance thermometer (PRT-10) with an
uncertainty of 10 mK. Pressure was measured by means of a dead-weight gauge with an uncertainty of
1.5-2.0 kPa. Uncertainties of the density measurements are estimated to be 0.05-0.15%, depending on
the experimental pressure and temperature. The uncertainty in composition measurement is 0.001 mole
fraction. Measurements were made on near-critical and supercritical isotherms between 623 and 673 K
at pressures from 11 to 46 MPa and densities between 54 and 579 kg‚m-3 for three composition mole
fractions of toluene (0.0008, 0.0022, and 0.0085). The measured PVTx data for (1 - x) water + x toluene
mixtures were compared with values calculated from a recently developed crossover equation of state
and published measurements. The PVTx measurements were used to derive values of the Krichevskii
parameter, excess volumes, and apparent molar volumes. The method of isochoric break points was used
to extract the phase transition temperatures and pressures for each measured isochore. The critical
anomalies of the supercritical (1 - x) water + x toluene mixtures and the behavior of the Krichevskii
function near the solvent’s (water) critical point are discussed.

Introduction

Supercritical water (SCW; i.e., water at temperatures
and pressures above its critical point, TC ) 647.096 K; PC

) 22.064 MPa) has continued to be a subject of intense
scientific interest. This is due to its crucial role in a variety
of natural processes and promising technological applica-
tions, including SCW oxidation destruction of hazardous
waste such as toxic waste, chemical weapons, and nuclear
processing waste. The advantages of SCW oxidation arise
primarily from the unusual properties exhibited by water
under supercritical conditions. The ionic product of SCW
is many orders of magnitude smaller than that of ordinary
liquid, and the dielectric constant drops to values (∼2 at
25 MPa and 723 K) typical of organic solvents. Earlier
work1-4 has shown that organics are highly miscible with
water above the critical temperature of pure water. Be-
tween 533 and 573 K benzene solubility4 increases from a
few percent to complete miscibility. An obstacle to the
development of industrial-scale SCW technologies is the
lack of reliable thermodynamic data of supercritical aque-
ous systems.

At this time, only limited experimental data for (1 - x)
water + x toluene mixtures in the near-critical and super-
critical regions are available. Degrange5 reported PVTx
properties and enthalpies for dilute mixtures of (1 - x)
water + x toluene in a temperature range from room
temperature to 685 K and at pressures between 10 and 33

MPa for compositions between 0.0012 and 0.0366 mol
fraction of toluene. Degrange5 measured differences be-
tween the density of toluene and water using a vibrating
U-tube densimeter. The results were represented by a
correlation of the form ∆F ) (Fsol - Fw) ) Am + Bm2 +
Cm3 (where m is concentration in mol‚kg-1) for fixed
temperatures and pressures. Uncertainty in temperature
measurement was better than (0.05 K. However, due to a
small gradient between the vibrating tube and the resis-
tance thermometer, the uncertainty in temperature mea-
surements at high temperatures (600 K) is (0.2 K. The
pressure in the system was measured with an uncertainty
of 0.3 MPa. The reproducibility of density measurements
is ∼0.05 kg‚m-3 at temperatures below 450 K and ∼0.14
kg‚m-3 above 550 K.

In previous work,6 we reported PVTx measurements near
the water critical point for one dilute (1 - x) water + x
toluene mixture (x ) 0.0278 toluene) in a temperature
range from 623 to 673 K and at pressures up to 39 MPa.
We also reported a crossover model for (1 - x) water + x
toluene mixtures near the solvent’s (water) critical point
based on our measured PVTx data and the data reported
by Degrange.5 We expect the present PVTx measurements
to be useful to improve and recalculate the parameters of
the crossover model.

Phase equilibrium for this system has been reported
previously. Chandler et al.7 measured three-phase vapor-
liquid-liquid (VLL) equilibria in (1 - x) water + x toluene
mixtures at temperatures from 473 to 548 K and at
pressures up to 17.2 MPa. Anderson and Prausnitz3

reported mutual solubilities and vapor pressure for binary
aqueous systems containing toluene in the temperature
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range from 373 to 473 K and at pressures up to 2.4 MPa.
The results of Anderson and Prausnitz3 at 473 K were
shown to be in good agreement with the measurements of
Chandler et al.7 Roof2 reported pressure and temperature
of the three-phase (VLL) critical point from visual observa-
tions for binary systems of water and toluene. Roof2 made
measurements in both rising- and falling-temperature
runs. The differences between those runs were observed
to be about 1 K and 0.014 MPa. The different fillings of
the capillary gave values of temperature agreeing within
1 K and of pressure within 0.015-0.2 MPa. The three-
phase endpoint reported by Roof2 is 558.2 K and 10.1 MPa.
Connolly1 reported solubility for (1 - x) water + x toluene
mixtures up to their critical solution temperatures and at
pressures from 10 to 80 MPa. Sharp maxima were observed
in the solubility isotherms (solubility versus pressure
curve) near the critical solution temperatures at pressures
of ∼30 MPa. The total uncertainty in the temperature
measurements was (0.02 K. The pressure was controlled
to 0.05 MPa and was measured with an uncertainty of
∼(0.2 MPa. The reported critical solution temperature was
either the minimum temperature for mixing of two liquids
(water and toluene) in all proportions or the maximum
temperature of the binary system for two liquid phases in
equilibrium. The uncertainty in the critical solution tem-
perature was ∼(2 K, and that of the corresponding
pressure is ∼(0.1 MPa. The measured values of PTx on
the phase equilibrium curve were compared with data
reported by Roof.2 The agreement was good at a temper-
ature of 553.2 K, whereas at 573.2 K the data revealed
slight deviations. Chen and Wagner8 measured the mutual
solubility and three-phase vapor pressure for (1 - x) water
+ x toluene mixtures in a temperature range from 303 to
373 K and at pressures up to 0.35 MPa. Alwani9 and
Alwani and Schneider10 measured the phase equilibria LL
and LV for binary aqueous solutions of toluene over a
temperature range from 533 to 639 K and up to a
maximum pressure of 200 MPa. From these measure-
ments, a part of the PC-TC critical locus has been deduced.
Haruki et al.11,12 reported phase equilibria for (1 - x) water
+ x toluene binary mixtures at temperatures between 553
and 573 K. Haruki et al.11,12 used a modified Soave-
Redlich-Kwong (MSRK) equation of state with an exponent-
type mixing rule for the energy parameter and a conven-
tional mixing rule for the size parameter to correlate the
phase equilibria for four binary mixtures of (1 - x) water
+ x toluene. Optimal values of interaction parameters for
(1 - x) water + x toluene at two temperatures were
determined by Haruki et al.11,12 by using measured VLE
and LLE data.

The phase behavior of a (1 - x) water + x toluene system
is classified as type III. Figure 1 shows a P-T phase
diagram for the (1 - x) water + x toluene mixture. Figure
1 includes all of the available experimental data on the
three-phase (LLV) curve, the L-G critical curves, UCEP
coordinates, vapor pressure curves for pure components,
and phase equilibria (P-T) curves for some selected
compositions reported by Alwani9 and Connolly.1

Majer et al.13 reported the partial molar volumes at
infinite dilution for (1 - x) water + x toluene mixtures at
temperatures up to 623 K and at pressures to 30 MPa.
These authors tested the following three types of correla-
tions: the model of Helgesen-Kirkhan-Flowers using
dielectric properties of water; semiempirical equations
using the compressibility of water; and equations based on
fluctuation solution theory. The partial molar volumes at
infinite dilution (1 - x) water + x toluene were obtained

by extrapolation of the apparent molar volumes correlated
as a function of concentration. The uncertainty of derived
values of partial molar volumes was 3-6 cm3‚mol-1 at
temperature >573 K.

Experimental Section

Apparatus and Procedures. The PVTx properties for
(1 - x) water + x toluene mixtures were measured by using
a constant-volume method with direct mass measurements
of the sample. The apparatus details were described in our
previous work.14 The method of measurements, experimen-
tal procedures, and construction of the piezometer have
been discussed in detail in previous publications.15-17 The
apparatus for PVTx measurements consisted chiefly of an
air thermostat, a piezometer, lines for filling and extracting
samples, temperature control and temperature measuring
devices, and pressure measuring instruments. The tem-
perature inside the thermostat was maintained uniform
within 5 mK with the aid of guard heaters located between
the thermostat walls and a regulating heater, which was
mounted inside the thermostat. The fluid temperature
(ITS-90) was detected by a platinum resistance thermom-
eter (PRT-10) with a precision of 10 mK. The pressure in
the piezometer ((2 kPa precision) was transmitted to a
liquid-octane system through a diaphragm-type null indi-
cator, which was mounted on the end of the piezometer.
The mixture in the piezometer was heated in the thermo-
stat until its temperature reached the prescribed value and
pressure reached a maximum value of ∼50 MPa. After
thermal equilibration, the PVTx measurements along an
isotherm were made, starting from a maximum pressure
of ∼50 MPa. Measurements were continued by extracting
a small amount of sample from the piezometer through a
needle valve. The extracted samples were collected in a
separate collector and weighed using a high-precision
balance with an uncertainty of 0.05 mg. Thus, a number
of data points were taken along each isotherm until the
system pressure dropped to ∼10 MPa. The density of a

Figure 1. Pressure-temperature (P-T) phase diagram for (1 -
x)water + x toluene mixture: CP1, critical point of pure water;
CP2, critical point of pure toluene; 1, vapor pressure curve of pure
water (IAPWS-9518); 2, vapor pressure curve of pure toluene
(Lemmon and Jacobsen21); O, LG critical point (Connolly1); ×, LLG
(Chandler et al.7); ‚ - ‚, LG critical curve (Alwani9); 0, LLG
(Anderson and Prausnitz3); 1, x ) 18 wt % toluene (Connolly1);
+, LG critical points (Alwani and Schneider10); 4, x ) 30 wt %
toluene (Alwani9); 2, x ) 50 wt % (Alwani9); [, LG critical points
(Roof2).
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sample at a given temperature T and pressure P is
determined from the simple relationship

where VTP is the temperature- and pressure-dependent
volume of the piezometer, Mi is the mass of the mixture in
the piezometer, mcoll is the mass of sample extracted from
the piezometer and stored in the collector during the runs,
mtot is the total mass or initial mass of the sample in the
piezometer, and N is the number of extractions. After the
last extraction, the total mass, mtot, of the mixture in the
piezometer was calculated. The mass of toluene, mtol, was
determined from the difference between the total mass,
mtot, of the mixture extracted from the piezometer during
the run and the known initial mass mw of pure water in
the piezometer, mtol ) mtot - mw. The toluene composition
of the mixture was calculated from w ) 1 - mw/mtot. The
uncertainty of the mass m of the sample can be estimated
from those of mtot and mcoll to be 0.01%. The experimental
uncertainty in the composition is estimated to be <0.001
mole fraction. The volume of the piezometer was previously
calibrated from the known density of a standard fluid (pure
water) with well-known PVT values (IAPWS-95 formula-
tion18,19) at a temperature of T0 ) 673.15 K and a pressure
of P0 ) 40.32 MPa. The volume at these conditions was
VP0T0 ) (32.68 ( 0.01) cm3. Variations of the volume with
temperature T and pressure P were calculated with the
equation

where R ) 1.3 × 10-5 K-1 is the thermal expansion
coefficient of alloy (EI-437BU-VD), which is virtually
temperature-independent in a broad temperature range
from 500 to 700 K, and â ) 4.12 × 10-5 MPa-1 is the
pressure expansion coefficient of the piezometer. The
maximum uncertainty in volume of the piezometer δVTP

at a given temperature T and pressure P is related to the
measured uncertainties of VT0P0, R, and â, which were δVT0P0

) 0.03%, δR ) 0.0012%, and δâ ) 0.0005%, respectively.

In the worst case the value of δVTP is ∼0.032%. The total
experimental uncertainty in density was estimated to range
from 0.05 to 0.15%, depending on the temperature T and
pressure P.

A high-purity (HPLC grade, 99.8 mol %) toluene sample
was used in this study. The water was twice distilled and
degassed and had an electric conductivity of ∼10-4 Ω1-‚m-1.

Results and Discussion

PVTx Measurements. Measurements of the PVTx
relationship of the (1 - x) water + x toluene mixtures were
performed along five to eight near-critical and supercritical
isotherms between 623 and 673 K for each mole fraction
(0.0008, 0.0022, and 0.0085) of toluene. The density ranged
from 54 to 579 kg‚m-3, and the pressure ranged from 11
to 46 MPa. The experimental temperatures, densities,
pressures, and compositions for near-critical and super-
critical mixtures are presented in Table 1. Measured
results for selected near-critical and supercritical isotherms
are also shown in Figures 2-4. Figure 2 shows the
dependence of density on pressure along near-critical and
supercritical isotherms for various compositions together
with values calculated from the crossover equation of state
by Kiselev et al.,6 known as CREOS. As one can see from
Figure 2, the agreement between the present experimental
data and values calculated from CREOS6 is good in the
density range from 95 to 500 kg‚m-3. At densities >500
kg‚m-3 the calculated values of pressure are systematically
higher than measured values, but this density range is
outside the range of validity of CREOS.6 Figure 3 shows
projections at constant composition (isopleths) in the Z-P
planes, where Z ) PVm/RT is the compressibility factor
at the critical temperature (647.10 K) of pure water. Figure
3 also contains the results for pure water calculated from
the CREOS model by Kiselev and Friend.20 To check the
reproducibility, the measurements at three selected iso-
therms (623.15, 647.1, and 673.15 K) were repeated. The
differences between these measurements are within the
experimental uncertainties (0.14, 0.33, and 0.12% in den-
sity). Figure 4 demonstrates the temperature dependence
of pressure of the mixtures along various isochores and

Table 1. Experimental PVTx Data for (1 - x) Water + x Toluene Mixtures

P/MPa at T/K of

F/kg‚m-3 623.15 628.15 633.15 638.15 643.15 647.10 648.15 653.15 663.15 673.15

x ) 0.0085
555.32 30.25 30.85 33.97 39.74 46.04
482.37 24.31 24.75 26.98 31.55 36.28
372.03 22.57 22.85 24.36 27.46 30.72
290.44 22.37 22.64 23.83 26.21 28.77
186.49 21.60 21.76 22.56 24.15 25.75
104.36 17.92 17.97 18.42 19.30 20.17
54.790 11.38 11.45 11.83 12.58 13.32

x ) 0.0022
578.85 18.04 21.01 24.08 27.51 31.47 35.15 36.33 42.01
565.61 17.40 19.92 22.55 25.37 28.67 31.41 32.15 35.77
515.12 16.84 18.47 20.12 22.00 24.10 25.75 26.25 28.84
438.16 16.79 17.89 19.07 20.30 21.71 22.79 23.18 25.20
278.13 16.54 17.66 18.79 19.97 21.16 22.10 22.41 23.65
161.19 16.39 17.45 18.50 19.46 20.37 20.95 21.17 21.95
65.710 12.71 12.95 13.16 13.40 13.67 13.83 13.99 14.33

x ) 0.0008
546.35 28.25 28.98 32.10 37.17 43.33
498.42 24.67 25.11 27.58 32.00 37.21
422.84 22.48 22.83 24.66 28.40 32.33
192.54 21.52 21.75 22.85 24.65 26.32
135.71 20.04 20.25 20.87 21.92 22.98
108.31 18.35 18.40 18.97 19.88 20.74
66.480 14.08 14.20 14.57 14.97 15.67

Fi ) Mi/VTP, Mi ) mtot - mcoll,
mtot ) m1 + m2 + m3 + ... mN, (1)

VTP ) VT0P0
[1 + 3R(T - T0) + â(P - P0)] (2)
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compositions. For each of these measured isochores, a
break point (liquid-vapor phase transition points) was
observed. The values of temperature TS, pressure PS, and
density FS at the break points for two composition (0.0022

and 0.0287) mole fractions are given in Table 2 and shown
in Figure 4. A comparison of the experimental isothermal
and isobaric data for (1 - x) water + x toluene mixtures
measured in the present work with values reported by
Degrange5 are plotted in Figure 5. The agreement of
density between the present and Degrange5 measurements
is good (<0.35%).

To check and confirm the accuracy of the method, PVT
measurements were made on the pure components (water
and toluene) along the near-critical and supercritical
isotherms. The measured values of density and pressure
along selected isotherms for pure water and pure toluene
are shown in Figures 6 and 7 together with values
calculated from the equations of state (IAPWS-95 formula-
tion18 for water and Lemmon and Jacobsen21 EOS for
toluene) and previously reported high-accuracy experimen-
tal PVT data for pure water22-25 and pure toluene.26-29 For
this work, deviation statistics for the measured densities
are as follows: (for water) AAD ) 0.44%, bias ) 0.16%,
SD ) 0.46%, SE ) 0.12%, and maximum deviation ) 0.7%;
(for toluene) AAD ) 0.65%, bias ) 0.64%, SD ) 0.59%, SE
) 0.06%, and maximum deviation ) 2.18%. One can see
from Figures 6 and 7 that the present data show good
agreement with published data.

Molar Volumes. Figure 8 shows the experimental
values of molar volumes Vm of (1 - x) water + x toluene
mixtures as a function of composition at the critical tem-

Figure 2. Pressure P of (1 - x)water + x toluene mixture as a function of density F along near-critical and supercritical isotherms for
various compositions together with values calculated from the crossover model (Kiselev et al.6): (a) 1, 647.10 K; 2, 653.15 K; 3, 663.15 K;
4, 673.15 K; (b) 1, 643.15 K; 2, 647.10 K; 3, 653.15 K; (c) 1, 647.10 K; 2, 653.15 K; 3, 663.15 K; 4, 673.15 K; (d) 1, x ) 0 (pure water); 2,
x ) 0.0008; 3, x ) 0.0022; 4, x ) 0.0085; 5, x ) 0.0287; b, this work; s, CREOS (Kiselev et al.6).

Figure 3. Compressibility factor Z ) PV/RT of (1 - x)water + x
toluene mixture as a function of pressure P along the critical
isotherm for various compositions together with values of Z for
pure water from CREOS (Kiselev and Friend20): 4, x ) 0.0085;
O, x ) 0.0022; b, x ) 0.0008; s, CREOS (Kiselev et al.6); - - -,
Kiselev and Friend.20
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perature and critical pressure of pure water. As this figure
shows, the tangent of the Vm-x curve becomes
very steep as x f 0, and thus values of the derivative
(∂Vm/∂x)PT

∞ dominate the calculation of partial molar vol-
ume Vh 2

∞. Because the partial molar volume Vh 2
∞ of solute

(toluene) is obtained from the tangent (∂Vm/∂x)PT
∞ (refs 30-

35), the partial molar volume of an infinitely dilute (1 - x)
water + x toluene mixture near the critical point of pure
water tends to plus infinity (Vh 2

∞ f +∞). For other rela-
tively nonvolatile solutes, the partial molar volume has
been observed to tend to minus infinity (Vh 2

∞ f -∞).36 The
mechanism that induces these infinite values has been
explained in previous work.30-35,37,38 Some physical models
have been proposed to describe the behavior.37,38 This

anomaly is a result of the divergence of the isothermal
compressibility KT of the solvent and is common to all dilute
near-critical mixtures.30-35 From the expansion of the
Helmholtz free energy,32,35,37,39 A(V,T,x), around the sol-
vent’s critical point, we can also calculate values of the
derivative (∂Vm/∂x)PT

∞ ) -AVX/AVV, where AVV
-1 at x f 0 is

KT of the pure solvent (water), which diverges strongly at
its own critical point. Therefore, (∂Vm/∂x)PT

∞ becomes pro-
portional to AVV

-1 or KT and (∂Vm/∂x)PT
∞ , and Vh 2

∞ diverge
strongly at the solvent’s critical point. According to the
classical model, both (∂Vm/∂x)PT

∞ and Vh 2
∞ diverge as x-2/3

(refs 30-35, 37, and 38). However, real fluids behave
nonclassically. Therefore, the asymptotic behavior of the
mixture molar volume Vm at TC and PC in the limit x f 0
can be expressed by the simple power law

where ε ) 1 - γ/âδ, γ, â, amd δ are the universal critical
exponents (refs 40-42). For the classical case γ ) 1, â )
0.5, δ ) 3, and ε ) 0.3333, and for the nonclassical case
γ ) 1.24, â ) 0.325, δ ) 4.83, and ε ) 0.21. Figure 9

Figure 4. Break points of the pressure-temperature (P-T)
experimental isochores for (1 - x)water + x toluene mixtures for
various compositions: (a) x ) 0.0287, FS ) 406.42 kg‚m-3, TS )
630.35 K, PS ) 19.48 MPa; x ) 0.0287, FS ) 502.44 kg‚m-3, TS )
631.15 K, PS ) 19.97 MPa); (b) O, 578.85 kg‚m-3; b, 565.61 kg‚m-3;
×, 515.12 kg‚m-3; A (TS ) 641.33 K, PS ) 28.85 MPa); B (TS )
639.00 K, PS ) 25.67 MPa); C (TS ) 638.17 K, PS ) 21.83 MPa).

Table 2. Pressures (PS), Temperatures (TS), and
Densities (GS) on the Liquid-Gas Two-Phase Boundary
from Measured PVTx Data for (1 - x) Water + x Toluene
Mixtures

x TS/K PS/MPa FS/kg‚m-3

0.0022 638.17 21.83 515.12
0.0022 639.00 25.67 565.61
0.0022 641.33 28.85 578.85
0.0287 630.35 19.48 406.42
0.0287 631.15 19.97 502.44

Figure 5. Comparison of measured values of PVTx for (1 - x)
water + x toluene mixtures with the data reported by Degrange5

along the two near-critical isotherms: b, 643.15 K (this work); 2,
623.15 K (this work); O, 643.15 K (Degrange5); 4, (Degrange5).
The solid curves are guides for the eye.

Figure 6. Comparison of measured PVT data for pure water with
values calculated from IAPWS-95 formulation:18 O, Hanafusa et
al.;22 4, Rivkin and Troyanovskaya;25 b, this work; ×, Alexandrov
et al.;23 0, Kell et al.;24 s, IAPWS-95 formulation.18

Vm(PC,TC,x) ) V0x
-ε (3)
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shows ln(Vm) as a function of ln(x) for (1 - x) water + x
toluene mixtures at TC and PC of the pure solvent (water).
These data were fitted with the simple expression ln(Vm) )
ln(V0) + ε ln(x). The fitting parameters are ln(V0) )
(5.403 ( 0.03) and ε ) (0.207 ( 0.005), which is very
close to the nonclassical value of critical exponent ε )
0.21. Therefore, the present PVTx measurements for dilute
(1 - x) water + x toluene mixtures at the critical temper-
ature and critical pressure of the pure solvent (water) are
consistent with the nonclassical behavior of the singularity
of partial molar volume Vh 2

∞ predicted by theory. At the
solvent’s critical temperature and critical pressure, from
the expansion of the Helmholtz free energy32,35,37,39 A(V,T,x)
around the solvent’s critical point, we can calculate the
values of derivative (∂Vm/∂x)PT

∞ with the equation37

where AVX
C ) -(∂P/∂x)TV

C . Therefore, the sign of the deriva-
tive (∂Vm/∂x)PT

∞ and partial molar volume Vh 2
∞ is determined

by the sign of AVX
C ) -(∂P/∂x)TV

C , which is the Krichevskii
parameter. Adding a solute will most likely raise the
pressure, (∂P/∂x)TV

C > 0, and will cause the partial molar
volume Vh 2

∞ to approach +∞. For (1 - x) water + x toluene
mixtures, a positive divergence of the derivative
(∂Vm/∂x)PT

∞ was observed. Therefore, the Krichevskii pa-
rameter for this system is positive, (∂P/∂x)TV

C > 0. Values
of partial molar volume Vh 2

∞ can be calculated from values
of the derivatives (∂P/∂x)TV

∞ using the relationship31

where KTH2O is the isothermal compressibility of pure water
and VH2O is the molar volume of pure water.

Krichevskii Parameter. The thermodynamic behavior
of infinitely dilute mixtures near the solvent’s critical
point is fully characterized by values of the Krichevskii
parameter, (∂P/∂x)TCVC

∞ , and near-critical properties of the
pure solvent.31 The thermodynamic behavior of a near-
critical dilute solution is very important to understand
the molecular interactions and the microscopic structure
of the solution. In the limit of infinite dilution, many partial
molar properties of the solute (Vh 2

∞, Hh 2
∞, and Ch P2

∞ ) diverge
strongly at the solvent’s critical point.43 Levelt Sengers44

proposed a description of the thermodynamic behavior of
dilute near-critical solutions based on (∂P/∂x)TV

∞ . Japas et
al.45 denoted (∂P/∂x)TV

∞ as the Krichevskii function. The
value of (∂P/∂x)TV

∞ at the critical point is, by definition, the
Krichevskii parameter.46 This parameter is very important
to describe the thermodynamic behavior of a dilute solution
near the solvent’s critical point. For example, the Krichev-
skii function is related to direct correlation functions47 and
accounts for effects of intermolecular interactions between
solvent and solute molecules, which determine the proper-
ties of their solution. Figure 10 shows the pressure of the
(1 - x) water + x toluene mixtures as a function of concen-
tration along the various near-critical densities at the
solvent’s (water) critical temperature. The slope (∂P/∂x)TCV

∞

of the isothermal-isochoric lines (Krichevskii function)
changes with solution density. At low (vapor) densities,
the slope is negative, whereas at high (liquid) densities the
slope is positive. At near-critical densities, the slope
of a P-x curve is small. The slope of a P-x curve for
dilute (1 - x) water + x toluene mixtures (x f 0) at the

Figure 7. Comparison of measured PVT data for pure toluene
with values calculated from the Lemmon and Jacobsen21 EOS: O,
this work; 2, Akhundov and Abdullaev;27 4, Straty et al.;26 b,
Mamedov et al.;51 ×, Mamedov and Akhundov;52 s, Lemmon and
Jacobsen21 EOS.

Figure 8. Molar volumes Vm of (1 - x) water + x toluene mixtures
as a function of composition x along the critical isotherm-isobar
(TC ) 647.1 K; PC ) 22.1 MPa). The solid curves are guides for
the eye.

(∂Vm

∂x )
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∞

) 1
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Figure 9. Molar volumes ln(Vm) of (1 - x) water + x toluene
mixtures against composition ln(x) along the critical isotherm-
isobar (TC ) 647.1 K; PC ) 22.1 MPa).

Vh 2
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Journal of Chemical and Engineering Data, Vol. 46, No. 6, 2001 1615



critical temperature and critical density of pure water
defines the value of the Krichevskii parameter (∂P/∂x)TCVC

∞ .
From this work, the experimental value of (∂P/∂x)TCVC

∞ is
98.4 MPa‚mol-1. This value agrees closely with a value
of 105 ( 10 MPa‚mol-1 estimated by Plyasunov and
Shock,48 whereas the values of the Krichevskii parameter
calculated from the crossover equation of state (136.3
MPa‚mol-1; Kiselev et al.6) differ from the present results
by 38 MPa‚mol-1 (39%). Values of the Krichevskii param-
eter for (1 - x) water + x toluene mixtures were estimated
by Plyasunov and Shock48 from the empirical relationship

where ∆hG° is the Gibbs energy of a solute at 298.15 K
and 0.1 MPa and from the partial molar volume values Vh 2

∞

derived by Degrange5 from PVTx measurements. The
derived values are (105 ( 10) from the values of partial
molar volumes and 107 from the Gibbs energy data. The
value of this parameter was also estimated from the initial
slopes of the critical lines for (1 - x) water + x toluene
mixtures and the values of the vapor pressure slope of pure
water at its critical point. The initial slopes of the critical
lines are related to the Krichevskii parameter as31,46

or, equivalently

where (∂PC/∂x)CRL and (∂TC/∂x)CRL
C are the initial slopes of

the critical lines (TC-x and PC-x). (dPS/dT)CXC
C > 0 is

the slope of the solvent’s vapor pressure curve evaluated
at the critical point of the solvent (always positive). The
near-critical behavior of mixtures depends on the signs
and the magnitudes of the derivatives [initial slopes of
the critical lines (TC-x and PC-x) and the vapor pressure
curve (PS-TS) at the critical point] in these equations.
The value of the Krichevskii parameter for the dilute
(1 - x) water + x toluene mixtures was estimated from eq
7 using critical lines (TC-x and PC-x) calculated from the

crossover model and experimental TC-PC data reported by
Alwani9 and Alwani and Schneider10 and a vapor pressure
equation (PS-TS) by Levelt Sengers.49 The results are
(dPS/dT)CXC

C ) 0.2682 MPa‚K-1, (∂PC/∂x)CRL ) -91.0 MPa‚
mol-1, (∂TC/∂x)CRL

C ) -853.5 K‚mol-1, and (dPC/dTC)CRL
C )

0.107 MPa‚K-1, and the Krichevskii parameter is
(∂P/∂x)TCVC

∞ ) 137.7 MPa‚mol-1. Therefore, there is good
agreement between the values of the Krichevskii parameter
calculated from eq 7 using the critical locus properties of
the mixture and pure solvent’s (water) vapor pressure
properties at critical point and values calculated from the
crossover model. On the basis of the high uncertainties
associated with the estimates, we would recommend the
experimental value of the Krichevskii parameter of 98.4
MPa‚mol-1.

Partial Molar Volume. Figure 11 shows a comparison
between values of partial molar volumes Vh 2

∞ derived from
PVTx measurements and values calculated from a cross-
over model developed by Kiselev et al.6 The calculations
was carried using eq 5 and the semiempirical model using
the compressibility of pure water13

where v ) 5 cm3‚g-1, FH2O is the density of pure water,
and a1, a2, and a3 are the fitting parameters. The values
of parameters ai were determined using experimental
partial molar volume values of toluene in an infinitely
dilute (1 - x) water + x toluene mixture.41 Equation 8 is
valid in the temperature range from 298 K to 623 K. We
extrapolated this equation to high temperatures to compare
with values calculated from the crossover model and with
values derived from measured PVTx values. The results
are shown in Figure 11. The partial molar volume values,
calculated from eq 8, exhibit a maximum at a density of
∼335 kg‚m-3, which is slightly higher than the critical
density of pure water (322 kg‚m-3), as adopted by IAPWS.50

The large differences near the critical point can be ex-
plained due to extrapolation properties of eq 8 or due to
differences between the PVT relationship for pure water
used by Majer et al.13 and the IAPWS-95 formulation.18 Far
from the critical region (at densities <200 kg‚m-3 and >400
kg‚m-3), the agreement between eqs 5 and 8 is satisfactory.

Figure 10. Pressure P of (1 - x) water + x toluene mixtures as
a function of composition x along the various near-critical densities
at fixed critical isotherm of pure water (TC ) 647.1 K).

(∂P
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Figure 11. Comparison of the partial molar volume Vh 2
∞ calcu-

lated with the crossover model (solid line) and with the semiem-
pirical equation by Majer et al.13 (dashed line) and the values
derived from the present experimental PVTx data along the near-
critical isotherms: 1, 647.10 K; 2, 648.0 K.

Vh 2
∞ ) VH2O + RTKTH2OFH2O[a1 + a2(exp(vFH2O) - 1)] (8)
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From the experimental values of molar volumes Vm(P,T,x)
for (1 - x) water + x toluene mixtures and the correspond-
ing values for the pure components Vm(P,T,0) (for pure-
water) and Vm(P,T,1) (for pure toluene), the values of excess
Vm

E(P,T,x) and apparent ΦVm(P,T,x) molar volumes are
defined by35

and

In the limit of infinite of dilution, the apparent molar
volume of the solute ΦVm(P,T,x) becomes equal to the
partial molar volume Vh 2

∞(limxf0
ΦVm ) Vh 2

∞). Figures 12
and 13 show the results for Vm

E(P,T,x) and ΦVm(P,T,x) at
near-critical and supercritical isotherms. Near the critical
pressure (∼22.1 MPa) experimental values of Vm

E(P,T,x)
and ΦVm(P,T,x) for (1 - x) water + x toluene mixtures
show a large positive anomaly. This is universal behavior
in any dilute near-critical mixture.

Conclusion

The PVTx properties for water + toluene were measured
in a range of temperatures from 623 to 673 K and pressures
from 11 to 46 MPa with an estimated uncertainty of
0.05-0.15% for three compositions (0.0008, 0.0022, and
0.0085 mole fractions) of toluene. The measured data show
good agreement of densities (within (0.35%) with other
measurements (Degrange5) and with calculations with a
crossover model (Kiselev et al.6). The accuracy of the
method was confirmed by measurements of the PVT
properties of pure water and pure toluene in the critical
and supercritical regions. From measured values of PVTx,
the values of the Krichevskii parameter and partial, excess,
and apparent molar volumes were calculated. Large posi-
tive values of apparent molar volume of solute (toluene)
in the vicinity of solvent’s (water) critical point were
observed. The partial molar volume of solute (toluene) in
the solvent’s (water) critical point have anomalous non-
classical behavior with nonclassical values of the critical
exponent ε ) (0.207 ( 0.005). The experimental behavior
of the Krichevskii function near the solvent’s (water)
critical point was discussed.

Acknowledgment

I.M.A. thanks the Physical and Chemical Properties
Division at the National Institute of Standards and Tech-
nology for the opportunity to work as a Guest Researcher
at NIST during the course of this research.

Literature Cited

(1) Connolly, J. F. Solubility of hydrocarbons in water near the critical
solution temperatures. J. Chem. Eng. Data 1966, 14, 13-17.

(2) Roof, J. G. Three-phase critical point in hydrocarbon-water
systems. J. Chem. Eng. Data, 1970, 15, 301-303.

(3) Anderson, F. E.; Prausnitz, J. M. Mutual solubilities and vapor
pressures for binary and ternary aqueous systems containing
benzene, toluene, m-xylene, thiophene and pyridine in the region
100-200 °C. Fluid Phase Equilib. 1986, 32, 63-76.

(4) Rebert, C. J.; Kay, W. R. The phase behavior and solubility
relations of the benzene-water system. AIChE J. 1959, 5, 285-
289.

(5) Degrange, S. Nouvelle procedure de determination simultanee des
properties enthalpiques et volumiques des systemes fluides:
Application a l’etude des solutions aqueuses d’hydrocarbures
jusqu’au domaine critique de l’eau. Ph.D. Thesis, University
Blaise Pascal, France, 1998.

(6) Kiselev, S. B.; Ely, J. F.; Abdulagatov, I. M.; Bazaev, A. R.; Magee,
J. W. Equation of state and thermodynamic properties of pure
toluene and dilute toluene aqueous solutions in the critical and
supercritical regions. Ind. Eng. Chem. Res. 2001, in press.

(7) Chandler, K.; Eason, B.; Liotta, Ch. L.; Eckert, Ch. A. Phase
equilibria for binary aqueous systems from a near-critical water
reaction apparatus Ind. Eng. Chem. Res. 1998, 37, 3515-3518.

(8) Chen, H.; Wagner, J. An efficient and reliable gas chromato-
graphic method for measuring liquid-liquid mutual solubilities
in alkylbenzene + water mixtures; toluene + water from 303 to
373 K. J. Chem. Eng. Data 1994, 39, 475-479.

(9) Alwani, Z. Ph.D. Thesis, University of Karlsruhe, Karlsruhe,
Germany, 1969.

(10) Alwani, Z.; Schneider, G. M. Phasengleichgewichte, kritische
erscheinungen und PVT-daten in binaren mischungen von wasser
mit aromatischen kohlenwasserstoffen bis 420 °C und 2200 bar.
Ber. Bunsen-Ges. Phys. Chem. 1967, 73, 294-301.

(11) Haruki, M.; Yahiro, Y.; Higashi, H.; Arai, Y. Correlation of phase
equilibria for water + hydrocarbon systems at high temperatures
and pressures by cubic equation of state. J. Chem. Eng. Jpn. 1999,
32, 535-539.

(12) Haruki, M.; Iwai, Y.; Nagao, S.; Yahiro, Y.; Arai, Y. Measurements
and correlation of phase equilibria for water + hydrocarbon
systems near the critical temperature and pressure of water. Ind.
Eng. Chem. Res. 2000, 39, 4516-4520.

(13) Majer, V.; Degrange, S.; Sedlbauer, J. Temperature correlation
of partial molar volumes of aqueous hydrocarbons at infinite
dilution: Test of equations. Fluid Phase Equilib. 1999, 158, 419-
428.

Figure 12. Excess molar volumes Vm
E of (1 - x) water + x

toluene mixture as a function of pressure P along near-critical and
supercritical isotherms: 2, 651.15 K; O, 649.15 K; 4, 643.15 K;
b, 647.10 K. The solid curves are guides for the eye.

Figure 13. Apparent molar volumes ΦVm of (1 - x) water + x
toluene mixture as a function of pressure P along near-critical and
supercritical isotherms: O, 651.15 K; 4, 643.15 K; b, 647.10 K.
The solid curves are guides for the eye.

Vm
E(P,T,x) )

Vm(P,T,x) - x Vm(P,T,1) - (1 - x)Vm(P,T,0) (9)

xΦVm(P,T,x) ) Vm(P,T,x) - (1 - x)Vm(P,T,0) (10)

Journal of Chemical and Engineering Data, Vol. 46, No. 6, 2001 1617



(14) Bazaev, A. R.; Abdulagatov, I. M.; Magee, J. W.; Rabezkii, M. G.;
Bazaev, E. A. PVT measurements for toluene in the near-critical
and supercritical regions. J. Chem. Eng. Data 2001, in press.

(15) Abdulagatov, I. M.; Bazaev, A. R.; Ramazanova, A. E. PVTx
measurements of aqueous mixtures at supercritical conditions.
Int. J. Thermophys. 1993, 14, 231-250.

(16) Abdulagatov, I. M.; Bazaev, A. R.; Ramazanova, A. E. Volumetric
properties and virial coefficients of water + methane. J. Chem.
Thermodyn. 1993, 25, 249-259.

(17) Abdulagatov, I. M.; Bazaev, E. R.; Bazaev, A. R.; Rabezkii, M. G.
PVTx measurements for water + n-hexane mixtures in the near-
critical and supercritical regions. J. Supercrit. Fluids 2001, 19,
219-237.

(18) Wagner, W.; Pruss, A. New international formulation for the
thermodynamic properties of ordinary water substance for general
and scientific use. J. Phys. Chem. Ref. Data 2001, to be submitted.

(19) Harvey, A. H.; Peskin, A. P.; Klein, S. A. NIST/ASME Steam
Properties, NIST Standard Reference Database 10, version 2.2,
2000.

(20) Kiselev, S. B.; Friend, D. G. Fundamental equation for water and
steam revised to improve the representation in the critical region.
Fluid Phase Equilib. 1999, 155, 33-55.

(21) Lemmon, E. W.; Jacobsen, R.T NIST, Boulder CO, 2000 (private
communication).

(22) Hanafusa, H.; Tsuchida, T.; Kawai, K.; Sato, H.; Uematsu, M.;
Watanabe, K. Experimental study of the PVT-properties of water
in the critical region. Proceedings of the 10th International
Conference on the Properties of Steam; Sychev, V. V., Alexandrov,
A. A., Eds.; MIR: Moscow, 1986; Vol. 1, pp 180-191.

(23) Alexandrov, A. A.; Khasanshin, T. S.; Karkin, D. K. Specific
volume of ordinary and heavy water at high pressures and
temperatures. Russ. J. Phys. Chem. 1976, 50, 394-400.

(24) Kell, G. S.; McLaurin, G. E.; Whalley, E. PVT properties of water
VII. Vapor densities of light and heavy water from 150 to 500 °C.
Proc. R. Soc. London A 1989, 425, 49-71.

(25) Rivkin, S. L.; Troyanovskaya, G. V. Experimental study of specific
volumes of water in the range close to critical point. Teploener-
getika 1964, 11, 72-75.

(26) Straty, G. C.; Ball, M. J.; Bruno, T. J. PVT of toluene at
temperatures to 673 K. J. Chem. Eng. Data 1988, 33, 115-117.

(27) Akhundov, T. S.; Abdullaev, F. G. Experimental study of specific
volumes of toluene at high pressures and temperatures. Ther-
mophysical Properties of Liquids; Nauka: Moscow, Russia, 1970.

(28) Akhundov, T. S.; Abdullaev, F. G. Specific volumes of toluene
in the critical region. Izv. Vys. Ucheb. Zaved. Neft Gas. 1974, 1,
62-66.

(29) Franck, E. U.; Kerschbaum, S.; Wiegand, G. The density of toluene
at high pressures to 673 K and 300 MPa. Ber. Bunsen-Ges. Phys.
Chem. 1998, 102, 1794-1797.

(30) Levelt Sengers, J. M. H.; Morrison, G.; Nielson, G.; Chang, R. F.;
Everhart, C. M. Thermodynamic behavior of supercritical fluid
mixtures. Int. J. Thermophys. 1986, 7, 231-243.

(31) Levelt Sengers, J. M. H. Solubility near the solvent’s critical point.
J. Supercrit. Fluids 1991, 4, 215-222.

(32) Chang, R. F.; Morrison, G.; Levelt Sengers, J. M. H. The critical
dilemma of dilute mixtures. J. Phys. Chem. 1984, 88, 3389-3391.

(33) Gallagher, J. S.; Levelt Sengers, J. M. H. Modeling the thermo-
dynamic properties of sodium chloride in steam through extended
corresponding states. Int. J. Thermophys. 1988, 9, 649-661.

(34) Levelt Sengers, J. M. H.; Everhart, C. M.; Morrison, G. Thermo-
dynamic anomalies in near-critical aqueous NaCl solutions. Chem.
Eng. Commun. 1986, 47, 315-328.

(35) Levelt Sengers, J. M. H. Thermodynamics of solutions near
the solvent’s critical point. In Supercritical Fluid Technology;
Ely, J. F., Bruno, T. J., Eds.; CRC Press: Boca Raton, FL, 1991;
pp 1-56.

(36) Eckert, C. A.; Ziger, D. H.; Johnston, K. P.; Ellison, T. K. The
use of partial molar volume data to evaluate equations of state
for supercritical fluids mixtures. Fluid Phase Equilib. 1983, 14,
167-175.

(37) Morrison, G. Modeling aqueous solutions near the critical point
of water. J. Solution Chem. 1988, 9, 887-907.

(38) Debenedetti, P. G. Fluctuation-based computer calculation of
partial molar properties. I. Molecular dynamics simulation of
constant volume fluctuations. J. Chem. Phys. 1987, 86, 7126-
7137.

(39) Rozen, A. M. The unusual properties of solutions in the vicinity
of the critical point of the solvent. Russ. J. Phys. Chem. 1976,
50, 837-845.

(40) Sengers, J. V.; Levelt Sengers, J. M. H. Thermodynamic behavior
of fluids near the critical point. Annu. Rev. Phys. Chem. 1986,
37, 189-222.

(41) Fisher, M. E.; Zinn, S.-Y.; Upton, P. J. Trigonometric models for
scaling behavior near criticality. Phys. Rev. B 1999, 59, 14533-
14545.

(42) Guida, R.; Zinn-Justin, J. Critical exponents of the N-vector model.
J. Phys. A: Math Gen. 1998, 31, 8103-8121.

(43) Wheeler, J. C. Behavior of a solute near the critical point of an
almost pure solvent. Ber. Bunsen-Ges. Phys. Chem. 1972, 76, 308-
318.

(44) Levelt Sengers, J. M. H. Supercritical Fluids: Fundamentals for
Applications; Kiran, E., Levelt Sengers, J. M. H., Eds.; NATO ASI
Series E 273; NATO: The Hagye, The Netherlands,1994; pp 13-
37.

(45) Japas, M. L.; Alvarez, J. L.; Gutkovski, K.; Fernandez-Prini, R.
Determination of the Krichevskii function in the near-critical
dilute solutions of I2(s) and CHI3(s). J. Chem. Thermodyn. 1998,
30, 1603-1615.

(46) Krichevskii, I. R. Thermodynamics of critical phenomena in
infinitely dilute binary solutions. Russ. J. Phys. Chem. 1967, 41,
1332-1338.

(47) Chialvo, A. A.; Cummings, P. T. Solute-induced effects on the
supercritical and thermodynamics of infinitely dilute mixtures.
AIChE J. 1994, 40, 1558-1573.

(48) Plyasunov, A. V.; Shock, E. L. Estimation of the Krichevskii
parameter for aqueous nonelectrolytes. J. Supercrit. Fluids 2001,
20, 91-103.

(49) Levelt Sengers, J. H. M. Physical Chemistry of Aqueous Systems.
Proceedings of the 12th International Conference on the Properties
of Water and Steam; White, H. J., Sengers, J. V., Neumann, D.
B., Bellows, J. C., Eds.; Begell House: New York, 1995; pp A143-
149.

(50) Levelt Sengers, J. M. H.; Straub, J.; Watanabe, K.; Hill, P. G. J.
Phys. Chem. Ref. Data 1985, 14, 193-207. The revised values,
on ITS-90, can be found in: Physical Chemistry of Aqueous
Systems; White, Jr., H. J., Sengers, J. V., Neumann, D. B.,
Bellows, J. C., Eds.; Begell House: New York, 1995; Appendix,
pp A101-102.

(51) Mamedov, A. M.; Akhundov, T. S. Thermodynamic Properties of
Gases and Liquids. Aromatic Hydrocarbons; GSSSD: Moscow,
Russia, 1978.

(52) Mamedov, A. M.; Akhundov, T. S.; Imanov, Sh. Yu.; Abdullaev,
F. G.; Asadullaeva, N. N. Thermal properties of toluene. Teplofiz.
Svoistva Veshchestv Mater. 1973, 6, 110-118.

(53) Goodwin, R. D. Toluene thermophysical properties from 178 to
800 K at pressures to 1000 bar. J. Phys. Chem. Ref. Data 1989,
18, 1565-1635.

Received for review June 13, 2001. Accepted August 28, 2001.
This work was supported by Grant RFBR 00-02-17856.

JE010176W

1618 Journal of Chemical and Engineering Data, Vol. 46, No. 6, 2001


