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New measurements of isochoric heat capacity Cy for toluene near phase transitions and the critical point
are presented. Measurements were made with a high-temperature, high-pressure, adiabatic calorimeter
of nearly constant volume. The inner volume of the calorimeter is (104.441 4+ 0.002) cm?® at 297.15 K and
0.1 MPa. The heat capacity of the empty calorimeter Co, was measured by use of a reference fluid (helium-
4) with a well-known heat capacity (uncertainty of 0.1%). The temperature of the sample was measured
with a 10 Q PRT with an uncertainty of 10 mK. Uncertainties of the heat capacity measurements are
estimated to be 2% to 3%. Measurements were made in the single- and two-phase regions. The
experimental values of phase transition temperatures Ts(p) and single- and two-phase isochoric heat
capacities (Cyi, Cy2) on each measured isochore were determined by use of a quasi-static thermogram
method. Measurements were made along 12 isochores between (199.3 and 525.0) kg-m~3 in the temperature
range from (411 to 620) K. The temperature dependence of single- (Cy;) and two-phase (C») isochoric
heat capacities along the coexistence curve and along near-critical isochores, the isochoric heat capacity
jumps ACy, and the density and temperature on the coexistence curve near the critical point are discussed.
The values of the critical parameters (critical temperature, density, and pressure) of toluene were derived
from the experimental measurements of density, temperature, and heat capacity at saturation in the
immediate vicinity of the critical point. The scaling equations were used to express measured values of
Cyv and density along the coexistence curve. The results of the measurements are compared with values
calculated from various equations of state. The data can be used to improve the equation of state and to
develop a crossover equation in the critical region.

Introduction

Toluene is often used as a solvent, and reliable thermo-
dynamic properties, including Cy, are of direct technological
importance. In this paper we present accurate measure-
ments of the isochoric heat capacity of toluene in the critical
region. The measurements were obtained with a high-
temperature, high-pressure adiabatic calorimeter of nearly
constant volume. Toluene has been recommended as a
reference standard for the transport (thermal conductivity
and viscosity) properties of liquids (Nieto de Castro et al.?).
Toluene is also a suitable reference standard for thermo-
dynamic properties and an important calibration standard.
Previously, the thermodynamic properties (PVT, Cp, speed
of sound, etc.) of toluene were measured in different
laboratories with a variety of experimental techniques. This
is the first study of the constant-volume heat capacity Cy
of toluene.

Experimental Section

The experimental apparatus used in this paper is the
same as was previously employed for the measurement of
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light and heavy water.?2 Since the apparatus has been
described in detail in our previous papers (Polikhronidi et
al.,2~* Abdulagatov et al.5>%), only a brief discussion will be
given here. The calorimeter is a multilayered system that
consists of an internal thin-walled (0.8 mm to 1.0 mm thick)
steel vessel, outer adiabatic shells, and a semiconductor
layer (cuprous oxide) between them of 3.5 mm thickness.
The outer adiabatic shell is made of the same steel but has
walls 6 to 8 mm in thickness. The heat capacity of the
empty calorimeter Cy was determined experimentally using
a reference substance (helium-4) with well-known (uncer-
tainty of 0.1%) heat capacities.” The measured values of
C, range from 60 to 70 J-K™1.

The volume of the calorimetric vessel, Vog7 = 104.441 +
0.002 cm?® at 297.15 K and at 0.1 MPa, was determined by
filling with pure water. The working volume of the calo-
rimeter Vpr is a function of temperature and pressure with
an uncertainty of 0.05%. Cy was measured by the continu-
ous-heating method. The rate of temperature change was
proportional to the power supplied to the internal heater
and varied from 1073 K-s™1 (far from the critical point) to
5 x 1075 K-s71 (in the critical region). The heat capacity
was obtained from the measurements of m (mass of the
sample in the calorimeter), AQ (amount of electrical energy
released by the internal heater), Cy (heat capacity of the
empty calorimeter, and AT (temperature rise resulting
from addition of electrical energy AQ). The temperature
was measured with a 10 Q standard platinum resistance
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Table 1. Experimental Values of the Single- and Two-Phase Isochoric Heat Capacities of Toluene

T Cv T Cv T Cv T Cv T Cv T Cv
K kdkgtK?! K kikghK?! K kiIkghK?! K  kIkghK?!? K  kIkgLK?! K  kIkglK1
p=525.0 kgrm~—3 p=413.4 kg-m~3 p=316.9 kgrm~—3 p=299.5 kg-m—3 p=259.1 kgrm~—3 p=217.5kg-m=3
411.28 2.6952 582.59 3.8832 571.20 3.7352 570.84 3.7802 590.61 4.8262 587.08 4.806
422.20 2.8262 582.87 3.9052 571.49 3.7432 570.90 3.7922 590.82 4.8752 587.36 4.8312
42291 2.8242 583.15 3.8912 571.77 3.7642 570.99 3.7942 591.04 4.8362 587.72 4.9202
433.83 2.8162 586.08 3.9602 584.52 4.1612 571.22 3.8102 591.21 4.9432 588.94 49322
453.91 2.9092 586.96 4.0382 584.81 4.1852 588.14 4.4662 592.98 5.3572 589.19 49872
475.08 3.0122 587.42 4.1182 590.94 4.6102 588.23 44712 593.24 5.4622 590.20 5.0842
497.72 3.1052 587.93 4.0812 591.21 4.6022 592.52 4.9502 593.41 5.5722 590.76 5.1332
515.04 3.1452 588.25 41102 591.58 4.6342 592.64 5.0112 593.53 5.7432 591.08 5.1482
534.64 3.2362 588.35 4.1302 592.98 4.9312 592.75 5.0262 593.49 5.6642 591.22 5.2212
544.52 3.2032 588.35 3.181 593.35 5.1802 592.89 5.0502 593.65 5.8742 591.51 5.2602
544.46 3.2902 588.40 3.140 593.64 5.3542 593.65 5.5062 593.65 4.638 591.63 5.2702
555.55 3.2872 588.55 3.106 593.77 5.5352 593.81 5.9122 593.72 4.550 591.63 3.916
558.50 3.3012 588.62 3.100 593.83 5.7402 593.85 6.4202 593.81 4.461 591.89 3.813
562.12 3.3302 o =369.9 kgrm~3 593.85 5.8472 593.87 6.9152 593.90 4.270 592.32 3.735
562.12 2.640 586.60 4.0912 593.85 4.309 593.88 7.5302 594.55 3.530 592.54 3.664
562.74 2.614 586.97 4.0802 593.88 3.862 593.88 5.320 594.82 3.504 592.91 3.572
562.93 2.638 587.34 4.1222 594.16 3.781 593.96 4.722 p = 238.6 kgrm~3 594.23 3.326
563.12 2.627 589.52 4.3412 594.36 3.540 594.00 4.195 584.01 4.5472 594.73 3.242
568.26 2.530 590.16 4.3722 594.92 3.430 594.13 3.864 584.19 45122 596.38 3.045
568.44 2.517 591.50 4.4942 597.25 3.135 594.14 3.698 584.60 45712 596.59 2.998
568.63 2.509 591.87 4.5162 597.51 3.108 594.46 3.620 584.78 4.5332 602.90 2.725
571.27 2.453 592.01 45352 601.07 2.905 594.74 3.540 589.26 4.8612 603.17 2.699
571.65 2.465 592.23 45932 601.26 2.920 595.28 3.512 589.65 4.8942 603.45 2.712
572.02 2.449 592.42 4.6032 601.44 2.897 605.74 2.923 591.57 5.0862 614.12 2.554
583.79 2.341 592.42 3.499 p =303.9 kgrm~—3 605.92 2.950 591.97 5.2052 614.48 2.569
584.07 2.308 592.70 3.384 555.60 3.5402 606.65 2.914 592.70 5.2342 614.85 2.537
584.35 2.359 592.79 3.339 555.81 3.5762 620.11 3.017 592.79 5.3902 o =199.3 kg-m~3
p=451.3 kg-m—3 592.93 3.321 556.05 3.5032 p=282.1kg-m3 592.87 5.4352 582.04 4.6122
576.94 3.6802 593.13 3.300 560.58 3.5752 585.87 4.4022 592.93 5.4122 582.21 4.6022
577.55 3.7012 593.53 3.207 560.76 3.5922 586.30 4.4452 592.96 5.4822 582.51 4.6412
578.20 3.7242 596.29 2.907 561.15 3.5862 586.67 4.4332 592.96 4.282 582.82 4.6652
579.13 3.7372 596.66 2.890 573.39 3.7922 587.02 4.4802 593.07 4.258 584.17 4.7912
581.00 3.8252 597.03 2.762 573.46 3.8092 588.97 4.5602 593.16 4.143 584.38 4.8202
581.16 3.7952 602.54 2.701 591.69 4.7542 589.25 4.6242 593.25 4.043 584.60 48132
581.65 3.8222 602.72 2.689 591.92 4.7672 592.96 5.1802 593.55 3.929 585.94 4.8242
582.49 3.8042 602.90 2.673 593.35 5.3472 593.07 5.3502 594.62 3.612 586.28 4.9022
582.74 3.8182 593.67 5.5432 593.63 5.5042 598.33 3.165 586.87 4.8902
582.78 3.8422 593.86 6.2872 593.66 5.8042 598.74 3.132 587.52 4.9742
582.78 2.970 593.88 6.6792 593.81 6.6032 602.35 3.028 587.89 4.9542
582.79 2.967 593.88 4.820 593.83 6.9742 603.09 3.064 588.35 5.0802
582.83 2.884 593.90 4.620 593.87 7.3532 588.98 5.1062
582.95 2.868 594.09 3.692 593.87 5.676 589.09 5.0762
583.05 2.850 594.46 3.582 593.96 4.673 589.46 5.1422
586.01 2.697 594.78 3.519 593.99 4.325 589.68 5.1962
586.38 2.681 595.10 3.447 594.18 3.859 589.77 5.2202
586.75 2.674 602.63 2.914 594.64 3.642 589.77 3.630
590.92 2.640 602.82 2.923 601.99 3.205 590.61 3.476
591.29 2.617 603.00 2.897 602.27 3.196 591.89 3.274
591.66 2.651 612.31 2.830 602.54 3.180 592.99 3.110
612.49 2.811 611.12 3.154 595.65 2.830
612.67 2.823 611.49 3.208 597.50 2.727
611.85 3.143 600.45 2.602
601.82 2.596

a Two-phase experimental point.

thermometer. The uncertainty of temperature measure-
ments was less than 10 mK. The mass of the sample was
determined by direct weighing. The density of the sample
was calculated as the ratio of the mass of the sample m to
the working volume Vpr of the calorimetric vessel, p =
m/Vpr. The uncertainty in density measurements is about
0.1%. The correction related to the nonisochoric behavior
during heating was calculated with an uncertainty of 4.0%.
The absolute uncertainty in Cy due to a brief excursion of
the adiabatic control is about 13 J-K~1. Surface-tempera-
ture gradients were measured with differential copper—
constantan thermocouples. The temperature gradients on
the surface of the calorimeter vessel were minimized by
shield control to within 0.02 K-m~1. On the basis of a
detailed analysis of all sources of uncertainties likely to

affect the determination of Cy with the present system, the
combined standard uncertainty of measuring heat capacity,
with an allowance for the propagation of the uncertainty
related to the nonisochoric conditions of the process, was
2 to 3%. The toluene sample was free of water and dissolved
air and had a purity of 0.9982 mole fraction, with principal
impurities being benzene and thiophene.

Results and Discussion

The measured single- and two-phase isochoric heat
capacities Cy for toluene as a function of temperature along
various isochores are presented in Table 1. Single- (Cy1)
and two-phase (Cy) isochoric heat capacities, at saturation,
for vapor and liquid densities are given in Table 2 together
with values of saturated liquid and vapor densities (p's, p''s)
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Table 2. Experimental Values of the Isochoric Heat
Capacities, Densities, and Temperatures of Toluene
along the Saturation Boundary

Ts p's C'v2 C'v1 AC'y
K kgm=3  kJkg 1K1 kJkg 1K1 kJkg 1K1
562.122 525.0 3.330 2.640 0.690
582.785 451.3 3.842 2.973 0.869
588.347 413.4 4.130 3.181 0.949
592.423 369.9 4.603 3.499 1.104
593.847 316.9 5.847 4.309 1.538
593.882 303.9 6.679 4.820 2.859
593.884 299.5 7.530 5.320 2.210
Ts P's C'v2 C'1 AC"y
K kgm=3  kJ'kg 1K1 kJkg 1K1 kJkg 1K1
593.865 282.1 7.353 5.676 1.677
593.647 259.1 5.874 4.638 1.236
592.959 238.6 5.482 4.282 1.200
591.626 217.5 5.270 3.916 1.354
589.775 199.3 5.220 3.630 1.590
a s
1 7
7 4 P=2995kgm? p=280.8kgm?
) 6
- 6 - I!
X -
TU) < f)
. 5
[&]
4 4
3
3
2 570 585 600 615 830 590 598 606 614
b K K
55
62
5.0
5.4
;445 _x ;):303.9kg-m'3
o "2 45
§4,0 5
38
351 p=238.6kgm?
30
30
582 67 s 597 02 550 565 580 595 610
K T/K

Figure 1. (a and b) Measured single- and two-phase isochoric
heat capacities of toluene as a function of temperature near the
phase transition points in the critical region; the solid curves are
guides for the eye.

and temperatures (Ts). Measurements were made along
12 isochores (5 vapor and 7 liquid isochores), with densities
of 199.3, 217.5, 238.6, 259.1, 282.1, 299.5, 303.9, 316.9,
369.9, 413.4, 451.3, and 525.0 kg-m~3. The measured
temperature range was between 411 and 620 K. Very
closely spaced measurements were made in the immediate
vicinity of the coexistence curve in order to accurately
determine the phase transition temperatures Ts(p) for each
measured isochore close to the critical density. Figures 1
and 2 show the measured isochoric heat capacity as a
function of temperature for selected liquid and vapor near-
critical densities. Figures 3 and 4 show the single- and two-
phase liquid and vapor isochoric heat capacities at satu-

52
5.8
5.0
4.4 iqqui
- Vapor Liquid
* %
‘o 4.4 =
: ?
3 ¥
38 3 3
<!
32 28
28 2.0
2.0
590 598 606 614 822 560 572 584 596 608
T/K T/K

Figure 2. Measured single-phase isochoric heat capacities of
toluene as a function of temperature near the phase transition
curve along various liquid and vapor isochores; the solid curves
are guides for the eye. Vapor: @, values of Cy at saturation; <,
238.6 kg-m~3; O, 217.5 kg'm~3; A,199.3 kg-m~3. Liquid: <, 525.0
kg-m~3; O, 451.3 kg-m~3; O, 369.9 kg-m~3; A, 303.9 kg-m~3.
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Figure 3. Single-phase liquid and vapor isochoric heat capacities
of toluene along the coexistence curve together with values derived
from speed of sound measurements (A, Zotov et al.;® a, Okhotin
et al.’%) and values calculated from the (- - -) Goodwin® EOS (O,
C'"v1 this work; @, C'y; this work); the solid curves were calculated
from the scaling relation, eq 2.

8

Cof kikg'K'

3l

. L . L .
560 565 570 575 580 585 590 595 600

T/ K
Figure 4. Two-phase liquid and vapor isochoric heat capacities
of toluene along the coexistence curve near the critical point: A,
C'"y2 this work; a, C'v; this work. The solid curves were calculated
from the scaling relation, eq 2.

ration near the critical point together with values calculated
from the nonanalytical equation of state (EOS) of Goodwin.8
The deviations between the present one-phase Cy; mea-
surements and the values calculated from the Goodwin®
EOS along the coexistence curve in the critical region are
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Figure 5. Liquid and vapor saturated densities of toluene from
different authors together with calculated values from the (- - -)
Goodwin® and (—) Lemmon and Jacobsen! EOSs: O, this work;
x, Okhotin et al.;1° ®, Mamedov and Akhundov;?2 A, Magee and
Bruno;®3 a, Francis;* t, Chirico and Steele;!> O, Zotov et al.;16 O,
Hales and Townsend;'” +, Shraiber and Pachenuk;8 v, Rudenko
et al.1?
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Figure 6. Liquid and vapor saturated densities of toluene
together with values calculated from various equations in the
asymptotical critical region: (---) Goodwin;® (—) Lemmon and
Jacobsen!! EOS; O, this work; ®, Mamedov and Akhundov;12 (- - -)
Francis;* (- -+) Hales and Townsend;” (—) Simon;2° (---- - )
Riedel.?!

about 20% for liquid isochores and 35% for vapor isochores.
Figures 5 and 6 show the relation between saturated
density and temperature derived in present calorimetric
experiments, together with values reported by other au-
thors. As Figure 6 shows, there is satisfactory agreement
within 2% between the present data and the data reported
by Mamedov and Akhundov.'? In the temperature range
far from the critical point (T < 588 K), the present results
for the saturated liquid densities show good agreement to
within about +1% with the following experimental data:
Zotov et al.;? Okhotin et al.;1® Mamedov and Akhundov;12
Magee and Bruno;*® Chirico and Steele;!®> Hales and
Townsend;” Shraiber and Pechenyuk;!® and Rudenko et
al.’® At high densities and at temperatures below 525 K,
the agreement between the published data and the present
results is very good (absolute average deviation = 0.3%).
All of the data in this region show very good consistency.
On the other hand, near the critical point, the saturated
liquid data of Mamedov and Akhundov deviate by 2% from
the present results, while the saturated vapor densities
deviate by about 3%. While the underlying measurements
of Mamedov and Akhundov are believed to be very reliable,
the extrapolation procedure used to calculate the saturation
densities is prone to systematic errors near the critical

Table 3. Reported Values of the Critical Properties of

Toluene

Te Pc Pc

K MPa kg-m—3 ref
593.88 + 0.02 4.225 + 0.008 296.9+5 this work
593.95 4.2358 289.77 + 2 12
592.20 16
591.80 4.1087 22,23
591.79 4.1040 24
591.72 25
593.95 14
593.05 291.3 20
591.75 4+ 0.152  4.1080 + 0.012  291.0 £ 52 26
59250 +1 4.1620 +£ 0.052 291.0 + 32 15
592.00 27
593.95 4.1600 290.0 28
593.95¢ 4.23652 2914 +1.22 8
591.79° 4.1040P 29
591.722 4.10872 292.0 +£0.0042 30
593.95 31
593.95 32
591.95 33
591.80d 2914 +1.22 17

291.32

5915+ 0.6 4.1070 + 0.020 34, 35
5915+ 0.1
593.75 4.2150 36
591.48 4.1086 37
591.90 + 0.05 4,111 + 0.007 289.73 + 0.92 38
591.79 4+ 0.05 4,109 + 0.007 291.56 + 0.92
591.75 + 0.05 4.108 + 0.007 291.56 + 0.92
593.75 4.2150 39

a Evaluated. ® From ref 24. ¢ From ref 12. 4 From refs 22 and
23.

point. The values of the saturated liquid densities calcu-
lated from the Goodwin EOS deviate from the present
results by 2 to 3% in the immediate vicinity (T, + 1 K) of
the critical point. At temperatures below 592 K, the
deviations are about 1.5% while, for vapor isochores in the
immediate vicinity of the critical point (T, + 2 K), the
deviations of densities calculated from the Goodwin EOS
are between 5% and 7%. The reason for this is that
Goodwin fitted saturated vapor densities calculated from
the thermodynamic relation (Clapeyron equation)

1 1 AH
= Tvpap @
P's Ps “Fs

dT

by using experimental saturated liquid densities p's, vapor
pressures Ps(T), and enthalpies of vaporization AH,,,. Due
to propagated uncertainties, values derived from eq 1 are
prone to systematic errors. Direct measurements of satu-
rated vapor densities were not available to Goodwin.
From our experimental data on the coexistence curve,
we have deduced values of the critical parameters (critical
temperature, density, and pressure). The available litera-
ture data on the critical constants of toluene are given in
Table 3. Our results for the critical temperature T, = 593.88
+ 0.02 K and critical density p. = 296.9 + 5 kg:m~3 are in
good agreement (AT, = +0.07 K, critical density is about
+2.4%) with the values reported by other authors,1220.2831.32.36
However, the maximum deviation between the present
critical temperature and the data recommended by other
authors22-26.29.3033 wyas —2.16 K, and the critical density
differs by 3.3%. The published values of T, p.,, and P,
reported for toluene differ at the most by about 2.23 K, 8.5
kg'm~3, and 0.132 MPa, respectively. The data given in
Table 3 were obtained by a variety of experimental methods
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Figure 7. Measured single- and two-phase isochoric heat capacity
C(,l for liquid and vapor isochores along the coexistence curve as
a function of temperature: O, single-phase for vapor isochores; @,
single-phase for liquid isochores; A, two-phase for liquid isochores;
A, two-phase for vapor isochores. The solid curves are guides for
the eye.

and calculation procedures. The critical properties for
toluene were reviewed recently by Tsonopoulos and Am-
brose.?6 Detailed analyses of the critical properties of
toluene are also reported in previous reviews by Kobe and
Lynn?8 and Kudchadker et al.3° The method of quasi-static
thermograms?-6 was used in this work to measure the
saturation temperatures and densities near the critical
point. The uncertainties of this method are as follows:
critical temperature, £0.02 K; critical density, +0.15%.
This is an accurate method to measure the critical proper-
ties of fluids and has some distinct advantages compared
with conventional methods. For more details of the method,
see ref 2.

The experimental method most widely used to measure
the coexistence curve is by directly observing the appear-
ance and disappearance of the meniscus, but the observa-
tions are impeded by the development of critical opales-
cence. Moreover, as the critical point is approached, the
difference between the liquid and vapor phases vanishes,
and the visual determination of the moment at which the
phase transition occurs becomes even less reliable. There-
fore, the region of temperatures within T, = 1 K becomes
impractical for precise measurements with this method.
The method of quasi-static thermograms makes it possible
to obtain reliable data at temperatures in a region very
close (+£0.01 K) to T..

The critical temperature and critical density for toluene
were estimated from the present measurements on ap-
proach to zero of the inverse isochoric heat capacity at the
critical point, where C(,l = 0. This corresponds to the
divergence of Cy as the critical point is approached along
the coexistence curve (C~ty ~ t* or C1, ~ Ap¥f). This
criterion was used to determine the critical temperature
and the critical density. Figures 7 and 8 show vapor and
liquid single- and two-phase C~1y as a function of temper-
ature and density along the coexistence curve in the
immediate vicinity of the critical point. All of the these
curves extrapolate to zero, C\_,l — 0, at approximately the
same temperature (T, = 593.88 + 0.02 K) and the same
density (o = 293.8 & 5 kg-m~3).

The critical behavior of the single- and two-phase iso-
choric heat capacities near the critical point along the
coexistence curve and along the critical isochore can be
expressed as in the scaling relation*®

Cy=At “+ AT+ A, )

G/ kI kg K

L L 4 L L L . L L

I .
200 250 300 350 400 450 500

0.0

p/kg‘m’3
Figure 8. Single- and two-phase isochoric heat capacity C(,l for
liquid and vapor isochores along the coexistence curve as a function
of density: O, single-phase for vapor isochores; @, single-phase
for liquid isochores; A, two-phase for liquid isochores; A, two-phase
for vapor isochores. The solid curves are guides for the eye.

where t = (TJ/T — 1), o = 0.112 is the universal critical
exponent,*! and A = 0.52 is Wegner’s leading correction-
to-scaling critical exponent.*?> The values of the fitted
parameters A; (i = 0, 2) derived from our measured values
of Cy are given in Table 4 with their standard deviations.
The values of the amplitude ratio of asymptotic terms A*y/
Ao = 0.536 £ 0.005 for the isochoric heat capacity along
the critical isochore in the temperature ranges T > T,
(single-phase) and T < T, (two-phase) agree with values
predicted by theoretical models (Ising model*® Ato/A~ =
0.523; field theory** ATo/A— = 0.541; and e-expansion** A*y/
A~ = 0.520).

Figure 9 shows saturated temperature and density data
from the present experiments in the critical region. Each
derived saturated temperature in this figure has an
uncertainty of £0.02 K, and the uncertainty in saturated
density is about +0.3 kg-m~3, or 0.1%. For the two near-
critical isochores (liquid, 303.9 kg-m~3; vapor, 282.1 kg-m~3),
the temperature difference between phase transition points
is only 0.017 K. Therefore, the critical temperature would
be expected to be just slightly higher than Ts = 593.86 +
0.02 K and correspond to the critical density, which would
be located between the densities 303.9 and 282.1 kg-m~3.
The vapor—liquid critical temperature can be identified by
the highest temperature on a pure fluid’s phase boundary.
The exact critical density is difficult to determine because
of the size of the experimental temperature interval and
the relatively small dTs/dp in the critical region. Therefore,
the critical density can be determined only with less
accuracy than the critical temperature. The scaling expres-
sion for density along the coexistence curve is*

Ap = £Bt’ + Bt/ + Bt'* — Bt 3)

where Ap = (p/lp. — 1), Bo = 1.592 £+ 0.019 is the asymptotic
critical amplitude, B; = 1.701 4+ 0.277 is the nonasymptotic
critical amplitude, B, = 5.443 + 0.964 is the singular
diameter amplitude, B; = 7.622 + 1.600 is the rectilinear
diameter amplitude, and = 0.325 is the universal critical
exponent.*t The value of critical density was derived by
fitting measured saturated densities near the critical point.
The value of the critical density was treated as a freely
adjustable parameter. The nonlinear fit yielded a critical
density of p. = 296.9 + 5 kg-m~3. Figure 9 shows the shape
of the coexistence curve near the critical point calculated
from eq 3 together with measured values. It is evident from



Journal of Chemical and Engineering Data, Vol. 46, No. 5, 2001 1069

Table 4. Parameters A; for Eq 2

Ao A1 Az 72 thermodynamic path
0.3451 + 0.05 —3.5733 £0.71 3.2068 + 0.23 0.98 single-phase liquid C'y1 along the coexistence curve
0.5702 4+ 0.09 —5.0619 + 1.15 4.0317 + 0.38 0.75 two-phase liquid C'y2 along the coexistence curve
1.8292 £ 0.06 42771 +1.37 0 1.12 single -phase vapor C'"y; along the coexistence curve
2.2790 £+ 0.02 9.7796 + 0.46 0 1.18 two-phase vapor C'"y; along the coexistence curve
0.0649 + 0.03 —14.1506 + 3.90 4.4153 + 0.27 1.65 single -phase Cy; along the critical isochore (T > T¢)
0.1212 +0.03 —12.0104 +1.88 5.9150 £+ 0.23 0.87 two-phase Cy; along the critical isochore (T < T¢)
594.0
| Tisesans
593.5
= seof i
[&]
5925 |
P.=296.9 kgm™
5920 %0 20 ™ 0 200 20 25 30 35 40 45 50 55
p/ kg v/ emig!

Figure 9. Liquid and vapor saturated densities for toluene in
the immediate vicinity of the critical point: @, this work from Cy
measurements; O, derived critical point; the solid line represents
the values of saturated density calculated from eq 3.
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Figure 10. Singular diameter as a function of temperature in
the critical region for toluene: @, this work from Cy measurements;
the solid line represents the values of singular diameter calculated
from eq 4; the dashed line represents the values of singular
diameter calculated from the Simon?2° equation.

eq 3 that, near the critical point, the behavior of the
diameter Apq is characterized by the scaling term t1~¢

Apg=1+ B,t'* — Byt 4)

where Apg = (p* — p7)/2p. and p™ and p~ are the liquid and
vapor saturated densities, differing from those of Fisher
and Orkoulas,*® who showed that the Yang—Yang anomaly
implies a leading correction term t2# dominating the
previously expected correction term t1=*.46 Figure 10 com-
pares Apq calculated from eq 4 to that from an equation
reported by Simon?° together with the present measure-
ments. Figure 10 shows that the Simon equation cannot
be used to describe singular-diameter behavior.

For coexisting phases the relation of Yang and Yang*’
is

C 2 d’p
v _ _ d_/iz VS ®)
T dT dT

Figure 11. Two-phase isochoric heat capacities of toluene as a
function of specific volume along various isotherms: ®, measured
two-phase isochoric heat capacity; O, measured two-phase isochoric
heat capacity at saturation.

where Cy, is the two-phase isochoric heat capacity, V is
the specific volume, u is the chemical potential, and Ps is
the vapor pressure. According to eq 5, the two-phase
isochoric heat capacity Cy; is a linear function of the
specific volume V along each fixed isotherm (see Figure 11),
the slopes of which equal T(d2Ps/dT?2), while the intercepts
for V = 0 are equal to —T(d?«/dT?). The rapidly increasing
slopes of the isotherms in Figure 11 as the critical tem-
perature is approached reflect an increase of the second
temperature derivative d?Ps/dT2. From eq 5, it follows that
the saturated heat capacities of liquid (C'v,) and vapor
(C"v2) in the two-phase states are related to the second
temperature derivatives (d?Ps/dT?) and (d?u/dT?) by

d2|:)s _C',—Cy, d?

_ _ﬁ _ VIICIV2 — VICI!V2
ar’ TV = V)

T(VI — Vu)

a2 ©)

where V" and V' are the specific volumes of vapor and
liquid at saturation, respectively, corresponding to a given
temperature T. The measured two-phase liquid and vapor
isochoric heat capacity data at saturation (C'y,, C"y») for
toluene were used to derive a set of second derivatives d?Ps/
dT? and d?u/dT? from eq 6. The results are given in Table
5. These data are useful to establish and test the quality
of a vapor pressure equation Pg(T) (see Figure 12). The
derived second temperature derivatives d?Ps/dT? for tolu-
ene have been described by using the scaling relation

d*Pg B

- —at+A
o= Pt + Pt + P, @)

where the fitting parameters P; are P; = 2.0650 + 0.111,
P, =3.3647 & 0.327, and P3 = —3.4774 £ 0.243 (32 = 1.46).

The vapor pressure equation derived from isochoric heat
capacity measurements is

dPq
P =P+ (G T Ta v aPm @
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Table 5. Second Temperature Derivatives (d?Ps/dT?) and
(d?u/dT?) from Measured Two-Phase Isochoric Heat
Capacities of Toluene

Ts (d2Ps/dT?) (d?u/dT?)
K kPa-K—2 J-kg1-K—2
562.12 0.366 —5.227
582.78 0.523 —5.434
588.35 0.599 —5.570
589.77 0.644 —5.620
591.63 0.681 =5.777
592.42 0.740 —5.770
592.96 0.870 —5.596
593.65 1.300 —4.875
593.85 4.927 5.695
593.86 6.025 8.975
3.0
25
201
%
g
2 st
5
o’
% g0l
05
T=592.5 K T.=593.88 K
%0 ‘ 5;0 ‘ 55'50 550 660

T/K
Figure 12. Second temperature derivatives d?Ps/d T2 derived from
liquid and vapor two-phase isochoric heat capacity measurements
along the coexistence curve for toluene together with values
calculated from vapor pressure equations: @, this work from Cy
measurements; (- - -) Mamedov and Akhundov;'? (—) Chirico et
al1s (-+ - - ) from eq 8.

where (dPs/dT). is the value of the first temperature
derivative of the vapor pressure at the critical point, P, is
the critical pressure, and APs(T) = /1 dT /1 (C'vz2 —
C'vo)/[T(V" — V)] dT is the curvature of the vapor pressure
curve, which can be calculated from (C'y,, C''v2, V', V', T)
measurements at saturation. The values of APs(T) have
been calculated by means of eq 7. Using selected vapor
pressure (Ps — Ts) data recommended by Goodwing far from
the critical point, and the present (C'y,, C'v2, V", V', T)
measurements on the coexistence curve, one can estimate
from eq 8 the values of the critical pressure P, and the slope
of the vapor pressure curve (dPs/dT). at the critical point
as the intercept and slope of the experimental PZ®(T) —
APs(T) versus T curve, respectively (see Figure 13). The
linearity of the experimental behavior of the PZ®(T) —
APs(T) curve can be used as a criterion of consistency of
the independent thermal (Ps — Ts) and caloric (CyVT)
measurements at saturation. Equation 8 has been used to
estimate the critical pressure P, and also the first temper-
ature derivative of vapor pressure at the critical point (dPs/
dT). for toluene. The results are P, = 4.225 + 0.008 MPa
and (dPs/dT), = 0.0521 + 0.004 MPa-K~1. These values
agree with the values derived from PVT measurements
from ref 48, P, = 4.2358 MPa and (dPs/dT). = 0.05228
MPa-K™ 1.

Conclusions

New measurements of the isochoric heat capacity of
toluene near the critical point are presented with an
uncertainty of 2 to 3%. Measurements cover a range of

4.5

P=4.2255MPa  CP

40 -

. MPa
©
v

P,-AP,

30

T,=593.88 K

25 L I )y . L 1 L . !
560 565 570 575 580 585 590 595 600

T/K
Figure 13. Linear part of the vapor pressure equation, eq 9: @,
from present Cy, and selected Ps — Ts measurements.® The solid
line represents calculated values of the linear part of the vapor
pressure curve P; + (dPs/dT) (T — To).

temperatures from 411 to 620 K and densities from 199.3
to 525.0 kg'm~3, including the single- and two-phase
regions and the coexistence curve. The saturated densities
and temperatures derived from calorimetric experiments
agree very well with literature data. Density deviations are
about 2% in the critical region and 0.3% in the range far
from the critical point. New critical parameters (critical
temperature T, = 593.88 + 0.02 K; critical densities, from
coexisting densities, p. = 296.9 + 5 kg-m~3 and, from
extrapolation of C\_,:L to zero, p. = 293.8 + 5 kg-m~3; and
critical pressure P, = 4.225 + 0.008 MPa) for toluene are
derived from the measured values of saturated densities
and heat capacities in the immediate vicinity of the critical
point. Though the two results for the critical density from
this work are within their uncertainty, we will refrain from
making a recommendation for p.. A soon-to-be-published
study of multiple properties (pressure—volume—tempera-
ture, heat capacity jumps, etc.) by Kiselev*® suggests that
the best critical density is about p, = 294.4 4+ 2.5 kg-m~3,
which falls between our two results. This work contributes
toward a future standard-reference formulation of the
thermodynamic properties of toluene® and can be used to
improve and develop a new fundamental EOS for toluene
as a standard fluid. Further heat capacity measurements
are necessary in the vapor and liquid regions far from the
critical point to complete the database for developing a
standard-reference formulation.
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