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The density of methanol + water has been measured between 257.3 K and 442.15 K as a function of
pressure at five compositions by means of a high-pressure apparatus implementing a metal bellows as a
simple cell. Bubble pressures have been determined at five temperatures between 363.15 K and 442.15
K. They are compared with literature data that have been correlated by using the “excess function-
equation of state” model.

Introduction

A knowledge of the thermodynamic properties of the
methanol + water system is very important in order to
improve the prediction of phase equilibria. Numerous
vapor-liquid equilibria, excess enthalpies, and excess vol-
umes at atmospheric pressure have been measured at
temperatures between 298.15 K and 333.15 K (McGlashan
and Williamson, 1976; Benson and Kiyohara, 1980; Patel
and Sandler, 1985). Few data exist above these temper-
atures and under pressure. Excess volumes have been
reported by Easteal and Woolf (1985) between 278 K to
323 K at pressures to 280 MPa and recently by Xiao et al.
(1997) between 323 K and 573 K at two pressures of 7 MPa
and 13.5 MPa. On the other hand, vapor-liquid equilibria
have been measured by Griswold and Wong (1952) at four
temperatures between 373 K and 523 K, by Schroder (1958)
at 413.15 K, and by Hirata and Suda (1967) and Hirata et
al. (1975) at pressures of 0.3 MPa and 0.5 MPa.

In this work, densities are reported as a function of
pressure for methanol + water over a wide range of
temperature and composition. We have also determined
bubble pressures at five temperatures between 373 K and
423 K.

Experimental Section

Materials. Methanol provided by Prolabo (Paris, France)
had a stated minimum purity of 99%. It was purified by
fractional distillation on a 60-plate Oldershaw type column
and was controlled by gas-chromatographic analysis (purity
> 99.90%). The main impurity was water (<0.10%).
Water used was distilled twice.

Apparatus and Procedure. A schematic diagram of
the apparatus is shown in Figure 1, and a more detailed
description is given elsewhere (Hocq, 1994; Hocq et al.,
1995).

The apparatus consists mainly of an equilibrium cell that
includes a bellows and two sapphire windows for visual
observation, a constant-temperature air bath, a high-
pressure recirculation pump, a micrometric table, pressure

and temperature transducers, and regulation and vacuum
systems. Figure 2 shows a cross-sectional view of the metal
bellows whose length varies from 8 cm to 32 cm.

Pressure is measured by using five Schenk extensiomet-
ric gauge pressure transducers (type P3MA) and controlled
by a digital Heise gauge (model 901B) calibrated to NIST
standards before use. The pressure measurements were
estimated to be accurate to within (0.01 MPa.

The temperature of the air bath is kept constant with
an uncertainty of (0.05 K by an electronic controller. The
temperature was determined with three platinum resis-
tance thermometers inserted into the cell with an esti-
mated accuracy of ( 0.05 K.

The displacement bellows is detected by a magnetic core
whose position is measured by means of a micrometric
table. The bellows was calibrated by measuring the PVT
properties of toluene and methanol at various temperatures
between 240 K and 450 K in the range of pressures from
0.4 MPa to 64 MPa covering the bellows displacement from
8 cm to 32 cm, which corresponds to the volume variation
from 30 cm3 to 150 cm3. Densities of methanol and toluene
were calculated with the Goodwin (1987, 1989) equations
of state. A calibration equation, established between the
volume and the number of micrometric steps, reproduces
data within 0.2%.

The first step in the experimental procedure is to
introduce into the filling cell a known amount of the first
component using a syringue. After degassing, the sample
is transferred from the filling into the bellows by distilla-
tion using liquified nitrogen. The filling cell is weighed
before and after sample transfer. The mass measurements
were reproducible to within 0.0001 g. The second compo-
nent was added using the same technique.

The rest of the operation was managed by a computer.
It consisted of adjusting the working temperature and
increasing the pressure up to 70 MPa, the micrometric
table being initialized by moving to its mechanical zero.
When the equilibrium state is reached in about 20 min,
temperature, pressure, and bellows position were recorded.
The volume of the mixture was calculated with the calibra-
tion equation. In the single-phase region, the measure-
ments were carried out in intervals of pressure of 1.5 MPa
for the given temperature. In the two-phase region, these* To whom correspondence should be addressed.
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are carried out at given intervals of density in adjusting
the number of micrometric steps. The experiment contin-
ues by decompressing the cell to the next pressure by
opening and closing regulation valves (8). A measurement
for a single isotherm took 1 day.
Experimental Results

Table 1 lists the density and pressure measurements of
methanol (1) + water (2) for five compositions at nine
temperatures ranging from 257.3 K to 442.15 K. For the
mole fractions of methanol of 0.1061 and 0.2872, the PVT
properties have not been measured along the isotherm of
257 K on account of the vicinity of melting points of
methanol + water.

In Figure 3, the volume is plotted as a function of
pressure at constant composition (x1 ) 0.4980). The bubble
pressure corresponds to the intersection of the curves
representing the one-phase and two-phase regions. The
bubble pressure and composition data at five temperatures
(from 363.15 K to 442.15 K) are presented in Table 2. We
have not reported bubble pressures at lower temperatures
since the values are too small.
Results and Discussion

It was difficult to compare directly our P, F, T data with
those reported in the literature since they are few in
number and are often outside the temperatures and
pressures studied. Recently, Xiao et al. (1997) developed
a modified corresponding-states model based on their
measurements and available at temperatures between 323
K and 573 K and pressures between 7 MPa and 13.5 MPa.
To evaluate our data, this model was used. The mean
relative deviation and the mean relative bias between
experimental and calculated densities defined by

are presented in Table 3. Agreement seems quite accept-
able.

For vapor-liquid equilibria, the methanol + water data
were correlated using the model “excess function-equation
of state” described previously (Péneloux et al., 1989). To

represent the properties of pure compounds a volume-
translated Peng-Robinson equation of state was adopted:

The pseudo-covolume b̃ was calculated from critical con-
stants, and the dependent-temperature function a(T) is
given by

where a(Tb) is the value of parameter a at the normal
boiling temperature Tb. Parameters m1 and m2 were
adjusted in accordance with vapor pressures of pure
components. Their values are listed in Table 4.

The excess function is defined at packing fraction (η )
b̃/ṽ), and the mixture equation has the following form

with

Eij denotes the binary energy parameter and varies with
temperature according to

E°ij and r are two parameters adjusted using vapor-
liquid equilibrium data. The isothermal VLE values be-
twwen 243 K and 473 K and isobaric VLE values at
atmospheric pressure reported in the literature and given
in Table 5 were selected for this evaluation. We find E°ij )
365.8 J cm-3 and r ) -1.823. It should be noted that we
have not taken into account our measurements in adjust-
ment.

The relative mean deviation in the bubble-point pressure
and absolute mean deviation in the vapor-phase composi-

Figure 1. Schematic diagram of the experimental apparatus: (1) oil tank; (2) filter; (3) piston pump; (4) shock absorber; (5) pressure
gauge “Heise”; (6) pressure gauges; (7) breaking disk; (8) regulation valves; (9) micrometric table; (10) platinum resistance thermometer;
(11) thermic regulation; (12) product introduction valve; (13) climatic fence; (14) autoclave and bellows; (15) filling cell; (16) vacuum
pump.
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tion defined by

are given in Table 5 where NP and Ny are respectively the
numbers of determinations of bubble-point pressures and
of vapor-phase compositions.

The vapor-liquid equilibrium of methanol + water has
been measured by Griswold and Wong (1952) between
373.15 K and 523.15 K, by Schroder (1958) at 413.15 K,
and by Hirata and Suda (1967) and Hirata et al. (1975)

at pressures of 0.3 MPa and 0.5 MPa. The results obtained
from these authors and our data are summarized in Table
6. The agreement is satisfactory. Moreover, we can
remark in Figure 4 that our own measurements at 424.15
K agree with those of Griswold and Wong (1952) at 423.15
K, the only reference temperature.

Conclusion

We have described a high-pressure apparatus designed
to obtain pressure-density-temperature data of a pure-
component or a mixture over the temperature range 210
K-470 K and at pressures up to 70 MPa. The densities of

Figure 2. Schematic diagram of the measurement cell: (1) saphir
windows; (2) stainless steel valve; (3) fluid introduction; (4)
internal iron kernel for the stirrer; (5) stirrer support; (6) stirrer;
(7) external iron kernel for the stirrer; (8) copper cylinder; (9)
copper column; (10) bellow; (11) chamber; (12) copper rod; (13)
thermocouple; (14) column connecting the support of the external
stirrer with the micrometric table; (15) low position of the stirrer;
(16) cooper mass for transferring the heating or cooling fluid to
the bottom of the bellow; (17) cooling circuit; (18) entrance tube of
the compression fluid; (19) cooling platform; (20) entrance of liquid
nitrogen.

∆P/P(%) )
100

NP
∑
i)1

NP |Pexp,i - Pcal,i

Pexp,i
| (7)

∆y )
1

Ny
∑
i)1

Ny

|yexp,i - ycal,i| (8)

Figure 3. Determination of bubble pressure of methanol (1) +
water (2) at 363.15 K for x1 ) 0.4980: [, data in single-phase
region (liquid); 9, data in two-phase region; 2, data in two-phase
region not taken into account in linear regression.

Table 2. Bubble Pressures for the Methanol (1) + Water
(2) System at Five Different Temperatures

P/MPa

x1 363.15 K 383.15 K 403.15 K 424.15 K 442.15 K

0.1061 0.117 0.227 0.403 0.665 1.157
0.2872 0.153 0.293 0.567 0.937 1.477
0.4980 0.181 0.369 0.647 1.073 1.704
0.6876 0.219 0.401 0.715 1.218 1.906
0.9061 0.238 0.458 0.844 1.296 2.093

Table 3. Comparison of Experimental and Calculated
Liquid-Phase Density Data at Selected Temperatures
and Pressures

T/K
pressure

range (MPa)
no. of
data ∆F/F (%) âr(F)

332.55 13.751-1.150 44 2.63 -0.30
363.17 13.052-1.062 46 2.62 -1.17
383.57 13.039-0.995 46 2.89 -1.75
403.52 12.896-0.942 45 2.97 -1.96
424.05 12.937-2.126 40 2.85 -1.81
443.50 12.763-2.411 37 3.18 -1.76

Table 4. Pure Component Parameters Used in This
Study

compd Tc/K Pc/MPa Tb/K b̃/cm3mol-1 m1 m2

methanol 512.58 8.094 337.70 23.995 1.080 64 -0.170 98
water 647.37 22.120 373.15 11.089 1.358 60 0.165 64

Table 5. Vapor-Liquid Equilibrium Results for
Methanol + Water

type ref

temp
range

(K)

pressure
range
(MPa) NP ∆P/P (%) Ny ∆y

isothermal 1 to 13 243-474 0.00005-3.950 449 1.86 262 0.01
8

isobaric 14 to 39 307-421 0.026-0.507 422 2.13 387 0.01
1

global 871 1.99 649 0.01
4
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the methanol + water have been measured in the single-
phase and two-phase region. The VLE pressure-composi-
tion data obtained from densities are in good agreement
with literature values that have been fitted to the excess
function-equation of state model by adjusting an interaction
parameter.
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Figure 4. Vapor-liquid equilibria of the methanol-water binary
system at 424.15 K. Calculated curve: full line. Data: *, our work;
0, Griswold and Wong at 423.15 K.

Table 6. Relative Mean Deviations in the Bubble-Point
Pressure for Our Data and Those Reported in the
Literature

T/K P/MPa NP ∆P/P (%) ref

363.15 5 1.76 our work
383.15 5 1.33 our work
403.15 5 2.79 our work
424.15 5 2.67 our work
442.15 5 1.10 our work
373.15 18 1.54 Griswold and Wong
423.15 16 0.81 Griswold and Wong
473.15 17 3.82 Griswold and Wong
413.15 6 1.29 Schroeder

0.304 10 2.96 Hirata and Suda
0.507 11 2.14 Hirata. and Suda
0.304 26 1.78 Hirata et al.
0.507 26 2.21 Hirata et al.
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