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Abstract

Density data for dilute aqueous solutions of 1-butanol, 2-butanol, 2-methyl-1-propanol (iso-butanol), and 2-methyl-2-propanol
(tert-butanol) are presented together with partial molar volumes at infinite dilution calculated from the experimental data. The mea-
surements were performed at temperatures from T = 298.15 K up to T = 573.15 K and at pressure close to the saturated vapour
pressure of water, at pressures close to p = 20 MPa and p = 30 MPa. The data were obtained using a high-temperature high-pressure
flow vibrating-tube densimeter.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

This study is a continuation of a systematic investi-
gation of partial molar volumes of organic solutes in di-
lute aqueous solutions in a wide interval of temperature
and pressure. Data for solutes of the aromatic series
(benzene and its mono- and di-substituted derivatives)
[1–11] and the intermediates between aromatic and ali-
phatic series (phenylmethanol, 2-phenylethanol) [12]
have been already published. Recently the data for
methanol, ethanol, 1-propanol, and 2-propanol [13]
have been published. This paper is the second part of
a systematic study of aliphatic solutes; new data for

1-butanol, 2-butanol, 2-methyl-1-propanol, and
2-methyl-2-propanol are presented. The data were ob-
tained using a high-pressure high-temperature densime-
ter [1,3,7].

2. Experimental

The densimeter and experimental procedure are de-
scribed in more details elsewhere [1]. The period of the
vibrating tube of the densimeter was measured by means
of a counter with an uncertainty of about ±0.2 ns, which
corresponds to ±10�3 kg Æ m�3 in density. Repeated cal-
ibrations of the densimeter at each experimental temper-
ature and pressure were performed using water and
nitrogen whose densities were taken from the literature
[14,15]. The maximum systematic error of the measured
density differences {q(solution) � q(water)} resulting
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from the densimeter calibration was about 0.1 per cent
and the reproducibility of the measurements was within
±2 Æ 10�3 kg Æ m�3 in most cases.

The temperature of the densimeter cell was measured
using a calibrated (ITS 90) platinum resistance ther-
mometer (BURNS Engineering), with a resistance
R0 = 100 X at T = 273.15 K, connected to a multimeter
in a four-lead configuration. The resolution of the tem-
perature measurements was 0.1 mK. Temperature sta-
bility of the cell during one experiment (measurement
of one sample) was within 1 mK. The total uncertainty
of the temperature measurements was estimated to be
about ±20 mK at T = 298 K and ±0.10 K at
T = 573 K.

The pressure was measured by means of a strain
gauge (DPI 280, Druck Ltd.), calibrated by the manu-
facturer with an accuracy of ±0.1 per cent or
±1 Æ 10�2 MPa, whichever is greater. The pressure sta-
bility was within ±1 Æ 10�2 MPa at lower pressures and
±3 Æ 10�2 MPa at p = 30 MPa.

Most of measurements were performed using our
manual sampling device [1], new automated sampling
device [16] was employed for measurements of aqueous
2-methyl-2-propanol at temperatures greater than
408.15 K.

The organic solutes, i.e., 1-butanol (Fluka, stated
mass fraction purity >0.995), 2-butanol (Fluka, stated
mass fraction purity >0.990), 2-methyl-1-propanol (Flu-
ka, stated mass fraction purity P0.995), and 2-methyl-2-
propanol (Fluka, stated mass fraction purity P0.997),
were used without further treatment. The content of
water in pure solutes was determined by the Fischer
method and the concentrations (molalities) were cor-
rected with respect to the water content. Distilled, demin-
eralized (Millipore RQ) and degassed water was used as
both a solvent and a calibration fluid for the densimeter.
Nitrogen (Linde, mole fraction purity = 0.9999) was
used as supplied. The solutions were prepared by weight
using a Precisa 40SM-200 A balance (resolu-
tion = 10�2 mg, accuracy = ±0.1 mg) to determine the
mass of the solute and a Precisa 2200C SCS balance (res-
olution = 10 mg, estimated accuracy = ±2 Æ 10�2 per
cent) to determine the total mass of a solution. The mass
of each prepared solution was about 1 kg. Corrections of
molality due to the evaporation were derived from actual
volumes of both the vapour and liquid phases in the stor-
age bottle and vapour–liquid equilibrium data for
respective (alkanol + water) system. The uncertainty of
the solute molality m2 was estimated to be
±2 Æ 10�5 mol Æ kg�1. Some organic solutes may decom-
pose at high temperatures [3,5] which would always be
accompanied by a distortion of the time course of the
baseline–sample plateau–baseline during the measure-
ment of the sample. No such indication of decomposition
was observed up to the highest experimental temperature
(573 K).

3. Results

3.1. Direct experimental data

Measured values of the density differences Dq = q
� q1 where q and q1 are the densities of the solution
and water, respectively, and the molalities of organic
solutes m2 at various temperatures and pressures are
available as a supplementary material (258 data points
in the range of molality from (0.05 to 0.61) mol Æ kg�1

for aqueous 1-butanol, 291 data points in the range of
molality from (0.05 to 0.58) mol Æ kg�1 for aqueous 2-
butanol, 294 data points in the range of molality from
(0.03 to 0.61) mol Æ kg�1 for aqueous 2- methyl-1-propa-
nol, and 401 data points in the range of molality from
(0.04 to 0.57) mol Æ kg�1 for aqueous 2-methyl-2-propa-
nol; total 1244 data points). The lowest experimental
pressure at each temperature was chosen to be slightly
above the saturated vapor pressure of water.

The dependence of Dq/m2 on m2 at constant temper-
ature and pressure was found to be mostly a quadratic
function of m2 in the concentration ranges of measure-
ments, in few cases a linear dependence was observed
(c = 0). The experimental results obtained for individual
temperatures and pressures were fitted with the equation

Dq=m2 ¼ ðq� q1Þ=m2 ¼ aþ bm2 þ cm2
2; ð1Þ

where a, b, and c are adjustable coefficients. The values
of the coefficients were obtained by using a weighted
least squares method, and are recorded in table 1. A rel-
ative statistical weight for each value Dq/m2 was calcu-
lated from the estimated uncertainties of Dq and m2.

3.2. Partial molar volumes

The partial molar volume at infinite dilution (m2! 0)
of a solute V 0

m;2 is obtained from equation (1) as [1]

V 0
m;2 ¼ ð1=q1ÞfM2 � ða=q1Þg; ð2Þ

where M2 is the molar mass of the solute.
The partial molar volumes at infinite dilution calcu-

lated from the experimental data and their estimated
uncertainties are presented in table 1. The uncertainties
in V 0

m;2 given in table 1 include random error estimates,
that originate from the scatter associated with equation
(1), as well as systematic errors estimated from uncer-
tainties of temperature, pressure, and calibration
constant.

There is a large amount of published experimental
data on partial molar volumes at infinite dilution in
water of alkanols investigated here. A comparison of
our values with data found in the literature for lower
temperatures and atmospheric pressure is presented in
figures 1–4. Lines in the figures represent polynomial fits
of partial molar volumes obtained at low pressure set
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