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Abstract. Vapor pressure (VLE) of 1-butanol was studied at temperatures T=(274.15 

K to 468.15) K using the two different static method installations. A glass cell was used 
below T = 323.15 K. Experimental uncertainties for the glass cell are ΔT = ±0.01 K and 
ΔP = ±(10 to 30) Pa (MKS Baratron pressure sensor). A metal cell was used in the range 
T = (323.15 to 468.15) K. Experimental uncertainty of temperature measurements for 
the metal cell is ΔT = ±0.01 K. Pressure was measured with two different 35 X HTC 
Omega-Keller pressure transmitters. Reproducibility of the vapor pressure measurements 
was ΔP = ±1.5 kPa for the pressures below P = 300 kPa and ΔP = ±5 kPa in the range P 
= (300 to 1000) kPa is. A fundamental literature analysis of 1-butanol has been done and 
experimental values were compared with the literature data. Observed deviation have 
been discussed. Measured values were fi tted with the Antoine and Clausius-Clapeyron 
type equations. The best fi t is that by Clausius-Clapeyron equation with four parameters.

Keywords: 1-butanol, vapor pressure, wide range of temperatures, Clausius-Clapeyron 
type equation

Introduction
The price of traditional fuel is increasing every day. Alternative and renewable energy 

sources such as solar, wind energy, bio-diesel and biogas are becoming very important in 
many countries. 1-butanol has been proposed as an alternative to conventional gasoline 
and diesel fuels. Use of 1-butanol as an alternative to conventional gasoline and diesel 
fuels dramatically increased last years. It can be successful used as a fuel in an internal 
combustion engine. Butanol has been demonstrated to work in vehicles with gasoline 
engines without modifi cation. 1-butanol can be produced from biomass (Bernardes, 2011).

A challenge is caused by the use of 1-butanol as a fuel at very high pressures. Current 
fuel injection systems of compression-diesel engines reach pressures up to 200 MPa for 
transport systems. In a near future, injection systems can be designed for higher pressures 
up to 400 MPa. Number of injections at such high pressures per cycle can be expanding 
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and the time of one injection process can be reduced. That is why it is so important to 
have reliable knowledge of thermophysical properties of the fuel under high pressures. 
Upon injection of the fuel in a cylinder, large depressurization of the fuel results in a 
signifi cant change of the viscosity and other properties of the fl uid (Duncan et al., 2010). 
Study of basic thermophy sical properties (density, vapor pressure, viscosity, speed of 
sound, heat capacity etc.) of 1-butanol would allow modeling, understanding, and opti-
mizing the processes in an internal combustion engine.

A new method for the analysis of thermophysical properties of substances at high 
pressures and over wide range of temperature was developed by our research group 
(Safarov et al., 2013). This work is an application of that method to 1-butanol. The entire 
research consists of the following parts: (i) (p,ρ,T) properties of 1-butanol at T = (253.15 
to 468.15) K and at pressures up to p = 200 MPa; (ii) vapor pressure measurements P/Pa 
of 1-butanol at T = (274.15 to 468.15) K; (iii) heat capacity measurements cp0/(J·kg- 1·K-1) 
of 1-butanol at T = (253.15 to 468.15) K and at ambient pressure.

1-butanol has the normal boiling temperature around Ts=390.65 K. Vapor pressure in 
a wide temperature range must be consistent with the heat capacities of the condensed 
and gas phases. Measurement of density at elevated pressures allow construction of an 
EOS and propagation of the knowledge of all thermophysical properties to high pressures.

Publications on vapor pressure of 1-butanol have been reviewed and the summary of 
these works are presented in the Table 1. The fi rst investigation of the vapor pressure of 
1-butanol was by Butler et al. (1935). He used a modifi cation of the isotensiscope method 
for determination of vapor pressure of 1-butanol at T=(293.13 to 383.35) K. It was found 
possible to keep the temperature of the bulb constant to ΔT = ±10 mK, below T=373.15 
K and ΔT = ±20 mK, above T=373.15 K in one experiment by manual handling. The 
precision of the vapor pressure results was better than ΔP =±6.67 Pa.

Shemilt et al. (1959) measured vapor pressure of 1-butanol at T=(273.15 to 560.15) K. 
The 1-butanol (c.p. grade) was distilled at high refl ux in a glass-helices packed column. 
The calculated vapor pressure values in a wide range of temperature was also presented. 
The uncertainty of stabilised temperature was around ΔT = ±30 mK. The pressure was 
measured using a dead-weight test gauge with an uncertainty of ΔP = ±0.1 %.

Brown & Smith (1959) studied liquid-vapor equilibrium for the systems n-pro-
panol+benzene and n-butanol+benzene at T=318.15 K. The data were used to calculate 
the excess free energy of mixing for these systems.

Ambrose & Townsend (1963) investigated vapor pressures of 1-butanol using a 
vertical glass tube apparatus, which was held in a metal fi tting and communicated via 
a mercury-fi lled tube and another glass tube with an oil-operated, dead-weight pis-
ton-gauge. The pressure exerted by the vapor was the sum of the barometric pressure, 
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that determined from the gauge, and the hydrostatic heads of oil, mercury, and alcohol. 
The standard instrument for the temperature measurements was a platinum resistance 
thermometer used with a Mueller bridge.

Biddiscombe et al. (1963) measured vapor pressure of 1-butanol at T=(362.36 to 
398.84) K using the comparative ebulliometry. The compounds used in this work were 
dried by treatment with calcium hydride and were >99.9% pure. The precision of the 
vapor-pressure results was better than ΔP =±13.3 Pa.

Efremov (1966) studied vapor pressure of 1-butanol at T=(353.15 to 553.15) K using 
the capillary ampoule method. The temperature were measured with the uncertainties 
in ΔT = ±100 mK. 

Kemme & Kreps (1969) used a differential thermal analysis method for the 
experimentally determination of vapor pressure of 1-butanol over a wide range of 
temperature at T=(295.75 to 390.95) K. The Chromel-Alumel thermocouples used 
during the measurements of temperature. The temperature values are averages of 
several replications at the stated pressures; at most they varied ΔT = ±100 mK be-
tween replications. The experimental data obtained for each compound were fi tted 
by the Antoine equation.

Ambrose & Sprake (1970) investigated vapor pressures of 1-butanol using the vertical 
glass tube apparatus, which was held in a metal fi tting and communicated via a mercu-
ry-fi lled tube and another glass tube with an oil-operated, dead-weight piston-gauge. The 
pressure exerted by the vapor was the sum of the barometric pressure, that determined 
from the gauge, and the hydrostatic heads of oil, mercury, and alcohol. The standard 
instrument for the temperature measurements was a platinum resistance thermometer 
used with a Mueller bridge.

Koba & Polishchuk (1971) and  Polishchuk & Koba (1972) used the Clausius-Clap-
eyron type equations for fi tting of literature vapor pressure values of 1-butanol. The fi rst 
equation was developed for the describing of vapor pressure results up to P=101.325 
kPa. The second equation is able to describe the vapor pressure values of 1-butanol 
from P=(101.325 to 5066.250) kPa. The authors suggested the uncertainty of developed 
equations ΔP = ±(1 to 3)%.

Munday et al. (1980) measured vapor pressure of 1-butanol over the T=(273.15 to 
323.31) K temperature range with the static method. The maximum estimated error in 
the pressure reading is the less than 20 Pa. Temperatures (IPTS 68) are measured by 
using a platinum resistance thermometer calibrated by the National Bureau of Standards.

Krestov et al. (1983) studied vapor pressure of 1-butanol at T=(298.15 to 368.15) K 
using the static method. The Antoine equation was used for fi tting of the experimental 
results. 
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Gregorowicz et al. (1987) measured vapor pressure of 1-butanol in T=(360.766 to 
390.542) K temperature interval using a modifi ed Swietoslawski ebulliometer. The equi-
librium temperature was measured within 0.001 K. Temperature fl uctuation during runs 
lasting several hours was within ΔT = ±10 mK. Pressure was determined using a Texas 
Instrument 144-01 precision pressure gauge with a quartz Bourdon tube. The estimated 
pressure measurement error was not greater than ΔP = ±6.67 Pa. The Antoine equation 
was used for fi tting of the experimental results.

Tsymarniy & Palaguta (1990) studied vapor pressure of 1-butanol at T=(283.10 to 
323.2) K using a constant volume piezometer. The vapor pressures of 1-butanol were 
measured using VTI type manometers with uncertainties 0.5%. The temperature of 
measurements was controlled within 0.1 K. The Mayer-Bogolyubov equation was used 
for fi tting of the obtained results.

Shahverdiyev et al. (1992) measured (p,ρ,T) values of 1-butanol up to T=548.15 K. 
The constant volume piezometer method was used during the measurements the. The 
vapor pressure of 1-butanol was defi ned for the each density measured temperature. The 
uncertainties of experimental data measurements were as follows: for pressure ±0.05%, 
for temperature ±30 mK. 

Gracia et al. (1992) measured vapor pressure of 1-butanol at temperatures T=(283.10 to 
323.12) K using the static method. 1-butanol (better than 99.5 moles per cent) was Fluka 
products. The mass fraction purities checked by g.c. was w=0.9933. The cell containing 
1-butanol was immersed in a water bath whose temperature was maintained constant 
to better than ΔT = ±0.01 K using a Haake F3 thermostat. Manometer readings were 
made with a Wild KM-305 cathetometer to ±0.01 mm. Reproducibility of the pressure 
measurements is estimated to be better than ΔP = ±15 Pa. Vapor pressure of 1-butanol 
were fi tted by Antoine equation.

Deák et al. (1995) studied vapor pressure (bubble point pressures) of 1-butanol at 
temperatures T=(412.76 to 502.25) K in a high-pressure capillary glass tube apparatus, 
using the Cailletet apparatus synthetic method. During the experiments the temperature 
was maintained constant within ΔT = ±0.03 K and was measured with a Ptl00 resistance 
thermometer, which was calibrated against a standard thermometer, with an accuracy of 
ΔT = ±0.01 K. The pressure was measured with a dead-weight gauge (Budenberg) with 
an accuracy within ΔP = ±1 kPa.

Gimeno et al. (2011) investigated vapor pressures of 1-butanol at temperatures 
T=(278.15 to 323.15) K by a static method. Manometric levels were read with a catheto-
meter to within  ±0.01 mm, and pressure reproducibility was ΔP = ±10 Pa. Experimental 
vapor pressure data of 1-butanol were fi tted by the Antoine equation. The temperature of 
the liquid was measured by means of a digital thermometer AΣΛ with a Pt sensor with 
an uncertainty of ΔT = ±0.01 K.
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After the analysis of the available literature values we concluded that despite many 
measurements have been done and high accuracy was claimed, their results differ in 
the whole range (Figs. 4-5) in absolute and per cent deviations, so additional reliable 
measurements are necessary for arbitration.

Experimental
Materials
Ultra-pure 1-Butanol EMPLURA® (w=99.995%) was purchased from Merck 

Schuchardt OHG, Germany (CAS No. 71-36-3, Art. Nr. 8.22262.2500). 1-Butanol 
was thoroughly degassed in glass fl asks with special vacuum leak-proof valves before 
measurements. 

Experimental procedure 
Vapor pressure of 1-butanol measured using the two high-accuracy static experimental 

installations (Figs. 1 and 2). Glass cells (3, 4, 27) are applied for vapor pressures lower 
than ambient pressure and at T=(274.15 to 323.15) K (Fig. 1). A metal cell was applied 
at the temperatures T = (323.15 to 473.15) K (Fig. 2). The glass-cell installation included 
the absolute and differential parts. They have internal and external volumes. Distilled 
water pumped from Lauda Gold R-415, Germany (21) was fl owing between them. Figure 
1shows the water connections of the stabilization of measuring cells and pressure head 
sensors in blue, electric heaters in red, and temperature measurement circuit in green. 
The internal volume of every measuring cell was approximately 80 cm3 for both glass 
and steel cells.

The glass-cell apparatus consists of a bolted-top cell (27) in a water bath kept at con-
stant temperature (ΔT = ±0.01 K) using a thermostat (21). The measuring cell is equipped 
with an injection port. The vapor pressure is measured using a calibrated high-accuracy 
sensor head (23) [Type 615A connected (15) to the signal conditioner Type 670A (14), 
MKS Baratron, USA] attached to the top of the cell. The experimental uncertainty of the 
pressure in the absolute vapor pressure measurement part with glass cell is ΔP = ±(10 to 
30) Pa (MKS Baratron pressure sensor). The temperature inside the cell was measured 
by a platinum resistance thermometer PT-100 (35), connected to the signal conditioner 
Omega PT-104A (19), with an accuracy of ΔT = ±0.001 K.

If the vapor pressure of substance is the smaller than ±(10 to 30) Pa (uncertainty of 
measurements), the measurements can be carried out using other cells in the differential 
part of the system. In this part two cells contained in one external reservoir. The both 
glass cells of differential method (3, 4) kept at constant temperature (ΔT = ±0.01 K) 
using a Lauda Gold R-415 thermostat, Germany (21). The temperature inside the cells 
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was measured by a platinum resistance thermometer PT-100 (6), connected to a signal 
conditioner Omega PT-104A (19), with an accuracy of T ±0.001 K. The measuring cells 
are equipped with injection ports. The vapor pressure was measured using a calibrated 
high-accuracy sensor head (10) [Type 616A connected (12) to a signal conditioner 
Type 670A (13), MKS Baratron, USA] attached to the top of the cell. The experimental 
uncertainty of the vapor pressure in the differential part with glass cell is ΔP = ±(1 to 3) 
Pa (MKS Baratron pressure sensor). 

Both sensor heads of static and differential parts (10, 23) were placed inside of air 
reservoirs (11, 22) with temperature T=333.15±0.01 K having internal and external 
walls, between which hot water was pumped from the thermostat (16) produced by 
Haaki (Germany).  

The received pressure signal from signal conditioners (13, 14) and temperature signals 
from Omega PT-104A (19) were sent to PC (34), and all system was controlled using 
LabVIEW programme. 

Because the vapor pressure of 1-butanol is higher than the uncertainties of measure-
ments in all temperatures, the differential part of this installation was not used during 
this investigation.

Before the experiments, the measuring cell was washed with the water and acetone. 
All fl uid parts removed from cells using the vacuum system (31, 32) with TRIVAC® 
(Germany) rotary vane vacuum pump (33). These procedure continue appr. 3-5 hours 
up to reach the pressure less than 1 Pa. All measuring cells were dried and became ready 
for the experiments. 

Prior to injection into the measuring cell, 1-butanol is degassed in the special designed 
cell using magnetic stirrer (29, 30). A known quantity of 1-butanol were injected into the 
equilibrium cells (4, 27) from connections (7, 20) (appr. 50 % of the volume) and valves 
(7, 26) were closed. Some part of pure 1-butanol separated from the measured sample, 
moved to the vapor phase under vacuum conditions inside of the cell, and vapor-liquid 
phase equilibrium between the vapor and liquid phases of 1-butanol was reached by 
stirring of the two phases using magnetic stirrers (1,28) and a Tefl on coated magnets 
(2, 36) inside the cells.

The measuring glass cell and metal tube connection of signal conditioner MKS Bara-
tron (measuring cell - signal conditioner connection) was impossible to connect directly. 
In this case a special “glass-metal” adapter was connected to the measuring glass cell. 
The fl ange connections DN 10 short (VAT Deutschland GmbH, Germany) were set to 
the end of metal side of the “glass-metal” adapter and to the metal tube connection site 
of signal conditioner MKS Baratron. The clamping ring and centering ring were used 
for the connection of both side of fl ange connection. The cells and signal conditioners 
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Figure 1. The experimental installation for the vapor pressures at T=(274.15 to 323.15) K: (1), (28), (30) 
magnetic stirrer; (2), (36) magnet, (3) cell for water of the difference method; (4) cell for measuring sample 
of the difference method; (5), (37) valves for closing of cell for measuring sample of the difference method 
and (26) of the static cell; (6), (35), (39), (40) platinum resistance thermometers with temperature signal 
conditioner Omega PT-104A (19); (7), (20), (38) injection ports of measuring sample; (8), (25) electric 
heating; (9), (24) water heat exchange system; (10) pressure sensor head of the difference method and (23) 
of static cell; (11) pressure sensor reservoir of the difference method and (22) of the static method cell; (12) 
pressure signal connection of the difference method cell and (15) of the static method cell; (13) pressure 
signal conditioner of the difference method and (14) of the static method cell; (16) Thermostat HAAKE 
F5; (17), (18) electric heater control systems; (21) Thermostat Lauda Gold RE-630 G; (27) static cell; (29) 
injection cell; (31) vacuum indicator; (32) liquid nitrogen trap with cold fi nger; (33) vacuum pump; (34) PC.
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Figure 2. The experimental installation for the vapor pressures at T=(333.15 to 468.15) K: (1) Thermostat 
Lauda Gold RE-415 G; (2) platinum resistance thermometers PT-100 for the control of the measuring cell 
temperature by the thermostat; (3) platinum resistance thermometer PT-100 for the control of temperature 
of the measuring cell; (4) Pressure transmitter 35 X HTC Omega GmbH and Co.; (5) Omega PT-104A 
Channel RTD Input Data Acquisition Module for the measuring of temperature; (6) PC; (7) Manual pres-
sure signal conditioner; (8) Flask for the sample; (9), (10) valves; (11) insulation of measuring cell; (12) 
heat transfer reservoir; (13) measuring cell; (14) magnet; (15) magnetic stirrer; (16) vacuum indicator; (17) 
liquid nitrogen trap with cold fi nger; (18) vacuum pump.
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located appr. 40 cm from each other. The connections between them are “glass-metal” 
adapter and metal tube with 3.5 mm inside diameter. The metal tube part of the measuring 
cell - signal conditioner connection were stabilized using a water heat exchanger (9, 24), 
where water fl owed from reservoirs (11, 22) with a constant temperature T=333.15±0.01 
K. However, it was impossible to make the same isolation using water fl ow in the other 
side of this connection, where ring and centering ring were clamped. In this case, the 
electric heating (8, 25) with isolation were used. The heating was controlled during all 
experimental procedures using the electric regulators (17,18). In both cases (absolute 
and difference methods) vapor pressure of reference substances (water, methanol, ace-
tone, ethanol, toluene, various substances with small vapor pressures) were tested many 
times for regulation of electric heating power at every measured temperature, and these 
functional dependence were included to the LabVIEW control programme. In this case, 
PC added the necessary power to the electric heaters during the measurements.

Equilibration in the cells is a rapid process and the constancy of pressure in the sta-
tionary regime is reached within 15 min. Equilibrium pressure readings are performed 
in triplets with approximate 10-20 min intervals. PC received the vapor pressure signal 
every minute and tracked the stabilization of pressure in the cell. After these the temper-
ature was changed automatically using the LabVIEW programme. The measurements 
were carried out from the low temperature (T=274.15 K) to high (T=323.15 K) with 
required temperature steps. After the reaching of maximal temperature the thermostat 
was stopped automatically. Then the measurements from high temperature (T=323.15 
K) to low (T=274.15 K) were done in the same way. Manually-controlled measurements 
were also possible.

Vapor pressures of the water, methanol, acetone, toluene etc. as reference substances 
were measured for testing of both installations. The vapor pressure results of pure water 
and comparison of them with calculated results from (Wagner & Pruß, 2002) are given 
in Table 2. The experimental vapor pressure P/Pa results are assessed to be reliable to 
within ΔP = ± (10 to 30) Pa average uncertainty according to test measurements.

The experiments to determine vapor pressure of 1-butanol at temperatures T=(323.15 
to 468.67) K were performed in a metal cell by using the static method (Fi g. 2). In the 
Fig. 2, the connections for heat transfer fl uid between the thermostat (1) and measuring 
cell (13) are shown in blue. The connections for the temperature measurements are 
shown in green and for the pressure measurements in black.

The installation consists of a stainless-steel DIN 1.4571 (V4A) measuring cell (13) in 
a stainless-steel KORASILON oil M50 (Kurt Obermeier GmbH & Co. KG, Germany) 
reservoir. The internal volume of the measuring cell is appr. 140 cm3 together with the 
connected tube, hole of the pressure transmitter and ½ volume of the valve (10). The 
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volume of platinum resistance thermometers PT-100 (2, 3) in the inside of measuring 
cell is calculated as a volume difference.

The temperature of the measuring cell and heat transfer reservoir (12) with KORA-
SILON oil M50 (Kurt Obermeier GmbH & Co. KG, Germany) is stabilized using the 
thermostat (1) (LAUDA ECO RE 415 G, Germany) with the accuracy ΔT=±0.01 K. 
This temperature are measured using two different platinum resistance thermometers 
PT-100 (1/10 DIN Class B, Temperatur Messelemente Hettstedt GmbH, Germany) (2, 
3). One from them is connected a directly to the thermostat via PT-100 Libus Modul. 
This thermometer transfers information directly from the measuring cell. Using this 
thermometer, the thermostat maintains the temperature directly in the measuring cell, 
not in the thermostat itself. This is a very important point, because it enables stabili-
zation and measuring the experimental temperature with high accuracy directly in the 
studied medium. 

The second platinum resistance thermometers PT-100 transfers the measured tem-
perature in the computer via Omega PT-104A Channel RTD Input Data Acquisition 
Module (Omega Engineering, inc., USA) for the measuring of temperature (5), with an 
accuracy of ΔT=±0.001 K.

The vapor pressure was measured using the two various Omega-Keller pressure 
transmitters (4) with max. 3 and 10 bar measured pressures (Model: SERIE 35 X HTC, 
Omega GmbH & Co., Germany) with the uncertainty 1.5 kPa for pressures up to P=300 
kPa and ΔP = ±5 kPa and at P = (300 to 1000) kPa. These high-temperature transmitters 
are suitable for media temperatures up to T=573.15 K. The pressure, acting onto the 
fl ush diaphragm, is transferred over an oil-fi lled capillary to the silicon measuring cell. 
The capillary has the function of a cooling spiral, allowing media temperatures of up to 
T=573.15 K. The temperature of the electronics, which can be read out with the PROG30 
software, may not exceed T=393.15 K. For this purpose two air fans were installed in 
the pressure transmitter area. 

Before the experiments the measuring cell was washed. All fl uid parts were removed 
from the measuring cells using the TRIVAC® rotary vane vacuum pump (18) and the 
vacuum system (16, 17). The measuring cell was dried up to a pressure P=(10 to 30) Pa 
and became ready for the experiments. The valve (9) was closed. A known quantity of 
1-butanol (appr. ½ part of volume of the measuring cell) was injected in the measuring 
cell using a fl ask of sample (8) and after that the valve (10) was closed. Phase equilibrium 
is reached by stirring of the two phases using a magnetic stirrer (15) and a Tefl on coated 
magnet (14) inside the measuring cell. Equilibration in the measuring cell is a rapid 
process, and the constancy of pressure is reached within appr. 50-70 min. Equilibrium 
pressure readings are performed with 1 min intervals and transferred to the computer 
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system controlled using the LabView program. Experiments were carried out starting 
from small temperature (T=333.15 K) to high temperature T=468.67 K with ΔT=10 K 
intervals. After stabilization of the pressure within the system and measuring of vapor 
pressure at the given temperature the PC (6) with LabView programme increases the 
temperature using the pre-defi ned step. The new vapor pressure of sample is measured. 
This procedure continues up to the last measured temperature T=468.67 K, after which 
the PC (6) stops the thermostat (1) and the measurements at T=(333.15 to 468. 67) K 
is fi nished. The total measurements at T=(333.15 to 468.67) K take approximately 10 
hours. After scanning the temperature range, the measurements were continued from 
the high T=468.67 K to the low T=333.15 K using the cooling process in the thermostat 
for verifi cation. 

Table 1. Summary of the vapor pressure measurements for 1-butanol 
over wide range of temperatures

First author Year Method Proper-
ties

Temperature, 
T/K

Uncertainty,
± ∆P/Pa

Fitted 
equation Purity Company

of Purchase

Butler 1935 IM P,T 293.13 to 383.35 6.67 Antoine type
Kay 1955 P,T 463.15 to 562.89 appr. 138 h.p.
Shemilt 1959 P,ρ,T 273.15 to 560.15 Clapeyron c.p.grade
Brown 1959 P,T 318.15

Ambrose 1963 GA P,ρ,T 419.34 to 562.98 Frost and 
Kalkwarf

Biddiscombe 1963 CE P,ρ,T 362.36 to 398.84 13.3 Antoine w>99.9%
Efremov 1969 CA P,ρ,T 353.15 to 553.15 c.p. CSFCR
Kemme 1969 DTA P,T 295.75 to 390.95 Antoine

Ambrose 1970 CE P,T 351.708 to 
398.836

Antoine, 
Cragoe

Munday 1980 SM P,T 273.15 to 323.31 CCT
Krestov 1983 SM P,T 298.15 to 368.15 Antoine type

Gregorowicz 1987 SE P,T 360.766 to 
390.542 6.67 Antoine w>99.95% CHEMIPAN

Tsymarniy 1990 CVP P,T 298.2 to 323.2 0.6 % Mayer-Bo-
golyubov c.p. CSFCR

Shahverdieyev 1992 CVP P,ρ,T 398.15 to 548.15 0.5 % c.p. CSFCR
Gracia 1992 SM P,T 283.10 to 323.12 10 Antoine w>99.33% Fluka
Deák 1995 CA P,T 412.76 to 502.25 1000 w>99.9% Baker
Gimeno 2011 SM P,ρ,T 278.15 to 323.15 10 Antoine w>99.99% Aldrich
Safarov 2014 SM p,T 274.15 to 323.15 10 to 30 CCT w>99.995% Merck AG
Safarov 2014 SM p,T 333.15 to 468.67 1000 to 8000 CCT w>99.995% Merck AG
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IM, the isotensiscope method; P, vapor pressure; T, temperature; h.p., high purity; 
GA, glass apparatus; CE, comparative ebulliometry; CA, capillary ampoule; CASM, 
Cailletet apparatus; DTA, differential thermal analysis; SM, static method; CCT, Clausi-
us-Clapeyron type; SE, Swietoslawski ebulliometer; CVP, constant volume piezometer; 
CSFCR , Cherkassiy state factory of chemical reagents; w, weight percent; c.p., chemical 
pure; t.w., this work.

Table 2. Experimental and calculated literature values (Wagner & Pruß, 2002) 
of vapor pressure p of pure water

T/K Pexp/Pa Plit/Pa (Pexp- Plit)/Pa T/K Pexp/Pa Plit/Pa (Pexp- Plit)/Pa
274.15 661 657 4 328.14 15748 15754 -6
279.48 953 961 -8 328.14 15746 15754 -8
286.16 1508 1502 6 328.88 16312 16321 -9
291.39 2094 2096 -2 333.15 20056 19946 110
293.14 2337 2338 -1 343.15 31279 31201 78
296.32 2834 2840 -6 353.15 47450 47414 36
296.31 2839 2838 1 363.15 70210 70182 28
298.81 3288 3297 -9 373.15 101425 101418 7
301.37 3827 3832 -5 383.15 143287 143379 -92
303.57 4360 4351 9 393.15 198752 198674 78
307.73 5507 5500 7 403.15 270216 270280 -64
308.26 5666 5664 2 413.15 361642 361539 103
312.87 7275 7276 -1 423.15 476334 476165 169
313.07 7345 7354 -9 433.15 618336 618235 101
314.62 7977 7984 -7 443.15 792154 792187 -33
318.13 9585 9585 0 453.15 1002713 1002811 -98
318.13 9578 9585 -7 463.15 1255226 1255236 -10
322.99 12260 12254 6 468.15 1398871 1398820 51
323.10 12320 12321 -1 470.15 1459748 1459719 29
323.17 12362 12364 -2 471.15 1490952 1490935 17

Results and discussion
The measured experimental vapor pressures p of 1-butanol at T=(274.15 to 468.67) 

K are listed in Table 3, also shown in Fig. 3. The temperature steps were ∆T=(5 to 10) 
K. The obtained experimental works are fi tted to two different equations. Firstly, the 
experimental vapor pressure p results of 1-butanol were fi t to the Antoine equation:

(1)
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 The evaluated constants A, B and C are tabulated in Table 4 together with the standard 
mean deviation as:

(2)

During the fi tting of experimental values, we have seen, that Antoine equation fi t the 
experimental values with not high accuracy. The uncertainty of fi tting is P = ±1297 
Pa. But, use of the extended version of Clausius–Clapeyron equation for fi tting of the 
vapor pressure data for 1-butanol reduced the fi tting error:

(3)

where P is vapor pressure, Pa; T is the absolute temperature in K;  A, B, C and D are 
the coeffi cients of equation.  The uncertainty of fi tting is decreased up to ∆P = ±38 Pa. 
If the last coeffi cient D will be equal to zero (D=0), the uncertainty of fi tting increas-
ing up to P = ±199 Pa. That is why the Clausius–Clapeyron type equation with four 
coeffi cients (A, B, C, D) was selected as the fi nal fi tting equation for the vapor pressure 
of 1-butanol. The coeffi cients of Eq. (3) are tabulated in Table 5. The fi tting line also 
shown in the Fig. 3b.

Table 3. Experimental and calculated by Clausius-Clapeyron equation values 
of vapor pressure p of 1-butanol

T/K Pexp/Pa Pcal/Pa (Pexp- Pcal)/Pa T/K Pexp/Pa Pcal/Pa (Pexp- Pcal)/Pa

274.15 133 133 0 373.15 51825 51787 38

278.15 188 188 0 383.15 76225 76210 15

283.15 285 286 -1 393.15 109178 109219 -41

293.15 624 625 -1 403.15 152632 152774 -142

303.15 1281 1284 -3 413.15 208708 208994 -286

313.15 2483 2487 -4 423.15 279656 280108 -452

323.15 4571 4573 -2 433.15 367818 368407 -589

333.15 8030 8027 3 443.15 475581 476185 -604

343.15 13517 13504 13 453.15 605332 605682 -350

353.15 21890 21864 26 463.15 759418 759025 393

363.15 34224 34187 37 468.67 855726 854610 1116
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Table 4. Antoine parameters A, B, C and standard deviations δP/P of 1-butanol

 A B C (∆P/P)/%
 22.26 3289.71 -85.0376 ±1.34

Table 5. Clasius - Clapeyron equation fi tting parameters A, B, C and D

 A B C D (∆P/P)/%
 125.277 -10321.5 -15.043 0.00622461 ±0.114

Figure 3. Plot of vapor pressure P/Pa of 1-butanol versus temperature T/K together with the 
literature values: a) in P-T coordinates; solid line: Clausius–Clapeyron type Eq. (3); b) in ln(P) 

- (1/(T-85.0376)) coordinates. solid line: Clausius–Clapeyron type Eq.(3)

0

100000

200000

300000

400000

500000

600000

700000

800000

900000

1000000

273.15 293.15 313.15 333.15 353.15 373.15 393.15 413.15 433.15 453.15 473.15
T /K

P
/P

a

JCT 1992 244 63 Gracia ZPX 1992 7 1631 Shahverdiyev
JCED 2011 56 2443 Gimeno http://www.ddbst.com
JSChem 1963 1954 Biddiscombe JCED 1980 25 191 Munday
JChemSoc 1935 280 Butler JChemSoc 1963 54 3614 Ambrose
JCED 1969 14 98 Kemme JCT 1992 244 63 Gracia
ZPC 1966 40 1240 Efremov FPE 1995 107 277 Deak
ZPX 1990 5 1080 Tsimmarniy  FPE 1987 38 97 Gregorowicz
FSP 1971 37 6 16 Koba JCT 1970 2 631 Ambrose
This work IVUZ KKT 1983 26 4 514  Krestov
Canadian JCE 1959 37 142 Shemilt ChemEngSci 1955 1 1 Kay



Javid Safarov, Bahruz Ahmadov, Saleh Mirzayev, Astan Shahverdiyev, Egon Hassel

240

The Clausius–Clapeyron type equation constructed in this work, was used for the 
analysing of literature values. The results of this analysis are discussed in the below 
and shown in Figure 4. 

Figure 4. Plot of absolute deviation of experimental Pexp. and literature Plit. vapor pressure 
values of 1-butanol versus temperatures T/K.

The earliest vapor pressure values presented by Butler on 1935 up to ambient pressure 
were compared with our results in 10 measured points. The middle deviation of the com-
pared values is ΔP = 69 Pa. These values have a good deviation from our results. They 
are increasing up to ΔP = 361 Pa at T = 383.35 K.

The ten values from next measured twenty three vapor pressure values of 1-butanol of 
(Shemilt et al., 1959) above the ambient pressure systematically higher than our values. 
This is the fi rst literature results at high temperatures. The deviation at the fi rst measured 
point (T = 383.35 K) is ΔP = 640 Pa and at the last (T = 456.76 K) is ΔP = 16340 Pa. The 
mean deviation of all values in this reference from our values is ΔP = ± 7015 Pa.
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Figure 5. Plot of per cent deviation of experimental Pexp. and literature Plit. vapor pressure val-
ues of 1-butanol versus temperatures T/K

Our vapor pressure values of 1-butanol above the ambient pressure are systematically 
lower than the values of (Ambrose & Townsend, 1963) and the mean deviation is ΔP = 
±7005 Pa. The deviation increasing with the increasing of temperature and the maximum 
deviation is ΔP = 11823 Pa at T = 462.64 K. These deviations can be discussion on the 
base of uncertainties of pressure sensors in both works.  

The eleven values below the ambient pressure and fi ve above the ambient pressure 
of (Biddiscombe et al., 1963) are higher than our values with the mean deviation ΔP = 
±342 Pa. The deviations slowly increasing with the increasing of temperature and the 
maximum deviation is ΔP = 764 Pa at T = 398.84 K.

The twelve vapor pressure values of 1-butanol from twenty one presented by Efremov 
(1966) also compared in our experimental temperature interval. The deviations of our 
results from that source are both negative and positive. The mean deviation of both meas-
urements is ΔP = ±1797 Pa. The maximum deviation is ΔP = 5978 Pa at T = 463.15 K.
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Thirteen vapor pressure values of 1-butanol of (Kemme & Kreps, 1969) below the 
ambient pressure compared with our values and ΔP = ±202 Pa middle deviation was 
obtained. The deviations slowly increasing with the increasing of temperature and the 
maximum deviation is ΔP = 1002 Pa at T = 390.95 K.

The comparison of experimental vapor pressure values of (Ambrose & Sprake, 1970) 
(mostly below the ambient pressure) with our results gives us ΔP = ±307 Pa mean and 
ΔP = 765 Pa as maximum deviation at T = 398.836 K. Mostly these values are higher 
than our results.

The twenty two calculated values of (Koba & Polishchuk, 1971) in all experimental 
temperature interval of our work also were compared. These results have positive or 
negative deviations from our results, but the deviation in absolute value increasing with 
increasing of temperature. The middle uncertainty is ΔP = ±2200 Pa and maximum (in 
T=468.67 K) is ΔP = 11163 Pa. As the same with previous literature results, the uncer-
tainty of comparison is increasing with increasing of temperature.

Four vapor pressure values of (Munday et al., 1980) below the ambient pressure are 
higher than our results with the mean deviation ΔP = ±56 Pa. The maximum deviation is 
ΔP = 102 Pa at T = 323.31 K. 

Fifteen vapor pressure values measured by Krestov et al. (1983) below the ambient 
pressure have ΔP = ±164 Pa mean deviation from our results. These values are higher than 
our results and the maximum deviation is ΔP = 435 Pa at T = 368.15 K.

Fifteen vapor pressure values by Gregorowicz et al. (1987) below ambient pressure 
have ΔP = ±110 Pa mean deviation with the maximum ΔP = 279 Pa at T=390.542 K. These 
values are the higher than our results.

Four vapor pressure values of below the ambient pressure measured by Tsimmarniy 
& Palaguta (1990) are smaller than our values and have ΔP = ±443 Pa mean deviation. 
The deviations are not characteristic below ambient pressure. The problem can be in the 
uncertainties (0.6%) of experimental method in this work.  

Three vapor pressure values obtained from (p,ρ,T) measurements at saturation pres-
sure at high temperatures by our group (Shahverdiyev et al., 1992) have ΔP = ±4407 Pa 
middle deviation. 

We also analysed the nine experimental vapor pressure values of Gracia et al. (1992) 
below the ambient pressure and found a very good agreement. The mean deviation 
between the both results is ΔP = ±27 Pa with the maximum ΔP = ±46 Pa at T=313.08 K.  

Six above-ambient vapor pressure measured by Deák et al. (1995) showed ΔP = ±7240 
Pa mean deviation from our values. The deviations increase with increasing temperature, 
and the maximum deviation is ΔP = 1002 Pa at T = 462.53 K. These literature values are 
higher than our results. 
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The last ten literature values of Gimeno et al. (2011) below ambient pressure are 
in a very good agreement with our values. The mean deviation is ΔP = ±31 Pa with the 
maximum ΔP = ±42 Pa at T=313.15 K. These literature values are higher than our values.

Form these comparison, it is seen that the vapor pressure values for 1-butanol 
at temperatures up to T=391.01 K (normal boiling temperature at 101325 Pa ob-
tained in this work by interpolation) have good agreement with most literature 
values within ∆P=±200 Pa. The large deviation between the experimental vapor 
pressure values of 1-butanol and values obtained in the literature were obtained 
above normal boiling point of 1-butanol. Sometimes the deviations are up to ∆P 
= ±18 kPa. This fact have many reasons for the discussion. First, it is diffi cult to 
measure pressures much higher than the ambient pressure with high accuracy, unlike 
MKS Baratron pressure sensors for lower pressures (∆P = ±10 to 30 Pa). Modern 
pressure transmitters with mechanic membranes are used in such experiments. They 
have uncertainties 0.1%, sometimes 0.05 % of the maximal measured pressure. 
There are fi ve experimental and one calculated values at high temperatures up to 
T=468.67 K. The results of Shemilt et al. (1959), Efremov (1966), Ambrose & 
Townsend (1963) have no information about the uncertainties of measurements. 
These works were carried out more than 40 years ago using of older pressure 
transmitters and thermometers. Our present results obtained with modern pressure 
transmitters and thermometers have the uncertainties up to ∆P = ±5 Pa. In this 
case, the uncertainties approximately ∆=±(0.05 to 0.1) % of the measured vapor 
pressures above normal boiling point must be reasonable. It is impossible to obtain 
higher accuracy measurements in this region.

Conclusion
The vapor pressure of 1-butanol at temperatures T=(274.15 K to 468.15) K exper-

imentally measured in two modern automatic installations based on the static method. 
The investigations in the such wide range and high quality was carried out for the fi rst 
time. The obtained experimental results were fi tted by two different equations. The 
Clausius-Clapeyron type equation with four parameters showed the best fi t. All available 
literature on vapor pressure of 1-butanol was analysed, and our experimental results 
were compared to that.
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