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ABSTRACT 
Alternative and renewable energy technologies are being 

sought throughout the world to reduce pollutant emissions and 
increase the efficiency of energy use. Oxygenates produced 
from renewable resources, including higher alcohols (those 
containing more than two carbon atoms) and several other 
oxygenated compounds, have been proposed as blend 
components in gasoline for reduction in petroleum consumption 
and greenhouse gas emissions. Amongst these oxygenates, 
butanol has been proposed as an alternative to conventional 
gasoline and diesel fuels. 

Interest in butanol as a second-generation biofuel has 
increased because it has many advantages over other potential 
alternative fuel candidates such as ethanol. Oxygenated fuels 
such as butanol have been shown to improve reforming activity 
and reduce carbon monoxide emissions, and are less susceptible 
to separation in the presence of water than ethanol/gasoline 
blends, therefore allowing use of the industry’s existing 
distribution infrastructure without requiring modifications to 
blending facilities, storage tanks or retail station pumps. 

This paper concerns thermodynamic and transport 
properties of 1-butanol. The evaluation of experimental 
properties has become of high importance in the scientific 
community. Accurate empirical equations, models and 
simulation programs need to be fed with such experimental data 
to be useful. Moreover, for the optimized design of several 
industrial processes (storage, transport, separation and mixing 
processes), reliable experimental data are needed. Experimental 
property studies of pure 1-butanol and its mixtures with 
hydrocarbons and other oxygenates can provide valuable 
information about the fluid behavior under various temperature 
and pressure conditions The paper presents a review of 

thermodynamic (density, vapor-liquid equilibrium, specific 
heat, excess enthalpy) and transport (viscosity) properties of 1-
butanol and its mixtures with hydrocarbons and oxygenates 
representatives of gasoline. This review could be of interest for 
the fuel and biofuel industry, within the production, transport 
and end-users (automotive) sectors. 

INTRODUCTION 
Increasing global concern due greenhouse gas emissions has 

generated much interest in the environmental friendly 
alternative bio-fuels. Bio-fuels for internal combustion engines 
as oxygenated compounds are also becoming important because 
of diminishing petroleum reserves and increasing air pollution 
[1, 2]. 

The oxygenated compounds used worldwide like simple 
alcohols and ethers, are used as gasoline additives to reduce 
pollutants from vehicle exhaust gases. Proponents of these 
oxygenates claim several advantages: they are octane 
enhancers, they have significant anti-knock properties 
important for unleaded fuels, they can be produced from 
renewable agricultural and raw materials instead of fossil 
sources, and they reduce carbon monoxide pollution from 
vehicle exhaust [3, 4]. Alcohols have higher octane number 
than gasoline, which can endure higher compression ratios 
before engine starts knocking, thus giving the engine the ability 
to deliver more power efficiently. Alcohols also burn cleaner 
than regular gasoline and produce lesser carbon monoxide, 
volatile hydrocarbons and oxides of nitrogen. Alcohols have 
higher heat of vaporization; therefore, they reduce the peak 
temperature inside the combustion chamber leading to lower 
oxides of nitrogen emissions and increased engine power. 
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Alternative and renewable energy technologies are being 
sought to reduce pollutant emissions and increase the efficiency 
of energy use. Recently n-butanol has been proposed as an 
alternative to conventional gasoline and diesel fuels [5, 6]. It is 
a higher member of the series of straight chain alcohols with 
each molecule of butanol (C4H10O) containing four carbon 
atoms rather than two as in ethanol. Interest in butanols as a 
second-generation biofuel has increased because they have 
many advantages over other potential alternative fuel 
candidates such as ethanol. At 85% by volume with gasoline, 
butanols can be demonstrated to work in the internal 
combustion engine designed for use with gasoline without 
modification (unlike 85% ethanol, E85). They have a higher 
energy content for a given volume than ethanol, and almost as 
much as gasoline. And butanol is an oxygenated hydrocarbon 
like methanol, ethanol etc. with a similar contribution to the 
antinocking effect. Oxygenated fuels have been shown to 
improve reforming activity and reduce carbon monoxide 
emissions, and are less susceptible to separation in the presence 
of water than ethanol/gasoline blends, therefore allowing use of 
the industry’s existing distribution infrastructure without 
requiring modifications to blending facilities, storage tanks or 
retail station pumps. Butanol, which can be synthesized 
chemically or biologically, is an alternative transportation fuel 
since it has properties that would allow its use in existing 
engines with minor hardware modifications [6]. In October 
2013, ASTM D7862 [7] was announced for blends of butanol 
with gasoline at 1 - 12.5 % vol in automotive spark ignition 
engines. The specification covers three butanol isomers: 1-
butanol, 2-butanol, and 2-methyl-1-propanol. The specification 
specifically excludes 2-methyl-2-propanol (that is, tert-butyl 
alcohol) 

Besides its use as fuel component, the literature classifies n-
butanol as both an oxo-chemical derivative and a plasticizer 
alcohol for market purposes. The uses of butanol vary by 
geographic area, but in general it is used to make other 
chemicals, or used as a solvent or an ingredient in formulated 
products such as cosmetics. Applications, chemicals and 
products that use butanol include solvents, plasticizers, 
coatings, chemical intermediate or raw material, textiles, 
cleaners, cosmetics, drugs and antibiotics, hormones, and 
vitamins. 

Since the 1950s, most butanol is produced commercially 
from fossil fuels. The most common process starts with 
propene (propylene), which is run through a hydroformylation 
reaction to form butyraldehyde, which is then reduced with 
hydrogen to 1-butanol and/or 2-butanol. Tert-butanol is derived 
from isobutane as a co-product of propylene oxide production. 
Butanol can also be produced by fermentation of biomass by 
bacteria. Prior to the 1950s, Clostridium acetobutylicum was 
used in industrial fermentation processes producing butanol. 
Research in the past few decades showed results of other 
microorganisms that can produce butanol through fermentation. 

Butanol from biomass is called biobutanol [8], and it can be 
used in unmodified gasoline engines. Biobutanol can be 
produced by fermentation of biomass by the A.B.E. process. 
The process uses the bacterium Clostridium acetobutylicum, the 
bacterium for the production of acetone from starch (with the 

main use of acetone). The butanol was a by-product of this 
fermentation (twice as much butanol was produced). The 
process also creates a recoverable amount of H2 and a number 
of other by-products: acetic, lactic and propionic acids, 
isopropanol and ethanol. Biobutanol can also be made using 
Ralstonia eutropha. This process requires the use of an electro-
bioreactor and the input of carbon dioxide and electricity. 

The difference from ethanol production is primarily in the 
fermentation of the feedstock and minor changes in distillation. 
The feedstocks are the same as for ethanol: energy crops such 
as sugar beets, sugar cane, corn grain, wheat and cassava, 
prospective non-food energy crops such as switchgrass and 
even guayule, as well as agricultural byproducts such as straw 
and corn stalks. According to DuPont [9], existing bioethanol 
plants can cost-effectively be retrofitted to biobutanol 
production.  

This paper concerns thermodynamic and transport 
properties of 1-butanol, whose thermo-physical properties are 
shown in Table 1. The evaluation of experimental properties 
has become of high importance in the scientific community. 
Accurate empirical equations, models and simulation programs 
need to be fed with such experimental data to be useful. 
Moreover, for the optimized design of several industrial 
processes (storage, transport, separation and mixing processes), 
reliable experimental data are needed. Experimental property 
studies of pure 1-butanol and its mixtures with hydrocarbons 
and other oxygenates can provide valuable information about 
the fluid behavior under various temperature and pressure 
conditions  

 
Table 1. Thermo-physical properties of 1-butanol [6]. 

Molar mass (g·mol-1) 74.12 Boiling point (ºC) 117.7 
Density (g·cm-3) 0.81 Solubility in water 

(g·L-1 at 25ºC) 
73 

 
The paper presents a review of thermodynamic (density, 

vapor-liquid equilibrium, specific heat, heat of mixing) and 
transport (viscosity) properties of 1-butanol and its mixtures 
with hydrocarbons and oxygenates representatives of gasoline. 
Due to editorial limitations of the conference, the review 
includes only the interval of temperature and pressure of every 
property reported. Discussion of further data (uncertainties, 
experimental apparatus, etc.) would require more space than 
available. Interested readers should access literature references 
to check these issues. 

 

NOMENCLATURE 
 
CP [J/kg·K] Specific Heat at Constant Pressure 
HE [J/kg] Excess Enthalpy 
P [kPa] Pressure 
T [K] Temperature 
V [m3] Volume 
VLE [-] Vapour-liquid equilibria  
 
Special characters 
η [mPa·s] Viscosity  
ρ [kg/m3] Density  
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Subscripts 
max  Maximum  
min  Minimum 

LITERATURE REVIEW 
Thermodynamic and transport properties of liquid 1-

butanol and its liquid mixtures with some ethers, alcohols and 
hydrocarbon have been obtained from a literature search using 
the on-line version of the NIST scientific database ThermoLit©.  

Due to the scope and editorial limitations of this 
conference, a limited number of compounds have been chosen. 
Special attention is given to 1-butanol + oxygenates mixtures, 
while 1-butanol + hydrocarbon limits to one mixture. Apart 
from 1-butanol, the 8 ethers and 5 alcohols selected are some of 
those oxygenates that are in present or proposed use in 
unleaded gasolines [1, 2]. As representative of hydrocarbons, 
2,2,4 trimethylpentane (iso-octane) has been selected. Table 2 
presents the list of selected compounds. The review includes 
only the interval of temperature and pressure of every property 
reported.  

 
Table 2. Selected ethers, alcohols and hydrocarbon. 

Compound CAS Number Chemical 
Formula 

Molar 
mass  

(g·mol-1) 
Ethers 

Dimethyl ether (DME) 115-10-6 C2H6O 46.07 
Diethyl ether (DEE) 60-29-7 C4H10O 74.12 
Methyl tert-butyl ether (MTBE) 1634-04-4 C5H12O 88.15 
Tert-amyl methyl ether (TAME) 994-05-8 C6H14O 102.17 
Ethyl tert-butyl ether (ETBE) 637-92-3 C6H14O 102.17 
Dipropyl ether (DPE) 111-43-3 C6H14O 102.17 
Diisopropyl ether (DIPE) 108-20-3 C6H14O 102.17 
Dibutyl ether (DBE) 142-96-1 C8H18O 130.23 

Alcohols 
Methanol 67-56-1 CH4O 32.04 
Ethanol 64-17-5 C2H6O 46.07 
1-Propanol 71-23-8 C3H8O 60.10 
1-Butanol 71-36-3 C4H10O 74.12 
1-Pentanol 71-41-0 C5H12O 88.15 
1-Hexanol 111-27-3 C6H14O 102.17 

Hydrocarbon 
2,2,4 trimethylpentane (TMP) 540-84-1 C8H18 114.23 

 
Concerning properties, there is a huge amount of available 

density data at atmospheric pressure, while high pressure data, 
which are scarce, add more critical information to determine 
the PVT behavior. Then, only high pressure density data are 
shown in Table 3 for 1-butanol and in Table 4 for binary 
mixtures. Heat capacity data for 1-butanol are provided only for 
atmospheric pressure, while no viscosity data is presented due 
to the editorial limitation of this paper. Tables 5 to 7 present the 
rest of the selected binary mixture properties, it is to say, excess 
enthalpy, vapor-liquid equilibria (VLE) and viscosity. No heat 
capacity data were found for the selected 1-butanol binary 
mixtures. 
 

Table 3. Reported thermodynamic and transport properties 
for 1-butanol as pure compound.  
Reference Year Tmin/K Tmax/K Pmin/kPa Pmax /kPa 

Density, ρ/g·cm-3 
[10] 1931 273.15  368.15  49000  1176800 

[11] 1942 298.15  348.15  980600  1863200 
[12] 1963 292.69 553.83 290 50010 
[13] 1975 298.14 333.13 1000 150000 
[14] 1976 293.15 298.14 1000 7000 
[15] 1979 297.30 558.42 1086 49410 
[16] 1979 194.62 236.37 1086 49410 
[17] 1980 200.01 559.96 1000 50000 
[18] 1985 298.13 399.78 200 20500 
[19] 1986 298.13 399.78 200 20500 
[20] 1987 283.15 348.13 15500 206100 
[21] 1990 298.20 348.20 689 6891 
[22] 1993 298.15 298.15 2000 33900 
[23] 1996 448.15  548.15  500 58600 
[24] 1997 278.15 323.15 20000 60000 
[25] 2002 273.20 473.12 285 39994 
[26] 2003 316.85 458.15 4930 4930 
[27] 2007 313.10 362.68 1013 25100 
[28] 2007 313.08 362.67 999 24621 
[29] 2011 313.15 313.15 1000 10000 
[30] 2011 293.15 403.15 100 140000 
[31] 2012 273.15 333.15 1000 140000 

Heat Capacity Cp/ J·kg-1K-1 
[32] 1924 302.98 347.97 101 101 
[33] 1949 298.14 298.14 101 101 
[34] 1965 184.55 322.31 101 101 
[35] 1986 321.04 522.11 101 101 
[36] 1986 298.14 298.14 101 101 
[19] 1986 298.14 368.13 101 101 
[37] 1987 298.09 298.09 101 101 
[38] 1993 298.15 298.15 101 101 
[39] 1999 298.15 298.15 101 101 
[40] 2002 278.15 348.15 101 101 
[41] 2003 303.15 343.15 101 101 
[42] 2004 298.15 298.15 101 101 
[43] 2005 285.15 353.15 101 101 
[44] 2007 293.15 353.15 101 101 
[45] 2007 288.15 323.15 101 101 
[31] 2012 273.15 333.15 101 101 

DISCUSSION 
Properties of pure 1-butanol 

Table 3 reports 22 literature references related to high 
pressure density data of pure 1-butanol. With the exception of 
the two older references [10, 11], which did not report sample 
purities of the very high pressure data, most references 
correspond to measurements under 60 MPa. Only references 
[13], [20], [30] and [31] are above 100 MPa, but [30] is the 
only one above 400 K simultaneously. Data concerning heat 
capacity involves 16 references, all of them at atmospheric 
pressure. Most of them [33, 36-39, 42] are also at temperature 
close to 298.15 K. Reference [34] is the only one below 273.15 
K, and the maximum temperature reported is 522 K [35]. 

 
Density of mixtures 1-butanol + ether, or + alcohol, or + 
hydrocarbon 

Table 4 presents density data for the selected 1-butanol 
mixtures. 40 references are shown. No data were found for 
liquid mixtures 1-butanol + DME, + DEE or + 1-hexanol. Only 
atmospheric pressure density data have been found for the rest 
of the binary mixtures, except references [24], [25] and [75] 
that are above 35 MPa. The highest pressure, 140 MPa, is 
reported by [75]. Temperatures above 350 K are only measured 

61

http://www.commonchemistry.org/ChemicalDetail.aspx?ref=115-10-6
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=60-29-7
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=1634-04-4
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=994-05-8
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=637-92-3
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=111-43-3
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=108-20-3
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=67-56-1
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=64-17-5
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=71-23-8
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=71-36-3
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=71-41-0
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=111-27-3
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=540-84-1


    

by [25[, [75] and [122]. Only 1-butanol mixtures with DIPE 
and DBE have been measured at high pressure and temperature. 

 
Table 4. Reported density (g·cm-3) for binary mixtures 1-

butanol + ether, or + alcohol, or + hydrocarbon.  
Reference Year Tmin/K Tmax/K Pmin/kPa Pmax /kPa 

DME 
- - - - - - 

DEE 
- - - - - - 

MTBE 
[49] 1995 298.15 298.15 101 101 
[50] 1999 298.15 298.15 101 101 
[51] 2002 288.15 308.15 101 101 
[52] 2002 298.15 298.15 101 101 
[53] 2011 293.15 308.15 101 101 

TAME 
[56] 2000 298.15 298.15 101 101 
[57] 2001 298.15 298.15 101 101 

ETBE 
[59] 1998 298.15 298.15 101 101 
[60] 2000 298.15 298.15 101 101 

DPE 
[62] 1988 298.14 308.14 101 101 

DIPE 
[24] 1997 278.15 323.15 100 60000 
[66] 1999 298.15 298.15 101 101 
[25] 2002 273.21 473.13 0.3 35008 
[67] 2004 298.15 298.15 101 101 

DBE 
[71] 1998 298.15 298.15 101 101 
[72] 2001 298.15 298.15 101 101 
[73] 2006 298.15 298.15 101 101 
[74] 2008 293.15 303.15 101 101 
[75] 2011 293.15 393.15 100 140000 

Methanol 
[93] 1981 303.14 303.14 101 101 
[37] 1987 298.14 298.14 101 101 
[94] 1996 298.15 298.15 101 101 
[95] 1997 293.15 293.15 101 101 
[96] 1998 298.15 298.15 101 101 
[97] 1999 298.15 298.15 101 101 
[98] 2000 298.15 298.15 101 101 
[57] 2001 298.15 298.15 101 101 

Ethanol 
[92] 1968 298.14 298.14 101 101 
[109] 1979 298.14 298.14 101 101 
[50] 1999 298.15 298.15 101 101 

1-Propanol 
[115] 1933 298.14 298.14 101 101 
[92] 1968 298.14 298.14 101 101 
[116] 1998 308.15 313.15 101 101 
[117] 1999 293.15 298.15 101 101 

1-Pentanol 
[116] 1998 308.15 313.15 101 101 
[117] 1999 293.15 298.15 101 101 

1-Hexanol 
[92] 1968 298.14 298.14 101 101 

TMP 
[122] 1936 298.74 363.12 101 101 
[123] 1997 288.15 298.15 101 101 
[124] 1997 293.15 293.15 101 101 
 

Excess enthalpy of mixtures 1-butanol + ether, or + alcohol, 
or + hydrocarbon 

31 references in Table 5 present excess enthalpy data of 
mixtures 1-butanol + ether, or + alcohol, or + hydrocarbon. 
Mixtures with DEE, MTBE and TAME were not found. Only 
reference [126] was measured at moderate pressure, 600 kPa 
for the mixture 1-butanol + TMP. No high pressure data was 
found for mixtures 1-butanol + ether, or + alcohol. All 
temperatures reported are also moderate, under 323 K. 21 
references were measured at only ambient temperature and 
pressure. 

Table 5. Reported excess enthalpy (J·kg-1·K-1) for binary 
mixtures 1-butanol + ether, or + alcohol, or + hydrocarbon.  
Reference Year Tmin/K Tmax/K Pmin/kPa Pmax /kPa 

DME 
[46] 2007 323.15 323.15 101 101 

DEE 
- - - - - - 

MTBE 
- - - - - - 

TAME 
- - - - - - 

ETBE 
[61] 1986 298.14 298.14 101 101 
[60] 2000 298.15 298.15 101 101 

DPE 
[63] 1979 298.14 298.14 101 101 
[64] 1982 298.14 298.14 101 101 
[62] 1988 298.14 308.14 101 101 

DIPE 
[66] 1999 298.15 298.15 101 101 
[68] 2001 298.15 298.15 101 101 
[69] 2010 303.15 303.15 101 101 

DBE 
[76] 1966 298.14 298.14 101 101 
[77] 1978 298.14 298.14 101 101 
[78] 1985 298.00 298.00 101 101 
[79] 1985 298.15 298.15 101 101 
[71] 1998 298.15 298.15 101 101 
[80] 2009 298.15 298.15 101 101 
[81] 2009 298.15 313.15 101 101 
[82] 2010 298.15 313.15 101 101 
[83] 2010 298.15 298.15 101 101 
[84] 2010 298.15 298.15 101 101 

Methanol 
[99] 1963 298.14 298.14 101 101 
[100] 1967 298.14 298.14 101 101 
[101] 1985 293.15 323.14 101 101 
[79] 1985 298.15 298.15 101 101 

Ethanol 
[100] 1967 298.14 298.14 101 101 

1-Propanol 
[100] 1967 298.14 298.14 101 101 
[118] 1972 303.14 303.14 101 101 

1-Pentanol 
- - - - - - 

1-Hexanol 
[100] 1967 298.14 298.14 101 101 

TMP 
[125] 1979 298.14 298.14 101 101 
[126] 1992 298.06 343.15 600 600 
[83] 2010 298.15 298.15 101 101 
[127] 2012 313.15 313.15 101 101 
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Vapour-liquid equilibria of mixtures 1-butanol + ether, or + 
alcohol, or + hydrocarbon 

 
35 VLE references of binary mixtures are shown in Table 6. 
 
Table 6. Reported vapour-liquid equilibria for binary 

mixtures 1-butanol + ether, or + alcohol, or + hydrocarbon.  
Reference Year Tmin/K Tmax/K Pmin/kPa Pmax /kPa 

DME 
[47] 2006 249.96 330.01 101 101 
[46] 2007 323.15 323.15 4.61 1143.2 

DEE 
[48] 1955 408.93 558.58 1379 4136.9 

MTBE 
[54] 1999 328.11 390.88 101 101 
[55] 2001 298.15 298.15 - - 
[52] 2002 313.15 313.15 3.19 59.56 

TAME 
[58] 2000 360.13 387.99 101 101 

ETBE 
[59] 1998 333.15 333.15 10.30 66.45 

DPE 
[65] 1997 278.15 323.15 0.2 25.14 

DIPE 
[70] 2006 313.15 313.15 2.49 37.10 

DBE 
[85] 1954 338.12 338.12 7.05 12.41 
[86] 1954 338.12 338.12 7.05 12.41 
[87] 1963 390.57 397.03 101 101 
[88] 1979 390.47 408.62 101 101 
[89] 1977 326.22 415.07 6.67 6.67 
[90] 2006 388.15 404.15 101 101 
[91] 2006 349.32 413.67 20 101 

Methanol 
[102] 1952 344.51 375.62 101 101 
[48] 1955 408.93 558.58 1379 4136.9 
[103] 1970 298.14 298.14 2.45 15.84 
[104] 1971 337.98 377.47 101 101 
[105] 1977 336.98 389.97 101 101 
[106] 1986 313.14 313.14 2.52 35.45 
[107] 2000 338.26 386.44 101 101 

Ethanol 
[110] 1927 351.42 390.73 101 101 
[111] 1943 352.22 387.43 101 101 
[112] 1953 351.47 390.18 101 101 
[113] 1969 323.14 403.12 6.53 561.55 
[106] 1986 313.14 313.14 2.52 35.45 
[54] 1999 328.11 390.88 101 101 
[114] 2006 351.42 390.73 101 101 

1-Propanol 
[110] 1927 351.42 390.73 101 101 
[106] 1986 313.14 313.14 2.52 35.45 
[119] 2001 337.15 373.74 21.9 114.05 
[120] 2010 354.25 388.05 53.3 91.3 

1-Pentanol 
[106] 1986 313.14 313.14 2.52 35.45 
[121] 1974 314.64 371.12 2.67 24 

1-Hexanol 
- - - - - - 

TMP 
[128] 2006 308.15 318.15 - - 
[129] 2011 318.15 318.15 7.2 16.4 
[130] 2012 313.15 313.15 2.55 13.71 

VLE has been measured for all selected mixtures, with the 
only exception of the system 1-butanol + 1-hexanol. Some of 
the references present constant pressure measurements, while 
some other are at constant temperature, corresponding to the 
most frequent dynamic and static experimental apparatus used. 
21 references [47-48, 54, 58, 65, 88-91, 102, 104-105, 107, 
110-114, 119-121] vary temperature and pressure 
simultaneously. Maximum pressures are moderate, under 4.2 
MPa, and many of them are well under atmospheric pressure. 
Temperatures above 400 K are only reported by [48], [88-91] 
and [113].  

 
Viscosity of mixtures 1-butanol + ether, or + alcohol, or + 
hydrocarbon 

 
Viscosity data of chosen binary mixtures are very scarce, as 

shown in Table 7. Viscosity of 1-butanol + MTBE is the only 
found mixture with ethers, while mixtures with alcohols 
(methanol, ethanol, 1-propanol and 1-pentanol) are more 
frequent. All data were taken at atmospheric pressure, while 
temperatures are ambient temperature or close values (up to 
313 K). No data of viscosity for 1-butanol + TMP was found. 

 
Table 7. Reported viscosity (mPa·s) for binary mixtures 1-

butanol + ether, or + alcohol, or + hydrocarbon 
Reference Year Tmin/K Tmax/K Pmin/kPa Pmax /kPa 

DME 
- - - - - - 

DEE 
- - - - -  

MTBE 
[49] 1995 298.15 298.15 101 101 
[53] 2011 293.15 308.15 101 101 

TAME 
- - - - - - 

ETBE 
- - - - - - 

DPE 
- - - - - - 

DIPE 
- - - - -  

DBE 
- - - - - - 

Methanol 
[93] 1981 303.15 303.15 101 101 
[108] 1998 298.15 298.15 101 101 

Ethanol 
- - - - - - 

1-Propanol 
[115] 1933 298.15 298.15 101 101 
[116] 1998 308.15 313.15 101 101 
[117] 1999 293.15 298.15 101 101 

      
1-Pentanol 

[116] 1998 308.15 313.15 101 101 
[117] 1999 293.15 298.15 101 101 

1-Hexanol 
- - - - - - 

TMP 
- - - - - - 
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CONCLUSION  
Thermodynamic and transport properties of liquid 1-butanol 

and its liquid mixtures with some ethers, alcohols and 
hydrocarbon have been reported. 8 ethers, 5 alcohols and 1 
hydrocarbon have been selected as representative of present 
and future unleaded gasolines. 

Reliable high pressure density data of pure 1-butanol are 
available up to 400 K and 140 MPa, while most heat capacity 
values have been measured at atmospheric pressure and low 
temperatures. 

Concerning the binary mixtures 1-butanol + ether, or + 
alcohol, or + hydrocarbon, high pressure density data have been 
found only for 1-butanol + DIPE, or + DBE. Though 
atmospheric pressure data are valuable, more high temperature 
and pressure PVT data should be performed for oxygenate and 
hydrocarbon binary systems. 

With relation to the excess enthalpy, no high pressure data 
was found for mixtures 1-butanol + ether, or + alcohol. All 
temperatures reported are also moderate, under 323 K. 

VLE data at low temperature and pressure are the most 
frequent for the selected mixtures. Data at high temperature, 
above 400 K, are very scarce. Availability of high pressure data 
should be strongly recommended. 

Viscosity data are almost unavailable for most binary 1-
butanol + ether systems, while 1-butanol + alcohol mixtures are 
more frequent data. Nevertheless, only low pressure and 
temperature data are reported.  

Though heat capacity could be derived from other 
thermodynamic properties, it is surprising that no experimental 
data on this property were found for the concerned binary 
systems. 

AKCNOWLEDGEMENT 
Support for this work came from the Ministerio de Ciencia 

e Innovación. Spain. Project ENE2009-14644-C02-02 

REFERENCES 
 
[1] Directive 2009/28/EC of the European Parliament and of the 

Council on the promotion of the use of energy from renewable 
sources. 

[2] Directive 2009/30/EC of the European Parliament and of the 
Council as regards the specification of petrol, diesel and gas-oil and 
introducing a mechanism to monitor and reduce greenhouse gas 
emissions. 

[3] Kotrba R., Ahead of the Curve, Etanol Producer Magazine, 
November 2005. 

[4] Ezeji T. C., Blaschek, H. P., Butanol Production from 
Lignocellulosic Biomass. In Biofuels from Agricultural Wastes and 
Byproducts, edited by H. P. Blaschek, T. C. Ezeji and J. Sheffran, 
pp. 19-37, Ames, Iowa (USA), 2010, Wiley-Blackwell. 

[5] Agarwal A. K, Biofuels (alcohols and biodiesel) applications as 
fuels for internal combustion engines, Progress in Energy and 
Combustion Science, Vol. 33, 2007, pp. 233-271. 

[6] Surisetty, V. R., Dalai A. K., Kozinski J., Alcohols as alternative 
fuels: An overview, Applied Catalysis A: General, Vol. 404, 2011, 
pp. 1–11. 

[7] ASTM D7862 – 13, Standard Specification for Butanol for 
Blending with Gasoline for Use as Automotive Spark-Ignition 
Engine Fuel. 

[8] Köpke M., Dürre P., Biochemical production of biobutanol, In 
Handbook of Biofuels Production, edited by R. Luque, J. Campelo 
and J. Clark, pp. 221-257, Cambridge (UK), 2011, Woodhead Publ. 
Ltd. 

[9] http://www.butamax.com/ (revised 2014/02/20)  
[10] Bridgman P. W., Proceedings of the American Academy of Arts 

and Sciences, Vol. 66, 1931, pp. 185-233. 
[11] [Bridgman P. W, Proceedings of the American Academy of Arts 

and Sciences, Vol. 74, 1942, pp. 399-424. 
[12] Golubev I. F., Bagina E. N., Specific weight of n-propyl, iso-

propyl, n-butyl, and iso-butyl alcohols at high pressures and various 
temperatures.(Russ.) Trudy GIAP, 1963, 39-54. 

[13] Kubota H., Tanaka Y., Makita T., The P-V-T Relations of n-butyl 
Alcohol under High Pressure, Kagaku Kogaku Ronbunshu, Vol. 1, 
1975, pp. 176-179. 

[14] Sahli B. P., Gager H., Richard, A. J., Ultracentrifugal studies of 
the isothermal compressibilities of organic alcohols and alkanes. 
Correlation with surface tension, J. Chem. Thermodyn., Vol. 8, 1976, 
pp. 179-88. 

[15] Vasilkovskaya T. N., Golubev I. F., Zolin, V. S., Density of Butyl 
and Isobutyl Alcohols at Various Temp. and Pressures pressures, 
Trudy GIAP, Vol. 54, 1979, pp. 15-22. 

[16] Zolin V. S., Golubev I. F., Vasilkovskaya T. N., Experimental 
Determination of Alcohol Density at Low Temperatures (Russ.), 
Trudy GIAP, Vol. 54, 1979, pp. 26-28. 

[17] Golubev I. F., Vasilkovskaya T. N., Zolin, V. S., Experimental 
study of the density of aliphatic alcohols at different temperatures 
and pressures, Inzh.-Fiz. Zh., Vol. 38, 1980, pp. 668-70. 

[18] Albert H. J., Gates J. A., Wood R. H., Grolier J.-P. E., Densities 
of Toluene, of Butanol and of Their Binary Mixtures From 298 K to 
400 K, and from 0.5 to 20.0 KPa, Fluid Phase Equilib., Vol. 20, 
1985, pp. 321-330. 

[19] Gates J. A., Wood R. H., Cobos J. C., Casanova C., Roux A. H., 
Roux-Desgranges G., Grolier J.-P. E., Densities and heat capacities 
of 1-butanol + n-decane from 298 K to 400 K, Fluid Phase Equilib., 
Vol. 27, 1986, pp. 137-151. 

[20] Kubota H., Tanaka Y., Makita, T., Volumetric behavior of pure 
alcohols and their water mixtures under high pressure, Int. J. 
Thermophys., Vol. 8, 1987, pp. 47-70. 

[21] Wong C. F., Hayduk W., Molecular Diffusivities for Propene in 
1-Butanol, Chlorobenzene, Ethylene Glycol, and n-Octane at 
Elevated Pressures, J. Chem. Eng. Data, Vol. 35, 1990, pp. 323-328. 

[22] Papaioannou D., Bridakis M., Panayiotou C. G., Excess dynamic 
viscosity and excess volume of N-butylamine + 1-alkanol mixtures 
at moderately high pressures, J. Chem. Eng. Data, Vol. 38, 1993, pp. 
370-378. 

[23] Shakhverdiev A. N., Naziev Y. M., Safarov D. T., Kececiler A., 
Zh. Prikl. Khim., Vol. 69, 1996, pp. 1642-1646. 

[24] Ulbig P., Bubolz M., Schulz, S., Excess Volumes of Binary 
Mixtures Containing Diisopropyl Ether + 1-Butanol or Diisopropyl 
Ether + Diethyl Ketone and Ethanol + Heptane at High Pressures, J. 
Chem. Eng. Data, Vol. 42, 1997, pp. 449-452. 

[25] Ihmels E. C. C., Gmehling J., Liquid Densities and Excess 
Volumes of Diisopropyl Ether (DIPE) + 1-Butanol Mixtures from 
273 to 473 K and Pressures up to 35 MPa, J. Chem. Eng. Data, Vol. 
47, 2002, pp. 1314-1319. 

[26] Westwood B. M., Kabadi V. N., A novel pycnometer for density 
measurements of liquids at elevated temperatures, J. Chem. 
Thermodyn., Vol. 35, 2003, pp. 1965-1974. 

[27] Zuñiga-Moreno A., Galicia-Luna L. A., Camacho-Camacho L. E., 
Compressed liquid densities of 1-butanol and 2-butanol at 
temperatures from 313 K to 363 K and pressures up to 25 MPa, J. 
Chem. Thermodyn., Vol. 39, 2007, pp. 254-260. 

64



    

[28] Zuñiga-Moreno A., Galicia-Luna L. A., Sandler S. I., 
Measurements of Compressed Liquid Densities for CO2 (1) + 
Butan-1-ol (2) via a Vibrating Tube Densimeter at Temperatures 
from (313 to 363) K and Pressures up to 25 MPa, J. Chem. Eng. 
Data, Vol. 552, 2007, pp. 1960-1969. 

[29] Kato M., Kodama D., Kokubo M., Ohashi K., Hashimoto S., 
Volumetric Behavior of Carbon Dioxide + Butan-1-ol Mixtures at 
313.15 K, J. Chem. Eng. Data, Vol. 56. 2011, pp. 421-425. 

[30] Alaoui F., Montero E., Bazile J. P., Comuñas M. J. P., Galliero 
G., Boned, C., Liquid density of 1-butanol at pressures up to 140 
MPa and from 293.15 K to 403.15 K, Fluid Phase Equilib., Vol. 
301, 2011, pp. 131–136. 

[31] Torin-Ollarves G. A., Segovia J. J., Martin M. C., Villamañan M. 
A., Thermodynamic characterization of the mixture (1-butanol + iso-
octane): Densities, viscosities, and isobaric heat capacities at high 
pressures, J. Chem. Thermodyn., Vol. 44, 2012, pp. 75-83. 

[32] Williams J. W., Daniels F., The Specific Heats of Certain Organic 
Liquids at Elevated Temperatures, J. Am. Chem. Soc., Vol. 46, 1924, 
pp. 903-17. 

[33] Tschamler H., Richter E., Wettig F., Mixtures of Primary 
Aliphatic Alcohols with Chlorex and Other Organic Substances. 
Binary Liquid Mixtures XII, Monatsh. Chem., Vol. 80, 1949, pp. 
749. 

[34] Counsell J. F., Hales J. L., Martin J. F., Thermo. Properties of 
Organic Oxygen Compounds Part 16 Butyl Alcohol, Trans. Faraday 
Soc., Vol. 61, 1965, pp. 1869. 

[35] Naziev Y. M., Bashirov M. M., Badalov Y. A., Inzh.-Fiz. Zh., 
Vol. 51, 1986, pp. 789-795. 

[36] Ogawa H., Murakami, S., Excess Isobaric Heat Capacities for 
Water + Alkanol Mixt. at 298.15 K, Thermochim. Acta, Vol. 109, 
1986, pp. 145. 

[37] Ogawa H., Murakami, S., Excess volumes, isentropic 
compressions, and isobaric heat capacities for methanol mixed with 
other alkanols at 25ºC, J. Solution Chem., Vol. 16, 1987, pp. 315. 

[38] Roux A. H., Roux-Desgranges G., Grolier J. -P. E., Excess molar 
heat capacities and enthalpies for l-alkanol + n-alkane binary 
mixtures. new measurements and recommended data, Fluid Phase 
Equilib., Vol. 89, 1993, pp. 57-88. 

[39] Calvo E., Brocos P., Pineiro A., Pintos M., Amigo A., Bravo R., 
Heat Capacities, Excess Enthalpies, and Volumes of Mixtures 
Containing Cyclic Ethers. 4. Binary Systems 1,4-Dioxane + 1-
Alkanols, J. Chem. Eng. Data, Vol. 44, 1999, pp. 948-954. 

[40] Paramo R., Zouine M., Casanova C., New Batch Cells Adapted 
To Measure Saturated Heat Capacities of Liquids, J. Chem. Eng. 
Data, Vol. 47, 2002, pp. 441-448. 

[41] Goralski P., Tkaczyk M., Chorazewski M., Heat Capacities of 
alpha,omega-Dichloroalkanes at Temperatures from 284.15 K to 
353.15 K and a Group Additivity Analysis, J. Chem. Eng. Data, Vol. 
48, 2003, pp. 492-496. 

[42] Fenclova D., Perez-Casas S., Costas M., Dohnal V., Partial Molar 
Heat Capacities and Partial Molar Volumes of All of the Isomeric 
(C3 to C5) Alkanols at Infinite Dilution in Water at 298.15 K, J. 
Chem. Eng. Data, Vol. 49, 2004, pp. 1833-1838. 

[43] Zorebski E., Chorazewski M., Tkaczyk M., Excess molar heat 
capacities for (1-butanol+1,3-butanediol) at temperatures from (285 
to 353) K, J. Chem. Thermodyn., Vol. 37, 2005, pp. 281-287. 

[44] Zorebski E., Goralski P., Molar heat capacities for (1-butanol + 
1,4-butanediol, 2,3-butanediol, 1,2-butanediol, and 2-methyl-2,4-
pentanediol) as function of temperature, J. Chem. Thermodyn., Vol. 
39, 2007, 1601-1607. 

[45] Rubini K., Francesconi R., Bigi A., Comelli F., Excess molar 
enthalpies and heat capacities of dimethyl sulfoxide + seven normal 
alkanols at 303.15K and atmospheric pressure, Thermochim. Acta, 
Vol. 452, 2007, pp. 124-127. 

[46] Park S.-J., Han K. J., Gmehling J., Vapor-Liquid Equilibria and 
HE for Binary Systems of Dimethyl Ether (DME) with C1-C4 
Alkan-1-ols at 323.15 K and Liquid-Liquid Equilibria for Ternary 
System of DME + Methanol + Water at 313.15 K, J. Chem. Eng. 
Data, Vol. 52, 2007, pp. 230-234. 

[47] Miyano Y., Kobashi T., Shinjo H., Kumada S., Watanabe Y., 
Niya W., Tateishi Y., Henry’s law constants and infinite dilution 
activity coefficients of cis-2-butene, dimethylether, chloroethane, 
and 1,1-difluoroethane in methanol, 1-propanol, 2-propanol, 1-
butanol, 2-butanol, isobutanol, tert-butanol, 1-pentanol, 2-pentanol, 
3-pentanol, 2-methyl-1-butanol, 3-methyl-1-butanol, and 2-methyl-
2-butanol, J. Chem. Thermodyn., Vol. 38, 2006, pp. 724-731. 

[48] Kay W. B., Donham W. E., Liquid-Vapor Equilibrium in the 
Isobutyl Alcohol-Butanol, Methanol- Butanol, and Diethyl Ether-
Butanol Systems, Chem. Eng. Sci., Vol. 4, 1955, pp. 1-16. 

[49] Riggio R., Martinez H. E., De Salas N. Z., Ramos J. F., Densities, 
viscosities, and refractive indexes of tert-butyl methyl ether + butyl 
alcohols at 298.15 K, Can. J. Chem., Vol. 73, 1995, pp. 431-434. 

[50] Arce A., Pardillo-Fontdevila E., Rodil E., Soto A., Molar 
Volume, Refractive Index, and Isentropic Compressibility at 298.15 
K for 1-Butanol + Ethanol + 2-Methoxy-2-methylpropane, J. Chem. 
Eng. Data, Vol. 44, 1999, pp. 291-295. 

[51] Mascato E., Mosteiro L., Pineiro,, M. M., de Cominges B. E., 
Mato,, M. M., Legido J. L., Temperature dependence of volumetric 
behaviour for methyl tert-butylether+1-butanol system, J. Therm. 
Anal. Calorim., Vol 70, 2002, pp. 236-241. 

[52] Park S. J., Han K. J., Gmehling J., Vapor-liquid equilibria and 
excess properties for methyl tert-butyl ether (MTBE) containing 
binary systems, Fluid Phase Equilib., Vol. 200, 2002, pp. 399-409. 

[53] Hoga H. E., Torres R. B., Volumetric and viscometric properties 
of binary mixtures of {methyl tert-butyl ether (MTBE) + alcohol} at 
several temperatures and p = 0.1 MPa: Experimental results and 
application of the ERAS model, J. Chem. Thermodyn., Vol. 43, 
2011, pp. 1104-1134. 

[54] Arce A., Rodil E., Soto A., Can. J. Chem. Eng., Vol. 77, 1999, 
pp. 1135. 

[55] Gonzalez J. A., Riesco N., Garcia de la Fuente I., Cobos J. C., 
Vergara L.A., Cocero, M. J., Thermodynamics of mixtures 
containing ethers Part II Isothermal x-y data for the ternary system 
MTBE + methanol + 1-butanol and for two constituent binaries: 
DISQUAC predictions on VLE of ternary mixtures containing 
tertiary-alkyl ethers and organic solvents, Thermochim. Acta, Vol. 
373, 2001, pp. 161-171. 

[56] Rezanova F. N., Kammerer K., Lichtenthaler R. N., Excess molar 
volumes and enthalpies of {an alkanol + tert-amyl methyl) ether 
(TAME)}, J. Chem. Thermodyn., Vol. 32, 2000, pp. 1569-1579. 

[57] Arce A., Rodil E., Soto A., Property Changes of Mixing for the 1-
Butanol + Methanol + 2-Methoxy-2-methylbutane System at 298.15 
K and Atmospheric Pressure, J. Chem. Eng. Data, Vol. 46, 2001, pp. 
962-966. 

[58] Arce A., Rodil E., Soto A., Experimental Determination of the 
Vapor-Liquid Equilibrium at 101.32 kPa of the Ternary System 1-
Butanol + Methanol + TAME, J. Chem. Eng. Data, Vol. 45, 2000, 
pp. 1112-1115. 

[59] Oh J. H., Park S. J., Isothermal Vapor-Liquid Equilibria at 333.15 
K and Excess Molar Volumes at 198.15 of Ethyl tert-Butyl Ether 
(ETBE) + Alcoh-1-ol (C1-C4) Mixtures, J. Chem. Eng. Data, Vol. 
43, 1998, pp. 1009-1013. 

[60] Rezanova E. N., Lichtenthaler R. N., Excess Properties of Binary 
Mixtures of an Alkanol or an Alkane with Butyl-vinyl Ether or iso-
Butyl-vinyl Ether, J. Chem. Thermodyn., Vol. 32, 2000, pp. 517-528. 

[61] Ortega J., Paz Andrade M. I., Sarmiento F., J. Chem. Thermodyn., 
Vol. 18, 1986, pp. 601-602. 

65



    

[62] Inarrea J., Valero J., Perez P., Gracia M., Gutierrez Losa C., 
Molar excess enthalpies and volumes of some (butanone or 
dipropylether + an alkanol) mixtures, J. Chem. Thermodyn., Vol. 20, 
1988, pp. 193. 

[63] Pintos M., Paz-Andrade M. I, Int. DATA Ser., 1979, Sel. Data 
Mixtures, Ser. A, 7(1), pp. 25-30. 

[64] Pintos M., Bravo R., Paz Andrade M. I., Perez Villar V., Excess 
enthalpies of n-alkanol + dipropylether, n-alkanol + 1,2- 
diethoxyethane, and n-alkanol + 2-ethoxyethanol at 298.15 K, J. 
Chem. Thermodyn., Vol. 14, 1982, pp. 951-955. 

[65] Garriga R., Perez P., Gracia, M., Ber. Bunsen-Ges. Phys. Chem., 
Vol. 101, 1997, pp. 1466. 

[66] Rezanova E. N., Kammerer K., Lichtenthaler R. N., Excess 
Properties of Binary Alkanol + Diisopropyl Ether (DIPE) or + 
Dibutyl Ether (DBE) Mixtures and the Application of the Extended 
Real Associated Solution Model, J. Chem. Eng. Data, Vol. 44, 1999, 
pp. 1235-1239. 

[67] Pineiro A., Excess volumes and isobaric heat capacities of 
diisopropyl ether with several alkanols at 298.15K. Application of 
the symmetrical extended real associated solution model, Fluid 
Phase Equilib., Vol. 216, 2004, pp. 245-256. 

[68] Pineiro A., Olvera A., Garcia-Miaja G., Costas, M., Excess molar 
enthalpies of tetrahydrofuran or diisopropyl ether + 1-alkanols at 
298.15 K, using a newly designed flow mixing cell for an isothermal 
microcalorimeter, J. Chem. Eng. Data, Vol. 46, 2001, pp. 1274-
1279. 

[69] Didaoui S., Ait-Kaci A., Experimental and predicted excess molar 
enthalpies of binary mixtures containing 2,2’-oxybis[propane], 
benzene, butan-1-ol, 2-methylpropan-1-ol, 2-methyl-2-ene-1-
propanol at 303.15 K, Fluid Phase Equilib., Vol. 299, 2010, pp. 60-
64. 

[70] Villamañan R. M., Martin M. C., Chamorro C. R., Villamañan, 
M. A., Segovia J. J., Phase equilibrium properties of binary and 
ternary systems containing di-isopropyl ether + 1-butanol + benzene 
at 313.15 K, J. Chem. Thermodyn., Vol. 38, 2006, pp. 547-553. 

[71] Kammerer K., Lichtenthaler R. N., Excess properties of binary 
alkanol-ether mixtures and the application of the ERAS model, 
Thermochim. Acta, Vol. 310, 1998, pp. 61-67. 

[72] Bernazzani L., Ceccanti N., Conti G., Gianni P., Mollica V., Tine 
M. R., Lepori L., Matteoli, E., Spanedda A., Volumetric properties 
of (an organic compound + di-n-butyl ether) at T = 298.15 K, J. 
Chem. Thermodyn., Vol. 33, 2001, pp. 629-641. 

[73] Bernazzani L., Carosi M. R., Duce C., Gianni P., Mollica V., 
Volumetric Properties of Binary Mixtures of Isomeric Butanols and 
C8 Solvents at 298.15 K, J. Solution Chem., Vol. 35, 2006, pp. 
1567-1585. 

[74] Mozo I., Fuente I. G. d. l., Gonzalez J. A., Cobos J. C., Densities, 
Excess Molar Volumes, Speeds of Sound at (293.15, 298.15, and 
303.15) K and Isentropic Compressibilities at 298.15 K for 1-
Butanol, 1-Pentanol, or 1-Hexanol + Dibutylether Systems, J. Chem. 
Eng. Data, Vol. 53, 2008, pp. 857-862. 

[75] Alaoui F. E. M., Montero E. A., Bazile J.-P., Aguilar F., Boned 
C., Liquid density of biofuel mixtures: (Dibutyl ether + 1-butanol) 
system at pressures up to 140 MPa and temperatures from (293.15 to 
393.15) K, J. Chem. Thermodyn., Vol. 43, 2011, pp. 1768-1774. 

[76] Murakami S., Fujishiro R., The heats of mixing for binary 
mixtures: III the intermolecular energy of hydrogen bonding 
between alcohol and several other polar molecules, Bull. Chem. Soc. 
Jpn., Vol. 39, 1966, pp. 720-725. 

[77] Kehlen V. H., Mueller E., Z. Phys. Chem., Vol. 259, 1978, pp. 
992. 

[78] Spencer J. N., Wolbach W. S., Hovick J. W., Ansel L., 
Modarress, K. J., Hydropen Bonding by Alcohols and Amines, J. 
Solution Chem., Vol. 14, 1985, pp. 85-814. 

[79] Stephenson W. K., Fuchs R., Enthalpies of interaction of 
hydroxylic solutes with organic solvent, Can. J. Chem., Vol. 63, 
1985, pp. 2535. 

[80] Aguilar F., Alaoui F. E. M., Alonso-Tristan C., Segovia, J. J., 
Villamañan, M. A., Montero E. A., Excess Enthalpies of Binary and 
Ternary Mixtures Containing Dibutyl Ether, Cyclohexane, and 1-
Butanol at 298.15 K, J. Chem. Eng. Data, Vol. 54, 2009, pp. 1672-
1679. 

[81] Aguilar F., Alaoui F. E. M., Segovia J. J., Villamañan M. A., 
Montero E. A., Excess enthalpies of ether + alcohol + hydrocarbon 
mixtures: Binary and ternary mixtures containing dibutyl ether 
(DBE), 1-butanol and benzene at 298.15K and 313.15K, Fluid Phase 
Equilib., 2009, 284, 106-113 

[82] Aguilar F., Alaoui, F. E. M., Segovia,J. J., Villamañan M. A. 
Montero E. A., Excess enthalpies of binary and ternary mixtures 
containing dibutyl ether (DBE), 1-butanol, and heptane at T = 
298.15 K and 313.15 K, J. Chem. Thermodyn., Vol 42, 2010, pp. 28-
37. 

[83] Aguilar F., Alaoui F. E. M., Segovia J. J., Villamañan M. A., 
Montero E. A., Excess enthalpies of oxygenated compounds + 
hydrocarbon mixtures: Binary and ternary mixtures containing 
dibutyl ether (DBE), 1-butanol and 2,2,4-trimethylpentane at 298.15 
K, Fluid Phase Equilib., Vol. 290, 2010, pp. 15-20. 

[84] Mozo I., de la Fuente I. G., Gonzalez J. A., Cobos J. C., Molar 
excess enthalpies at T = 298.15 K for (1-alkanol + dibutylether) 
systems, J. Chem. Thermodyn., Vol. 42, 2010, pp. 17-22. 

[85] Fried V., Pick J., Hala E., Vilim O., Liquid-vapor equilibria: x the 
system butanol + butyl ether + butyl methacrylate at low pressures, 
Chem. Listy, Vol. 48, 1954, pp. 161. 

[86] Fried V., Pick J., Hala E., Vilim O., Vapor pressures of butyl 
alpha-hydroxyisobutarate and dibutyl ether, Chem. Listy, 48, 1954, 
pp. 774. 

[87] Smirnova N. A., Morachevskii A. G., Phase equilibriums in the 
system n-butyl alcohol - disbutyl ether – water, Zh. Prikl. Khim., 
Vol. 36, 1963, pp. 2391. 

[88] Volkova L. V., Utkin O. V., Katalov A. I., Liquid-vapor phase 
equilibrium in the n-butyl alcohol + dibutyl ether + butyl n-butyrate 
system at 760 mm hg, Zh. Prikl. Khim., Vol. 52, 1979, pp. 2347. 

[89] Greune G., Kehlen V. H., Liquid-vapor equilibrium of butanol + 
butyl ether mixtures, Z. Phys. Chem., Vol. 258, 1977, pp. 912. 

[90] Lu X., Hu J., Li Y., The VLE Experimental Study about Butanol 
and Dibutyl Ether, Chem. Eng. Oil Gas, Vol. 35, 2006, pp. 431. 

[91] Lladosa E., Monton J. B., Burguet M. C., Munoz R., Isobaric 
vapor-liquid equilibria for the binary systems 1-propyl alcohol + 
dipropyl ether and 1-butyl alcohol + dibutyl ether at 20 and 101.3 
kPa, Fluid Phase Equilib., Vol. 247, 2006, pp. 47-53. 

[92] Pflug H. D., Benson G. C., Molar excess volumes of binary n-
alcohol systems at 25ºC, Can. J. Chem., Vol. 46, 1968, pp. 287-294. 

[93] Singh R. P., Haque M. M., Viscosity Variations in Associated 
Liquid Systems Showing Partial Miscibility: Part I-Kinematic 
Viscosities of Methanol-n-Butanol-Water Ternary System of 
Different Compositions, Indian J. Chem., Sect. A: Inorg., Bio-inorg., 
Phys., Theor. Anal. Chem., Vol. 20, 1981, pp. 874-878. 

[94] Iglesias M., Orge B., Tojo J., Refractive indices, densities and 
excess properties on mixing of the systems acetone + methanol + 
water and acetone + methanol + 1-butanol at 298.15K, Fluid Phase 
Equilib., 1996, 126, 203-223. 

[95] Khalfaoui B., Meniai A. H., Borja R., Thermodynamic properties 
of water + normal alcohols and vapor-liquid equilibria for binary 
systems of methanol or 2-propanol with water, Fluid Phase Equilib., 
Vol. 127, 1997, pp. 181-190. 

[96] Iglesias M., Orge B., Canosa J. M., Rodriguez A., Dominguez M., 
Pineiro M. M., Tojo, J., Thermodynamic behaviour of mixtures 
containing methyl acetate, methanol, and 1-butanol at 298.15 K: 

66



    

application of the ERAS model, Fluid Phase Equilib., Vol. 147, 
1998, pp. 285-300.  

[97] Arce A., Rodil E., Soto A., Physical Properties of the Ternary 
System 1-Butanol + Methanol + 2-Methoxy-2-methylpropane at 
298.15 K: Measurement and Prediction, J. Chem. Eng. Data, Vol. 
44, 1999, pp. 1028-33. 

[98] Canosa J., Rodriguez, A., Tojo J., Speeds of sound and dynamic 
viscosities of the ternary mixtures methyl acetate + methanol + 1-
butanol or 1-pentanol and their corresponding binary mixtures at 
298.15 K, J. Chem. Eng. Data, Vol. 45, 2000, pp. 471-477. 

[99] Diaz Pena M., Fernandez-Martin F., Thermodynamics of mixtures 
of normal alcohols: I heat of mixing of the system n-butanol + 
methanol at 25ºC. II heat of mixing of methanol with n- hexanol, n-
octanol and n-decanol at 25ºC, An. R. Soc. Esp. Fis. Quim. B, Vol. 
59, 1963, pp. 323. 

[100] Pope A. E., Pflug H. D., Dacre B., Benson G. C., Molar excess 
enthalpies of binary n-alcohol systems at 25ºC, Can. J. Chem., Vol. 
45, 1967, pp. 2665-2674. 

[101] Battler J. R., Rowley R. L., Excess enthalpies between 293 and 
323 K for constituent binaries of ternary mixtures exhibiting partial 
miscibility, J. Chem. Thermodyn., Vol. 17, 1985, pp. 719-732. 

[102] Hill W. D., Vapor-liquid equilibria in methanol binary systems 
methanol + propanol, methanol + butanol, and methanol + pentanol, 
Ind. Eng. Chem., Vol. 44, 1952, pp. 205-208. 

[103] Polak J., Murakami S., Lam V. T., Pflug H. D., Benson G. C., 
Molar excess enthalpies, volumes, and Gibbs free energies of 
methanol- isomeric butanol systems at 25ºC, Can. J. Chem., Vol. 48, 
1970, pp. 2457-2465. 

[104] Koshel’kov V. A., Grudinina T. A., Pavlenko T. G., Timofeev 
V. S., Serafimov L. A., Phase equilibrium in methanol + propanol + 
butanol, ethanol + propanol + butanol, and ethanol + propanol + 
water mixtures, Tr. Inst. - Mosk. Inst. Tonkoi Khim. Tekhnol. im. M. 
V. Lomonosova, Vol. 1, 1971, pp. 44-48. 

[105] Patlasov V. P., Naumova T. B., Sergacheva N. I., Balashov, M. 
I., Tr. Inst. - Mosk. Inst. Tonkoi Khim. Tekhnol. im. M. V. 
Lomonosova, Vol. 7, 1977, pp. 179. 

[106] Oracz P., Int. DATA Ser., Sel. Data Mixtures, Ser. A, 1986, No. 
2, pp. 72-101. 

[107] Arce A., Martinez-Ageitos J., Rodil E., Soto A., Phase equilibria 
involved in extractive distillation of 2-methoxy-2-methylpropane + 
methanol using 1-butanol as entrainer, Fluid Phase Equilib., Vol. 
171, 2000, pp. 207-218. 

[108] Canosa J., Rodriguez A., Tojo J., Dynamic Viscosities of 
(Methyl Acetate or Methanol) with (Ethanol, 1-Propanol, 2-
Propanol, 1-Butanol, and 2-Butanol) at 298.15 K, J. Chem. Eng. 
Data, Vol. 43, 1998, pp. 417-421. 

[109] Edward J. T., Farrell P. G., Shahidi F., Effect of solvent 
(benzene, ethanol, cyclohexane) on the partial molar volumes of 
organic compounds, Can. J. Chem., Vol. 57, 1979, pp. 2887-2891. 

[110] Gay L., Chim. Ind., Vol. 18, 1927, pp. 187. 
[111] Brunjes A. S., Bogart M. J. P., Vapor-liquid equilibria for 

commercially important systems of organic solvents: the binary 
systems ethanol - n-butanol; acetone - water, and isopropanol – 
water, Ind. Eng. Chem., Vol. 35, 1943, pp. 255. 

[112] Hellwig L. R., Vapour-liquid equilibria for ethyl alcohol binary 
systems, Ind. Eng. Chem., Vol. 45, 1953, pp. 624. 

[113] Kharin S. E., Perelygin V. M., Remizov, G. P., Liquid-vapor 
Phase Equilibriums in Ethanol-n-butanol and Water - n-butanol 
systems, Izv. Vyssh. Uchebn. Zaved., Khim. Khim. Tekhnol., Vol. 12, 
1969, pp. 424-428. 

[114] Hull A., Kronberg, B., Stam J. V., Golubkov I., Kristensson J., 
Vapor-Liquid Equilibrium of Binary Mixtures. 1. Ethanol + 1-
Butanol, Ethanol + Octane, 1-Butanol + Octane, J. Chem. Eng. Data, 
Vol. 51, 2006, pp. 1996-2001. 

[115] Trew V. C. G., Watkins G. M. C., Some Physical Properties of 
Mixtures of Certain Organic Liquids, Trans. Faraday Soc., Vol. 39, 
1933, pp. 1310. 

[116] Shan Z., Asfour A. A., Viscosities and densities of eight binary 
1-alkanol systems at 308.15 and 313.15 K, Fluid Phase Equilib., 
Vol. 143, 1998, pp. 253-262. 

[117] Shan Z., Asfour A.-F., Viscosities and Densities of Nine Binary 
1-Alkanol Systems at 293.15 K and 298.15 K, J. Chem. Eng. Data, 
Vol. 44, 1999, pp. 118-123. 

[118] Goodwin S. R., Newsham D. M. T., Enthalpies of mixing of n-
propanol + n-butanol and water + n-propanol + n- butanol at 30ºC, J. 
Chem. Thermodyn., Vol. 4, 1972, pp. 31-39. 

[119] Wang C., Li H., Zhu L., Han S., Isothermal and isobaric vapor + 
liquid equilibria of N,N-dimethylformamide + n-propanol + n-
butanol, Fluid Phase Equilib., Vol. 189, 2001, pp. 119-127. 

[120] Mohsen-Nia M., Memarzadeh M. R., Isobaric (vapour + liquid) 
equilibria for the (1-propanol + 1-butanol) binary mixture at (53.3 
and 91.3) kPa, J. Chem. Thermodyn., Vol. 42, 2010, pp. 792-796. 

[121] Lebedinskaya N. A., Filippov N. A., Zayats V. I., Serafimov L. 
A., Liquid-vapor phase equilibrium in binary systems of normal 
higher aliphatic alcohols, Neftepererab. Neftekhim., Vol. 2, 1974, pp. 
39. 

[122] Bratton A. C. J., Felsing W. A., A high-efficiency method 
applicable to certain classes of compounds, Ind. Eng. Chem., Vol. 
28, 1936, pp. 424-430. 

[123] Nath J., Pandey J. G., Binary mixtures of butanol+pentane, 
+hexane, +heptane, +octane, +2,2,4-trimethylpentane, and +carbon 
tetrachloride. 1. Excess molar volumes at 288.15 K and 298.15 K 
and refractive indexes at 298.15 K, J. Chem. Eng. Data, Vol. 42, 
1997, pp. 128-131. 

[124] Nath J., Speeds of sound in and isentropic compressibilities of 
(n-butanol + n-pentane, or n-hexane, or n-heptane, or n-octane, or 
2,2,4-trimethylpentane, or carbon tetrachloride) at T=293.15 K, J. 
Chem. Thermodyn., Vol. 29, 1997, pp. 853-863. 

[125] Stokes R. H., Adamson M., Richards A., Excess enthalpies of 
2,2,4-trimethylpentane with several alcohols at low mole fractions of 
2,2,4-trimethylpentane, J. Chem. Thermodyn., Vol. 11, 1979, pp. 
303-304. 

[126] Gmehling J., Meents B., Int. DATA Ser., 1992, Sel. Data 
Mixtures, Ser. A, Vol. 20(3), 153-213. 

[127] Aguilar F., Alaoui F. E. M., Segovia J. J., Villamañan M. A., 
Montero E. A., Ether + alcohol + hydrocarbon mixtures in fuels and 
bio-fuels: Excess enthalpies of binary mixtures containing dibutyl 
ether (DBE) or 1-butanol and 1-hexene or methylcyclohexane or 
toluene or cyclohexane or 2,2,4- trimethylpentane at 298.15K and 
313.15K, Fluid Phase Equilib., Vol. 315, 2012, pp. 1-8. 

[128] Hull A., Kronberg B., Stam J. V., Golubkov I., Kristensson J., 
Vapor-Liquid Equilibrium of Binary Mixtures. 2. Ethanol + 2,2,4-
Trimethylpentane, 1-Butanol + 2,2,4-Trimethylpentane, and Ethanol 
+ o-Xylene, J. Chem. Eng. Data, Vol. 51, 2006, pp. 2002-2008. 

[129] Garces S. I., Faneite A. M., Soto D., Alvarez C. A., Urdaneta M. 
R., Isothermal Vapor Liquid Equilibrium Data of Propan-1-ol + 
2,2,4-Trimethylpentane and Butan-1-ol + 2,2,4-Trimethylpentane at 
318.15 K, J. Chem. Eng. Data, Vol. 56, 2011, pp. 3346-3350. 

[130] Belabbaci A., Villamañan R. M., Negadi L., Martin, M. C., Ait 
Kaci A., Villamañan M. A., Vapor-Liquid Equilibria of Binary 
Mixtures Containing 1-Butanol and Hydrocarbons at 313.15 K, J. 
Chem. Eng. Data, Vol. 57, 2012, pp. 114-119. 

 
 
 
 

67


	Properties of pure 1-butanol
	Density of mixtures 1-butanol + ether, or + alcohol, or + hydrocarbon
	Excess enthalpy of mixtures 1-butanol + ether, or + alcohol, or + hydrocarbon
	Vapour-liquid equilibria of mixtures 1-butanol + ether, or + alcohol, or + hydrocarbon
	Viscosity of mixtures 1-butanol + ether, or + alcohol, or + hydrocarbon

