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The recommended vapor–liquid equilibrium �VLE� data for binary mixtures of al-
kanols with alkenes and alkynes have been selected after critical evaluation of all data
reported in the open literature up to the end of 2003. The evaluation procedure consisted
in combining the thermodynamic consistency tests, data correlation, comparison with
enthalpy of mixing data, and comparison of VLE data for various mixtures. The data
were correlated with Wilson equation as well as with equation of state appended with
chemical term �EoSC� proposed by Góral. The recommended data for 18 systems are
presented in the form of individual pages containing tables of data, figures, and auxiliary
information. Each page corresponds to one system and contains three isotherms �spaced
by at least 15 K� and one isobar �preferably at 101.32 kPa�. Experimental gaps were
completed with the predicted data. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2336783�
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1. Introduction

The objective of this paper is to provide selected and criti-
cally evaluated vapor–liquid equilibrium �VLE� data for bi-
nary mixtures of alkanols with alkenes and alkynes.

All available data �below 0.5 MPa� for considered sys-
tems, were taken from the open literature up to the end of
2003. They consist of 12 isothermal and 79 isobaric data sets
taken from 26 references.

The data were critically evaluated using multistage proce-
dure. The procedure was described in Part 1.1 The critical
evaluation of the data was difficult. Thermodynamic consis-
tency tests can be performed only for 34 data sets because
the remaining 57 sets do not contain concentrations of the

vapor phase. Enthalpy of mixing, used as auxiliary data, is
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reported only for a few systems. Number of available VLE
data sets was less than in systems investigated previously in
papers.1–3 For many systems only data measured by one
laboratory are reported.

2. Correlation of VLE Data

Correlation of the data was done with equation of state
with chemical term �EoSC� method developed by Góral.1,4 It
uses Redlich–Kwong equation of state �RK EoS� appended
with association term. The physical part of EoSC has one
adjustable binary parameter. The chemical part depends on
association. The model of self association of the alkanols is
the same as that used in the previous papers of this series.1–3

It was found that a weak cross association between the
alkanols and the � bonds of the unsaturated hydrocarbons
must be taken into account. The model of the cross-
association and the relevant equations were described by

FIG. 1. Values of q for alkenes �qalkene� and for alkanes �qalkane� in the
corresponding mixtures.The points correspond to the following mixtures:
alkenes with methanol �1�, with ethanol �2�, with 1-propanol �3�, with
2-propanol �4�. Cykloalkenes with butanol �5�. Izomers of oktene with bu-
tanol �6�, with 2-butanol �7�, with tert-butanol �8�.

FIG. 2. Values of q for alkynes �qalkyne� and for alkanes �qalkane� in the
corresponding mixtures.The points correspond to the following mixtures:
hexyne+metanol �1�, octyne+1-propanol �2�, nonyne+1-propanol �3�,

2-octyne+1-butanol �4�, 1-octyne+1-butanol �5�.
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Góral.4 In the first stage of this investigation the constant of
the coassociation, Kij, was treated as adjustable parameter in
EoSC. Analysis of Kij fitted individually to each VLE data
set showed that it can be approximated with Eq. �1�

Kij = ��Kii�0.5, �1a�

where Kii is a constant of autoassociation of ith alkanol at
given temperature. In further calculations the following val-
ues were used:
alkenes

� = 0.06 GPa−1, �1b�

alkynes

� = 0.60 GPa−1. �1c�

The same equation for Kij but with �=0.80 GPa−1 was
used in the previous paper3 for coassociation of alkanols with
alkylbenzenes.

Having Kij defined by Eqs. �1a�–�1c� EoSC uses only one
binary parameter ��� for correlation of VLE. This parameter
� is used in the mixing rule for energetic parameter in RK
equation of state. EoSC was successfully used in the previ-
ous papers1–3 for correlation of VLE data in systems of al-
kanols with hydrocarbons. The results of the correlation were
as good as in the case of the two-parameter equation for GE

proposed by Wilson. The same is true for mixtures investi-
gated in this paper with the exception of the data reported by
Kudryavtseva and co-workers. They measured azeotropic
systems at isobaric conditions. Many of their data sets show
systematic deviations from the approximating line calculated
by EoSC, whereas the data for the same or similar system
measured in another laboratory are well approximated by
EoSC. Taking into account this fact and some other tests we
assumed that the mentioned deviations are caused by system-
atic error of the data. The deviations occur near the limits of
the concentration range. In this region the measurements are
more vulnerable to systematic error of the concentration.
This kind of error has negligible influence on the boiling
temperature in the vicinity of the azeotropic point. Therefore,
some of the mentioned data sets were used in Figs. 1 and 2
after removing one or two of the deviating points from the
given data sets.

3. Prediction of VLE Data

Once the value of the binary parameter � in EoSC is
known, the corresponding phase diagram of the system can
be determined via EoSC. It is also possible to calculate aux-
iliary thermodynamic functions such as excess Gibbs energy
of mixing and activity coefficients of the components. These
thermodynamic quantities are related to � via equations for
chemical potentials yielded by EoSC �see Goral et al.1,4�.
These relations can be also used in the opposite direction
e.g., if value of any of the thermodynamic functions at some
concentration is known then the value of � for the corre-

sponding mixture can be determined and after then VLE can
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be calculated with EoSC. It enables us to use the physically
meaningful quantity for the VLE prediction instead of the
empirical parameter �.

In this work the prediction of VLE is based on excess
chemical potential of the hydrocarbon at an equimolar mix-
ture with alkanol. This quantity ��0.5

E � divided by gas con-
stant �R� and temperature �T� is denoted here by q

q = �0.5
E /RT . �2�

The advantage of using q is that it is not confined to the
equation used for the correlation of the VLE data provided
that the equation is able to correlate adequately the data.
Therefore the proposed values of q can be checked by inves-
tigators, which use another correlating equations.

Figures 1 and 2 show comparison between values of q in

TABLE 1. Me
the corresponding binary mixtures, which are formed by
pairs of the corresponding unsaturated and saturated hydro-
carbons �for example cyclohexene and cyclohexane� with the
same alcohol at the same temperature.

The values of q for alkenes and alkynes in mixtures with
alkanols were obtained from correlation of VLE data with
EoSC. The corresponding values for saturated hydrocarbons
were calculated with method of VLE prediction for mixtures
of alkanols with saturated hydrocarbons described in Part 1
�Goral et al.1� and Part 2 �Goral et al.2� of this series.

Each point in Figs. 1 and 2 corresponds to experimental
data set, which passed previous stages of verification. Shift
of q from the approximating line equal to 0.01 corresponds
to shift of the calculated equimolar vapor pressure equal to
approximately 1%. With a few exceptions the points are well
approximated with straight lines shown in the figures. There-
fore it is assumed that the deviations result mainly from er-
rors of the data.

l–1-pentene
thano
The equations of the lines in Figs. 1 and 2 are as follows:

J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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qalkene = 1.04 · qalkane − 0.048, �3�

qalkyne = 0.91 · qalkane − 0.059. �4�

One can be surprised that qalkene and qalkyne in Eqs. �3� and
�4� behave differently in respect to qalkane but other properties
such as critical temperatures or free volumes in the series:
alkane, alkene and alkyne also do not change monotously.

Equations �3� and �4� were used for VLE prediction in this
paper. The prediction for a given mixture consists of the
following steps:

�1� Calculation of qalkane with the method of prediction
described in Part 11 and Part 22. For example, if a

TABLE 2. Met
mixture of 2-methyl–2-butene is considered then the

J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
corresponding qalkane is calculated for mixture of
2-methylbutane with the same alkanol at the same
temperature;

�2� Calculation of qalkene or qalkyne in the considered
mixture with Eq. �3� or Eq. �4�;

�3� Calculation of � for the considered mixture from
the corresponding value of q; and

�4� Calculation of VLE with EoSC using the determined
value of �.

For all the investigated mixtures both the prediction and cor-
relation were done with the same parameters of self-
association as those used in previous parts.1–3 Kij was calcu-
lated with Eqs �1a�–�1c�. In the case of the correlation �i,j

was adjusted to each data set individually, in the case of the

–cyclohexene
hanol
prediction �i,j was calculated from the scheme described
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above. The resulting standard deviation of pressure ��� was
calculated with Eq. �5�

� = ��k=1

N−n
�Pexper. − Pcalc.�k

2/�N − n − m��0.5
, �5�

where Pexper. is experimental pressure, Pcalc. is the calculated
pressure, N is total number of the experimental points in the
data set, n is the number of data points for pure substances,
and m is the number of the adjustable parameters. In the case
of correlation m=1, in the case of prediction m=0 was used.

Both isothermal and isobaric data were treated in a uni-
form way in this respect that the vapor pressure and vapor
composition were adjusted to liquid composition and tem-
perature via EoSC. Hence accuracy of the VLE description
for both types of data is characterized by � calculated with
Eq. �5�.

TABLE 3. Me
In case of the correlation � depends mainly on scattering
of the VLE data, whereas in the case of the prediction � is
additionally increased by systematic error of the data and
error of the prediction. Thus the error of the prediction can-
not be estimated from the corresponding � alone. One should
rather consider the difference between the standard devia-
tions of the prediction and the correlation. The two values of
� corresponding to the prediction and the correlation are
given below each data set. In order to compare accuracy for
data sets measured at various conditions each � was divided

by average pressure in the data set �P̄�. The mean value of

� / P̄ for the recommended VLE data is 0.80% in the case of
prediction and 0.54% for the correlation. The small differ-
ence between these two values indicates excellent accuracy
of the prediction as well as the absence of significant system-

l–1-heptene
thano
atic errors in the recommended data.

J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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4. Description of Tables Containing the
Recommended Data

Each system is presented on a separate page, which in-
cludes a table of VLE data, the corresponding figures, and
auxiliary information.

For the presented systems, there are not enough data to fill
the corresponding table with the three isotherms and the iso-
baric data set. In such a case the table is completed with the
predicted “artificial” data provided that at least one posi-
tively evaluated experimental data set is available for a given
system. These artificial data sets are specified as “predicted.”
The value of q used for the prediction is denoted as q0 and
given below each artificial data set.

Each experimental data is acompanied by a q value and
standard deviation of pressure resulting from the correlation
of the data with EoSC. They are denoted by q1 and �1, re-
spectively. For comparison values of q and � resulting

TABLE 4. E
0 0

J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
from the prediction are also given. In Tables 8, 10, and 17
one can notice that �1��0. It occurs when the sum of
squares in Eq. �5� has a similar value both for correlation and
prediction. In such a case the denominator of Eq. �5�, which
is lower for the correlation, can produce this effect.

It was found that during the correlation of the isobaric data
the temperature dependence of the binary parameter, �, in
EoSC can be ignored, which reduces the number of adjust-
able parameters. As a consequence isobaric data sets were
correlated in a way similar to isothermal data using � inde-
pendent of temperature. In this case q0 and q1 given below
the isobaric data set correspond to temperature at equimolar
concentration of the data set.

If experimental vapor concentration y is not reported for
the selected data set then the experimental data are appended
with the calculated values of y. These values are not shown
in the figures to differentiate them from the

l–1-hexene
thano
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experimental points. The only points shown in the figures correspond to experimental values. The approximating lines result
from correlation with EoSC. For the artificial data sets only the predicted curves are shown.

5. Conclusions

The whole collection of data sets for the 18 systems given in the paper �Tables 1–18� is internally consistent, because
separate data sets for various mixtures are approximated very well with the same equation, Eq. �3� or Eq. �4�. This statement
is supported by good agreement of q1 and q0 given below each experimental data set. The values of q1 and q0 describe the
experimental data with similar accuracy as is shown by values of the corresponding standard deviations �1 and �0. The good
accuracy of the prediction demonstrated on the experimental data allows us to believe in good accuracy of the predicted data
used to fill the experimental gaps in the tables.

TABLE 5. 1-Propanol–1-heptene
J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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TABLE 6. 2-Propanol–1-hexene
J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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TABLE 7. 1-Butanol–3-ethylcyclopentene
J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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TABLE 8. 1-Butanol–1-butylcyclopentene
J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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TABLE 9. 1-Butanol–1-octene
J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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TABLE 10. 1-Butanol–trans-2-octene
J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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TABLE 11. 1-Butanol–cis-4-octene
J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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TABLE 12. 1-Butanol–trans-4-octene
J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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TABLE 13. 2-Butanol–1-hexene
J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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TABLE 14. 2-Methyl-2-propanol–2-methyl-2-butene
J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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TABLE 15. Methanol–1-hexyne
J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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TABLE 16. 1-Propanol–1-octyne
J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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TABLE 17. 1-Propanol–1-nonyne
J. Phys. Chem. Ref. Data, Vol. 35, No. 4, 2006
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