Available online at www.sciencedirect.com
THE JOURNAL OF

SCIENCE Cbnlnec1'° Supercritical
@ Fluids

www.elsevier.com/locate/supflu

ELSEVIER J. of Supercritical Fluids xxx (2004) XXX—XXX

Prediction of double retrograde vaporization: transition
in binary mixtures of near critical fluids with
components of homologous series

S. Espinosd, S. Raeisdl, E.A. Brignole?, C.J. Peterd*

a8 PLAPIQUI, Universidad Nacional del Sur—CONICET, CC 717, 8000i8&tanca, Argentina
b |aboratory of Physical Chemistry and Molecular Thermodynamics, Faculty of Applied Sciences, DelftChemTech,
Delft University of Technology, Julianalaan 136, 2628 BL Delft, The Netherlands

Accepted 21 January 2004

Abstract

The phenomenon of double retrograde vaporization (DRV) has been simulated using the group contribution equation of state coupled
with the Michelsen computational procedures for calculating phase envelopes. This behavior was studied for a number of binary mixtures
of near critical fluids with a low volatile component. For the binary systems etitdimeonene, ethane- linalool, methanet butane, and
methanet pentane the “double-domed” and “S” shaped curves were successfully predicted and found to be in good agreement with the
experimental information available. Prediction of DRV in a humber of binary systems from different families further confirmed the idea of
the generality of this behavior in all asymmetric mixtures. All results indicate that as the solute increases in molecular size, the composition
at which the phenomenon of DRV starts to appear shifts to higher solvent concentration, while simultaneously covering a wider composition
range. For the homologowsalkane series in binary mixtures with @p to G as near-critical solvents, a correlation in the appearance of the
phenomenon of DRV with the hard-sphere diameter of the solvent was observed. Although for each solvent, the lower limit of solute carbon
number that shows DRV is easily estimated, the upper carbon number could not always be determined because the occurrence of liquid—liquid
immiscibility interferes with the DRV phenomenon. In binary mixtures of,@@th homologous members of alkyl esters, no liquid—liquid
immiscibility was predicted, so it was possible to determine both the lower and upper concentration bounds of DRV.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction gives rise to the phenomenon that has been identified as
double retrograde vaporization (DRV).

The challenging problems of the process industry in the DRV occurs in mixtures having (high) molecular asym-
current century have promoted extensive research in the fieldmetry (difference in size, shape and interaction energy be-
of supercritical fluid technology. However, any successful tween the solute and solvent molecules) and is characterized
process design is dependent on accurate knowledge of therby an anomalous retrograde dew point curve at small solute
modynamic properties. Although this is true in general for concentrations and at temperatures close to the critical tem-
any type of process design, the understanding of phase beperaturel;,, of the solvent. On thB—x, y diagram, schemat-
havior in supercritical processes is of even higher signifi- ically shown in the far right side dfig. 13 instead of the
cance as the phase behavior near the critical region may exsingle-domed dew point curve in the familiar “single” ret-
hibit extreme trends. This is in particular the case of highly rograde vaporization, DRV shows two “domes” at tempera-
diluted solute mixtures in a solvent at near-critical condi- tures close to, but abovk, . In this case, quadruple-valued
tions. Under these conditions, it is likely that the mixture dew points are observed since a pressure decrease at constant

composition and temperature will cause the following phase
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Fig. 1. Schematic presentation of double retrograde behavior on P—x, y and P-T coordinates. The dotted and solid curves indicate bubble and dew point

curves respectively and the black dots are the critical points.

left side of Fig. la This results in triple-valued dew point
at a specific composition. Of course when P—x, y isotherms
of a system show multiple dew point behavior, the P-T iso-
pleths would also be characterized by multiple dew points
(Fig. 1b). On such a diagram, DRV behavior can be found
only within a certain composition range bounded by the two
isopleths which have a vertical tangent to their critical and
non-critical domes, as shown schematically in Fig. 2. For fur-
ther details and explanations about DRV, see elsewhere [1].

DRV was observed experimentally by Chen et a. [2,3]
for the systems methane + butane and methane + pentane.
Raeiss and Peters [4] reviewed the previous work giving
further experimental evidence of DRV. The studies attempt-
ing to simulate this phenomenon using equation of state

Fig. 2. Schematic presentation of the two isopleths with the minimum
and maximum mole fractions, respectively, at which DRV behavior can
be observed. The dotted and solid curves indicate bubble and dew point
curves respectively and the black dots are the critical points of the two
isopleths.

methods include the more recent work of Espinosaet d. [5],
in addition to those listed by Raeissi and Peters [6]. After
nearly three decades of neglect, anew phenomenological in-
terest in DRV has given rise to explanations of the behavior
and the description of the transitions of DRV with temper-
ature on the P—x, y coordinates, and with composition on
the P—T coordinates [1], in addition to the thermodynamic
evaluation of the phenomenon [7,8].

In this study, we discussed additional characteristics of
this phenomenon. The work is divided into two stages:

o First, the use of the group contribution equation of state
(GC-EQS) in predicting DRV behavior isjustified by com-
paring simulation results with the available experimental
data in literature.

e Second, the trend of appearance and growth of DRV
through homologous series of n-alkanes and alkyl esters
with several supercritical solventsis investigated.

2. Vapor-liquid equilibria predictions

The phase boundary for DRV shows sharp changes in
dope in the vicinity of the critical point of component A
and, therefore, arobust computational procedureis required
to obtain reliable predictions of phase equilibria in this re-
gion. In this case, the numerical procedure of Michelsen
[9] for phase envelope calculations coupled with the GC-
EOS thermodynamic model by Skjold-Jorgensen [10] was

applied.
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The basis of the GC-EOS isthe generalized van der Waals
partition function combined with the local composition prin-
ciple. The residual Helmholtz function is divided into an
attractive and a free volume term. The free volume part is
described by an expression for hard spheres, while the at-
tractive part is a group contribution version of a density
dependent NRTL type expression [11]. For details of the
equation of state and its derived relations, see elsewhere
[20].

Predictions with the GC-EOS require a number of pure
group and binary group interaction parameters. With the
exception of the alcohol group of linalool, in the present
study all predictions were based on the original parameter
tables of Skjold-Jorgensen [10], the additional pure group
and binary interaction parameters for olefinic groups by
Push and Schmelzer [11], the improved binary interaction
parameters between CO, and paraffins by Espinosa et al.
[12], and the CO, and aromatic groups presented by Bam-
berger et a. [13]. The proximity effects in linalool, due
to the presence of the tertiary acohol group close to an
olefinic group, made it necessary to include a specia bi-
nary interaction parameter between this group with ethane.
This parameter was obtained on the basis of the experimen-
tal data reported by Raeissi et al. [14] for the system ethane
+ linalool. For further details and the parameter values, see
elsawhere [5].

3. GC-EOS capability in simulating experimental DRV
data

Thereis a serious lack of experimental DRV datain liter-
ature. The following binary VLE data have been simulated
in this work: ethane + limonene [15] and ethane + linal ool
[1] in the form of P-T isopleths, and methane + butane
[2] and methane + pentane [3] as P—x, y isotherms. The
GC-EOS proved to be successful in simulating DRV behav-
ior in all these systems, not only qualitatively but also quan-
titatively. This can be seen, for example, for ethane+lina ool
in Fig. 3. The phase envelope for the ethane + linalool sys-
tem at 99.98 mol% ethane particularly illustrates the robust-
ness of the Michelsen procedure in representing very sharp
changes in the phase envelope in the critical region of the
mixture. The general trend of appearance and growth of
DRV isclearly apparent by proceeding through the different
plots in Fig. 3, with the characteristic growth of the “criti-
cal dome” and simultaneous shrinkage of the “non-critical
dome’ as the mixture approaches closer and closer to the
pure solvent. Similar comparisons for ethane + limonene
have aready been presented in an earlier work [5].

On different space coordinates, the comparison between
predictions and data for methane + butane and methane +
pentane a so indicate the good predicting capability as shown
in Figs. 4 and 5, especially by considering the scale of the
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m  Exp.data: (Raeissi et al., 2002)
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Fig. 3. Comparison of GC-EOS predictions with the experimental bubble and dew point data for four isopleths of the system ethane + linalool [1].
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Fig. 4. Comparison of GC-EOS predictions of DRV (continuous curve)
with the experimental dew point data of Chen et a. [2] (points) for three
isotherms of the system methane + butane.
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Fig. 5. Comparison of GC-EOS predictions of DRV (continuous curve)
with the experimental dew point data of Chen et a. [3] (points) for three
isotherms of the system methane + pentane.

x-axis. M ethane+butane exhibits the triple-valued dew point
characteristics for temperatures below the critical tempera-
ture of the solvent, while methane + pentane exhibits the
full double-domed DRV behavior at temperatures above the
solvent critical point.

4. Appearance and trends of DRV behavior in
homologous series

Considering the adequate performance of the GC-EOS
in predicting DRV behavior, the phenomenon was further
investigated, based on the group contribution equation ap-
proach to predict the appearance and trend of change in the

i 100 ppm

. = ; . .
170 180 190 200 210
T (K)

Fig. 6. GC-EOS predictions of DRV for binary mixtures of methane+
pentane at different concentrations (in ppm of pentane), including the
lower and upper concentration boundaries of DRV (23 and 700 ppm,
respectively).

shape and range of DRV in binary mixtures of near-critical
fluids with components belonging to homologous series.

4.1. n-Alkane + n-alkane homologous series

A selected number of homol ogous n-alkane mixtures have
been chosen in order to investigate their near-critical phase
behavior. The solvents range from methane up to pentane,
while the solutes go up to as high as octacosane.

4.1.1. Methane 4 n-alkanes

As an example, Fig. 6 illustrates P-T coordinate DRV
plots in binary mixtures of methane + pentane for five
different isopleths. Comparison of this system with exper-
imental data was previoudly discussed in Section 3. Fig. 6
also exhibits two concentrations (700 and 23 ppm pentane,
respectively) at which the critical and non-critical domes
have vertical tangents (dashed lines on figure). Such lim-
iting isopleths indicate the beginning and end of the DRV
phenomenon for a given binary system. In other words,
DRV behavior appears, grows, and diminishes within
the small range of compositions bounded by these two
isopleths.

Fig. 7 shows the shapes of the DRV dew curves for three
members of the homologous n-alkane series in methane.
As the carbon number increases, DRV begins to appear at
smaller solute concentrations. Thisisalso in agreement with
previously observed experimental data on binary systems
of limonene and linalool with ethane [1]. Linalool with a
molecular mass of 154.25 g/mol does not yet show any DRV
behavior a a concentration of 99.79mol% ethane, while,
at exactly the same concentration of 99.79mol.% ethane,
limonene having a molecular mass of 136.24 g/mol has al-
ready begun to form a dent in the dew point curve charac-
teristic for DRV.
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Fig. 7. GC-EOS predictions of DRV for binary systems of methane with
some members of the homologous n-alkane series.

It was found, however, that with successively heavier
members of the homologous series, a point is reached where
the predictions show instabilities, i.e., in this case for a six
carbon number solute (hexane) with methane. The authors
ascribe such instabilitiesto the occurrence of thewell-known
phenomenon [16] of three-phase liquid-iquid—vapor (L1 +
L2 + V) equilibrium in the same region, which interferes
with the phase envelope calculations. Fig. 8aillustrates the
equilibrium regions for the system at 188.3K. Although the
GC-EOS estimates are hindered by computational instabili-
ties, in fact it is possible that the liquidiquid immiscibility
and DRV can couple together to form the interesting case
shown in Fig. 8b, with the following sequence of phase tran-
sitions upon increasing pressure at constant composition:
V>V+L -V > V+Ly— Ly It must be noted
that the GC-EOS qualitatively, be it not quantitatively, pre-
dicts the existence of liquidiquid immiscibility as well as
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<
o
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Fig. 9. GC-EOS predictions of DRV for binary systems of ethane with
some members of the homologous n-alkane series.

the extension of the three-phase locus, in accordance with
experimental data [17].

4.1.2. Ethane + n-alkanes

A similar study was carried out for mixtures of n-alkanes
with near-critical ethane. Asafirst step to check the predict-
ing capability of the GC-EOS for such systems, the general
phase behavior over wide composition ranges, not involv-
ing DRV, were also compared with experimental data for
the binary systems of ethane with decane and eicosane. The
results, not presented here, for the sake of brevity, indicate
good agreement between predictions and experimental data.
Then, focusing on the particular region of DRV, the phe-
nomenon was predicted starting with octane and going up
to docosane. Some of these estimations are plotted in Fig. 9.
Octadecane was the first alkane to show interference of the
three-phase equilibrium L1+ L2+ V with the predicted DRV

\
T T T
0.99992 0.99996 1
(b) mole fraction of methane

Fig. 8. DRV coupled with liquid-liquid immiscibility for the system methane + hexane: (a) Pxy GC-EOS predictions at 188.3K; (b) phase transitions of
both liquidHiquid immiscibility and double retrograde vaporization predicted for 188.3K.
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Fig. 10. GC-EOS predictions of DRV for binary systems of propane with
some members of the homologous n-alkane series.

in this system. The occurrence of aLLV equilibrium for this
system is in agreement with the experimental observations
of Pegg et al. [18].

4.1.3. Propane + n-alkanes

The systems of binary mixtures of near critical propane
with n-alkanes were predicted to show DRV behavior within
the range of undecane up to octacosane (Fig. 10).

4.1.4. Butane + n-alkanes

GC-EOS predictions for binary mixtures with butane as
the near-critical component indicate heptadecane to be the
first n-alkane to exhibit DRV with butane.

4.1.5. Pentane + n-alkanes
Nonadecane is the first n-alkane to exhibit DRV in com-
bination with pentane.

4.1.6. Generalization for n-alkane homologues

In studies involving homologous series, it is a com-
mon approach to establish general relationships based
on carbon numbers. However, in the GC-EOS, members
of homologous series are not identified by carbon num-
bers, but rather by their hard-sphere diameters as given
by the Carnahan-Starling expression. The results for
n-alkane + n-alkane homologues (Fig. 11), do indeed indi-
cate a correlation between the hard-sphere diameters of the
solvent and the most volatile solute at which the DRV phe-
nomenon begins, at least within the range of solvents from
C; to Cs. Of course, taking into account the discrete char-
acter of properties of members of homologous series, one
cannot expect a perfectly linear relationship to prevail. For
example, in combination with ethane as the solvent, octane
is the first n-alkane member to show DRV, which seems to
be atoo large n-alkane member for a perfectly linear fit ac-
cording to Fig. 11. However, the next lower member in the
homologous series, heptane, is a too small n-alkane to fit

8.0
7.5
70-
65
6.0-
5.5-

5.0

hard-sphere diameter of solute (cm/mol)

4.5

C1-C4 (experimental data [2] )

4.0 T . T . . . . . .
3.2 3.6 4.0 4.4 4.8

hard-sphere diameter of solvent (cm/mol)

Fig. 11. Relationship between the hard-sphere diameters of the solvent
and the most volatile solute at which DRV just starts to form.

exactly the linear correlation of Fig. 11. In addition, there
is also the issue of uncertainties and errors in the values of
hard-sphere diameters, which can also contribute to some
scattering in the perfectly linear fit.

The major conclusions from the homol ogous n-alkane se-
ries are summarized as follows:

1. DRV behavior was predicted in all the homologous series
investigated within specific concentration ranges. This
further supports the idea [1,5,6] that DRV is a common
phenomenon in asymmetrical systems.

2. In principle, the heavier the solute, the higher the sol-
vent concentration required to observe double retrograde
behavior in such binary mixtures.

3. Intherange of solvents from C; to Cs_thereisareason-
ably linear relationship between the hard-sphere diame-
ters of the solvent and the most volatile solute at which
the DRV phenomenon just starts to take place. Thistrend
may well continue to higher members of the n-alkane
homol ogous family.

4. The upper limit of n-alkane carbon numbers showing
DRV could not be determined due to the occurrence of
three-phase equilibria LLV.

4.2. Carbon dioxide 4+ n-alkanes

Mixtures of carbon dioxide with members of the n-alkane
homologous series show similar behavior and trends com-
pared to the n-alkane systems as discussed above. The nec-
essary asymmetry for the existence of DRV is not associated
alone with the size of the compounds, but also with their in-
teractions. Carbon dioxide starts to show DRV for the first
time with hexane and continues up to tetradecane. Although
binary mixtures of carbon dioxide with n-alkanes show al-
ready liquidiquid immiscibility at significantly lower car-
bon numbers than that of hexadecane [16], nevertheless, the
binary system of carbon dioxide with hexadecane was the
first system showing the instabilities characteristic for the
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—— hexane (13500 ppm)
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————— hexadecane (10 ppm)

Fig. 12. GC-EOS predictions of DRV for binary systems of carbon dioxide
and some members of the homologous n-alkane series.

presence of liquid-iquid immiscibility. Some examples of
the shapes and trends of DRV in these binary systems are
shown in Fig. 12.

4.3. Carbon dioxide + alkyl esters

A number of binary mixtures of carbon dioxide with dif-
ferent members within the same homologous family, and
also with different ester families have been investigated.

4.3.1. Changesin the alkyl chain size

Going through the family members with different alkyl
groups within the same ester family, one finds similar trends
compared to those observed for the n-alkane homologues.
A certain chain-length is necessary to produce DRV. The
limiting alkyl group sizes required are indicated in Table
1 for a selection of akyl esters. Fig. 13 presents a plot
of DRV behavior and its concentration boundaries for two
acetate family members. It is interesting to note how the
DRV behavior is more pronounced as the solute chain size

Table 1

8 - propyl acetate
- - - - butyl acetate
* 99.827%
) AN
N
\
\

\

\
\
\
'
i
!
'

4 99.691 % /

99.707 % L

T T T T T T T T T
302 304 306 308 310
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Fig. 13. GC-EOS predictions of DRV for binary systems of carbon dioxide
and two different alkyl-acetate family members. For each binary system,
the two extreme concentrations (in mol% of carbon dioxide) are plotted,
corresponding to the boundaries of appearance and disappearance of DRV.

increases. Fig. 14 gives an even clearer view of the growth
of the DRV concentration range as chain size, and hence
molecular asymmetry increases.

4.3.2. Changesin the ester chain size

Considering alky! ester family members of progressively
increasing ester group size, the predictions of the GC-EOS
would imply that it is not so much the size of the ester
group itself rather than it is the whole molecule size that
determines the occurrence of DRV. Thiscan be seenin Table
1 for propyl acetate, ethyl propionate, and methyl butyrate.
A DRV plot isalso shown for these different ester familiesin
Fig. 15. These limiting components, marking the beginning
of DRV behavior come from different ester families but all
have the same molecular mass of 102.13 g/mol and consist
of the same atoms, athough positioned differently in the
molecule. This may be attributed to the general limitation of
the group contribution methods in quantifying interactions
of the same groups in different positions.

Ranges of existence of DRV for akyl esters with carbon dioxide as predicted by the GC-EOS

Ester family Alkyl ester Molar mass Hard-sphere Existence Lower concentration Upper concentration
(g/mal) diameter (cm/mol) of DRV range of DRV in range of DRV in
mole fraction mole fraction

Acetates Methyl acetate 74.08 4.7532 No - -

Ethyl acetate 88.11 5.0996 No - -

Propyl acetate 102.13 5.3801 Yes 99.691 99.707

Butyl acetate 116.16 5.6332 Yes 99.827 99.898
Propionates Methyl propionate 88.11 4.8529 No - -

Ethyl propionate 102.13 5.2016 Yes 99.672 99.695

Propyl propionate 116.16 54773 Yes 99.811 99.889
Butyrates Methyl butyrate 102.13 5.1684 Yes 99.704 99.748

Ethyl butyrate 116.16 5.4962 Yes 99.804 99.877

Propyl butyrate 130.19 5.7688 Yes 99.870 99.954

Butyl butyrate 144.21 6.0767 Yes 99.900 99.976
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Fig. 14. Effect of chain length on the DRV behavior of binary systems of carbon dioxide and different butyrate family members. The solid and dashed
curves represent the upper and lower concentration boundaries of DRV, respectively, and the region in between indicates the range of solute compositions

with DRV.

4.3.3. Generalization for the alkyl ester-homologues

The results generally confirm those obtained with the
n-akane + n-alkane homologous series. One main differ-
ence however is that the alkyl ester binary mixtures with
carbon dioxide exhibit awider pressure range for DRV than
previously observed in other systems. This may be a hope-
ful hint for the possibility of employing the phenomenon of
DRV for practical purposes, such as separations.

Another difference is that in contrast to n-alkanes, the
alkyl esters do not show any liquid-iquid immiscibility in
the range of DRV, so it is easily possible to determine both
the lower and upper concentration bounds of DRV. As the
solute increases in molecular mass, both the minimum and
maximum solvent concentrations required to produce DRV

| propyl acetate
- - - - ethyl propionate
methyl butyrate

P (MPa)

T T T T T T T T T f T T
305.6 306.0 306.4 306.8 307.2 307.6 308.0
T (K)

Fig. 15. GC-EOS predictions of DRV for binary systems of carbon
dioxide and some different ester families. For each binary system, the two
extreme concentrations corresponding to the boundaries of appearance
and disappearance of DRV, as given in Table 1, are plotted.

shift to higher solvent concentrations, also increasing in con-
centration range (Table 1 and Fig. 14).

5. Conclusions

DRV is expected to arise in systems with (high) molec-
ular asymmetry near the critical temperature of the more
volatile component. A number of different binary mixtures
were investigated and the GC-EOS was capable of predict-
ing this phenomenon in every system that went beyond a
given molecular asymmetry. These predictions confirmed
the idea that DRV is a common phenomenon to all such
systems. Consequently, the model was used to compare pre-
dictions with experimental results showing good agreement
with available experimental data.

Investigations of n-alkane + n-akane, CO, + n-alkane,
and CO; + akyl ester homologous series indicated that as
the solute increases in chain length, DRV occurs at progres-
sively higher solvent concentrations. This may well be the
genera trend for al homologous series. This direct rela-
tion between DRV solvent concentration and solute—solvent
asymmetry has also been observed experimentally for two
binary mixtures of citrus oil constituents [1].

Thereisalso apossibility that within certain concentration
ranges, the phenomenon of DRV occurs simultaneously with
liquid-iquid immiscibility to produce fascinating combina-
tions of phase transitions as a function of pressure changes.

The investigation within homologous n-alkane+ n-alkane
series indicated that there is a linear relationship between
the hard-sphere diameter of the solvent and the minimum
solute hard-sphere diameter at which DRV begins to appear.
Mixtures of alkyl ester family members with CO, indicated
molecular size to be the major playing factor in determining
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the bounds of DRV in such systems, while the attractive
interaction energies seem to be responsible for the range of
compositions in which the phenomenon is present for each
binary system.
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