Physical and Chemical Forces in

Solvent Selectivity for Hydrocarbons
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An analysis is given of the role of physical and chemical forces in determining the selectivity
of a solvent for different hydrocarbons. The physical contribution to selectivity depends on the
polar energy density of the solvent and on the difference in size of the hydrocarbons to be
separated; this effect is well-demonstrated by solvent selectivity dota for paraffins where no
chemical forces are important. The chemical contribution depends on the ability of the solvent
to form acid-base complexes with the hydrocarbon. Chemical forces leading to complex forma-
tion can be detected by measurements on the heat of mixing, the volume change of mixing, and
on the ultraviolet absorption of solvent-hydrocarbon mixtures; some illustrations of such meas-
urements are presented. Finally an equation is proposed for correlating selectivity data in ex-
tractive distillation, and its applicability is demonstrated with activity coefficient data for
saturated and unsaturated hydrocarbons in various polar solvents.

A common problem in the separa-
tion of hydrocarbons occurs when two
or more components in the liquid
mixture have nearly the same volatil-
ity. In that case separation by ordinary
distillation is difficult or perhaps even
impossible, and it is necessary to add
a new component which will appreci-
ably change the relative volatility of
the hydrocarbons. This additional com-
ponent, known as the entrainer or
extracting solvent, must be able to
differentiate between the two hydro-
carbons which are te be separated,
which is another way of saying that
if the solvent is to be effective it must
have a high selectivity. Previously
(13) it was shown that the thermo-
dynamics of solvent selectivity depends
on the intermolecular forces which
act amongst polar and nonpolar mole-
cules and that these forces can be
conveniently subdivided into physical
and chemical forces. This paper reports
some further studies in analysis and
detection of intermolecular forces
which give rise to selectivity and il-
lustrates how some of the ideas de-
veloped here may be used in the
correlation and interpretation of ex-
perimental phase equilibrium data.
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PHYSICAL FORCES

When a polar solvent is mixed with
a nonpolar hydrocarbon, the important
physical forces are those between the
dipoles of the polar component, the
induced dipole forces which act be-
tween the polar and nonpolar species,
and the dispersion forces which act
between all the species. On the basis
of a simplified model it was shown
(13) that when the polar solvent is
present in excess, the selectivity (and
hence the relative volatility) can be
expressed in terms of a polar, a dis-
persion, and an induction contribution.
It was further shown that in the ab-
sence of chemical forces the polar
term was the dominant one whenever
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Fig. 1. Effect of molecular size on selectivity.
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there was a significant difference in
the sizes of the two hydrocarbons to
be separated; the model predicts that
in the absence of chemical forces the
larger hydrocarbon will have the larger
activity coefficient and that the log-
arithm of the selectivity is proportional
to the square of the polar solubility
parameter of the extracting solvent.
Hence it is possible to separate two
hydrocarbons merely on the basis of
size difference, as shown schematically
in Figure 1. A polar molecule moves
about, colliding with nonpolar hydro-
carbons. In each collision the polar
molecule kicks the hydrocarbon in the
sense that it causes the hydrocarbon
to have a positive deviation from
Raoult’s law. If hydrocarbons 1 and 2
are present in equal molar concentra-
tions, it is clear that the larger hydro-
carbon 1 will be kicked more fre-
quently than the smaller hydrocarbon
2. As a result hydrocarbon I will ex-
hibit a larger positive deviation from
Raoult’s law than hydrocarbon 2,
merely because hydrocarbon 1 exhibits
a larger cross section for interaction
with the polar component. This is
equivalent to saying that the larger
hydrocarbon will have the larger ac-
tivity coefficient.

The effect of molecular size on se-
lectivity is well-illustrated by activity
coefficient data for paraffins in polar
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solvents; in saturated hydrocarbons
chemical forces are not important, and
therefore the qualitative conclusions
of the simplified model apply without
modification. Figure 2 shows that for
normal paraffins in three polar solvents
the logarithm of the activity coefficient
is approximately a linear function of
the paraffin size. Since the selectivity
of component 1 relative to component
2 is the ratio of activity coefficient of
1 to that of 2, the nearly linear data
in Figure 2 point out that for satu-
rated hydrocarbons the logarithm of
the selectivity is closely proportional
to the size difference of the hydrocar-
bons which are to be separated.

CHEMICAL FORCES

Saturated hydrocarbons are relatively
inert materials, and hence their inter-
action with polar solvents involves no
chemical forces. However olefins,
acetylenes, and aromatics have highly
polarizable pi electrons which can
cause loose bonding, or complex for-
mation, with electrophilic groups such
as cyano, nitro, or hydroxyl radicals.
Such loose aggregates are often called
acid-base® complexes; their importance
in extractive processes is due to the
fact that if a hydrocarbon forms a
complex, its volatility is decreased, and
the more stable the complex the lower
will be the volatility.

Complex formation can be detected
in many ways, and three of these are
considered here, First the formation
of a complex can be detected by ex-
amining the heat of mixing between
the polar species and the hydrocarbon.
This heat of mixing consists of two
parts: one generated by the physical

® The word base here refers to the electronic
definition of bases of G. N. Lewis and does not re-
fer to the ability of a substance to attract a hydro-
gen ion.
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Fig. 2. Size effect in solvent selectivity: ac-
tivity coefficients of normal paraffins in polar
solvents at infinite dilution.
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TasLE 1. EQuiLiBriuM CONSTANTS FOR
CoMpLEX FORMATION WITH
NITROETHANE AT 25°C,

Equilibrium
Ionization constant,
Hydrocarbon potential, e.v. liter/g.-mole
Benzene 9.2 0.020
Toluene 8.9 0.022
Mesitylene 8.3 0.093

forces which are always present, and
another generated by the chemical
forces which are present only in the
event that complex formation occurs.
The physical forces always give rise
to an endothermic (positive) heat of
mixing, whereas the chemical complex-
ing forces always give rise to an exo-
thermic (negative) heat of mixing.
The actually measured heat of mixing
is the sum of these two contributions
and hence may be positive or negative
depending on which contribution is
larger. However for similar hydrocar-
bons the heat of mixing will be larger
(algebraically) for the more saturated
hydrocarbon. For example consider
the difference between the heat of
mixing of acetone with cyclohexane
and that of acetone with benzene.
Data for the former system were ob-
tained with a calorimeter described
elsewhere (2), and data for the latter
system have been reported previously
(4, 11); the new results are shown in
Figure 3. For the noncomplexing
cyclohexane the heat of mixing is one
order of magnitude larger than that
for the complexing benzene. The small
heat of mixing for the acetone-ben-
zene system does not mean that this
system is nearly ideal but rather that
in the vicinity of room temperature
the chemical and physical contribu-
tions to the enthalpy of solution tend
nearly to cancel each other. Since the
heat of complex formation is exother-
mic, complex stability falls with rising
temperature; less complex is formed
as the temperature increases, and
therefore the chemical contribution to
the heat of mixing must decrease. As
a vesult the heat of mixing for the
acetone-benzene system should rise
with temperature as is observed (4, 11).

The effect of unsaturation on com-
plex formation and hence on the heat
of mixing is shown best by comparing
data for a set of hydrocarbons having
a fixed number of carbon atoms but
varying in their degree of unsaturation.
Accordingly heat of mixing data were
obtained for a series of C, hydrocar-
bons with nitroethane. Figure 4, which
shows the results, indicates that as
complex stability rises with unsatura-
tion, the heat of mixing tends to fall
toward the exothermic side; the heat
of mixing is a maximum for saturated
hexane and a minimum for unsaturated
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benzene. Original data for Figure 4
are available elsewhere (I).

Complex formation can also be de-
tected from volumetric data. When a
complex is formed between two (or
more) molecules, the volume occupied
by the complex is always less than
that occupied by the molecules which
form it, and therefore complex forma-
tion produces a shrinkage. However
when two liquids are mixed, effects
other than complex formation also af-
fect the volume change on mixing;
therefore, as in the heat of mixing,
there are both physical and chemical
contributions to the excess volume.
The various physical contributions have
been considered by Meares (8, 9, 10)
and by Scatchard (15). There are
two physical contributions which are
important in mixtures of hydrocarbons
and polar liquids. One of these, which
is usually dominant, is due to the dif-
ference in cohesive energy densities
and makes a positive contribution to
the excess volume; the other, which is
of lesser importance, is proportional to
the difference in microscopic compres-
sibilities and almost always makes a
negative contribution to the excess
volume. Both of these physical effects
are such that the excess volume is
proportional to the product of the vol-
ume fractions. Chemical effects how-
ever are proportional to the product
of the mole fractions, and therefore in
a system where the molar volumes of
the two liquids are quite different,
complexing can frequently be detected
by an S-shaped excess volume curve
which is positive for part of the com-
position variable and negative for an-
other part, or else by a curve which
is everywhere positive but shows two
maxima and a minimum. There are
many examples of the former type of
curve, one being that for the acetone-
chloroform system (6). The latter type
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Fig. 3. The heat of mixing for the acetone-
cyclohexane system at 45°C.
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Fig. 4. Effect of unsaturation of the hydrocar-
bon on the heats of mixing for nitroethane-hy-
drocarbon systems at 45°C,

of curve is much less frequent, but an
example of it is given by the carbon
tetrachloride-benzene system at low
temperatures (16).

While it is difficult to give a useful
quantitative relationship between com-
plex formation and volume change on
mixing, the qualitative criteria are the
same as those for the heat of mixing,
since in both cases complex formation
causes the measured quantity to be
more negative. This effect is illustrated
in Figure 5, where the effect of hydro-
carbon unsaturation is strikingly shown
by the excess volumes of several hy-
drocarbons with nitroethane. In those
cases where complexing occurs the ex-
cess volume is negative except for
hexene-1 where it is positive for a
small concentration range. Only for
cyclohexane is the excess volume posi-
tive throughout.

The complexing effect of different
polar solvents on benzene is shown in
Figure 6, where, qualitatively, the
better the solvent the more negative
the excess volume. Di-isobutyl ketone
appears to complex only slightly with
benzene, probably because of the steric
interference of the bulky isobutyl
groups which prevent complexing be-
tween the carbonyl group and the pi
electrons of benzene. (The excess
volume of benzene with sterically more
favorable acetone is negative for all
concentrations.) The results in Fig-
ure 6 clearly suggest that g dipro-
pionitrile is likely to be a more highly
selective solvent for aromatics than
di-isobutyl ketone or acetophenone.

Original data for Figures 5 and 6
are available elsewhere (1).

The most direct method for deter-
mining the presence of a complex is
that with ultraviolet spectroscopy. If
a complex is formed, the electronic
distribution about the nuclei is suffi-
ciently disturbed to produce an ultra-
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violet absorption spectrum for the
complex which is different from the
sum of those of the two complexing
components. A simple test therefore is
to compare the absorption of a polar-
nonpolar mixture, with that of the
polar and that of the nonpolar taken
separately. This can be conveniently
done with a double-cell technique,
where the polar electron acceptor is
designated as an acid and the non-
polar electron donor as a base. If the
absorption in one cell is different from
that in the other, a complex must have
been formed, and the intensity of the
difference is a measure of the complex
stability. For precise quantitative work
the necessary optical arrangement and
the experimental procedure is a little
more complicated; however it is pos-
sible to use optical measurements to
compute equilibrium constants for
complex formation as has been de-
scribed by Ketelaar (7), Benesi and
Hildebrand (3), and many others. In
the past such measurements have been
made primarily with inorganic elec-
tron acceptors, but there is good rea-
son to believe that this method is also
applicable to common organic polar
materials which may be useful extract-
ing solvents. Accordingly optical meas-
urements were made for three mix-
tures of hydrocarbons with nitroethane.
The details of this work are presented
elsewhere (2), but some of the results
are shown in Table 1. The ability of a
hydrocarbon to transfer an electron is
indicated (inversely) by its ionization
potential, and, as expected, the results
in Table 1 show that complex stability
increases with rising hydrocarbon
basicity.

EFFECT OF TEMPERATURE

In the absence of chemical forces
the model previously presented shows
that the selectivity falls with rising
temperature. If chemical forces are
present, increasing temperature de-
creases complex stability, and hence a
rise in temperature will also lower the
selectivity owing to chemical effects.
It would appear then that extractive

TasBLE 2. Cor.ListoN VOLUMES FOR
Some HYDROCARBONS

Collision volume,

Component ce./g.-mole
n-Butane 69.2
Isobutane 69.6
n-Pentane 72.1
n-Hexane 75.0
n-Heptane 77.9
Cyclohexane 70.5
Benzene 68.0
Butene-1 64.6
cis Butene-2 63.4
Pentene-1 67.9
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Fig. 5. Yolume change on mixing nitroethane
with hydrocarbons at 25°C.

processes are most efficient at lower
temperatures. However in extractive
distillation selectivity must clearly im-
prove when the solvent concentration
is increased; unfortunately however
an increase in concentration of the high
boiling polar solvent will, at constant
pressure, increase the operating tem-
perature. As a result increasing sol-
vent concentration at a fixed distilla-
tion pressure has both an advantage
and a disadvantage, and therefore a
plot of selectivity vs. ratio of solvent
to hydrocarbon may go through a
maximum, An example of this effect is
shown by the data of Qozati and Van
Winkle (14) for the system ethylcy-
clohexane-ethylbenzene-hexylene  gly-
col.

CORRELATION AND INTERPRETATION
OF DATA

Analysis of the role of physical
forces in extractive distillation has led
to the conclusion that it is possible to
separate hydrocarbons on the basis of
size difference. In that case the most
effective solvent is one having a large
polar energy of vaporization and a
small molecular size. Analysis of the
role of chemical forces in extractive
distillation leads to the conclusion that
it is possible to separate hydrocarbons
on the basis of a difference in tendency
toward complex formation. In that case
the most effective solvent is one hav-
ing a large electron affinity (acidity).
In typical extractive distillation sepa-
rations both physical and chemical
effects are important, but if experi-
mental data are to be interpreted and
correlated, a clear separation between
the two effects must be made.

The simplified solution model for
selectivity due to physical forces pre-
dicted that the polar effect is given by
the product of an intensity term (the
square of the polar solubility param-
eter) and a capacity term (difference
in molar volumes of the hydrocarbons).
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The capacity term follows from the as-
sumption that the molecular cross
section for interaction is proportional
to the molar volume, but this is neces-
sarily a crude assumption since the
molar volume is determined not only
by the molecular size but also by geo-
metrical packing characteristics. There-
fore for quantitative work it is more
useful to set the cross section for
interaction proportional to some col-
lision volume which is determined
primarily by microscopic dimensions.
A precise definition of collision volume
is quite arbitrary, but for correlation
purposes a useful definition is given

by
¥ = [V, + V] —k B8P,V (1)

The physicochemical details in sup-
port of this definition are given else-
where (2); for present purposes it is
important only to recognize that ¥ is
a volumetric term which for any hy-
drocarbon can be calculated quite
easily with only the pure-component
properties of that hydrocarbon. Some
collision volumes are given in Table 2.

A correlating equation for the se-
lectivity in the presence of excess sol-
vent can now be written in the form

_Gr@—w

InS..
RT

+ @ (K13 Kzs) (2)

The first term gives the physical
(size effect) contribution to the selec-
tivity, whereas the second term gives
the chemical contribution in an un-
specified function which depends only
on the stabilities of the complexes
formed by the hydrocarbons with the
polar solvent. The exact form of the
function @ is not indicated, but four
cases can be distinguished:

IfK;=0and K= 0 then® = 0
IfK; = K then® = 0
If Kes > K13 then o > 0
If K., < Kis then® < 0

Figure 7 shows how Equation (2)
may be used to correlate previously
published solvent selectivity data (5,
12). The continuous line is a plot of
Equation (2) with ® = 0; that is the
continuous line gives the selectivity in
those cases where there are no chemi-
cal effects. This calculated line cor-
rectly predicts the experimentally ob-
served selectivities for several systems
containing only saturated hydrocarbons
as indicated by the filled-in black
points.

Since the function @ is not specified,
data for systems where chemical ef-
fects are important can be correlated
by Equation (2) in only a semiempiri-
cal way. In the cases considered here
K.; > 0, whereas K,, = 0; that is in all
these cases the chemical and physical
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Fig. 6. Yolume change on mixing benzene with
polar solvents at 25°C.

effects act in unison to raise the rela-
tive volatility of component 1, and
therefore the experimertal points lie
above the calculated base line for
physical effects. Although such cases
are not shown in Figure 7, it is quite
possible to have the chemical and
physical effects act in opposite direc-
tions; for example in the separation of
hexadiene (molar volume 116 cc./g.-
mole) from butane (molar volume 100
cc./g.-mole) the physical (size) effect
will raise whereas the chemical (com-
plexing) effect will lowar the volatil-
ity of hexadiene relative to that of
butane.

The dotted lines on Figure 7 may
be considered as lines of constant
chemical activity; for any particular
polar solvent the dotted line will be
higher for molecules of higher unsatu-
ration as is shown by comparing the
line for systems contaning benzene
and furfural with that for systems
containing pentene and furfural.

Analysis of the role of intermolecu-
lar forces in extractive separations can-
not yet eliminate the need for experi-
mental data. However such analysis
can help in a preliminary screening of
promising solvents and can contribute
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to minimizing experimental effort by
providing a guide for the interpreta-
tion and correlation of phase equilib-
rium data.

ACKNOWLEDGMENT

The authors are grateful to the donors
of the Petroleum Research Fund for
financial support.

NOTATION

k = Meares’ constant

K = equilibrium  constant for
complex formation

P; = internal pressure

R = gas constant

Se = selectivity = "/,

T = absolute temperature

\% = molar volume

vV, = free volume

Ve = van der Waals volume

Greek Letters

B isothermal compressibility

2 collision volume

activity coeflicient at infinite
dilution

function

polar solubility parameter of
solvent

Il

@

Y

I

[}
8.7

I

LITERATURE CITED

1. Data have been deposited as document
6952 with the American Documenta-
tion Institute, Photoduplication Service,
Library of Congress, Washington 25,
D. C., and may be obtained for $1.25
for photoprints or for 35-mm. micro-

. Anderson, Ralph, dissertation, Univ.
Calif., Berkeley, California (1961).

. Benesi, Hans, and ]J. H. Hildebrand,
J. Am. Chem. Soc., 71, 2703 (1949).

. Brown, I., and W. Fock, Aust. ].
Chem., 10, 417, 429 (1957).

. Gerster, J. A,, J. A. Gorton, and R. B.
Eklund, paper presented at Am. Chem.
Soc. Meeting, Cleveland, Ohio (April,
1960).

(92 GRS - N ]

6. Hubbard, J. C., Phys. Rev., 30, 740
(1910).

7. Ketelaar, J. A. A, et al, Rec. trav.
chim., 71, 1104 (1952).

8. Meares, P., Trans. Faraday Soc., 45,
966, 1066 (1949).

9. Ibid., 49, 1133 (1953).

10. , J. Phys. Chem., 22, 955
(1954).

11. Mobius, H. H., J. Prakt. Chem., 2,
274 (1955).

12. Pierotti, G. J., C. H. Deal, and E. L.
Derr, Ind. Eng. Chem., 51, 95 (1959).

13. Prausnitz, J. M., and Ralph Anderson,
A.I.Ch.E. Journal, 7, 96 (1961).

14. Qozati, Ahmad, and Matthew van
Winkle, J. Chem. Eng. Data, 5, 269
(1960).

15. Scatchard, George,
Soc., 33, 160 (1937).

16. Wood, S. E., and J. P. Brusie, J]. Am.
Chem. Soc., 65, 1891 (1943).

Manuscript received May 15, 1961; revision re-
ceived July 18, 1961; paper accepted July 21,
1961.

Trans. Faraday

Page 69



