August, 1972]

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VoOL. 45, 2299—2303 (1972)
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The vapor pressure of a system in which it is assumed that the maltene component in petroleum asphalt has
been replaced by an organic solvent, i.e., a mixed system of an asphaltene component and an organic solvent, was
measured over a wide range of composition. The experimental results were then analyzed on the assumption
that such a system is a binary system and that the equation p;=,°+RTIn(1—v,)+ (1—1/2)v,+ X,0,2 which
Flory and Huggins derived for the chemical potential of a solvent of a linear, high-polymer solution which is not
relatively dilute is applicable; the volumetric ratio, z, of the asphaltene particle and solvent molecule and the value
of the parameter, X,, of the interaction of the asphaltene and solvent molecules were obtained. The above results
made it clear that mixed systems of asphaltene plus chloroform and carbon tetrachloride all form a homogeneous
phase over the entire composition range, but in the case of a cyclohexane system, separation into 2 phases occurs
in the mixed composition range of 3.0 vol%,—40 vol%, asphaltene and a dilute phase of 3.0 vol%, asphaltene and
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a concentrated phase of 40.0 vol%, coexist.

It may be assumed from the above results that there is a possibility

of the presence of a state in which separation into 2 phases is also present in the case of asphalt.

The petroleum asphalt is composed of three com-
ponents, which are called ‘“‘asphaltene”, ‘“‘asphaltic
resin,” and ‘“‘asphaltic oil,” and it is generally ac-
cepted that it has a colloidal structure in which the
asphaltene molecules or the micelles which absorb
or adsorp the asphaltic resin disperse in asphaltic
oil. However, there has been no study confirming
such a colloidal structure of asphalt experimentally.

Here, we measured the vapor pressures of mixtures
asphaltene with various organic solvents and exam-
ined the dissolved states of the asphaltene in the systems,
the sizes of the asphaltene molecules or particles, and
the interaction between the asphaltene and the organic
solvent molecule. It can be considered that this
examination is the first step in elucidating the struc-
ture of asphalt, since the above-mentioned system
can be regarded as one in which a maltene component
which is the mixture of asphaltic oil and resin is replaced
by an organic solvent.

Experimental

Materials. Straight asphalt manufactured by the
Nippon Sekiyu Co., Ltd., was used as the sample from which
the asphaltene component was separated. The values of
the penetration degree? and the ring and ball softening
point® of this asphalt were 73 and 49 respectively.

Cyclohexane, benzene, chloroform, and carbon tetra-
chloride which had been purified according to the common

1) JIS K 2530.
2) JIS K 2531.

method were used as the solvents to dissolve the asphaltene.

Separation of Asphaltene from Asphals. The straight
asphalt described above was mixed with 3 volumes of n-
hexane, shaken, and left to stand for a long time; then the
supernatant solution of the mixture was removed by decanta-
tion. The insoluble component separated from the mixture
was mixed again with 3 volumes of n-hexane; this mixture
was shaken and filtered, and the residue was used as the
sample of asphaltene in the experiments.

Method for the Measurement of the Vapor Pressure. A
quartz spring, on which a small glass basket containing the
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Fig. 1.
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4. Liquid thermostat
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cut 11, Trap 12. Desiccating agent
14. Geissler tube 15. Mercury diffusion pump
pump 17. Air thermostat
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sample was hung, was placed in a long glass tube which was
connected to a mercury manometer and a mercury diffusion
pump and placed in a liquid thermostat.

The glass tube was evacuated, and then it was closed by
shutting a mercury cut; a solvent vapor was introduced into
the tube, and after giving a suitable length of time for the
temperature equilibration to be reached, the vapor pressure
of the sample mixture was read on the mercury manometer
to within 0.001 cm. This apparatus is drawn schematically
in Fig. 1. The pressure inside of this vacuum line without a
sample, as measured by a Macleod gauge, was 10~ mmHg.
The compositions by the volume fractions of the systems were
determined by means of the weight of the sample mixture,
which was measured by means of the quartz-spring balance,
and the densities of the asphaltene and the solvent. The
dried asphaltene powder did not show the vapor pressure;
accordingly, the asphaltene was treated as a non-volatile
material.

Results and Discussion

Many difficulties arose in the theoretical treatment
of the experimental results, for the asphaltene is not a
single compound, but a mixture of several kinds of
compounds; further, our information about these
compounds and the molecular forms is sparse. Con-
sequently, we will discuss the experimental results
on the basis of two assumptions. The first is that the
mixture of the asphaltene and organic solvent is a
binary system, and the second is that the equation for a
chemical potential of the solvent of a relatively con-
centrated solution of linear high polymers;

1
=+ BT =) + (1= D)o+ 2wt (1)

which was derived by Flory® and by Huggins®, can
be applied to the system of the asphaltene and an
organic solvent. In the above equation, x; and
u,° are the chemical potentials of the solvent in the
system and the pure solvent respectively; z, the ratio
of the molar volume of the solute molecule to the sol-
vent molecule; X,, the parameter of the interaction
between a solute and solvent molecules; v,, the volume
fraction of the solute in the system; R, the gas constant,
and 7, the absolute temperature of the system.

On the other hand, when the vapor is assumed to be
an ideal gas, the activity, a,, of a solvent in the solution
of a non-volatile material is given by;

- £

bo
where p and p, are the vapor pressures of the solvent
over, respectively, a solution and a pure solvent. 'When
the vapor is assumed to be an imperfect gas, a; is
represented by;

2)

a

=P e ZB (- p)
o =L exp| o (top)] )
where B is the second virial coefficient of the vapor
of a pure solvent at T7°K. In Eq. (3), exp [(—B/
RT)(po—p)] is the factor for the gas-imperfection cor-
rection. The relative deviation from 1 of this value

3) P.J. Flory, J. Chem. Phys., 9, 660 (1941); 10, 51 (1942).

4) M. L. Huggins, ibid., 9, 440 (1941); J. Phys. Chem., 46,
151 (1942).
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is estimated to be 1.5%, at most, and about 0.59, in
mean value, in relation to the data of this experiment.
Here, however, we ignored these gas-imperfection
corrections and used Eq. (2), because we could not
find the accurate values of B for the vapors at every
measuring temperature of every solvents. The che-
mical potential of the solvent in solution can, there-
fore, be represented by the following equation:

= m®+ RT L @)
bo
A comparison of Eq. (1) with (4) gives:
i ~l) 2
Ina, = ln}; = In(l—uv,) + (1 i + Xq0,
or o)

a; = ;I;- = (1—uv,) cxp[(l——jz- o+ 21022:'

In general, the interaction parameter, X,, can be
determined by using the observed @, and z values,
which are evaluated by means of the molecular weight.
However, as the molecular weight of asphaltene has
not been found, it was necessary to determine the
values of both z and X, at the same time, Eq. (5)
was, therefore, rewritten as follows:

ln—pp———ln(l—vz)

yo Do - (1_.1;) + Ly (6)

U2
If neither the z value nor the X, value depends on the
volume fraction, the plots of Y uvs. v, should be linear.
The intercept and the slope of the straight line will,
then, give the values of (1—1/z) and X, respectively.

The plots of Y wvs. v, for the four kinds of systems
are shown in Figs. 2—5. As can be seen in these
figures, the relation of Y to v, was found to be linear;
accordingly, the values of X; and z could be determined
simultaneously. The values thus obtained for each
system are shown in Table 1.

The above results show that X; does not depend
on v,. Furthermore, the plot points of Y vs. v, at the
different equilibrium temperatures were found to be
on the same straight line. It may be thought that

X, does not depend on the temperature, either. Ac-
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Fig. 2. A plot of {In(p/pe)-In(l-—vy)}/v; wversus volume

fraction of asphaltene v, for the mixed system of asphaltene
and cyclohexane.
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Fig. 3. A plot of {In(p/pe)—1In(l—0y)}/v, wversus volume
fraction of asphaltene v, for the mixed system of asphaltene
and benzene.

250 O 15°C -
® 25°C

200f @ 35°C -
O 45°C

150

8

050

{In (p/pe)—1In (1—122)} /v,

00 0.2 04 0.6 08 10

Fig. 4. A plot of {ln(p/pe)—In(1—2y)}/vs wversus volume
fraction of asphaltene and chloroform.
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Fig. 5. A plot of {In(p/pe)—1In(1—25)}/v, versvs volume
fraction of asphaltene v, for the mixed system of asphaltene
and carbon tetrachloride.

cording to Flory,® X, is a dimensionless quantity for-
mally defined by:
_ grpdwy, 7
2, - ™
where Aw;, is the exchange interaction energy per
molecule; k, the Boltzmann constant, T, the absolute
temperature; ¢, the coordination number about a
lattice in solution and x5, the number of segments
in a solvent molecule. The mixing enthalpy change,
AH,,, is represented by:

atty = k73 o ®)

T
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TABLE 1. THE VOLUMETRIC RATIO z OF SOLUTE
AND SOLVENT MOLECULES, THE INTERACTION
PARAMETER X; AND THE CRITICAL VOLUME
FRACTION AND X; VALUE FOR PHASE SEPARATION
Volu- Intffrac- Critical values
. tion e S
metric - Vol Interac-
Solvent ratio para olume ntera
meter fraction tion
parameter
z Xy (v)e (Xy)e
Cyclohexane 30.6 0.76 0.18 0.68
Benzene 13.1 0.77 0.27 0.78
Chloroform 34.3 0.41 0.17 0.67
Carbon
tetrachloride 27.1 0.54 0.19 0.69

where 7, is the mole number of the solvent in a solu-
tion. If the Adw,;, does not depend on the temper-
ature, it follows, by virture of Eq. (7), that X, should be
proportional to 1/7. However, if X; does not depend
on the temperature, as here, it may be concluded from
Eq. (8) that Aw,, should be proportional to 7" and
that AH, should become zero. These conclusions
include the contradiction that such a solution is
athermal; besides, the interaction parameter, ¥,
consists only of a configurational entropy change due
to a solvent-solute interaction. Therefore, it is
reasonable to assume that the variation in the value of
X; with the temperature is so slight in the temperature
range of this experiment that the difference in the
slope of the straight line for the different temperature
could not be found.

Next, as the value of z is the ratio of the size of an
asphaltene particle to that of a solvent molecule, if
the molecular sizes of the solvents do not differ from
one another, these values for the different systems
should not differ from one another, either. The
molecular sizes of benzene and the other solvents do
not differ greatly; nevertheless, values of z for the
asphaltene-benzene system are smaller than the others.
This can probably be attributed to the fact that the
values of z obtained from the intercepts of the straight
lines in Figs. 2—5 are very sensitive to the length of the
intercepts; we can not expect to obtain highly accurate
values of z by this method. However, in order to know
the order of magnitude of the molecular weight of
asphaltene, we did attempt to estimate it roughly by
multiplying the molecular weight of the solvent by z.
For example, it was 2500 for the asphaltene-cyclo-
hexane system and 1020 for the asphaltene-benzene
system.

The lower the value of X;, the better the solvent.
Consequently, as is shown in Table 1, chloroform is
the best solvent among those used, while benzene and
cyclohexane are relatively poor solvents.

The solid lines in Figs. 6—9 show the curves of the
functions, which were obtained by substituting the
values of X; and z shown in Table 1 into Eq. (5). The
observed values of activities, a,=p/p,, are also plotted

5) P. J. Flory, “Principles of Polymer Chemistry,” Cornell
Univ. Press, New York (1953) Chapt. 13.
6) P. J. Flory, J. Chem. Phys., 10, 51 (1942),
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Fig. 6. An activity of cyclohexane a,(=p/p,) in the system
of asphaltene and cyclohexane versus the volume fraction
of asphaltene v,.
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Fig. 7. An activity of benzene a,(=p/p,) in the system of
asphaltene and benzene versus the volume fraction of
asphaltene v,.
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Fig. 8. An activity of chloroform a,(=p/p,) in the system
of asphaltene and chloroform wversus the volume fraction
of asphaltene v,.

¥ ¥ L] 1) ¥ L] ¥ ) 1)
10 b
o8l 1
< O6f 7
‘Q' -

Il_ =
S 04f -
-~ ® 25°C ok
02} @ 35°C .
O 45°C
1 1 1 1 L 1 1 1 1

00 0.2 04 06 08 10
U2

Fig. 9. An activity of carbon tetrachloride a,(=p/p,) in the
system of asphaltene and carbon tetrachloride versus the
volume fraction of asphaltene v,.

in these figures. Among these results, it is noteworthy
that a phase separation occurs in the asphaltene-
cyclohexane system, as is shown in Fig. 6, where the
two different compositions of the separating phases
are indicated by the symbols a and b.

The critical volume fraction and the critical inter-
action parameter of a phase separation are given by:

(Uz)c = ( :

I+ z)
1 1
(Xy)e = ? + ‘2_1/—2

The values of (v,), for each system are also shown
in Table 1, together with the actual values of X,.
When X;>(%;),, the phase separation occurs in a
certain region of some mixture compositions. As is
shown in Table 1, %,>(X,), only in the case of the
asphaltene-cyclohexane system (that is, a phase sepa-
ration should occur in this system), while all the other
systems except the asphaltene-benzene system should
be homogeneous over the range of composition. In
the case of the asphaltene-benzene system, as the value
of X, is close to the value of (X,),, and as the difference
between the two values is in the range of experimental
error of the values, we could not decide whether or not
this system is homogeneous over the range of com-
position. In the case of the asphaltene-cyclohexane
system, the compositions of the two separated phases
were obtained by the following method. Correspond-
ing to Eq. (1), the chemical potential of the solute is
given by:

Uy = s’ + RT Inv, — (z—1) (1—0,) + Xyz(1—205)* (9)
where #,° is the chemical potential of the pure solute,

while the relation between the volume fraction and
the molar fraction of the solute is given by:

_ 2%,
T Tt (z—1)x

From Egs. (1), (9), and (10), the mean molar Gibbs
energy of mixing in units of BT is represested by:

(10)

Uy
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g—g° (I —x,) ZXy
22 = (]l- In-——— =L __ In—— —=
- Ul Wiy gl R iy vy
Lyz(1 —xy)x,
T+(z= 1),

when g and g° are the mean molar Gibbs free energies
of the system after and before mixing respectively, and
¥, is the molar fraction of the solute. When a sepa-
ration into two phases occurs, a double tangent with
two contact points can be drawn to the curve of the
plots of (¢—g°)/RT uvs. x,, and the two contact points
represent the two different compositions of the two
phases.”
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Fig. 10. Mean molar free energy of mixing asphaltene with
cyclohexane, in units of RT, (g—g°)/RT versus the mole
fraction of asphaltene x,.

7) H. Tompa, “Polymer Solutions,” Butterworths Scientific
Publications, London (1956), Chap. 2.
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The curves of these plots for the asphaltene-cyclo-
hexane system are shown in Fig. 10(a), while the plots

-of a;=p/p, vs. the molar fraction of the solute, x,, are

shown in Fig. 10 (b). A double tangent can be drawn
to the curve in Fig. 10 (a), and it has become apparent
that the composition of the dilute phase is 0.001
asphaltene relative to the molar fraction, or 3.0 vol9,
while that of the concentrated phase is 0.021 relative
to the molar fraction, or 40.0 volY%,.

We attempted to confirm the presence of two
separated phases in this system by using another method
as well. That is, a mixture of asphaltene and cyclo-
hexane (8.59, asphaltene by volume) was prepared;
it was centrifuged, and then the concentration of the
supernatant solution was determined. This concen-
tration was 5.1%, asphaltene by volume. This value
is slightly different from that obtained from the contact
point of the double tangent drawn to the curve in Fig.
10 (a), but it is evidence of the presence of a phase
separation that the concentration of the supernatant
solution is different from the composition of the total
mixture.

As has been mentioned above, it has become
apparent that separation into two phases occurs in a
mixture of asphaltene with a saturated hydrocarbon
such as cyclohexane; therefore, if the maltene compo-
nent of asphalt, which is regarded as a solvent of
asphaltene in a real asphalt, has an abundance of
saturated hydrocarbon compounds, it can be guessed
that the separation into the concentrated and dilute
phases of asphaltene is possible at equilibrium in a
real asphalt, too. Furthermore, in many cases the
content of asphaltene in a straight asphalt is about
10—259%, by weight; this agrees with the region of
compositions in which a phase separation occurs in
the asphaltene-cyclohexane system. If the fine drops
of the concentrated phase of asphaltene disperse in
its dilute phase, these states shall be relatively stable,
because the difference in the specific weights of their
phases is small and the viscosity of the dilute phase
is considerably high. These states inside the asphalt
can be described by saying that the asphaltene particles
which adsorp a maltene component disperse in a
maltene phase in which a slight quantity of asphaltene
is dissolved.




