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Investigation of Asphaltene Association with Vapor Pressure
Osmometry and Interfacial Tension Measurements
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Molar masses of both n-pentane-extracted and n-heptane-extracted Athabasca asphaltenes were
measured in toluene or 1,2-dichlorobenzene with a vapor pressure osmometer (VPO). The initial
asphaltene molar mass, at concentrations below 0.5 kg/m?3, is ~1800 g/mol. The asphaltene molar
mass is found to increase with asphaltene concentration until a limiting value is reached at a
concentration between 10 and 20 kg/m?3. The limiting value ranges from 4000 to 10 000 g/mol
and depends on the solvent, temperature, and asphaltene fraction. The results suggest that
asphaltenes form aggregates of 2—6 molecules in aromatic solvents. Interfacial tensions of
asphaltenes in toluene or 1,2-dichlorobenzene versus water were measured for asphaltene
concentrations from 0.3 to 100 kg/m? using a drop volume tensiometer. The interfacial tension
decreases linearly with concentration, indicating that no micelles are formed. Hence, the
aggregation observed with VPO does not appear to be micellization. Similar results are obtained

for Cold Lake asphaltenes.

Introduction

Asphaltene precipitation and the nature of asphalt-
enes in solution have been studied for the past 50 years
and are still being debated. Part of the challenge is that
asphaltenes are a solubility class and not a pure
component; here, they are defined as the part of a crude
oil that is soluble in toluene and insoluble in n-pentane
or n-heptane. Hence, they consist of many thousands
of chemical species and their composition is not well
defined. In addition, they appear to interact with each
other and other oil constituents in a complex manner.
It has been proposed that they exist as free molecules
in a nonideal solution,! as aggregates of asphaltenes and
resins,? as colloidal particles,® or as reverse micelles.*
The various proposed structures have led to two differ-
ent types of models for asphaltene precipitation: the
thermodynamic! and colloidal models.> The thermody-
namic model presumes that the asphaltenes are part
of a nonideal mixture and that their behavior is gov-
erned by continuum thermodynamics. The colloidal
model presumes that the asphaltenes are colloidal
particles surrounded by adsorbed resins. The resins are
assumed to partition between the asphaltene particles
and the solvent. If sufficient resins desorb, the asphalt-
enes aggregate and precipitate. The thermodynamic
model predicts that asphaltene precipitation is revers-
ible while the colloidal model predicts irreversible
precipitation. In fact, there appears to be a hystere-
sis in asphaltene precipitation.6” Hence, while the
colloidal model is more generally accepted, it is still not
clear which, if either, model is correct. Therefore, it is
necessary to identify the structure of asphaltenes in
crude oils.

The asphaltene colloidal model arose from X-ray
crystallography data, demonstrating that solid asphalt-
enes consisted of stacked aromatic sheets held together
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by 7—m bonding. It was proposed that small stacks of
asphaltenes were dispersed in a crude oil by resins. The
colloidal model is supported by small-angle neutron
scattering and small-angle X-ray scattering measure-
ments that detected spherical, or possibly disk-shaped,
particles with diameters of ~8 nm dispersed both in
crude oils and in asphaltene—toluene mixtures.8—11

Other work suggests that asphaltenes form reverse
micelles rather than stacks of molecules. Micelles and
reverse micelles are surfactant aggregates. Micelles are
aggregates in which the hydrophobic parts of the
surfactants are concentrated in the center of the ag-
gregate while the hydrophilic parts reside on the
surface. Micelles occur in the aqueous phase where the
hydrophobic part of the surfactant is aligned away from
the water and the hydrophilic part resides near the
water. Reverse micelles occur in the oil phase and the
surfactant alignment is the opposite from that of a
micelle; that is, the hydrophilic parts of the surfactants
are concentrated within the aggregate. Micelles are
expected to form above a threshold concentration, the
critical micelle concentration (cmc). Reverse micelles
have not been investigated in detail and it is not known
if they exhibit a cmc. However, from calorimetry experi-
ments, an apparent dissociation energy was observed
upon dilution of asphaltene—toluene—heptane mixtures
below a critical concentration.’? Furthermore, several
investigators have observed a change in oil—water
interfacial tension versus asphaltene concentration
consistent with reverse micelle formation.3-15

One tool that can be used to shed light on asphaltene
association is vapor pressure osmometry (VPO). With
VPO, the molar mass of asphaltenes can be measured
as a function of concentration in any single-component
solvent. Hence, asphaltene association in a solvent can
be quantified by measuring the change in molar mass.
In fact, previous VPO studies have demonstrated that
different molar masses are observed at different as-
phaltene concentrations, temperatures, and solvents.16.17
In this paper, asphaltene molar mass and solvent—
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Table 1. Athabasca and Cold Lake Bitumen Composition

present work literature
Cold Cold
bitumen fraction Athabasca Lake Athabasca Lake
saturates (wt %) 16.3 19.4 17.318  20.718
aromatics (wt %) 39.8 38.1 39.718 39.718
resins (wt %) 26.4 26.7 25.818 24.818
C5-asphaltenes (wt %) 175 15.8 17.318 15.318
toluene insolubles (wt % 6.5
of C5-asphaltenes)
C7-asphaltene (wt %) 13.4 11.3 14.519
toluene insolubles (wt % 7.8 2.3 6.319

of C7-asphaltenes)

water interfacial tensions are reported for a range of
asphaltene concentrations in toluene and 1,2-dichlo-
robenzene. The relationship between interfacial tension
and asphaltene association is examined and the reverse
micelle model is tested. In addition, the interpretation
of VPO data for asphaltenes is discussed.

Experimental Method

Materials. Asphaltenes were extracted from Atha-
basca and Cold Lake bitumens. Athabasca bitumen is
an oil—sands bitumen and a coker feed sample was
supplied by Syncrude Canada Ltd. Coker feed bitumen
has been treated to remove most of the sand and water
and is ready for upgrading. The Cold Lake bitumen is
recovered from an underground reservoir by cyclic
steam injection. It was supplied by Imperial Oil Ltd. of
Canada and has also been treated to remove most of
the sand and water. A SARA analysis of each bitumen
sample is given in Table 1.

Asphaltenes were extracted from the bitumen using
either n-heptane or n-pentane as the precipitant. The
procedure was the same for each precipitant. For
example, n-heptane was added to the bitumen at a 40:1
volume ratio of n-heptane:bitumen. The mixture was
sonicated for 45 min and left to settle overnight. The
supernatant liquid was removed and the remaining
precipitate was further diluted with n-heptane at a 4:1
heptane:bitumen volume ratio. The final mixture was
filtered through Whatman #2 filter paper (8 um) and
washed with n-heptane until no discoloration was
observed in the washings. Note that this washing step
proved crucial for obtaining accurate molar mass mea-
surements because small amounts of low molar mass
impurities can significantly affect the number-average
molar mass. For example, the measured molar mass of
“unwashed” asphaltenes was as much as 50% lower
than that of “washed” asphaltenes. The asphaltenes
were then dried at 70 °C under a nitrogen blanket until
there was no further change in mass. Asphaltenes
extracted with n-heptane will be referred to as the “C7-
asphaltenes” and those extracted with n-pentane as the
“Cbh-asphaltenes”. The respective asphaltene contents
of the Athabasca and Cold Lake bitumens are reported
in Table 1.

With some crude oils, non-asphaltenic solids (consist-
ing of clay, sand, and some adsorbed hydrocarbons?°)
coprecipitate with the asphaltenes. To remove the solids,
the asphaltenes were dissolved in toluene, typically at
a concentration of 10 g of asphaltene/L of toluene. The
mixture was centrifuged at 900 g for 5 min. The
supernatant was removed and dried in a rotary evapo-
rator at 70 °C under vacuum. The fractions of the C5-
and C7-asphaltenes that did not dissolve in toluene are
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reported in Table 1. In all cases, the nondissolving
fraction is <8 wt % of the asphaltenes. Note that
centrifuging will not remove ultrafine solids that make
up ~2% of the asphaltenes.?’ The non-asphaltene solids
do not appear to influence interfacial tension,'® but their
effect on vapor pressure osmometry measurements is
unknown. However, it is not likely that the small
amount of remaining solids will cause significant error
because solid-phase material is not expected to interact
appreciably with the solvent and influence vapor pres-
sure. All the vapor pressure osmometry and interfacial
tension measurements were conducted with asphaltenes
that were treated to remove the non-asphaltene solids.

Reagent-grade n-heptane and n-pentane were ob-
tained from Phillips Chemical Co., toluene (99.9%
purity) was obtained from VWR, and 1,2-dichloroben-
zene (99% HPLC grade) was obtained from Sigma
Aldrich Co. Distilled water, light mineral oil, and
octacosane were also obtained from Sigma Aldrich.
Sucrose octacetate was supplied by Jupiter Instrument
Co.

Vapor Pressure Osmometry. Vapor pressure 0s-
mometry is based on the difference in vapor pressure
caused by the addition of a small amount of solute to a
pure solvent. In the vapor pressure osmometer, a droplet
of pure solvent and a droplet of solvent—solute are
placed on separate thermistors surrounded by pure
solvent vapor. The difference in vapor pressure between
the two droplets results in a difference in temperature
at each thermistor. The temperature difference causes
a voltage difference, which is related to the molar mass
of the solute as follows,!8

AE 1
C, - K(M—2 + A,C, + A,C,2 + ) (1)

where AE is the voltage difference between the ther-
mistors, C, is the concentration of the solute, K is the
calibration constant, and A; represents the coefficients.
The higher order terms arise from nonideal solution
behavior. To calibrate the instrument, solutes that form
nearly ideal mixtures with the solvent at low concentra-
tions are chosen. Most of the higher order terms become
negligible, and eq 1 reduces to

AE _ K
c, M, + KA,C, (2)
Because the solute molar mass is known, the calibration
constant can be determined from the intercept of a plot
of AE/C, versus C,.

Once the instrument is calibrated, the voltage differ-
ences for solutions of asphaltenes and pure solvent can
be measured. However, it is not known at what condi-
tions asphaltenes form ideal or nonideal mixtures. In
benzene and toluene, asphaltene VPO molar mass does
not appear to change with concentration,'619 possibly
indicating that an ideal solution has formed. In other
more polar solvents, such as 1,2-dichlorobenzene, the
measured molar mass appears to change linearly with
concentration. Most authors assume that the correct
asphaltene molar mass can be found from the intercept
of a plot of AE/Ca versus Ca, where Ca is the asphaltene
concentration.16.18.21

Asphaltene molar mass was measured with a Jupiter
Model 833 vapor pressure osmometer. Sucrose octac-
etate (679 g/mol) was used to calibrate the instrument
and octacosane (395 g/mol) was used to check the
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Table 2. Interfacial Tension of Organic Solvents versus
Distilled Water

interfacial tension (mN/m)

solvent present work literature
n-heptane 49.2 50.122
benzene 34.7 34.0%2
toluene 355 35.8%2

calibration. The measured molar mass of octacosane was
found to be within 2% of the correct value. There was
considerable variation in the voltage at any given
condition probably because of slight local temperature
fluctuations, and therefore at least three runs over the
same range of concentrations were performed.

Interfacial Tension. Interfacial tensions between
hydrocarbon mixtures and distilled water were mea-
sured with a Kruss Model DVT10 drop volume tensi-
ometer. In a drop volume tensiometer, one liquid is
flowed through a thin-walled capillary into a second
liquid and a series of drops form at the tip of the
capillary. Each drop detaches when the buoyancy force
acting on the drop equals the tension holding it to the
capillary tip. At this point, the interfacial tension is
given by

o= Virop9Ap _ QtgAp
ad nd

®3)

where ¢ is the interfacial tension, Vgrp is the drop
volume at detachment, Q is the volumetric flow rate of
the drop-forming liquid, g is the gravitational accelera-
tion, Ap is the density difference between the two
liquids, d is the diameter of the capillary tip, and t is
the time from initiation to detachment for each drop.
Note that the effect of the asphaltenes on the density
of the asphaltene—solvent mixture must be accounted
for, especially at high asphaltene concentrations. An
asphaltene density of 1200 kg/m31° was used to make
the correction. This density was measured indirectly
from asphaltene—toluene mixtures, which appear to
form ideal solutions up to at least 10 kg/m? asphaltene
concentration.

The flow rate is controlled with a Harvard Apparatus
Model 44 syringe pump accurate to within +1%. When
each droplet detaches, it passes a photodiode and
detector and the time is recorded. The difference in the
time at which each drop passes the detector is the time
to detachment. Interfacial tensions can generally be
found to within £0.1 mN/m for drop volumes between
0.25 and 1.0 cm?3. Interfacial tensions were measured
for a number of pure solvents versus water and are
compared with literature values in Table 2. The agree-
ment is within 2% in all cases.

However, the instrument has some limitations. At
flow rates above 2.0 cm®h, inertial forces become
significant and eq 3 is no longer valid. At high viscosity,
elasticity affects the adherence force, also invalidating
eq 3. Another factor affecting the accuracy of the
measured interfacial tension is neck formation between
the drop and the capillary tip. If a neck forms, the
circumference around which the adherence force acts
is smaller than the capillary tip and eq 3 does not apply.
The use of thin-walled capillary tips reduces this source
of error. Campanelli and Wang?? found that the DVT10
drop volume tensiometer gives accurate results when
the less dense component forms the drop. Necking did
occur when the denser fluid formed the drop and
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Figure 1. Dynamic interfacial tension of 15 kg/m3 Athabasca C7-
asphaltenes in toluene versus water.

interfacial tension exceeded 18 mN/m. Significant ab-
solute errors in interfacial tension were observed at
these conditions. However, Campanelli and Wang found
that in many cases the error could be corrected by using
an effective diameter in eq 3 and that the effective
diameter did not change with the flow rate. Hence, the
surfactant diffusion rate and change in interfacial
tension upon surfactant addition could still be deter-
mined accurately.

The drop volume tensiometer measures dynamic
interfacial tension. Interfacial tension depends on the
composition at the interface, which in turn depends on
the relative adsorption of the different components in
the liquids. A finite time is required for the components
to diffuse to the interface. Typically, the time for a drop
to detach from the capillary tip in a drop volume
tensiometer is insufficient for the interface to reach
equilibrium. The higher the flow rate, the shorter the
detachment time and the further the interfacial tension
is from equilibrium. Equilibrium interfacial tensions can
be found by fitting a surfactant adsorption equation to
interfacial tensions measured at different detachment
times (flow rates). For example, the interfacial tension
of 15 kg/m3 of Athabasca C7-asphaltenes in toluene
versus water is given in Figure 1. The early-time data
were fitted with the following equation?* appropriate for
limited diffusion times,

0 =0, — 2RTC,' 4 /% )

and the late-time data were fitted with the approxima-
tion for long diffusion times,?®

0= O+ 12Dt

2 1/2
. RTI'" ( T ) 5)
Ca

where CA' is the asphaltene molar concentration (mmol/
m?3), oeq is the equilibrium interfacial tension (N/m), os
is the pure solvent interfacial tension (N/m), R is the
universal gas constant (J/(mol K)), T is the temperature
(K), T is the asphaltene surface coverage (mol/m?2), and
D is the diffusivity (m?/s). The fitted equilibrium inter-
facial tension is 25.6 mN/m. This value is very close to
the interfacial tension of 25.0 mN/m measured with a
deNuoy ring tensiometer for the same system after 2 h
of contact time.*®

It would require a large number of experiments to
obtain equilibrium interfacial tensions for the range of
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Figure 3. Interfacial tension of SDS in water versus light mineral
oil at 50 °C at a flow rate of 1.0 cm%h.

conditions investigated in this paper. As will be dis-
cussed later, our interest is in the slope of interfacial
tension versus the log of asphaltene concentration.
Fortunately, equilibrium interfacial tensions are not
required to obtain the slope. Interfacial tensions of
Athabasca C7-asphaltenes in toluene versus water were
measured at different flow rates (detachment times) and
are plotted in Figure 2. The slopes decrease slightly from
—1.42 to —1.31 mN/m as the flow rate decreases from
1.5 to 0.25 cm?h. However, the change is <8.5%. Now,
a flow rate of 0.25 cm?3/h corresponds to a detachment
time of 245 s. At this time, interfacial tension is
approaching equilibrium as shown in Figure 1. Hence,
experiments conducted at a single flow rate <1.5 cm3/h
are expected to give the desired slopes to within 10% of
the slopes that would be reached at equilibrium.

Note that, when required, the temperature was
controlled by immersion of the capillary tube and its
surrounding liquid-filled chamber in a water bath. Flow
rates of 0.25 and 1.0 cm3/h were employed at temper-
atures of 25 and 50 °C, respectively. The higher flow
rate was used at 50 °C to minimize exposure of the
photodiode to hot water.

Results and Discussion

The relationship between interfacial tension and
surfactant concentration for a typical surfactant system,
sodium dodecyl sulfonate (SDS) in water versus light
mineral oil, is given in Figure 3. A linear decrease in
surface tension with an increase in surfactant concen-
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Figure 4. VPO measurements of SDS in water at 50 °C.

Table 3. Properties of Sodium Dodecyl Sulfonate
Micelles

present work literature6
(50 °C) (25 °C)
cmc from IFT (kg/m?3) 28+05 2.3
cmc from VPO (kg/m3) 28405
monomer molar mass (g/mol) 220 288
monomers per micelle 36 80

tration occurs when the interface is saturated with
surfactant at equilibrium with the bulk phase. However,
the surface tension becomes constant above the critical
micelle concentration. When micelles form, every ad-
ditional surfactant molecule becomes part of a non-
surface-active micelle. The concentration of free surfac-
tant is then constant and consequently so is the
interfacial tension.

The number-average molar mass for such a system
is expected to equal the monomer molar mass below the
cmc and to be an average of the monomer and micelle
molar mass above the cmc. At sufficiently high concen-
trations, the number of micelles will far exceed the
number of monomers and the average molar mass will
equal the micelle molar mass.

The molar mass for the SDS/water system was
measured with VPO and is shown in Figure 4. On the
left axis, the results are presented as AE/Cx versus SDS
concentration. The value of AE/C, is constant until the
cmc concentration is reached. Therefore, a truncated
form of eq 2 was used to calculate the apparent molar
mass:

M = o 6
= AE (6)

The apparent molar mass is plotted on the right axis of
Figure 4. The results of the IFT and VPO measurements
are compared with literature values in Table 3.

These results confirm that a combination of interfacial
tensions and vapor pressure osmometry experiments
can be used to verify the presence of micelles and give
an estimate of their size. The monomer molar mass is
24% lower than the correct molar mass, reflecting the
potential error in VPO measurements if only a few data
points are collected. In this case, the error may arise
from the calibration or from a blank run that is part of
the VPO procedure. However, the point was not pursued
because the qualitative results were sufficient to dem-
onstrate micellization.

Asphaltene Molar Mass Measurements. A plot of
AE/Cx versus asphaltene concentration for Athabasca
Cb5-asphaltenes in toluene is given in Figure 5. The
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(CL) Cb-asphaltenes in toluene. The insert shows the low-
concentration Athabasca data on an expanded scale with the linear
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apparent molar mass from eq 6 is shown on the same
plot. There is a linear decrease in AE/Cx (or increase
in apparent molar mass) as the asphaltene concentra-
tion increases, but a limiting value is reached at a
concentration of ~20 kg/m?3. The change in AE/Ca could
be caused by nonideal solution behavior. However, with
nonideal behavior, departures from ideality are expected
to be minimal at low concentrations and significant at
high concentrations. The VPO measurements show the
opposite behavior. Hence, it is more likely that the
change in VPO response reflects a change in the
asphaltene molar mass; that is, some form of association
occurs.

The VPO apparent molar mass of Athabasca C5- and
C7-asphaltenes in toluene are shown in Figures 6 and
7, respectively, and in 1,2-dichlorobenzene in Figures 8
and 9, respectively. In all cases, the asphaltenes show
an increase in molar mass as the asphaltene concentra-
tion increases but reach a limiting molar mass. If the
shape of the plot of molar mass versus asphaltene
concentration is a result of asphaltene association and
not nonideal solution behavior, then the standard
technique for determining molar mass will give mis-
leading results. Recall that usually the measured molar
mass is linearly extrapolated to zero concentration to
find the “correct” molar mass. Consider Figure 6. On
one hand, if the molar masses of the C5-asphaltenes
were measured in toluene at 50 °C from concentrations
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Figure 7. VPO molar mass of Athabasca C7-asphaltenes in
toluene.
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between 20 and 50 kg/m3 (~2—5 wt %), then a molar
mass of ~5500 g/mol would be estimated from the linear
extrapolation. On the other hand, an extrapolation over
concentrations from 1 to 5 kg/m3 would give a molar
mass of ~1500 g/mol. In fact, both concentration ranges
have been used by different researchers.16-19.21 Some
of the variations in reported asphaltene molar masses
may be due to the different concentrations used in VPO
experiments.

The shape of the curves in Figures 6—9 suggest that
the low-concentration extrapolation can give an estimate
of the average size of an asphaltene monomer while the
extrapolation at high concentration can, at best, give



Table 4. Estimated Monomer and Limiting Aggregate
Molar Mass
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Table 5. Fitting Parameters for Asphaltene Solvent
versus Water Interfacial Tension

molar mass (g/mol)

solvent temp. (°C) monomer aggregate
C5-Asphaltenes
toluene 50 1900 6200
70 900 5000
1,2-dichlorobenzene 75 1500 4300
130 2400 3600
C7-Asphaltenes
toluene 50 400 10 000
70 2500 8300
1,2-dichlorobenzene 75 900 6000
130 3000 5300

an idea of the average limiting size of the asphaltene
aggregates. The estimated monomer and aggregate
molar masses of the Athabasca C5- and C7-asphaltenes
for the different solvents and temperatures are sum-
marized in Table 4. The estimated monomer molar mass
is the infinitely dilute molar mass found by extrapola-
tion of the molar masses measured at asphaltene
concentrations from <3 kg/m?3 to zero concentration, as
shown in Figure 6. The estimated aggregate molar mass
is the highest molar mass measured above 20 kg/m3
asphaltene concentration.

On one hand, the apparent monomer molar mass
appears to increase with temperature and shows no
apparent relationship to solvent or asphaltene type.
There is considerable scatter in the data and hence the
relationship to temperature may be a coincidence. On
the other hand, the limiting aggregate molar mass
clearly depends on the solvent, temperature, and as-
phaltene type. The aggregate molar mass decreases as
the temperature and the polarity of the solvent increase.
The molar mass of the C7-asphaltenes is higher than
that of the Cb5-asphaltenes. All of these trends are
consistent with previous observations.16:17.27

While the apparent changes in molar mass have not
yet been verified with other techniques, there is some
supporting evidence in the literature. Energy changes
consistent with association have been observed over
similar concentration ranges for other asphaltenes.?®
Furthermore, small-angle neutron and X-ray scattering
techniques indicate that aggregates exist even at low
concentrations. However, the molar masses measured
here correspond to molecular dimensions that are
smaller than the dimensions observed with small-angle
neutron and X-ray scattering techniques. For example,
a spherical aggregate with a molar mass of 6000 g/mol
and a density of 1200 kg/m® has a radius of 1.3 nm
compared to a radius of gyration from scattering mea-
surements of 8 nm.2° Part of the discrepancy may arise
because the radius of gyration is expected to be larger
than the physical radius. In addition, there is likely a
lower resolution limit for the scattering measurements
and the observed radius may be biased toward larger
aggregates.

The results presented in Table 4 suggest that as-
phaltenes have an average monomer molar mass of 1800
g/mol and can associate into aggregates of 2—6 mono-
mers, depending on the composition and temperature.
If so, new approaches to modeling asphaltene precipita-
tion may be required. For example, a small change in
temperature or solvent composition may not affect the
solubility of an asphaltene monomer. However, that
small change may cause asphaltenes to aggregate and
the much larger aggregates may be insoluble. Unless

temp. k Mo Me
solvent (°C) (m3/kg) (g/mol) (g/mol)
C5-Asphaltenes
toluene 50 0.380 1586 6407
70 1.07 10002 5313
1,2-dichlorobenzene 75 0.771 10002 4480
130 0.802 1801 3699
C7-Asphaltenes
toluene 50 0.248 10002 10630
70 0.146 2447 8750
1,2-dichlorobenzene 75 0.129 10002 6882
130 0.254 2845 5238

a8 M, fixed at 1000 g/mol if the initial curve gives values <1000
g/mol.
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Figure 10. Interfacial tension of Athabasca (Ath) and Cold Lake
(CL) C5-asphaltenes in toluene versus water.

the change in molar mass is accounted for, any solubility
predictions are likely to be inaccurate. Both thermody-
namic and colloidal approaches may need modification.

Curve Fits of Asphaltene Molar Mass. To inter-
pret the interfacial tension data discussed later, equa-
tions relating asphaltene molar mass to concentration
at different temperatures and in different solvents were
required. Therefore, the VPO molar mass data were
fitted with the following equation,

KC,

Ma=T5 ke,

(Me = Mg) + M, (7)

where k, M, and M, are fit parameters. The value of
M, corresponds to the average monomer molar mass and
the value of M. to the limiting average aggregate molar
mass. The form of the curve fit was chosen because it
provided a good fit, not because it is believed to
represent the physics of the association. The fit param-
eters for the previously reported VPO data are given in
Table 5 and the fitted equations are plotted in Figures
6-9.

Interfacial Tension Measurements. The apparent
aggregation demonstrated in Figures 6—9 may be the
result of reverse micellization. If so, a plot of interfacial
tension of asphaltene—solvent mixtures versus water
is expected to have the same form as Figure 3. Inter-
facial tensions versus water of Athabasca C5- and C7-
asphaltenes in toluene are given in Figures 10 and 11,
respectively, and those for Athabasca C5- and C7-
asphaltenes in 1,2-dichlorobenzene are given in Figures
12 and 13, respectively. In all cases, the interfacial
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Figure 11. Interfacial tension of Athabasca C7-asphaltenes in
toluene versus water.
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Figure 12. Interfacial tension of Athabasca C5-asphaltenes in
1,2-dichlorobenzene versus water.
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Figure 13. Interfacial tension of Athabasca C7-asphaltenes in
1,2-dichlorobenzene versus water.

tension decreases over the entire range of measured
concentrations from 0.05 to 100 kg/m3. There is no
evidence of a critical micelle concentration, although
aggregation apparently occurs within the measured
concentration range. Now, because asphaltenes are a
multicomponent mixture rather than a pure surfactant,
the formation of micelles and the appearance of a cmc
may be complicated. Nonetheless, systems of mixed
surfactants have been shown to form mixed micelles and
to reach an invariant interfacial tension similar in
appearance to a pure surfactant cmc.3® Therefore, the
monotonic decrease in interfacial tension with asphalt-

ene concentration indicates that the asphaltene ag-
gregates are not reverse micelles.

Interestingly, the measured interfacial tensions ap-
pear to decrease linearly with an increase in log as-
phaltene concentration. Typically, this linear behavior
would result from an increase in surfactant monomer
concentration and yet, in this case, the surfactant
monomers (the asphaltenes) are aggregating. To un-
derstand this behavior, it is necessary to review the
thermodynamics of an interface. For an ideal mixture
of pure surfactant in a solvent, the interfacial tension
is related to surfactant concentration as follows,°

do  _
qneo RTT (8)

where x; is the equilibrium mole fraction of the surfac-
tant. For dilute solutions, the mole fraction is directly
related to the concentration,

_ Cilvls
s psM'

(9)

where C; is the surfactant concentration (kg/m3), M; is
the molar mass of the surfactant (g/mol), Vs is the
volume of solvent (m3), ps is the density of the solvent
(kg/m3), and Mg is the molar mass of the solvent (g/mol).
Usually, all of the variables except concentration are
constant for a given surfactant—solvent mixture. Hence,
d In(xj) = d In(C;j) and the expression for interfacial
tension most commonly used in asphaltene research is
found by straightforward substitution:

do _
TGy RTT (10)

However, if the surfactant aggregates, its molar mass
varies and then d In(xj) = d In(Ci/M;) = d In(Cy"). The
expression for interfacial tension is now given by

do
TG~ RTT (11)

where Ci is the average molar concentration of the
aggregating surfactant. It is implicitly assumed that the
surface activity of the aggregate is approximately the
same as that of a monomer. If we further assume that
the surface coverage, T, of the aggregate is similar to
that of a monomer, then a plot of interfacial tension
versus the log of Cj' is expected to be linear.

The fitted molar mass data were used to calculate
molar concentrations for all the interfacial tension data.
For toluene at 50 °C, the fitted molar masses could be
used directly because both VPO and interfacial tension
data were collected at that temperature. For the re-
maining data, the values of k and M, determined at the
closest temperature were used and a value of M. was
found by linear extrapolation with temperature. Once
the fit equations were set, the slopes from eq 9 were
found by linear regression. The slopes are given in Table
6 and the fitted interfacial tensions are shown in
Figures 10—13. Note that the fits do not appear to be
linear in Figures 10—13 because the interfacial tensions
are plotted versus the asphaltene mass concentration
rather than molar concentration.

The asphaltene surface coverages and interfacial
areas per molecule, A, were calculated from the slopes



Table 6. Fitted Slopes from Eq 9 and Estimated
Asphaltene Molecular Dimensions

temp. slope T (1076 A Ma

solvent (°C) (mN/m) mol/m3) (nm?2) (g/mol)

C5-Asphaltenes

toluene 25 —-1.85 0.75 2.2 1800
50 —-1.54 0.57 2.9 2670

1,2-dichlorobenzene 25 -1.72 0.70 2.4 1330
50 —-1.53 0.57 2.9 1640
C7-Asphaltenes

toluene 25 —2.26 0.91 1.8 2000
50 —-2.14 0.80 2.1 2700

1,2-dichlorobenzene 25 —-1.87 0.76 2.2 1770

of eq 9 and are given in Table 6. An estimate of molar
mass can be made from the surface coverage if a
molecular geometry is assumed. The asphaltene mono-
mer molar masses are reported in Table 6; a spherical
geometry on the interface and a density of 1200 kg/m3
are assumed. These values are rough estimates at best
because (a) there may be up to 10% error in the
measured slopes, (b) the aggregates may not have the
same surface activity and surface coverage as the
monomers, (c) the molecular geometry may not be
spherical, and (d) the molecular geometry may vary with
temperature and solvent. Nonetheless, the average
estimated monomer molar mass of 1900 g/mol is within
100 g/mol of the monomer molar mass estimated from
the VPO data.

Despite the approximations made in fitting the in-
terfacial tension data, the results clearly indicate that
the change in interfacial tension is consistent with a
mixture of surface-active asphaltene monomers and
aggregates. Reverse micelles can be ruled out for Atha-
basca asphaltenes in toluene and 1,2-dichlorobenzene.
It seems likely that some other association mechanism
applies in bitumens. The nature of that mechanism may
be better explored by examination of the changes in
chemical bonding in the concentration ranges over
which association is observed.

Comparison with Cold Lake Asphaltenes. Pre-
liminary molar mass and interfacial tension measure-
ments were taken for Cold Lake C5-asphaltenes and are
compared with the results for Athabasca C5-asphaltenes
in Figures 6 and 10, respectively. The apparent molar
mass of the Cold Lake asphaltenes follows the same
trend as that of the Athabasca asphaltenes. The inter-
facial tension results indicate that the Cold Lake
asphaltenes are somewhat less surface active (reduce
interfacial tension less) than the Athabasca asphaltenes
but again show no evidence of micelles. Hence, Cold
Lake asphaltenes exhibit the same general behavior as
Athabasca asphaltenes. The similarity suggests that it
may be possible to apply the results from the Athabasca
asphaltenes to other Western Canadian bitumen-
derived asphaltenes.

The above results appear to contradict other reports
in the literature of micelles in crude oils. However, in
many cases, the literature evidence only indicates the
formation of submicron particles (e.g., small-angle
neutron or X-ray scattering studies®~11) or of some form
of association (e.g., calorimetry!?). There is relatively
little direct evidence of micelle formation from interfa-
cial tension measurements,’315 and there are other
interfacial tension studies that show no evidence of
micellization in crude o0ils.3132 It is possible that micelles
are a rare occurrence in crude oils. An investigation of
oils from many sources is required to address the issue.
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In any case, the different association behaviors likely
arise from structural differences between asphaltenes
from different sources because the elemental composi-
tion and functional group content appear to be similar
for all asphaltenes.®® For example, the shape of the
molecule may prevent or enhance the potential for
micellization.

Conclusions

The self-association of asphaltenes from Athabasca
and Cold Lake bitumens was investigated in toluene at
temperatures between 50 and 90 °C and 1,2-dichlo-
robenzene at temperatures between 75 and 130 °C. The
association appeared to begin at concentrations below
0.5 kg/m3. Molar mass was constant at concentrations
above 10—20 kg/m3 (1—-2 wt %), suggesting that the
aggregates reached a limiting size. The limiting ag-
gregate molar mass decreases as the temperature and
the polarity of the solvent increase. The limiting molar
mass of the C7-asphaltenes is higher than that of the
Cb5-asphaltenes. The average aggregate molar masses
ranged from 4000 to 10 000 g/mol.

The molar mass of an asphaltene “monomer” from
VPO and interfacial tension measurements is ~1800
g/mol. This molar mass is given by the intercept (at zero
concentration) of a plot of measured molar mass versus
asphaltene concentration. The plot can be linearly
extrapolated to zero concentration only in the low-
concentration region, that is, at asphaltene concentra-
tions <3 kg/ms.

Asphaltene solubility is likely to depend strongly on
the asphaltene molar mass. If asphaltene aggregation
is as sensitive to solvent and temperature as these
results suggest, then aggregation must be accounted for
in asphaltene solubility models.

Both monomers and aggregates appear to be surface
active. The change in interfacial tension upon asphalt-
ene aggregation was fitted successfully when the change
in asphaltene mole fraction upon aggregation was
accounted for.

The aggregates that were observed in these experi-
ments do not appear to be micelles. Interfacial tension
did not stabilize at a constant value upon aggregation
as would be expected with micelles. An investigation of
the change in chemical bonding as the apparent as-
sociation occurs may shed light on the association
mechanism.
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Nomenclature

A = coefficient in VPO calibration equation
C = mass concentration (kg/m?3)

C' = molar concentration (mol/m3)

d = diameter (m)

AE = voltage difference (mV)

g = gravitational acceleration (m/s?)

k = molar mass fit parameter

K = VPO calibration constant ((mV m3)/kmol)
M = molar mass (g/mol)

Q = flow rate (m?/s)

R = universal gas constant (J/(mol K))
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t = time

T = temperature (K)
V = volume (m83)

x = mole fraction

Greek Symbols

I' = surface coverage (mol/m?)
o = interfacial tension (N/m)
p = density (kg/m?)

Subscripts

2 = solute

A = asphaltene

e = limiting aggregate
eq = equilibrium

i = surfactant
0 = monomer
s = solvent
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