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The interactions between asphaltenes and short- to medium-chain n-alkanes were studied using titration
microcalorimetry and inverse chromatography. The exothermic heat effects observed upon mixing of
asphaltenes and n-alkanes were interpreted in terms of assembling of the two types of compounds into
mixed structures. We show that the energy of the interactions between n-alkanes and the asphaltene
hydrocarbon chains is close to the energy of the interactions between the asphaltene chains. We propose
that the latter interactions are responsible for the formation of the asphaltene aggregates and are the
driving force of the aggregate assembly into higher structures.

1. Introduction

The asphaltene fraction of the petroleum crude oil is
defined relative to its solubility in hydrocarbon solvents.
Asphaltenes are the least soluble fraction in petroleum
that precipitates in light alkanes such as n-pentane,
n-hexane, or n-heptane. While this definition allows for
identifying the fraction containing a wide variety of
heaviest and most polar molecules of the crude oil, it re-
vealslittle about the asphaltene properties. A better under-
standing of asphaltene properties, important for techno-
logical applications, may be obtained by investigating their
interactions with alkanes. The latter solvents allow isola-
ting asphaltenes from the crude oil. The molecular weight
of asphaltene monomers, as determined with experiments
carried out in diluted solutions,!™® is estimated to be
around 700—1000 g/mol. Asphaltene monomers consist
of 2—6 polynuclear aromatics and contain small amounts
of sulfur, nitrogen, and oxygen, as well as trace amounts
of nickel and vanadium. The aromatic core is surrounded
by alkyl side chains of an average length of 5—6 carbon
atoms.* Such molecular structures favor stacking of poly-
aromatic moieties. This effect may induce formation of
discotic liquid crystals such as those encountered in pitch
mesophases.? However, in organic solvents and in crude
petroleum oils as well, the entropic penalty lowers the
number of stacked asphaltene monomers. Thus, the
asphaltene aggregates present in crude petroleum are
formed with a limited number of monomers.~12
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Estimation of the shape and size of asphaltene ag-
gregates using small-angle neutron scattering (SANS)
measurements in good solvents, such as, e.g., toluene,
were reported recently. In diluted solutions of asphaltenes,
thin disks,!3!4 prolate ellipsoids, and spheres'® were
observed depending on the solvent used, the temperature,
and the nature of asphaltenes. At higher concentrations,
asphaltenes self-assemble into flat sheets resembling those
formed with classical surfactants'® and certain small
aromatic molecules!'” in water. A high propensity of the
sheet structures to bending and twisting leads to formation
of vesicles'® and coils.!” It was proposed recently that
analogues phenomena take place in crude petroleum-
containing asphaltenes.!® While the hypothesis of spon-
taneous formation of asphaltene vesicles is consistent with
physical properties of petroleum fluids,!® the mechanism
of vesicle formation is not known.

Some insights into the behavior of asphaltenes in
different solvents were obtained recently from calorimetric
titration.'®2° The conspicuous break points observed in
the heats evolved upon the dilution of asphaltene solutions
were ascribed to asphaltene micellization.?’ However, since
the asphaltenes do not exist as monomers even in very
diluted solutions,!8 the effects observed could correspond
rather to the aggregation of dimers and trimers into larger
aggregates. While these large aggregates are stable in
good solvents, such as toluene and pyridine, they form
clusters and flocs in poor solvents, such as n-alkanes.®

We propose that the aggregation of asphaltenes could
be considered as a phase transition process and, conse-
quently, described quantitatively using phase-transition
thermodynamics. Indeed, formation of large asphaltene
aggregates may be assimilated to liquid—liquid crystal or
liquid—gel first-order phase transitions, with the asphalt-
ene-rich phase forming a dispersion. While the dispersed
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phaseis stable in good solvents, it is unstable in the { crude
oil + n-alkane} systems and gives rise to the formation
of a bulk phase of flocculated asphaltenes. Recent NMR?!
and SANS?223 results obtained for asphaltene concentra-
tions close to the flocculation onset demonstrate that the
asphaltene aggregation can be considered as a phase
transition. Indeed, both techniques revealed local inho-
mogeneities in the macroscopically homogeneous mixture,
characteristic for approaching a phase separation.2* One
more argument for the phase transition-based description
of the asphaltene flocculation is the successful modeling
of this phenomenon using Hildebrand?® and Flory—
Huggins theory.26-28

For a better understanding of the onset of the asphaltene
flocculation, the properties of the asphaltane-rich phase
should be analyzed. According to the recent molecular
dynamic calculations?’ and SANS results,? 3! the ag-
gregates of asphaltenes hold together by a set of coopera-
tive, noncovalent polar, 7—sx and van der Waals inter-
actions. It seems that the van der Waals interactions
between the aliphatic lateral chains of asphaltenes are
particularly important for the aggregate formation.

In the present work, we have elucidated the mechanism
by which the asphaltene aggregates are formed in the
presence of n-alkanes, leading to flocculation. The exo-
thermic heat effect observed upon mixing n-heptane with
a crude 0il???3 was interpreted in terms of the decrease
of the mobility of n-alkane molecules engaged in the
interactions with the asphaltene alkyl chains. The latter
effect was used to probe the interactions between the alkyl
chains of the asphaltenes. On the basis of the results
obtained, we propose that the van der Waals interactions,
as well as induced conformational changes and molecular
orientations, between adjacent chains of both n-alkanes
and asphaltenes are the main driving force responsible
for the self-assembling of asphaltenes into flat sheets.

2. Experimental Section

2.1. Materials. Crude oils 1 and 2 (for composition see Table
1) were used in calorimetric experiments. The factor of stability
with respect to flocculation of these two oils was calculated as
(aromatics + resins)/(saturated + asphaltenes). Oil 2, having a
higher content of the asphaltenes, has a higher stability factor
compared to oil 1.

De-asphalted oils were prepared by precipitating asphaltenes
with five volumes of n-pentane per one volume of the crude oil.
The asphaltenes were filtered off, and the n-pentane was
evaporated at 40 °C. As the crude oils used in this study were
gas-free (they were submitted to the evaporation procedure at
40 °C), it was assumed that the de-asphaltation did not change
significantly their composition.

The asphaltenes used in chromatographic experiments were
obtained by precipitation from oil 2 with 40 mL of n-heptane per
1 gofoil. After 16 h, the asphaltenes were filtered under vacuum
on sintered glass and subsequently eluted from the precipitate
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Table 1. Compositional Characterization of the Two
Crude Oils Studied

fraction analysis

(molar %) crude oil 1 crude oil 2
C1-C5 3.05 2.31
C6—C10 22.13 26.03
C11-C19 31.77 37.88
C20+ 43.05 33.78

SARA analysis (weight %)
saturated 52.3 40.07
aromatics 27.2 30.2
resins 18.4 24.0
asphaltenes 2.0 5.0
C20+ 45.2 55.0

with toluene. After evaporation of toluene and drying at 60 °C,
the asphaltenes were further washed with n-heptane to remove
the residual, non-asphaltene components.

2.2. Titration Calorimetry. Calorimetric measurements
were performed using the titration microcalorimeter Titrys
(Setaram, France).3® This calorimeter, built according to the
Calvet principle, includes two calorimetric cells placed in the
calorimetric block and maintained at constant temperature to
within +0.02 K. The high sensitivity of this device makes it
possible to measure heat effects as low as 5 mJ. When a difference
of temperature between the measuring and the reference cell is
detected, the controlling system generates an electrical signal
proportional to the heat effect in the measuring cell. A PC-
controlled sample injection system equipped with two syringe
pumps permits the introduction into the cells of a precisely known
amount of the solvent. Before each measurement, 2 mL of the
crude oil and of n-alkane were placed in the measuring and in
the reference cell, respectively, and the injection syringes were
filled with n-alkane. All experiments were carried out at 7' =
302.93 + 0.02 K. At this temperature, the thermal stability of
the system was reached after 4 h. The volume of 0.500 mL of
n-alkane was progressively injected with the flow rate of 0.250
mL-min~!. The global heat effect of dilution obtained by integra-
tion of the calorimetric signal recorded during the injection cycle
was used to calculate the enthalpy of mixing per gram of the
crude oil.

Crude oils, de-asphalted oils, and mixtures { crude oil + behenic
acid} were titrated using n-alkanes from n-pentane to n-
tetradecane. Behenic acid, Co3H4502, was used as a model
compound of acid components of crude oils.

2.3. Inverse Gas Chromatography. We have used the gas-
phase inverse chromatography to determining infinite dilution
activity coefficients of n-alkanes dissolved in pure asphaltenes
or in mixtures containing asphaltenes. Measurements were
carried out using a Shimadzu GC8A chromatograph equipped
with a catharometric detector. The stability of the gas mass flow
was controlled with an Alborg GFC17 device to within +0.1%.
The temperature of the oven was measured with a Pt 100 probe
and controlled to within £0.1 K The stainless steel columns (2
mL x 2mmi.d.) were packed with the stationary phase prepared
by soaking the Chromosorb W HP (0.125—0.14 mm) with 10%
(w/w) of the stationary phase. The composition of the chromato-
graphic stationary phases which played the role of solvents were,
respectively, as follows. {asphaltenes (30% (w/w)) + CasHy502
(70% (wiw))}, { asphaltenes (70% (w/w)) + CasH4502 (30% (w/w))}
and { asphaltenes (90% (w/w)) + CasH4502 (10% (w/w))} . Retention
volumes of n-alkanes from n-heptane up to n-tetradecane
determined in the temperature range between 340 and 520 K
give acces to infinite dilution activity coefficient.

The fundamental equation3* that relates chromatographic
retention data with the dissolution thermodynamics is as follows

L
¢ Vx

K =—==-— (1)
P v

where the partition coefficient, K1, of the solute, 2, between the
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Gas Chromatography; John Wiley and Sons Ltd.: New York, Toronto;
1979.
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gas and liquid phase is defined as the ratio of the concentration
of the solute in gas, cg and liquid, clz“, phases and can be obtained
as the ratio of the retention volume, Vy, and the volume of the
stationary phase, Vi.. Equilibrium thermodynamic properties are
usually obtained from the specific retention volume vg, that is
characteristic for a particular solute, stationary phase, and carrier
gas.

. 273Vy
ve =
¢~ W,T

(2)

Wy is the mass of the stationary phase (solvent).

The dissolution of the solute in the chromatographic column
occurs in infinite dilution conditions. Therefore, eqs 1 and 2 can
be combined with an expression that describes the phase
equilibrium between the solute in the vector gas at ps pressure
and its part dissolved in stationary phase that is supposed to be
liquid to give the following3*

- _ 273.15R @)

o, *l
Mngp2

with p’él being the vapor pressure of pure liquid 2 and My, the
molar mass of the stationary phase that was assumed being
1000 Da. This value is widely accepted in the literature.! 3

The infinite dilution excess enthalpy of n-alkanes was cal-
culated using the dependency in temperature of the activity
coefficient:

g ,0Infy
hy =R AUT) @

The infinite dilution excess entropy was determined using a
fundamental thermodynamic relationship:

g_hs
Ss=7—RInfs (5)

3. Results and Discussion

Sheetlike asphaltene aggregates present in crude oils
assemble into multilayered strutures!® during the pre-
cipitation process. Titration calorimetry and inverse
chromatography were used to probe the interactions
between n-alkanes and, respectively, the dispersed and
the precipitated asphaltenes as the two types of aggregates
have the same elementary structure'® and are in the same
energetic state, independently of the size.

3.1.Probing of n-Alkane—Asphaltene Interactions
via Heat of Mixing Measurements. To get some insight
into the nature of the interactions between n-alkanes and
asphaltenes present in crude oils, three series of inde-
pendent calorimetric experiments were performed yielding
enthalpies of mixing of { n-alkane + crude oil}, {n-alkane
+ de-asphalted crude oil}, and {n-alkane + crude oil +
behenic acid}.

Enthalpies of mixing obtained with n-hexane, n-
heptane, n-octane, and n-hexadecane and crude oils 1 and
2 are given in parts a and b of Figure 1, respectively. The
heat effect is strongly endothermic with n-hexane but
becomes increasingly exothermic for n-heptane and n-
octane. The heat effect for n-hexadecane is close to that
obtained for n-octane, indicating that the dependency of
enthalpy of mixing with the n-alkane chain length levels
off. On the basis of these results, rather unexpected for
a homologous series of nonpolar compounds, we conclude
that the global heat effect is composed of two opposite
contributions, namely an endothermic contribution pre-
vailing with lower n-alkanes, and an exothermic contri-
bution, dominating with n-heptane and higher n-alkanes.
Most likely, the endothermic enthalpy of mixing is due to

Stachowiak et al.
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Figure 1. Enthalpy of mixing of (a) crude oil 1 with €, n-hexane;
W, n-heptane; A, n-octane; and x, n-hexadecane and (b) crude
oil 2 with @, n-hexane; M, n-heptane; A, n-octane; and x,
n-hexadecane.

van der Waals dispersion interactions between the n-
alkanes and the crude oil while the exothermic effect would
result from physical interactions between long aliphatic
chains and strongly organized asphaltene structures. The
type of such interactions would result from induced
conformational changes on the n-alkane aliphatic chains,
as it was observed with n-alkanes in mixture with
substituted naphthalene molecules, e.g., 1-chloronaph-
thalene.3?

To elucidate the origin of the heat effects observed on
mixing of n-alkanes with crude oil, the enthalpy of mixing
of the de-asphalted oils 1 and 2 with n-heptane has been
determined. This effect was shown to be endothermic
(Figure 2a and b) and of the same order as the enthalpy
of mixing of {toluene + n-heptane}?3® taken as a model
system of van der Waals interactions between the
components of crude oils. This result supports the
hypothesis that the endothermic part of the heat effect
obtained with the crude oil stems from the van der Waals
dispersion interactions between the aromatic and satu-
rated hydrocarbons. The fact that the exothermic effect
was not observed with n-alkanes lower than n-heptane
indicates that it is not directly related either to the
asphaltene aggregation, to the flocculation process, or to
the n-alkane chain length. This observation allows the
conclusion that the exothermic effects can be explained
by n-alkane—asphaltene interactions, particularly induced
conformational changes of the long-chain n-alkanes by
the rigid platelike asphaltene structure. Indeed, recent
results of the modeling of the asphaltene structure?? using
molecular dynamics indicate that van der Waals interac-
tions between aliphatic lateral chains of asphaltenes are
responsible for the formation of the asphaltene aggregates.
On the basis of our results, we propose that only n-alkanes

(35) Grolier, J.-P. E.; Inglese, A.; Roux, A. H.; Wilhelm, E. Ber.
Bunsengls. Phys. Chem. 1981, 85, 768.
(36) Sorai, M.; Saito, K. Chem. Rec. 2003, 3, 29.
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longer than n-hexane can contribute to these interactions
through molecular orientation correlation between ali-
phatic chains in the presence of rigid structures.?>37 The
resulting loss of the mobility of the n-alkanes stuck in the
asphaltene aggregates gives rise to the observed exo-
thermic effect. Figure 3 shows the net exothermic effect
per gram of the added n-heptane calculated as a difference
between the heat effect measured with the asphaltene-
rich oil and the corresponding asphaltene-free oil. At high
concentrations of n-heptane, the net heat effect evolves
in a similar way for both oils and is nearly independent
from the n-heptane concentration; its limiting value
obtained with oil 2 for the n-heptane concentration tending
to zerois —220 J-mol 1. At low n-heptane concentrations,
the net heat effect for the oil 1 decreases sharply and
attains a limiting value of =550 J-mol~". In other words,
at the low n-heptane concentrations, the calorimetric
experiments reveal the differences between the oil prop-

(37) Tamura, K.; Murakami, S.; Fujihiro, R. J. Chem. Thermodyn.
1975, 7, 1089.
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erties via titrating of the n-alkane—asphaltene interac-
tions. The overall calorimetric results confirm the hy-
pothesis that small amounts of n-alkanes longer than
n-hexane may be entangled in the asphaltene lateral
chains.

Tohave a better understanding of interactions between
asphaltenes and n-alkanes, calorimetric experiments were
performed with oils 1 and 2 enriched in behenic acid. As
mentioned previously, the presence of naphtenic acid in
the oil delays the onset of the flocculation of the as-
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asphaltenes: x,infinite dilution excess Gibbs energy; M, infinite
dilution excess enthalpy; A, infinite dilution excess entropy.

phalthenes.?® The calorimetric experiments performed by
titrating with n-heptane the samples of crude oils con-
taining 20% (w/w) of behenic acid show that the exothermic
heat effects in the crude oil 1 are significantly lowered
(Figure 2a and b). However, in the case of crude oil 2, the
influence of the behenic acid on the heat effect is much
smaller. It has to be noticed that oil 2 contains a
significantly higher amount of resins compared to oil 1
(Table 1). The results obtained with the two oils indicate
that the interactions between the n-heptane and the
asphaltene aggregates stabilized with the behenic acid in
the case of 0il 1, or with the resins in the case of 0il 2, are
hampered. Obviously, the n-heptane added to the behenic
acid- or resin-rich oils does not interact with the asphalt-
ene, which is shielded with a protective molecular layer.
In the absence of such a protective layer, the n-heptane
could, indeed, interdigitate with the lateral chains of the
asphaltenes.

3.2. Influence of Temperature on n-Alkane—As-
phaltene Interactions Probed with Inverse Gas
Chromatography Measurements. The inverse chro-
matography was used to get access to the activity
coefficients of n-alkanes from n-heptane to n-tetradecane
in solvents containing asphaltenes. Partial excess en-
thalpies and entropies of n-alkanes were calculated from
the temperature dependence of the activity coefficients.

The fact that the activity coefficients of n-alkanes
dissolved in asphaltenes increase sharply with temper-
ature up to 450 K and level off above this temperature
(Figure 4a) implies that the partial excess enthalpy of
mixing of n-alkanes is negative at low temperatures and
becomes close to zero at 450 K. Figure 5 shows changes
with temperature of G*", S7°, and H;"* of n-tetradecane
dissolved in asphaltenes. The highly negative values of
both enthalpy and entropy imply the compensation effect
and, consequently, indicate that the n-alkanes present in
the solvent are not liquid. In light of experimental data,
the solute in equilibrium is distributed between the gas
phase, and the “solid-like state” attained in the asphaltene
matrix and noted with index “c”. As this state is unknown
for a part, it is more astute to use an unsymmetrical
reference system. If the infinitely diluted solute is taken
as a reference state and noted G?’C, then, chemical
potentials of the solute in equilibrium between stationary
phase and vector gas at pressure p are written as

GY°+ RT In fix; = G°) + RT In p, (6)

where psis the partial pressure of the solute in the mixture,
i.e., the pressure of 2-flow in the chromatograph.

(38) Ostlund, J. A.; Nydén, M.; Auflem, I. H.; Sjoblom, J. Energy
Fuels 2003, 17, 113.
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Figure 6. H ?’w, infinite dilution excess enthalpy of n-alkanes
C,Hs,+2 at 370 K as a function of n. Solution of n-alkanes in @,
asphaltenes; A, 30% C3sH74 + 70% asphaltenes; x, 70% CssHr7a
+ 30% asphaltenes; ®, 10% behenic acid + 90% asphaltenes.

In dilute solutions, /5 tends to 1, then
GYf+RTInx{ =G’ +RT Inp, @)

If the solute dissolved in asphaltenes was in the liquid
state as was initially supposed then eq 7 is written as

G°y + RT In p, = G°} + RT In(p,/p,*)  (8)
Using eqs 7 and 3 gives

G5: + RT In(xJy) = G5 +
RT Inl(v,"pM)/(273.15R)] = G°) + RT Inp (9)
G°3 + RT In(p/p,¥) =G°) + RTInp  (10)

Subtracting eq 10 from eq 9 gives an expression identical
to eq 3.

G5* — G° = RT In[(273.15R)(v,’p3M)]  (11)

This result indicates that the chromatographic retention
data may be used to have a direct insight into the physical
state of the solute dissolved in the stationary phase.

The changes of activity coefficients with increasing
temperature are due to the difference of entropy between
two reference states:

AS; = G5 — G°)/aT (12)

The excess enthalpy of n-alkanes, H;E’“’, calculated using
chromatographic data was compared with their enthalpies
of fusion and of adsorption on graphite®® for a chosen
temperature of 370 K (Figure 7). It can be seen that the
values of the HP"” are close to the enthalpy of fusion and
follow the same characteristic pattern for the odd versus
even carbon number. It can be concluded accordingly that
the hypothetic state of the pure n-alkanes, G5, in the
asphaltene network is close to the solid-state i.e., in a
more condensed morphology. The n-alkanes incorporated
into the asphaltene aggregate would exist in a frozen state,
and the low mobility of their aliphatic chains would be
responsible for the loss of entropy and enthalpy compared
to the liquid state. As shown in Figure 6, the H;E’” values
are nearly constant for n-alkanes higher than n-decane.
The calorimetric results reported in Figure 1 show that
no heat effect was observed with the low n-alkanes and
the heat effect observed with the higher n-alkanes was
independent from the chain length. The comparison of

(39) Groszek, A. J. Carbon 1987, 25, 717.
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Figure 7. Enthalpic effects of state changes of n-alkanes: H,
H®® infinite dilution excess enthalpy in asphaltenes at 370 K;
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the two sets of experiments leads to the conclusion that
only the chains 7—10 carbons long are incorporated and
immobilized in the asphaltene aggregates.

A dramatic decrease of the entropy, Sf]’“’, and of the
enthalpy, H f"”, was observed at 450 K, as illustrated with
n-tetradecane in Figure 5. These changes may indicate a
phase transition of the asphaltene aggregates. The fact
that the value of the bonding energy of one —CHj;, group
calculated for the asphaltene-n-alkane system from H-"
(3400 J-mol~!in the case of n-octane) is close to the value
of the thermal energy (RT) at 450 K (3700 J-mol™1)
indicates that the latter represents the gain in mobility
of one —CHj group in the aliphatic chains during the phase
-transition. The asphaltene—n-alkane interactions and
asphaltene—asphaltene interactions involving lateral
chains are thus quantitatively very similar. The gain in
chain mobility leads to the melting of the asphaltene
hydrocarbon chains, a phenomenon analogous to that
observed in phospolipid bilayers.*’ In the conditions of
the global increase of the mobility of the hydrocarbon
chains, neither the asphaltene aggregates can be stabilized
by the lateral chains interactions, nor the n-alkanes can
be stably immobilized in the asphaltene aggregates.

Activity coefficients of n-alkanes dissolved in asphalt-
ene—n-CssHy7, mixtures are presented in Figure 4b and c.
The dissolution process differs from the previously re-
ported dissolution in pure asphaltenes. Due to the
nonhomogeneous structure of the asphaltene—n-hexatri-
acontane mixture forming a two-phase system, the activity
coefficients reflect global interactions of n-alkanes with
the components of the asphaltene and n-hexatriacontane
phases. In the case of the mixture {30% CssH7y + 70%
asphaltenes}, the activity coefficients are much less
sensitive to the temperature changes but depend on the
chain length of the n-alkane. The lowest value of activity
coefficients (0.67) was obtained with n-octane, and the
highest value (0.93) with n-tetradecane. The absence of
the exothermic enthalpic effect, Figure 6, suggests that
asphaltenes—n-alkanes structures are already formed at
the point when the alkane is added. Activity coefficients
obtained with the second mixture, {70% CssH74 + 30%
asphaltenes}, are nearly constant with temperature and
do not change significantly with the length of n-alkane.
Moreover, they are close to the activity coefficients
obtained with pure n-Cs¢H74. Indeed, the activity coef-
ficients of n-heptane and n-nonane in C3¢gH74 at 357 K are
0.66 and 0.72,*! respectively. The corresponding values

(40) Heimburg, T. In Planar Lipid Bilayers (BLMs) and their
Applications; Tien, H. T., Ottova-Leitmannova, A., Eds.; Elsevier:
Amsterdam, 2003; Chapter 8, p 269.

(41) Parcher, J. F.; Weiner, P. H.; Hussey, C. L.; Westlake, C. N. J.
Chem. Eng. Data 1975, 20, 145.
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obtained with {70% Cs¢H74 + 30% asphaltenes} mixture
are 0.79 and 077, indicating that, in the case of this
mixture, the global activity coefficient is dominated by
the interactions of the n-alkane with n-hexatriacontane.
In the case of the mixtures containing the behenic acid
{asphaltenes (90% (w/w)) + Cg3H4502 (10% (w/w))} the
activity coefficients of all n-alkanes are nearly independent
from temperature and increase with the increasing chain
length of the n-alkane (Figure 4d). The activity coefficient
of n-tetradecane is 2.3 at temperatures ranging from 410
to450 K. Itisinteresting to note that the activity coefficient
of n-tetradecane measured in pure asphaltenes is nearly
the same at high-temperature ranges, T' > 450 K (Figure
4a). This result suggests that the transition observed with
asphaltenes at 450 K leads to the aggregation state that
have similar thermodynamic properties as asphaltene
aggregates stabilized by behenic acid or by resins.

Conclusions

Asphaltene aggregation followed by flocculation is of a
great technological significance for the petroleum industry.
These complex processes have not been well understood
until now despite numerous experimental and theoretical
studies.#? In the present work, we have studied the
asphaltenes—n-alkane interactions used as simplified
models of the asphaltene—asphaltene interactions. Ti-
tration microcalorimetry and inverse gas chromatography
were used to study the asphaltenes—n-alkane interactions.

Chromatographic measurements showed that the as-
phaltene aggregates stabilized by the lateral chain
interactions exist up to 450 K. At this temperature, a phase
transition involving the change of the aggregate structure
takes place. We suggest that the phase transition is due
to the melting of the asphaltene lateral chains. During
this process, the hydrocarbon chains recover their mobility.
For n —CH, frozen groups, the phase transition involves
the energy corresponding to nRT. The fact that this value
is similar to the excess enthalpy of n-alkanes, H F’m, found
using inverse chromatography, shows that the energy of
the interactions between n-alkanes and the asphaltene
lateral chains is close to the energy of the interactions
between the asphaltene lateral chains. We propose that
these interactions are responsible for the formation of the
low-temperature structure of asphaltene aggregates. The
energy of interactions between the asphaltene lateral
chains (nRT) may be sufficient to initiate formation of
sheetlike structures described in the literature,’® the
molecular basis of which was not explained until know in
the case of asphaltenes.!® Accordingly, the exothermic heat
effect observed with microcalorimetry upon mixing of
asphaltenes with n-alkanes was attributed to the interac-
tions through induced conformational changes and mo-
lecular orientation correlation between the n-alkanes and
the asphaltene aliphatic chains. This effect depends on
the solvation of the asphaltenes with the oil components
and is different for different oils. The chromatography
and calorimetry experiments performed with different oils
containing behenic acid used as a model resin indicate
that resins favor assembling of the asphaltene aggregates
into micelle-like structures, compared to sheetlike struc-
tures formed in their absence.
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