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ABSTRACT We present and discuss the results of molecular dynamics computer simulations of crude oil confined between graphene
planes. The crude oil is represented as a mixture of alkanes having 6 e n e 30 carbons that contain explicit hydrogen atoms; the
confining structure is a floor and ceiling, each comprised of graphene sheets. At low temperature, the system adsorbs completely
onto the confining layers, showing an interesting domain structure in its own right. As the temperature increases, various species
desorb in order of increasing molecular mass and enter the vapor phase between the confining sheets. Desorption proceeds through
a roughening of the adsorbed layers but does not appear to couple to any inter- or intramolecular phase transition on the surfaces for
any given species. Allowing the graphene sheets to be flexible affects the rate of adsorption as well as the in-plane order and molecular
confirmations of the adsorbate. Cursory simulations with more than one layer show droplet-like adsorption at low temperatures and
complicated dynamics, which shift the initial desorption temperatures to lower values than those for the monolayer and cause the
desorption temperature and process to be much less defined. The results presented here are suggestive of a method of separating
alkane mixtures at temperatures significantly different from those of conventional refining processes.
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I. INTRODUCTION

Crude oil and its derivatives are compounds that have
deep practical and industrial significance. Although
of varying composition, even from the same source,

crude oils have distribution spectra of predominantly n-
alkanes (abbreviated Cn), which are straight-chained hydro-
carbons having the general formula CnH2n+2. Natural gas
is comprised of C1-C5 molecules in varying ratios (1) and
crude oil is generally from C6-C30 (2-7). Some basic practi-
cal information about alkanes can be found in Table 1.

Because alkanes comprise a family of compounds, they
lend themselves quite nicely to comparative studies in
theoretical, computational, and experimental arenas. Be-
cause of the wide distribution of alkane chain lengths in
crude oils, they make ideal systems for the study of com-
parisons and contrasts within the alkane family. Computer
simulations can give much insight into the behavior of
physical systems from both supplementary and predictive
standpoints and can shed light on system dynamics not
readily accessible in experiments. The studies that exist
involving natural gas and crude oil are macroscopic in nature
and, although very useful, do not address nanoscale dynam-
ics and processes inside transport pipes and on surfaces.
Such an understanding could prove very useful in helping

delineate the effects and possible repair of pipe breaks, in
facilitating an understanding of new methods of fractionat-
ing crude oil and in characterizing the alkane layers adsorbed
onto transport pipes that need remediation. In many cases,
it then becomes relevant to study the atomistic behavior of
alkane mixtures in confined geometries.

The behavior of atomic and molecular systems in con-
fined geometries has been widely studied (8). Generally, a
confined liquid tends to organize into lamellae, or layers.
Moreover, there are density and solvation force oscillations
perpendicular to the boundary whose wavelength is on the
order of the dynamic radius of the confined molecule. Such
effects have been studied in confined alkanes (8-16). For
organic molecules, branching can disrupt the spatial peri-
odicity of density and solvation force oscillations (17).
Another intriguing result is that a confined liquid system can
possess a distinctly solidlike character: sheer stress (18).
Confinement can also slow down the dynamics of a system
and, in particular, longer molecules of a given family can be
affected more than shorter ones (18, 19). In addition to the
wealth of studies on confined organic systems, computer
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Table 1. Basic Information about Various Alkanes
compound range mixture(s) contained in use

C1-C4 natural gas cooking, heating

C5-C10 naptha and gasoline solvent chemicals, car fuel

C10-C16 kerosene heating, jet fuel, lighting

C14-C20 diesel fuels fuel for trucks/trains

C20-C70 lubricating and fuel oils machinery, ships, oils, waxes,
polishes

>C70 residue/asphaltines pavement, roofing
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simulations have been completed regarding preferential
adsorption from mixed-alkane systems (20, 21), thermal
desorption of alkanes from a graphite surface (22), adsorp-
tion onto graphite from a fluid (23), and odd-alkane impuri-
ties in even alkane monolayers (24).

The purpose of this work is to deterministically simulate
a simple model of crude oil confined by an emerging
nanoscale carbon system: graphene sheets. Specifically, we
seek (i) to study the desorption behavior of the system,
examine the composition of the gas phase between the
graphene planes, and compare the results to standard
refining fractionation temperatures, (ii) to understand the
dynamics of desorption and the general character of the
adsorbed layers, and (iii) to illustrate the effects of allowing
the graphene sheets to deform as well as varying the amount
of oil placed between the sheets. Because the molecules that
desorb are in the gas phase and also because the period of
density oscillations of confined liquids depends on the
molecular size, this work neither observes nor focuses on
oscillatory effects produced by confinement.

II. COMPUTATIONAL METHOD
A. Simulation Details. Because crude oil contains a smaller

percentage of longer alkanes and also because of the explicit
hydrogen model of the alkanes in the simulations presented
here, it is necessary to have fairly large systems, which, in turn,
implies the need for a significant amount of computational time.
Because of this, we chose a molecular dynamics simulation
package with massively parallel capability: NAMD (25). NAMD
is a freely available parallel molecular dynamics package that
is widely used in the computational modeling of large, usually
organic systems (25, 26).

The first task was to determine the molecular composition
of the natural gas and crude oil mixtures. Although such
mixtures are very complex on the nanoscale, they can be
reasonably approximated as containing various proportions of
n-alkanes, as summarized in Table 2. The oil composition was
calculated from relative mass percentages from typical well
samples (7). Because gauche defects are supported in the
system (oftentimes approximating cyclic geometry, especially
by longer molecules) and also because there are relatively fewer
aromatics than aliphatics in crude oils, cyclic compounds are
omitted in this study.

The preliminary simulations discussed here begin with an oil
mixture consisting of alkanes of various lengths as shown in
Table 2 placed between two graphene sheets spaced 200 Å
apart. The graphene sheets are modeled as being static for the
bulk of the simulations done but are also allowed to flex for part
of the study. The alkane mixture is in the computational cell
such that no part of a molecule is closer than 4 Å to the graphene
sheet. Moreover, a UNIX script was created that constructs the
Protein Data Bank (27) initial condition file. It places the correct
number of molecules in the box starting with the longest (the
one with the most carbon atoms), initially having random
center-of-mass positions and orientational angles and ensuring
that no two atoms of different molecules are closer together
than 4 Å. The simulation proceeds with a velocity-rescaling
thermostat and a time step of 1 fs, and pair interactions are cut
off at a 15 Å separation. The initial configuration was allowed
to relax for approximately 5 ns before production runs were
carried out for the following 6 ns. At lower temperatures,
droplets would form early in the relaxation process that would
ultimately be adsorbed by a graphene sheet in the course of the
remainder of the relaxation. The initial configuration and a
floating droplet early in the system’s relaxation are shown in
Figure 1.

Furthermore, it is important to track the effects of changes
in the various elements of the simulations presented here, and
so runs were done where the graphene sheets were allowed to
deform and also a series was completed with 4 times the
number of molecules as those shown in Table 1, which resulted
in greater than monolayer coverage on the graphene sheets.

B. Interaction Potentials. All atom-atom interactions in
the simulations presented here are in the standard CHARMM22
format (28). There are three types of internal (bonded) interac-
tions between atoms within the same molecule and two types
of nonbond interactions between atom pairs. All interactions
used in the simulations presented here are summarized in Table
3, and more details about the potential interactions and param-
eters are found elsewhere (28).

In addition to the interactions mentioned above, there are
scaled nonbonded interactions between atoms of the same
molecule. Specifically, scaling the nonbonded interactions im-
pacts the intramolecular nonbonded van der Waals energies as
well as the Coulomb electrostatic potentials. For the simulations
presented here, such interactions for 1-3 pairs (first through
third neighbors on the same molecule) are not included, and
those for 1-5 and beyond are fully included. However, within
NAMD, one can scale the 1-4 interactions and thereby can
control the stiffness of the flexible molecules (29, 30). Many
simulations employ a value of the scaling factor (SF) ) 0.4, but
a molecular dynamics study (30) shows that the optimal scaling
factor has different values for different alkane chain lengths. In
this work, we use SF ) 0.4 because it is widely used and also it
is not clear as to how the SF issue can be resolved for a mixture
of alkanes of varying lengths, vis-à-vis mapping results on a
surface (30) to the vapor.

The interactions discussed above apply to oil molecules as
well as graphene sheets when the latter is allowed to flex, but
in the case of rigid graphene, the only oil-graphene forces on
the alkane molecules considered are from the static graphene
atoms.

III. RESULTS AND DISCUSSION
Figure 2 shows final snapshots of the system at various

temperatures, and Figure 3 shows the density profile of the
system at various temperatures. At the lowest temperatures
(below ca. 400 K), the oil forms an adsorbed film on the
graphene floor and ceiling, as seen in the snapshots as well
as the two strong peaks at either end of the density distribu-

Table 2. Breakdown of Molecular Composition of
the Crude Oil Model Used in This Study

species
no. in the

simulation box species
no. in the

simulation box

C6 20 C18 10
C7 21 C19 9
C8 25 C20 9
C9 26 C21 8
C10 23 C22 7
C11 20 C23 6
C12 17 C24 5
C13 17 C25 5
C14 15 C26 4
C15 15 C27 5
C16 12 C28 4
C17 11 C29 4

C30 3
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tion. As the temperature increases to about 450 K, the
adsorbed layer begins depleting and feeds into the vapor,
starting with hexane, the lightest and most mobile oil
component. As the temperature increases further, the ad-
sorbed layers continue to feed the vapor phase, and exami-
nation of the snapshots suggests that the vapor is comprised
of increasingly massive molecules with increasing temper-
ature. Such a progression is confirmed by the molecule
fraction and number curves shown in Figure 4. Curves for
increasing temperature have increasing height on the graphs,
and so the point where the curve intersects the abscissa
illustrates the longest carbon chain (molecule with the most
carbon atoms) present in the vapor phase. It is interesting
to note that above about T ) 700 K the component with the
greatest fraction as well as the number of vapor changes
from hexane (C6) to decane (C10). Such an effect may be
due to steric hindrance from longer molecules in the vapor
because above T ) 700 K the curves in Figure 4 lift consider-
ably for C24 and above, indicating their increased presence

in the vapor. Even though alkanes lose stability at temper-
atures above T ) 1000 K, points at T ) 1100 and 1200 K
are included in order to continue trends set at low temper-
atures but also to test the limits of NMAD and the CHARMM22
force field.

Figure 5 shows the longest alkane present (molecule with
the most carbon atoms) in the vapor at a given temperature.
The fractionation temperatures reported here are signifi-
cantly higher than those for conventional refining distillation
techniques (7). It should be noted, however, that we retain
a considerable vapor pressure at higher temperatures, and
continual removal of desorbed molecules from the vapor
could lower desorption temperatures, especially for longer
species.

Inspection of the snapshots in Figure 2 as well as internal
bond and dihedral angle distributions not shown here sug-
gests that, in concert with desorption, the adsorbed layer
roughens, with all or part of some molecules orienting the
plane of their backbone away from, being parallel to, the
graphene surface. Such dynamics are also evidenced by
skewing of the base of the adsorption peaks in the density
distributions shown in Figure 3. The average molecule
lengths as a function of the temperature shown in Figure 6
are useful indicators of the degree to which molecular
flexibility vis-à-vis gauche defects couples to desorption. It
is evident that the most rapid change in molecular shape
occurs well after a species’ desorption temperature is reached,
suggesting that the molecules do not need to undergo a chain
melting transition on the surface (and become globular) in
order to desorb. Rather, as seen in Figure 2, the desorbing
molecules tend to leave the surface incrementally; the cost
of the whole molecule leaving, especially for longer mol-
ecules, is quite large. Once they are in the vapor phase, it is
much easier for them to contort through gauche defects. The
temperature range where the molecule lengths change the
most then correspond to the population of the vapor phase,
but any signature of predesorption dynamics in the average
molecule length seems to be absent because desorption does
not happen for all molecules of a given species at once, as a
chain melting transition would.

FIGURE 1. Initial configuration (left) and floating droplets early in the relaxation (right) for a low-temperature system. Molecules are colored
based on their species type.

Table 3. Expressions for the Types of Interaction
Potentials Used in This Worka

interaction
potential type formula

bond stretching intra, bonded,
two-body

ustretch ) k(l - l0)2

bond-angle
bending

intra, bonded,
three-body

ubend(θ) ) kθ(θ - θ0)2

dihedral torsion intra, bonded,
four-body

udihed ) kd[1 + cos(nφd - δ)]

van der Waals
(modified
Lennard-Jones)

inter, nonbonded,
two-body

uLJ(rij) ) εij[(r0/rij)12 - 2(r0/rij)6]

Coulomb
(electroscatic)

inter, nonbonded,
two-body

uC ) kqiqj/rij

scaled
nonbonded
(Coulomb and
van der Waals)

intra, nonbonded excluded for 1-3 pairs, scaled
for 1-4 pairs, and fully
included for 1-5 and more
distant pairs

a Interactions between atoms on the same molecule are classified
as “intra”, and those between atoms on different molecules or
alkane-graphene interactions are tagged as “inter”.
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Inspection of snapshots of the adsorbed layer in Figure 7
confirms that there is no global chain melting transition that
corresponds to the onset of desorption for any species. The
static disorder present is reminiscent of those created by

sublattice protrusion seen in earlier simulations created by
odd-alkane impurities placed in a host monolayer of even
alkanes (24). However, it is interesting to note the presence
of an ordered phase at low temperature, which presents a
complicated domain-structured fluid in equilibrium with a
vapor comprised of smaller molecules in the simulation.
Because the translational order of the adsorbed system
disappears by T ) 500 K, it seems that the surface phase
(behavior governed by nonbonded interactions) has little to
do with desorption as well.

The first type of variation performed was to allow the
graphene to deform. Figure 8 shows a typical sequence
where the sheet is rippled, much like when one dusts a
carpet. When the graphene deforms, there is enough of a
disturbance in the adsorbed layer to cause significant surface
reordering but not to promote desorption. Moreover, inspec-
tion of animation sequences and temporal adsorption data
(not shown here) reveals that there are instances where a
molecule probably would have adsorbed onto a flat static
graphine sheet, but the rippling caused the molecule to
bounce, delaying desorption. We interpret such results to

FIGURE 2. Final snapshots of the system at T ) 350, 450K, 500, 600, 700, and 1200 K (a-f, respectively). Temperature intervals are chosen
in order to give a visual appreciation for the changes that the system undergoes with increasing temperature.

FIGURE 3. Axial density profiles for the system at T ) 450 K (bottom
line with fluctuations barely visible), 500 K (lowest vapor plateau),
600 K, 700 K, 800 K, and 1200 K (highest vapor plateau).
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mean that dynamic graphene sheets slow adsorption rates
slightly and cause significant surface reordering in the
adsorbed layer but do not appreciably alter the composition

of the desorbed vapor at a given temperature. Because the
vibration of a graphene sheet depends on its size and
boundary conditions, it would be desirable to systematically
study the effects of dynamic graphene for this systems in
this work. In addition, the degree of surface rearrangement
suggests that variation of the structure of dynamic substrates
would not affect the desorption behavior significantly but the
laterally averaged holding potential would.

Second, a set of cursory simulations were completed with
static graphene sheets and contained 4 times the number
of molecules as the simulations described above. This al-
lowed an overlayer to adsorb onto the alkane-coated
graphene sheets. The system presented a complicated
domain structure similar to those seen in Figure 7, and the
second layer tended to take the form of globular droplets,
although there were small domains with second-layer mol-
ecules parallel to the surface. Because the boundary condi-
tions for the second layer are so different from those of the
first layer, the molecules are much more mobile and also
exhibit a greater number of defects, which cooperate to
cause them to desorb at lower temperatures. Hence, the
desorption temperature for a given species is well below that
for the monolayer and, with the second layer’s dynamics
being so different from those of the first desorption, be-
comes a much less defined phenomenon. It would prove
interesting to study the desorption behavior of this system
as it transitions from the monolayer toward the bulk.

There are several conclusions that can be drawn from this
work: (i) For the bulk of simulations conducted at low
density, adsorption from droplets at low temperature results
in a flat adlayer with a rich domain structure. (ii) As the
temperature increases, molecules leave the graphene sur-
face in order of increasing mobility. (iii) Fractionation tem-
peratures in the low-density case are significantly higher
than those for standard refining temperatures. (iv) Allowing
the graphene sheets to deform results in surface reorganiza-
tion and slightly reduced adsorption rates but does not
significantly promote or stifle desorption. (v) For higher
densities resulting in greater than monolayer coverages,
adsorption from droplets at low temperature results in
globular-shaped patches. (vi) For the high-density runs, the

FIGURE 4. Fraction of molecules (left panel) and number of molecules (right panel) in the vapor between the adsorbed layers. The lowest
curves (not visible) start at T ) 250 K; the lowest visible curves are at T ) 450 K, and the highest curves are at T ) 1200 K.

FIGURE 5. Longest molecule present in the vapor (molecule with
the most carbon atoms) as a function of the temperature. Points for
the lowest three temperatures are not plotted because there could
be desorption for molecules lighter than hexane not included in the
simulations here and they could provide a visual miscue.

FIGURE 6. Average molecule lengths as a function of the tempera-
ture for C7, C8, C12, C15, C20, and C28 (bottom to top). The vertical
lines are taken from the data in Figure 5, and the line and curve
colors correspond. The lines show the temperature at which the
corresponding molecule length is the longest species present (spe-
cies with the most carbon atoms), suggesting that the species has
just begun to desorb with increasing temperature.
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dynamics of the adsorbed molecules was more pronounced
the farther away they were from the surface, resulting in a
blurring of the desorption temperature and behavior seen
at lower densities. (vii) Further systematic studies are war-
ranted, such as how the size and shape of the graphene
sheets affect the system’s behavior, how varying the number
of molecules in the simulation affects the results, how
varying the nonbonded SF affects the bulk gas or liquid, and
how adding molecules of various shapes, for example, cyclic
compounds, affects the results.

Generally, crude oil adsorbed onto a surface such as
graphene presents a very interesting system where fraction-
ation, if ever practical, would proceed much differently than
that for conventional crude oil refining. There is much more
computational work to be conducted, not only toward a
better understanding of the desorption dynamics but also
in characterizing the adsorbed layers.
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