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Chemical kinetics theory and molecular dynamics simulation are used to study adsorption character
of shale oil within nanoscale carbonaceous and silica slits of shale rocks. It is demonstrated that
shale oil density does not remain the same throughout the pore and its oscillation attenuates from
the slit surface to the central plane. In this paper, the effects of oil composition and temperature
on the densities of the adsorption layers and adsorption character have been extensively exam-
ined. We find that (a) there are four adsorption layers of oil mixture on silica and graphite surface,
(b) the adsorption character of single component in oil mixture depends largely on its property: the
adsorption mass of high carbon number alkane increases with the numbers of adsorption layers, of
which trend is contrary to that of light carbon numbers alkane; aromatic hydrocarbon has mainly one
adsorption layer; the adsorption character of polar compounds depends on their electric charge,
(c) silica surface is more likely to adsorb the light carbon number alkane than graphite because
of its rough surface; and compounds with negative charge trend to be adsorption more on the sil-
ica surface than graphite due to the hydroxyls of silica. Graphite adsorbs more C,,Hg than silica,
because graphite and C,,Hg have the same conjugated 7 bond and the shape of C,yHg is not
suitable to rough surface of silica, (d) the density of adsorption layers decreases with the increase
of temperature, and the effect of temperature on the adsorption of macromolecular compounds is
greater. On the basis of our molecular simulation, we show the adsorption rate of shale oil on the
surfaces of mineral/organic matter and the potential to assess the moveable capacity of shale oil.
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1. INTRODUCTION

With the increasing of energy demand and conventional
oil and gas resources depletion, unconventional oil and gas
resources are getting more and more attention, and have
become a major contributor to the global oil and gas pro-
duction growth. The exploration and development of shale
gas has achieved a huge success in North America,'™ and
it leads a global shale gas research boom.*3 However, with
the lessons learned from shale gas and the decrease of
natural gas price, the investors have shifted their attention
to more profitable shale 0il.>® According to the Energy
Information Administration,” in the last 10 years, the pro-
duction of U.S. shale oil has increased 12.2 times—an
average of 4.572 million barrels per day (MMbbl/d) in

*Author to whom correspondence should be addressed.
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2015 and 0.374 MMbbl/d in 2005. Meanwhile, driven
by the exploitation of tight formations, the United States
remained the world’s top producer of petroleum and nat-
ural gas hydrocarbons in 2015.!° Shale oil is playing a
significant role in the global energy industry, and a world-
wide shale-oil boom is coming.!!™13

Preliminary evaluation shows that: shale oil resources
are very rich in China; the amount of geological resources
is 32 billion barrels. And it ranked the 3rd among the
41 countries which have a total shale oil resource of
345 billion barrels.!* At present, in China, many reserves
area in which the amount of geological resources are
between 5 x 108 t and 10 x 10® t have been discovered in
the Triassic Yanchang Formation of Erdos Basin, Permian
Lucaogou Formation of Junggar Basin, Qingshankou For-
mation of Songliao Basin; there are also many important
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discovery in the lime-shale of Bohai Bay area and Sichuan
Basin.!> !¢ Compared with marine shale oil in the North
America, the lacustrine shale oil in China more heavier
and has more polar components. The amount of resin and
asphaltene is much more than that in the North America.
In addition, the lacustrine shale oil is easier to adsorb on
the surface of the pore in the shale system and more dif-
ficult to be developed because of the polar components.
The polar components should be considered in the assess-
ment of shale oil in China. Taking into account the strong
interactions between oil molecules and kerogen, minerals,
together with the widespread nanopores in shale,'”"° the
error of resource estimation caused by the ignorance of oil
adsorption could not be neglected.

The adsorption of alkanes has been studied in recent
years. Firstly, McGonigal et al.?® directly imaged a two-
dimensional, high-degree ordering of the alkane layer at
the liquid/graphite interface using a scanning tunneling
microscope (STM).?° Castro et al.*! reported that longer
alkane shows a strong preference for adsorption onto
graphite.?! Furthermore, Severson and Snurr®? studied the
adsorption isotherms of linear alkanes (ethane, pentane,
decane, and pentadecane) on activated carbon and evalu-
ated the functions of slit size, chain length, and temper-
ature on adsorption.”? Harrison et al.® studied the single
component preferential adsorption of normal and branched
alkanes in slits with different apertures (1, 2, and 4 nm) at
390 K. A similar issue for shale gas has been discussed
by Ambrose et al.,”> who suggested that an adjustment
of adsorption phase volume is necessary for gas-in-place
(GIP) calculations, and a 10 to 25% decrease can be
obtained in comparison with the conventional method.>*2¢
In addition, Wang?’ reported that the unrecoverable frac-
tion of oil-in-place (OIP) is 13% in Bakken shale,?” taking
the adsorption of alkane into consideration. Nevertheless,
no documented study has been found that explores the
effect of polar components adsorption on the shale oil-in-
place estimation.

In this study, the adsorption behavior of oil mixture on

shale system was studied under geological conditions using
molecular dynamics (MD). Our main objectives were
(1) to provide nanoscale resolution for studying the inter-
actions at the hydrocarbon-shale interface,
(2) to accurately characterize the adsorption properties of
alkanes/polar compounds in the organic/mineral slit, and
to provide parameters for the calculation of the unrecov-
erable fraction for shale OIP estimation.

2. MODELS AND METHODS

MD simulations are carried out by DISCOVER code in the
MATERIAL STUDIO (MS) software developed by Accel-
rys Inc. The interatomic interactions are described by the
force field of condensed-phase optimized molecular poten-
tial for atomistic simulation studies (COMPASS), which
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is a general all-atom force field.?®? It is a parameter-
ized, tested and validated first ab initio force field, which
enables an accurate and simultaneous prediction of various
gas-phase properties and condensed-phase properties of
most of common organic and inorganic materials. The MD
process in this paper is firstly performed in NPT (the pres-
sure and the temperature are constant) ensemble, and then
it is performed in NVT (the temperature and the volume
are constant) ensemble. The Andersen thermostat method
was employed to control the system at a temperature. The
van der Waals interactions are calculated by atom-based,
and the cut-off distance is 15.5 A. The electrostatic inter-
actions are calculated by the Ewald method.

The initial silica lattice is derived from the structural
database of MS software. A repeat graphite unit with the
thickness 2.75 nm is cleaved along the (0 0 —1) crystallo-
graphic orientation and a repeat silica unit with the thick-
ness 2.5 nm is cleaved along the (—1 0 0) crystallographic
orientation. As known, silica surface in oil reservoir is
complex and there are some other components absorbing
on silica surface. In this paper, the silica surface is modi-
fied by hydroxyl groups, which is a common silica surface.
And the graphite surface is represented for the kerogen
surface. Methane (CH,), ethane (C,Hy), n-butane (C,H,,),
n-octane (CgH,q), n-octadecane (C;3Hsg), naphthalene
(Cy¢Hg), N,N-dimethyldodecylamine (C,,H,sN(CHj;),),
octadecanoic acid (CH;(CH,),,COOH) are constructed as
the oil mixture molecules in these simulations, as shown in
Figures 1(a)—(h). Graphite surface is chosen as the kerogen
surface and silica modified by hydroxyl groups is chosen
as the mineral surface, as shown in Figures 1(i) and (j).
Curtis® reported that a large number of nano scale pores
appeared when R, is higher than 0.9%.%° And the pores of
which size under 20 nm play an important role in the shale
system.’ An 8 nm slit model is built to represent these
pores. In preparing the configuration of the simulations, a
rectangular basic box of 30.38 x 30.38 x 115.83 A? is built
for the silica model simulations and a rectangular basic
box of 29.52 x 34.09 x 114 A is built for the graphite
model simulations, with the z-axis perpendicular to the
silica and graphite surfaces. Periodic boundary conditions
are considered in all directions. The oil mixture molecules
are packed in the silica and graphite boxes. The numbers
of loading molecules in the silica and graphite models are
shown in Table I. The hydrocarbon yields are calculated
with the kinetics models and the kinetics parameters are
used with type I kerogen,’>3* the evolution is shown in
Figure 2. The mass fraction represents the grade of matu-
rity at R, = 0.9%, which is a common maturity in shale oil.
The methane, ethane, n-butane molecules are represented
for the gases which are dissolved in the shale oil (C,, C,,
C;_s), the n-octane molecules for the low carbon numbers
alkanes (C4—C,, saturated HC), n-octadecane molecules
for the high carbon numbers alkanes (C,s, saturated HC),
the naphthalene molecules for the aromatic hydrocarbons
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Figure 1. (a) Methane (CH,). (b) Ethane (C,Hy). (¢) n-butane (C,H,,). (d) n-octane (CgH,5). (e) n-octadecane (C,3Hyg). (f) naphthalene (C,,Hy).
(g) N,N-dimethyldodecylamine (C,,H,sN(CH;),). (h) octadecanoic acid (CH,;(CH,),,COOH). (i) Silica surface modified by hydroxyl group. (j) Graphite
surface. (k) Oil mixture adsorption in the silica model. (1) Oil mixture adsorption in the graphite model. Gray, C; White, H; Red, O; Yellow, Si; Blue, N.

(Cgy aromatic HC), the N,N-dimethyldodecylamine and
octadecanoic acid molecules for the polar compounds
(resin and asphaltene), they are constructed in the silica
and graphite boxes. The simulation models are shown in
Figures 1(k) and (1). In the models, oil mixture molecules
are placed in the silica and graphite slit apertures, which

are both 8 nm and represent the common nanopores in
shale. All simulations are initialized by minimizing the
energies of the initial configurations using the steepest
decent method.>* After the initialization, all the MD sim-
ulations are first carried out at an NPT ensemble which
is aim to simulate the geological condition, the pressure

Table I. Mass fraction of oil mixture at R, = 0.9% and loading molecular numbers in the silica and graphite models.

Components of Asphaltene and

C,s, saturated

C,s, aromatic C¢—C,, saturated

shale oil resin hydrocarbon hydrocarbon hydrocarbon C,—C; Ethane Methane
Mass fraction 0.18 0.39 0.1 0.28 0.01 0.01 0.03
Chemical formula C H; N CsH;0, CgHyq C,oHg CeHyg C,H,, C,H, CH,
Loading molecular numbers 20 8 56 28 92 6 11 62

in the silica model
Loading molecular numbers 21 9 59 30 98 6 12 65

in the graphite model
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Figure 2. Evolution of type I kerogen hydrocarbon yields.

is 18 MPa and the temperature is 356 K, this condition
represents the geological condition of Qing Shankou For-
mation in Songliao Basin at R, = 0.9%. The simulation
time for NPT ensemble is 500 ps. Then the simulations
are carried out at an NVT ensemble for 1 ns to enable the
model to reach the thermodynamic equilibrium. A fixed
time step of 1 fs was used, and data was collected every
5 ps,?’ the full-precision trajectory was recorded to get the
density profiles of oil mixture in the model, and the results
were analyzed in the next part.

3. RESULTS AND DISCUSSION

3.1. Volume and Density of Adsorption Qil Phase

To gain insight into the adsorption behavior of eight-
component oil mixture molecules confined in the car-
bonaceous and silica slit-shaped nanopore, local density
distributions and configurations of different components
after equilibration were collected for oil mixture within
7.92 nm and 8.57 nm slits at 356 K, 18 MPa (Fig. 3). We
photoed the last frame of equilibrium model and computed
the continuous mass density profile normal to the graphene
and silica surface at every Az = 0.07 nm interval, which
is much smaller than the molecule diameter. Figures 3(b)
and (d) shows that the oil mixture molecules are not uni-
formly distributed throughout the pore, even though the
density is symmetrical about the center line (z = 0) of two
solid walls. Owing to the strong intermolecular affinities
between the sheets and the alkanes, intense oscillations of
the mass density are present in the vicinity of the interface,
and the magnitude is gradually attenuated with increasing
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distance from the silica and carbonaceous surface. In the
bulk region, computed mass density remains almost con-
stant. The first density peak adjacent to the silica wall
is 1.091 g/cm?, which is approximately 0.45 time greater
than that of the bulk fluid; and the first density peak adja-
cent to the graphite wall is 2.515 g/cm®, which is approx-
imately 2 times greater than that of the bulk fluid; hence,
it is reasonable to believe that this layer is in a solid-like
state,>3¢ and indicate that adsorption capacity of mineral
is smaller than the organic matter. Away from the near-
wall region, the solid-liquid interaction contributes a con-
tinuously diminished influence on the mass density, thus
leading to a lower density peak of 0.848 g/cm? in silica
model and 1.286 g/cm?® in graphite model. The solid walls
exert no force on molecules located in the cutoff range of
silica and graphite; therefore, the physical properties of the
bulk fluid show no strong fluctuations.

With the objective of a more precise estimation of
the recoverable oil-in-place, the volume occupied by the
adsorption phase, which exists in a solid-like or solid
state, must be determined and deducted from the total
pore space. The mass density profiles of oil mixture in
silica and graphite models (Figs. 3(b and d)) reveal that
the adsorption region, defined as the section in which
their local density deviates from the bulk value,’” could
be considered to contain four molecular layers, indicat-
ing multi-layer adsorption of oil mixture molecules on the
surface of silica and carbonaceous sheets. The solvation
forces between n-alkanes and mica surfaces, measured by
Christenson et al.,** showed a decaying oscillatory behav-
ior, and the spacing (0.40-0.50 nm) was approximately
equal to the width of alkane molecules while independent
of the chain length (1.35 nm for n-octane). Our results
for the thickness of a single layer, ~0.44 nm in the silica
model and ~0.42 nm in the graphite model, determined by
measuring the distance between two adjacent crests of the
mass density profile (Fig. 3), is in good agreement with
their experimental results. Figure 3 also shows that the
fluctuation of mass density extends 1.76 nm and 1.68 nm,
respectively in the silica model and graphite model, sug-
gesting that, under this condition, the adsorption phase
volume on the mineral surface within an 8.57 nm slit is
41.1%, and 42.4% on the organic surface within a 7.92 nm
slit. In addition, the adsorption phase mass rate can be cal-
culated from the density and the volume (Eq. (1)). The
adsorption phase mass rate in the mineral slit is 42.7%,
and 43.1% in the organic slit. What needs illustrating is
that these rates can only be used in 8 nm slit.

R

adsorption

M, qcornti
adsorption
=——-100
madsorplion + My

Ly
L Padsorption *
L Ly
fL] padsorplion : Ladsorplion " Smodel + sz Phulk * Pmodel

R, gsomption 18 total adsorption mass rate, %; m
adsorption mass, mg; m,, is bulk mass, mg;
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Figure 3.

(a) Snapshot (front view) showing the adsorption of oil mixture in a 8.57 nm silica slit (356 K). (b) Mass density profiles for oil mixture

in a 8.57 nm silica slit (356 K). (c) Snapshot (front view) showing the adsorption of oil mixture in a 7.92 nm carbonaceous slit (356 K). (d) Mass

density profiles for oil mixture in a 7.92 nm carbonaceous slit (356 K).

the density of oil mixture in the adsorption region, g/cm?;
P 18 the density of oil mixture in the bulk region, g/cm?;
Lgsorpiion 18 the length of total adsorption layers, nm; Ly,
is the length of bulk, nm; A, 4, is area of the simulation
model, nm?; L, is the beginning of the density profile, nm;
L, is the end of the adsorption layers, nm; L, is half of the
total length of the simulation model, nm. (pyqsorprion> Poiuks
L, and L, can be read from the mass density profiles of
oil mixture).

To properly account for the effect of oil mixture adsorp-
tion on the shale recoverable oil-in-place calculation, the
adsorption capacity per unit area (C,gomprion_o» ME/M?)
should be used. It is governed by the adsorption mass
(madsorpuon, mg) and the area of the simulation model
(Amoger» M?) (Eq. (2)). The C,georpion Of silica and graphite is
respectively 1.126 mg/m? and 1.369 mg/m>. This conclu-
sion does not seem to agree with the geological knowledge
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which shows the adsorption capacity of organic matter is
6.5~15 times bigger than that of shale.*' But it should be
noticed that the unit used in geology is adsorption capac-
ity per unit mass. There is a significant difference between
specific surface area (m?/g) of organic matter and that
of shale. The specific surface area of organic matter is
5.66~11.7 times bigger than that of shale.*’> We can sim-
ply put graphene as organic matter, quartz as shale. And if
Cdsorption Of silica and graphite is multiplied by the specific

surface area of shale and organic matter, the result is in
accordance with the actual geological conditions.

m

C o adsorption
adsorption—a A
model
Ly
f L, Padsorption * Ladsorption : Amodel
- . @
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The unrecoverable fraction F,. is governed by the
adsorption capacity per unit mass (Cygsomption—m» Mg/g), the
oil content parameter (S,, mg/g, the oil mass for 1 g of
organic-rich shale) and the specific surface of pores which
contain oil (A, m*/g) (Eq. (3)).

C C A

adsorption—m adsorption-a * “1oil
F.= = 3
o= =2 9 G
where,
Aoil = Ashale : Zoil/loo (4)
A is the specific surface of shale, m*/g; Z_;, is the rate
of pores which contain oil, %.
The mass of unrecoverable shale oil resource (Q,., 10* t)
can be calculated as followed Eq. (5):
Quc = 10_1 : Ashale ! I_Ishale " Pshale Sl : E]C (5)

Ay is the area of shale, km?;, Hyg,. is the thickness of
shale, m; pg,. is density of shale, g/cm®.

3.2. Comparison of Multiple Components Adsorption
Characters on the Silica and Graphite Surface
Next we will discuss adsorption density and character of
each component in the eight-component oil mixture of
CH,, C,Hg, n-C,H,y, n-CyH g, n-C,gHyq, C,oHg, C)Hy N,
and C,3H;,0, on the silica and graphite surface. The den-
sity profile of CH,, C,Hy and n-C,H,, shows one major
adsorption layers in the near-wall region of silica surface
(Fig. 4(a)), and the peak values are much higher than
that of bulk (Fig. 4(b)). And the mean density of the first
adsorption layer for CH,, C,Hy, and n-C,H,, is approxi-
mately 0.1 g/cm?, which is about 3 times larger than the

value of the bulk-fluid region (0.024 g/cm®) (Fig. 4(c)).
The thickness of each monolayer, measured as the hori-
zontal distance between two similar points on the damping
curve, is also 0.42 nm, by which the discrete mass density
profile is determined. In contrast to graphite, the density
profile of CH,, C,Hy, and n-C,H,, shows four distinct
adsorption layers in the near-wall region (Figs. 4(d and ¢)),
this phenomenon is not like the one component CH,
adsorption character on the mineral surface which has
one major adsorption layer,* due to the exists of other
oil components. The gas molecules are not only adsorp-
tion by the mineral surface, but also dissolved in the oil
mixture. The mean density of the first adsorption layer
on the graphite surface is about 0.0523 g/cm?, which is
about 0.7464 time larger than the value of the bulk-fluid
region (0.030 g/cm?) (Fig. 4(f)). Not only the mean density
of the first adsorption layer of CH,, C,H,, and n-C,H,,
on the graphite surface is half of that on silica surface,
but also the total adsorption mass rate on the graphite is
smaller than that on silica surface (respectively 50.197%
and 56.677%). This is mainly because there are many
defects on the silica surface and the graphite is flat. This
makes more adsorption sites exist on the silica surface
than the graphite surface. The adsorption density and char-
acter of light hydrocarbon (n-C¢H,q) and heavy hydro-
carbon (n-C,gHs4) on the silica and graphite surface are
also shown in Figures 5 and 6. The adsorption density of
n-CgH g on the silica surface has the same tide with that
of CH,, C,H,, and n-C,H,, on the silica surface, and it
also shows one major adsorption layer (Figs. 5(a and b)).
And the mean density of the first adsorption layer for
n-CgH,g is approximately 0.242 g/cm®, which is about
0.17 time larger than the value of the bulk-fluid region
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(a) Snapshot (left part) showing the adsorption of gas hydrocarbon (methane (CH,) + ethane (C,H) + n-butane (C,H,,)) in a 8.57 nm

silica slit (356 K). (b) Mass density profiles in silica slit. (c) Mean mass density profiles in silica slit. (d) Snapshot (left part) showing the adsorption
of gas hydrocarbon in a 7.92 nm graphite slit (356 K). (e) Mass density profiles in graphite slit. (f) Mean mass density profiles in graphite slit.
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Figure 5. (a) Snapshot (left part) showing the adsorption of n-octane (CgH,g) in a 8.57 nm silica slit (356 K). (b) Mass density profiles in silica slit.
(c) Mean mass density profiles in silica slit. (d) Snapshot (left part) showing the adsorption of n-octane in a 7.92 nm graphite slit (356 K). (e) Mass

density profiles in graphite slit. (f) Mean mass density in graphite slit.

(0.207 g/cm®) (Fig. 5(c)). The density profile of n-CyH g
on the graphite has shown four distinct adsorption layers
as well as CH,, C,Hg, and n-C,H,, on the graphite surface
(Figs. 5(d and e)), but the mean density of the first adsorp-
tion layer is smaller than the second adsorption layer (the
first adsorption layer: 0.176 cm?®; the second adsorption
layer: 0.318 cm?; the bulk: 0.272 cm®) (Fig. 5(f)). Addi-
tionally, the density profile of n-C4H,4 indicates that there
are four distinct adsorption layers both on the silica and
graphite surface and the first adsorption layer n-C gHsq is
much less than that of the second, the third or the fourth

adsorption layer. The second, third and fourth adsorption
layers of the oil mixture on the silica surface are mainly
caused by n-C3H;e (Fig. 0).

The aromatic hydrocarbon (naphthalene) which
accounts for only 10% in the oil mixture is adsorption
the highest rate in the first adsorption layer, especially on
the surface of the graphite (Fig. 7). The naphthalene is
adsorption in the first layer on the graphite surface as a flat
structure; in addition, it is adsorbed as a stacked structure
on the silica surface because of the rough structure and
the defects. The density profile of naphthalene shows only
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Figure 6. (a) Snapshot (left part) showing the adsorption of n-octadecane (C,4H,g) in a 8.57 nm silica slit (356 K). (b) Mass density profiles in silica
slit. (c) Mean mass density profiles in silica slit. (d) Snapshot (left part) showing the adsorption of n-octadecane in a 7.92 nm graphite slit (356 K).
(e) Mass density profiles in graphite slit. (f) Mean mass density profiles in graphite slit.
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Figure 7.

(a) Snapshot (left part) showing the adsorption of naphthalene (C, Hy) in a 8.57 nm silica slit (356 K). (b) Mass density profiles in silica

slit. (c) Mean mass density profiles in silica slit. (d) Snapshot (left part) showing the adsorption of naphthalene in a 7.92 nm graphite slit (356 K).
(e) Mass density profiles in graphite slit. (f) Mean mass density profiles in graphite. slit.

one adsorption layer on both silica and graphite surface,
and the peak values are 0.202 g/cm® and 1.792 g/cm?
respectively. And the mean density of the first layer is
0.388 g/cm® which is much higher than that on the silica
surface (0.142 g/cm?), additionally, the bulk density in
the graphite is 0.032 g/cm® which is lower than that on
the silica surface (0.046 g/cm?®). This indicates the naph-
thalene adsorption capability of graphite is higher than
the silica and the interaction between the naphthalene and
graphite is stronger than silica.

Density profiles for the adsorptions of the polar com-
pounds (N,N-dimethyldodecylamine (C,,H,;N(CH;),)
and octadecanoic acid (CH;(CH,),,COOH) are also stud-
ied. In Figures 8(a)—(f), only one N,N-dimethyldo-
decylamine molecule is adsorbed as an almost parallel
orientation to the silica surface like a zigzag arrangement
with a certain angle because of the rough surface and
the majority of the molecules are amorphous and disor-
dered in the bulk region. The N,N-dimethyldodecylamine
molecules are also distributed in parallel to the surface and
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Figure 8. (a) Snapshot (left part) showing the adsorption of N,N-dimethyldodecylamine (C,,H,;N(CHj;),) in a 8.57 nm silica slit (356 K). (b) Mass

density profiles in silica slit. (c) Mean mass density profiles in silica slit. (d) Snapshot (left part) showing the adsorption of N,N-dimethyldodecylamine
in a 7.92 nm graphite slit (356 K). (e) Mass density profiles in graphite slit. (f) Mean mass density profiles in graphite slit.
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Figure 9. (a) Snapshot (left part) showing the adsorption of octadecanoic acid (CH;(CH,),COOH) in a 8.57 nm silica slit (356 K). (b) Mass density

profiles in silica slit. (c)Mean mass density profiles in silica slit. (d) Snapshot (left part) showing the adsorption of octadecanoic acid in a 7.92 nm
graphite slit (356 K). (e) Mass density profiles in graphite slit. (f) Mean mass density profiles in graphite slit.

the molecules in the bulk region are mainly concentrated
in the middle part of the slit. From the density profiles we
can see there is mainly one adsorption layer on the silica
surface, the density peak of the second and third layer is
only half of the first layer. In addition, three adsorption
layers are obviously distributed on the graphite surface and
the first layer’s density peak is 1.333 times higher than
that on silica surface (0.35 g/cm® and 0.15 cm® respec-
tively). The mean density of the first layer on the silica is
0.825 g/cm?®, which is about half of that on graphite sur-
face (0.145 g/cm?), and the total adsorption mass is also
much less. Additionally, the adsorption character in the sil-
ica model is not like the tide in the graphite model which
decreases with the length from surface. In Figures 9(a)—(f),
the head of the octadecanoic acid molecule adsorbs on the
silica surface due to the electrostatic interaction between
the octadecanoic acid molecule and silica surface. The
charges of H atoms of hydroxyl group on the silica sur-
face are 0.250 e and the O atoms of carbonyl group in the
octadecanoic acid molecule are —0.419 e. This interaction
is bigger than that on graphite surface caused by Van der
Waals force. And there is no octadecanoic acid molecule
in the region closest to the graphite surface. From the den-
sity profile and the mean density profile we can clearly see
that octadecanoic acid molecules are mainly distributed in
the first layer on the silica surface, and in the third layer
on the graphite surface. Additionally, the total adsorption
mass in the graphite model is bigger than that in the silica
model.

After comparing the adsorption character and density
profile of eight components in the oil mixture, we can con-
clude that all the eight components expect n-C,;gH;, are
dominantly with one single adsorption layer in the silica

6206

surface, the second, third, and the fourth adsorption layers
are not obvious. Additionally, n-C,¢H;s has four adsorp-
tion layer, and the adsorption mass rises with the numbers
of layers. This phenomenon is not like the adsorption
character of single component of which the adsorption
mass decreases with the numbers of layers. CH,, C,Hg,
n-C,H,,, n-C¢H5, C,H; N have four adsorption layers
and C,,Hg are dominantly with one single adsorption layer
of which adsorption density peak is much higher than other
components. CH;(CH,),,COOH and n-C,jH,; have the
same adsorption character with n-C 3H;g on silica surface;
and no CH,(CH,),,COOH appears in the first adsorp-
tion layer. The silica surface adsorbs more CH,, C,Hg,
n-C,H,,, and CH;(CH,),,COOH than graphite because of
the shape of alkane gas molecules and the negative charge
of CH;(CH,),,COOH. Graphite adsorbs more C,,Hg than
silica; because graphite and C,,Hg have the conjugated
7 bond and the shape of C, Hy is not suitable to rough
surface of silica. Both silica and graphite have the same
adsorption character of CsHyq; and the total adsorption
mass on silica surface is a little bigger than that on
graphite. Multiple component adsorption characters on sil-
ica and graphite surface indicate that mineral and organic
matter have different adsorption capabilities of different
component. Additionally, the oil mixture adsorbed on sil-
ica surface is lighter that on graphite.

3.3. Effect of Temperature on Oil Mixture Adsorption
The adsorption of oil mixture in 7.92 nm organic slit
and SiO, silt were computed at temperatures of 356 K
and 388 K; oil mixture and compositions density distribu-
tions are shown in Figure 10. As with the aforementioned
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Figure 10. Effect of temperature on the left panels and mass density profiles for oil mixture and different components in carbonaceous slits (al-a7)
and silica slits (b1-b7). (al) Mass density profiles for oil mixture in carbonaceous slits. (a2) Mass density profiles for gas hydrocarbon in carbona-
ceous slits. (a3) n-octane. (a4) n-octadecane. (a5) naphthalene. (a6) N,N-dimethyldodecylamine. (a7) octadecanoic acid. (bl) Mass density profiles
for oil mixture in silica slits. (b2) Mass density profiles for gas hydrocarbon in silica slits. (b3) n-octane. (b4) n-octadecane. (b5) naphthalene.
(b6) N,N-dimethyldodecylamine. (b7) octadecanoic acid. Only the left-half parts of the symmetric slits are shown.
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results, there are four adsorption layers on the pore sur-
face under different temperatures (Figs. 10(a-1 and b-1)).
Differing from expected, both organic silt and SiO, silt
indicate that the adsorption layer density changing little
with increasing temperature (Figs. 10(a-1 and b-1)). More-
over, in the same adsorption model, various compositions
show different changes with the increase of temperature
(Figs. 10(a-2~a-7)), and the same component indicate dif-
ferent tendencies with different silts (Figs. 10(a-2) and
(b-2); (a-3) and (b-3);~; (a-7) and (b-7)). In the organic
silt, density of oil mixture decreases with the increase of
temperature in the last two adsorption layers, and increases
in the last two layers; meanwhile, in the SiO, silt, den-
sity of oil mixture decreases with the increase of temper-
ature in the last three adsorption layers, and increases in
the first layer (Figs. 10(a-1 and b-1)). In the organic silt
and SiO, silt, densities of methane, ethane, and n-butane
both decrease with the increase of temperature in the first
adsorption layer; meanwhile, increase with the increase of
temperature in the last three adsorption layers (Figs. 10(a-2
and b-2)). In the organic silt density of n-octane increases
with the increasing temperature in the first and forth layers,
and decreases in the second and third layers (Fig. 10(a-3)).
In the SiO, silt density of n-octane increases with the
increasing temperature in the second layer, and decreases
in the other three layers (Fig. 10(b-3)). In the organic silt
density of n-octadecane decreases with the increasing tem-
perature in the third layer, and increases in the other three
layers (Fig. 10(a-4)); meanwhile, in the SiO, silt density
of n-octadecane decreases with the increasing tempera-
ture in the second layer, and increases in the other three
layers (Fig. 10(b-4)). In the organic silt density of naph-
thalene decreases with the increasing temperature in the
first two adsorption layers, and increases in the last two
layers (Fig. 10(a-5)); meanwhile, in the SiO, silt density
of naphthalene decreases with the increasing temperature
in the second and third adsorption layers, and increases
in the other two layers (Fig. 10(b-3)). In the organic silt
density of N,N-dimethyldodecylamine decreases with the
increasing temperature almost all the adsorption layers
(Fig. 10(a-6)); meanwhile, in the SiO, silt density of N,N-
dimethyldodecylamine decreases with the increasing tem-
perature in the last two layers, and increases in the first
two layers (Fig. 10(b-6)). In the organic silt density of
octadecanoic acid decreases with the increasing tempera-
ture in the last layer, and increases in the first three lay-
ers (Fig. 10(a-7)); meanwhile, in the SiO, silt density of
octadecanoic acid decreases with the increasing tempera-
ture almost all the adsorption layers (Fig. 10(b-7)).
Results of molecular modeling of oil mixture adsorp-
tion in different temperature indicate that the impact of
temperature on the oil mixture adsorption is different from
single component adsorption model. In the single compo-
nent model, density decreases with the growth of temper-
ature in all the four adsorption layers; nevertheless, in the
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multiple components model, densities of various compo-
nents changes differ from each other and show different
from four adsorption layers. For example, changing rate of
bulk phase is the more than adsorption phase in methane,
ethane, and n-butane adsorption graphite and SiO, model;
rate of change of the third layer is more than other three
layers in adsorption layers in organic silt and rate of
change of the second layer is more than other three layers
in adsorption layers in SiO, silt. What’s more, change rates
of other components are different either. Additionally, den-
sity change rate of the same component (all components
except n-octane) influenced by temperature in graphite silt
and SiO, silt is similar, though the rates in each adsorp-
tion layer are different. That is to say density change rate
of one component in adsorption and bulk phases is more
likely related to the property and content, other than the
solid silt.

4. CONCLUSION

On the basis of adsorption characteristics of oil mixture
on the graphite surface (oil-wet) and the hydroxyl silica
surface (water-wet), we study the total adsorption phase
thickness in the slits and the characters of each component.
We reached the following conclusions:

(1) Under reservoir conditions, there are four adsorption
layers of oil mixture on silica and graphite surface, and the
thickness of each layer is 0.44 nm in the silica model and
0.42 nm in the graphite model. In particular, the adsorption
phase volume on the mineral surface within a 8.57 nm
slit is 41.1%, and 42.4% on the organic surface within
a 7.92 nm slit. In addition, the adsorption ¢ mass in the
mineral slit is 42.7%, and 43.1% in the organic slit. The
adsorption capacity per unit area of silica and graphite
is respectively 1.126 mg/m? and 1.369 mg/m’. We can
anticipate that adsorption capability per unit mass used in
geology is mainly governed by specific surface area.

(2) The adsorption character of single component in oil
mixture depends largely on its property: the adsorption
mass of high carbon number alkane increases with the
numbers of adsorption layers, of which trend is contrary
to that of light carbon numbers alkane; aromatic hydro-
carbon has mainly one adsorption layer; the adsorption
character of polar compounds depends on their electric
charge. Silica surface is more likely to adsorb the light
carbon number alkane than graphite because of its rough
surface; and compounds with negative charge trend to be
adsorbed more on the silica surface than graphite due to
the hydroxyls of silica. Graphite adsorbs more C,,H; than
silica, because graphite and C,,Hg have the same conju-
gated 7 bond and the shape of C,,H; is not suitable to
rough surface of silica.

(3) For oil in shale systems, the density of adsorption
phase decreases with temperature, and the effect of tem-
perature on the adsorption of macromolecular compounds
is greater. Thermal processes may therefore provide us a
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potential avenue to improve recoverable oil from shale,
especially the heavy oil.
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