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ABSTRACT:

Adsorption of polycyclic aromatic hydrocarbons (PAHs) on mineral surfaces plays an
important role in many engineering fields, such as oil recovery and oil sands production.
In this work, the adsorption behaviors of a PAH compound, violanthrone-79 (VO-79),
on quartz surface were investigated at different temperatures by molecular dynamics
(MD) simulation and atomic force microscopy (AFM). Our simulations demonstrated
that with rising temperature, the rate of adsorption increased whereas the total amount
of stably adsorbed VO-79 molecules hardly changed. On the other hand, the adsorption
mode had a strong dependence on the temperature. At 323K, approximately half of the
adsorbed VO-79 formed a monolayer with their polyaromatic cores directly contacting
and parallel to the quartz surface. The other half were in an aggregated form and
adsorbed indirectly, via interaction with directly adsorbed molecules. The polyaromatic
cores of VO-79 in the aggregates tend be oriented slant to the surface. A transition from
indirect to direct adsorption was observed as temperature increased, and nearly 90% of
VO-79 molecules were adsorbed in direct form at 523K. AFM imaging confirmed the
observations in the MD simulations, showing smaller and more uniformly distributed
VO-79 aggregates adsorbed on the surface with rising temperature. This work provides
valuable insights, at the molecular level, into the effect of temperature on the adsorption

of PAHs on mineral surfaces.
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1. INTRODUCTION

Adsorption of polycyclic aromatic hydrocarbons (PAHs) on mineral surfaces plays
a significant role in many important fields, such as environmental science, oil recovery
engineering, etc. PAHs are a group of ubiquitous hydrophobic organic compounds,
which are of concerns to human health mainly due to their toxicity and suspected
carcinogenity.! Presence of minerals can contribute crucially to the retention of PAHs in
subsurface environments due to their adsorption.? In conventional reservoirs, the
wettability alteration of mineral surfaces from oil-wet to water-wet through spontaneous
imbibition can significantly enhance the oil recovery.> However, the adsorption of PAHs,
such as asphaltenes present in the petroleum, can alter the surface wettability from
water-wet to oil-wet, increasing the difficulties in oil liberation from reservoir rocks and
causing fouling in downstream operations.*’ Therefore, understanding the adsorption of
PAHs on mineral surfaces is of vital importance for controlling the surface properties of
minerals in related engineering processes.

Over the past two decades, significant experimental and simulative efforts have
been spent on examining PAH adsorption on minerals, most of which focused on
asphaltenes. It was found that the adsorption was a multifaceted process sensitive to

many system variables, such as PAH concentration,®!? type of minerals,'31¢

polarity of
solvents,!”! salinity,?*>* humidity,>*?* and chemical modifications.?**® For instance,
Dudéasova et al.® and Saraji et al.'> characterized the adsorption of asphaltenes from
different origins onto multiple solid surfaces including kaolin, calcite, dolomite and
quartz. Both monolayer and multilayer adsorption behaviors were observed, which
generally occurred at low and high asphaltene concentrations, respectively.’

Additionally, polarity of the solvent can affect the adsorption modes.'® In a good solvent

(toluene or xylene), the adsorbed asphaltenes were structured as a solvated monolayer,
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whereas the adsorption exhibited a transition from a monolayer to a multilayer structure
with the progressive addition of a poor solvent (heptane or dodecane). Saraji et al.?
investigated the asphaltene adsorption from toluene solution onto quartz in the presence
of brine films, revealing that the adsorbed amounts decreased at higher salt
concentration mainly due to larger repulsive hydration forces that stabilized the thin
brine films on the quartz surface. Gonzalez et al.>* studied the effect of relative humidity
on asphaltenes adsorption onto quartz surface. Their results showed that the adsorption
was sensitive to surface-adsorbed water, decreasing linearly with the thickness of the
interfacial water film, with a 4-fold reduction in adsorption when relative humidity was
increased from 0 to 100%.

In addition to the above factors, temperature also plays a key role in PAH
adsorption on mineral surfaces, due to its impact on the colloidal state of PAHs.?%- It is
generally believed that the size of PAH aggregates decreases as temperature rises,’*
thus reducing the amount of adsorption.’*31-33-37 However, there were a few different
reports. Acevedo et al.*? found that the diameter of asphaltene aggregates increased with
rising temperature from 423 to 523 K. Other studies demonstrated that the effect of
temperature on adsorption was not significant,’® or even negligible.!* Furthermore, One
reason for the discrepancies in the literature is the lack of critical information on the
temperature-dependent adsorption process, adsorption mode and structure, orientation
of molecules, etc., which is hard to obtain experimentally.

Molecular dynamics (MD) simulations have been extensively employed to
investigate the adsorption of PAHs on liquid interfaces***> and on mineral surfaces,*¢->
providing insights into the dynamic processes at molecular level. Using MD simulations,
Wu et al.*® investigated the adsorption, diffusion and distribution of asphaltene, resin,

aromatic and saturate fractions of heavy crude oil on quartz surface, and found that the
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van der Waals (vdW) interaction was the main contributor to the adsorption of these
components. Zhu et al.’® studied the adsorption and aqueous extraction of oil
contaminants on silica surface with various roughness, which was modelled by different
rectangular grooves. Their results demonstrated that the main resistance for oil release
from the relatively shallow grooves was the strong intermolecular interactions between
the oil molecules orderly stacked inside the grooves. Xiong et al’! probed the
adsorption on silica surfaces of two types of PAHs with different length of aliphatic side
chains. Their results showed enhanced synergetic adsorption of the two PAHs, which
was attributed to the m—n stacking and T-stacking between polyaromatic cores, as well
as hydrogen bonding between their polar terminal groups and silica. Our previous MD
study® showed that at 300K, the type of solvent had a great impact on the kinetics of
PAH adsorption on quartz surface, but did not change the adsorption modes. The
adsorption was driven primarily by vdW forces, accompanied by -electrostatics,
hydrogen bonding and free energy of solvation. These past MD simulations were all
performed at room temperature (~300 K), while no MD studies have investigated PAH
adsorption onto mineral surfaces at other, especially under higher, temperature
conditions.

In this work, we have performed MD simulations to study the
temperature-dependent adsorption of a representative PAH, violanthrone-79 (VO-79),
from organic solvents onto quartz surface. The results allow us to address how
temperature influences the adsorption process, mode and adsorbed structures. The
simulations have been accompanied by experiments using atomic force microscope
(AFM) imaging, providing complementary structure characterization of the adsorbed

layers.
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2. METHODS
2.1. Simulation

The representative PAH model, VO-79 (Figure la), consists of a large
polyaromatic core (PAC) and two long aliphatic side chains. Most silica surfaces used in
experimental adsorption studies contain many hydroxyl groups on the surface,” which
are known to enable the adsorption of organic and biological molecules.’**> As such a
hydroxylated monolayer quartz surface (Figure 1b) was chosen as the mineral surface in
this study. To reduce the complexity of the model while maintaining the key functional
groups for adsorption, the monolayer quartz surface was created with the silanol
(Si—OH) groups on one side of the surface and Si—H groups on the other (Figure 1b).
The surface silanol density is about 7.2 OH per nm?, close to the experimental values (8
OH per nm? at maximum coverage) reported in a previous work.>® The organic solvents
were represented by heptane and toluene. The topologies for VO-79, quartz surface,
heptane, and toluene were generated and validated in our previous work,*4%37-60 and

directly adopted here.

Figure 1. Molecular structures of (a) VO-79 as a PAH model and (b) hydroxylated

6 /32



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

quartz surface (side view) employed in this study.

In total, 10 systems were constructed to systematically investigate the VO-79
adsorption on quartz surface at different temperatures. These systems all contained the
same number (24) of VO-79 molecules, but having two different types of solvents and 5
different temperatures. Table 1 summarizes the details of the simulated systems,
including the number of solvent molecules (Nheptane OT Nroluene), and the temperature (7)
at which each system was simulated. Each system was named by the first letter
indicating the type of solvent (H for heptane and T for toluene) followed by the value of
temperature in Kelvin. For example, system H323 corresponds to simulation of VO-79
adsorption from heptane on quartz at 323K. The initial configuration of each system
was built using the procedure reported in our previous work.*> Briefly, we first
constructed a simulation box of 5.7 x 5.6 x 11 nm? with 24 VO-79 molecules, which
were arranged with their PACs parallel to one another, forming a 4 x 2 x 3 array. The
rest of the box was filled with the solvent molecules. An initial steepest descent energy
minimization was carried out to ensure that the maximum force was less than 1000.0
kJ/(mol-nm). This procedure was followed by a pre-equilibration with position restraint
on the VO-79 molecules in a canonical (NVT) ensemble for 100 ps and an
isothermal-isobaric (NPT) ensemble for another 100 ps. Then, two quartz surfaces were
placed on the left and right sides of the box, with the Si-OH groups facing the solvent.
The initial configuration of system H323 is shown in Section S1 of the Supporting
Information (SI) as an example. After another energy minimization, the system was
finally sampled for 100 ns in NVT ensemble with position restraint on all silicon atoms

of the quartz surfaces.
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Table 1. Details of the Simulated Systems

system Nheptane Nioluene T (K)
H323 1331 0 323
H373 1261 0 373
H423 1182 0 423
H473 1085 0 473
H523 1002 0 523
T323 0 1791 323
T373 0 1676 373
T423 0 1560 423
T473 0 1418 473
T523 0 1236 523

All simulations were performed using the GROMACS 5.0.7 simulation

61,62

package, with periodic boundary conditions applied in all three directions. During
all simulations, a time step of 1 fs was used. Temperature was controlled using the
v-rescale thermostat,%® with coupling time (z1) set at 0.1 ps. Pressure in NPT ensemble
was kept at 1 bar by the Parrinello-Rahman barostat,** with coupling time (zp) set at 2.0
ps. The LINCS algorithm was used to constrain all bonds.®> The particle mesh Ewald
(PME) method was applied to handle long-range electrostatic interactions, %7 with a
Fourier grid spacing of 0.16 nm. A twin-range cutoff scheme was employed for
short-range electrostatic and vdW interactions with a cutoff value of 1.4 nm.

Appropriate post-processing programs available in GROMACS were used for trajectory

analysis and VMD 1.9.1 was applied for visualization.®
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2.2. Experiment

VO-79 (CsoH4s04, 98%), heptane and toluene were purchased from Fisher
Scientific. Both heptane and toluene are of HPLC grade. The silica substrate (silicon
wafer with 0.5 pm thermal oxide layer) was purchased from the NanoFab, University of
Alberta. To conduct the experiment of VO-79 adsorption on silica substrate at different
temperatures, VO-79 in heptane and toluene solutions were firstly prepared at the
weight concentration of 2000 ppm. Each solution was sonicated in an ultrasound bath
for 10 min before being transferred to a hydrothermal reactor. A brief protocol of
conducting the VO-79 adsorption on silica substrate is summarized as follows: 1)
treating the silica substrate with UV/O3 to remove any organic contaminants on the
substrate surface; 2) immersing the silica substrate in VO-79 solution filled in the
hydrothermal reactor and leaving the sealed reactor in a laboratory oven for 1 h at a
desired constant temperature; 3) thoroughly rinsing the substrate with the solvent used
in the preparation of VO-79 solution in order to remove any weakly adsorbed VO-79,
and blow-drying the resultant sample with nitrogen. The surface morphology of
adsorbed VO-79 on silica substrate was characterized by atomic force microscope
(AFM) imaging in tapping mode operated on a Dimension Icon AFM (Bruker, Santa
Barbara, CA). Due to the limitation of the equipment used, the temperatures in the

experiments were different from those in the simulations, ranging from 298 to 363 K.

3. RESULTS AND DISCUSSION
3.1. Mode and Rate of Adsorption
The root mean square deviations (RMSD) of VO-79 molecules are plotted as

functions of time in Section S2 of SI, which clearly demonstrate the attainment of
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equilibrium for all systems in the end. Final equilibrated configurations of the systems
are shown in Figure 2. Visual examination of the final structures revealed two modes of
adsorption: direct (highlighted by red arrows), where the PACs were parallel to and in
direct contact with the quartz surface; and indirect (highlighted by blue circles), where
the aggregated VO-79 were adsorbed via the interaction with directly adsorbed
molecules. The PACs of VO-79 in the aggregates tend be oriented slant to the surface.
In heptane at 323 K and 373 K, all VO-79 were stably adsorbed on the surface without
desorption back into the bulk, and both forms of adsorption were present. Stable
adsorption was also seen at higher temperature, but more VO-79 molecules exhibited
direct adsorption than the indirect form. In contrast, in Figure 2f (T323), one VO-79
molecule preferred to stay in bulk toluene rather than on the surfaces although both
adsorption modes were also present. Direct adsorption was found to be dominant at
higher temperature in toluene (Figure 2g-2j), and presence of indirect adsorption was
not visually apparent. For both solvents, it is clear that the preferred adsorption mode

transitioned from indirect to direct form with increasing temperature.
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®

T323.100 ns

Figure 2. Final configurations of the systems in heptane (left panel): (a) H323, (b) H373,
(c) H423, (d) H473 and (e) H523, and in toluene (right panel): (f) T323, (g) T373, (h)
T423, (i) T473 and (j) T523. C, H, O, and Si atoms are shown in cyan, white, red, and
yellow, respectively. Solvent molecules are not shown for clarity. Blue circles represent
the VO-79 molecules adsorbed on the surfaces in the indirect form, whereas red arrows

point to the VO-79 molecules with direct adsorption.

The averaged minimum distance between PACs of all VO-79 molecules and quartz

surfaces was calculated as a function of time and plotted in Figure 3a-b for all the
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systems. The curves show a universal trend of decreasing with time until reaching their
equilibrium values. In Figure 3a, for system H323 in heptane, the final equilibrium
value (~ 0.5 nm) is significantly larger than the others at higher temperature (~ 0.25 nm).
The same phenomenon can be observed in Figure 3b, where higher temperatures lead to
smaller equilibrium distance values. In addition, in both plots the curves at 323 and 373
K experience more fluctuations than those at higher temperature before reaching
equilibrium. By calculating the minimum distance (d1) between the PAC of each VO-79
and quartz surface (Section S3 of SI), it was found that for most VO-79 di decreased
with time until reaching an equilibrium value of ~ 0.25 nm. This value is close to the
distance (0.26 nm) between PACs of adsorbed
N-(1-hexylheptyl)-N"-(5-carboxylicpentyl)-perylene-3,4,9,10-tetracarboxylic  bisimide
(C5Pe) and silica surface found in a previous study.*® The distance of 0.25 nm is
therefore an indication of adsorption where the VO-79 is in immediate contact with the
quartz surface. Based on this, a VO-79 molecule was defined to be in direct adsorption
mode if the minimum distance from its PAC to quartz surface was within 0.25 nm.

As mentioned before, some VO-79 were observed to form aggregates, through n-n
stacking of their PACs, when they adsorbed on the quartz surface. The minimum
separation between stacked PACs of two VO-79 molecules was found to be about 0.35
nm in our previous work.® Thus, if a VO-79 molecule had di1 > 0.25 nm (i.e., not
directly adsorbed), the minimum distance (d2) between its PAC and the PACs of all
directly adsorbed VO-79 molecules was calculated. If d> was no more than 0.35 nm, this

VO-79 was regarded as in indirect adsorption (d1 > 0.25 nm and d2< 0.35 nm). Each of
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the remaining unclassified VO-79 (with di1 > 0.25 nm and 42> 0.35 nm) was further
subjected to minimum distance calculations, between its PAC and the PACs of all
indirectly adsorbed VO-79. If the minimum distance was no more than 0.35 nm, then
the molecule was also identified as indirectly adsorbed, through one directly adsorbed
and another indirectly adsorbed molecule. This process continued until all molecules

were classified. The definitions for direct and indirect adsorptions are illustrated in

Figure 4.
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Figure 3. Time evolution of averaged minimum distance between quartz surfaces and
the PACs of all VO-79 in systems (a) with heptane as the solvent, (b) with toluene as the
solvent. Time evolution of averaged minimum distance between quartz surfaces and the
PACs of all directly adsorbed VO-79 in systems (c) with heptane as the solvent, (d) with

toluene as the solvent.
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Figure 4. Schematic for direct and indirect adsorption behaviors defined in this work.

Using this criterion, the averaged minimum distance between quartz surfaces and
the PACs of all directly adsorbed VO-79 is plotted against time in Figure 3c for the
systems in heptane and in Figure 3d for the systems in toluene. Comparing with Figure
3a-b, the fluctuations at 323 and 373 K in Figure 3c—d are smaller, and their final
equilibrium values are the same as the others at higher temperatures. Moreover, most
systems took longer to reach equilibrium in toluene, than in heptane, indicating that the
adsorption of VO-79 onto quartz surface was faster in heptane because of its poorer
solubility.?%70

The number of VO-79 molecules with different adsorption modes at the end stage
of the simulations (80—100 ns) were recorded and plotted in Figure 5a. It can be seen
that almost all 24 VO-79 were adsorbed at the end, and the total amount of adsorption
was insensitive to solvent or temperature. However, the number of VO-79 with direct
adsorption increased markedly with rising temperature in both heptane and toluene,
while the VO-79 in indirect form decreased accordingly. At 323K, the numbers of

directly and indirectly adsorbed VO-79 were almost equal, while direct adsorption was
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more dominant at higher temperatures. The maximum and average rates of direct
adsorption are shown in Figure 5b at different temperatures (see Section S4 of SI for
calculation details). In both heptane and toluene, the maximum and average rates of

direct adsorption increased significantly with the rising temperature.
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5 ool (b) -4~ Average rate (heptane)

% 20+ (a) < ~O=Maximum rate (toluene) 0)
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3 l6f —e- Direct adsorption (heptane) | & o—

"&g -~ Indirect adsorption (heptane) Qé‘ 2L o——©O

3 121 = Total amount (toluene) S °®

f gl =0= Direct adsorption (toluene) §< 08l \.
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2 4l 204 0o— A

2 4 < 0 -/ A—
323 373 423 473 523 00 323 373 423 473 523
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Figure S. (a) Number of total, directly and indirectly adsorbed VO-79 molecules on
quartz surface at the end stage of simulations, and (b) maximum and average rates of
VO-79 adsorption in direct form, in heptane and toluene under different temperature

conditions.

3.2. Characterization of Adsorbed Layers

In order to better understand the structure of adsorbed layers, the effective
thickness of VO-79 layers adsorbed on quartz surfaces was evaluated (see Section S5 of
SI for details of the calculation), and plotted in Figure 6, including the thicknesses on
the left and right surfaces and their sum (total thickness). At 323 K, the maximum
thickness was 4.20 nm in heptane (on the left surface) and 2.98 nm in toluene (on the

left surface). These values are slightly smaller than the measured thickness of
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asphaltene layers (6.2—8.7 nm) adsorbed from xylene onto a hydrophilic silica surface in
experiments at 298 K.'® With increasing temperature, the total thickness gradually
decreased from 6.67 to 4.48 nm in heptane and from 5.71 to 4.46 nm in toluene. Since
the total number of adsorbed VO-79 was insensitive to temperature (Figure 5a), the
results indicate that raising temperature caused the adsorbed VO-79 to distribute more
uniformly over the quartz surface. Furthermore, while the total thickness in toluene was
clearly smaller than that in heptane at low temperatures (323 and 373 K), they were
almost the same at high temperatures (423, 473 and 523 K). The results suggest that the
VO-79 molecules adsorbed on quartz surface from aromatic solvents can distribute
more uniformly than those from aliphatic solvents, but the effect of solvent on the

morphology of adsorbed VO-79 fades with increasing temperature.

Left layer (heptane)
Right layer (heptane)
I | cft layer (toluene)
ight layer (toluene)
Total thickness (heptane)
—e— Total thickness (toluene)

Effective Thickness (nm)

23 373 43 413 523
T (K)

Figure 6. Effective thickness of the adsorbed VO-79 layers (nm) on quartz surfaces.

To further characterize the structure of the adsorbed layers, quantitative analysis on

the orientation of PAC planes of the adsorbed VO-79 relative to the quartz surfaces was
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conducted by computing the cosine of angle 6 (cosf) between them (see Figure 7a).
Angle 6 can vary from 0° to 90°, thus cosf is in the range of 0 to 1. When cosé is less
than 0.2, the plane of VO-79 is considered to be perpendicular to the surface. When
cosd is more than 0.9, the plane is considered parallel to the surface. Between these two
limits, the plane is considered to be in the slant state. The distributions of cosé for the
PAC planes of VO-79 with direct and indirect adsorptions are plotted in Figure 7. There
is no molecule distributed in the range of 0-0.2, indicating no VO-79 presenting
perpendicular configuration to the quartz surface in either solvents. For system H323 in
heptane (Figure 7a), cosf is mainly distributed in the range of 0.6—-0.9, which reveals
that the VO-79 molecules tended to be slant to the surface at 323 K, especially with
indirect adsorption. However, with increasing temperature, cosf has an increasing
probability of being in the range of 0.9—1, and 80% of the VO-79 molecules are in this
range at 473 and 523 K. This result suggests that at high temperature the VO-79
molecules preferred a parallel configuration. By comparison, in toluene (Figure 7b),
cosf of VO-79 with both adsorption modes has a narrower distribution (0.7—1), with a
few molecules in a slant configuration (0.7-0.9) but more taking a parallel configuration

(0.9-1) as the temperature grows.
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Figure 7. Distribution of cosine of angle 8 (cosf)) between PAC plane of the adsorbed
VO-79 molecules and quartz surfaces in (a) heptane and (b) toluene under different
temperature conditions, averaged over the last 5 ns of the simulations. Inset: schematic
depiction of the calculation of cosf between planes o and B, which are respectively the
plane of quartz surface and the PAC plane of VO-79 adsorbed on the surface. Solid

columns correspond to the number of molecules in direct adsorption while shaded

columns correspond to the number of molecules in indirect adsorption.

3.3. Energetics Analyses

To understand the forces driving VO-79 adsorption on quartz as the temperature
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increases, energetics analyses were performed. The changes in van der Waals (AEvaw)
and electrostatic (AEelec) interaction energies between quartz and VO-79, and between
quartz and solvents are plotted in Figure 8, along with the change in free energy of
solvation (AGsov) of VO-79 (see Section S6 in SI) calculated based on the solvent
accessible surface area (SASA).”! From Figure 8, it is clear that in all systems, AEvaw
and AFEeec between quartz and VO-79 are negative, indicating that both types of
interactions are beneficial to the adsorption of VO-79. However, the electrostatic
interaction contributes only a minor portion compared to the vdW interaction which
appears to be the dominating force for adsorption under all temperature conditions.
AGsoly is also negative in all systems, and the values are comparable in magnitude to the
electrostatic interactions, providing another driving force for the adsorption. More
importantly, the vdW interaction between quartz and VO-79 is significantly enhanced
with increasing temperature: the magnitude of AEviaw at 523K is almost twice that at
323K, in both heptane and toluene. Such significant increase is not observed in AFEelec Or
AGsolv. As VO-79 moved to the vicinity of the quartz surfaces and replaced the solvent
molecules there, both AEvaw and AFEeec between quartz and solvents are positive,
resisting VO-79 adsorption on the surface. However, such positive AE are smaller in
magnitude compared with the negative AE between quartz and VO-79, which
demonstrates that VO-79 adsorption on the quartz surface is energetically favored

compared with solvent adsorption.
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Figure 8. Change in interaction energy (AE) between quartz and VO-79, and between
quartz and solvents in (a) heptane and (b) toluene, along with the change in free energy

of solvation (AGsolv) of VO-79.

3.4. AFM Imaging of Adsorbed Layers

The morphologies of VO-79 adsorbed on silica surface were characterized at
different temperatures using AFM imaging, and the images are shown in Figure 9. In
heptane, at 298 K (Figure 9a), the adsorbed VO-79 formed some large aggregates over
the silica surface with the height of 35-50 nm, and the diameter of the largest aggregate
was about 1.0 um (Table 2). At 323 K (Figure 9b), these large aggregates significantly
broke down, as evidenced by the decrease in both height and maximum diameter of
aggregates, which were measured to be in the range of 5-30 nm and about 0.5 pum,
respectively. When further raising temperature to 363 K (Figure 9c), the VO-79
aggregates became even smaller with the height of around 1.5 nm and the maximum
diameter of about 0.2 um, displaying a uniform distribution over the substrate surface.
Similar phenomena were also observed in toluene. For example, the height of the

VO-79 aggregates formed at 298, 323, and 363 K was respectively in the range of 10—
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23 nm (Figure 9d), 2-10 nm (Figure 9¢), and around 1.0 nm (Figure 9f), while the
maximum diameter of the aggregates was about 0.6, 0.3, and 0.1 pum, respectively.
These experimental results show that increasing temperature can reduce the size of the
adsorbed VO-79 aggregates on the silica surface, which is consistent with the earlier
report,>* and enable the adsorbed molecules to distribute more uniformly over the
substrate surface regardless of the type of solvent. Moreover, the formed VO-79
aggregates on the surface were smaller in good solvent toluene than in poor solvent
heptane under all temperature conditions. Although the temperature range applied in
experiments is different from the MD simulation due to the limitation of the experiment
equipment available, this measured trend confirmed the validity of the observations in
the MD simulations, such as final configurations (Figure 2), minimum distance (Figure

3) and effective thickness (Figure 6).

2.0nm 2.0 nm 2.0 nm
-1.5nm -1.5 nm -1.5 nm
2.0nm 2.0 nm 2.0 nm
-1.5nm -1.5 nm -1.5 nm

1.0um 1.0um

Figure 9. Topographic AFM images (5 X 5 um) of VO-79 adsorbed on the silica surface
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in heptane (upper panel) and toluene (bottom panel) at (a,d) 298 K, (b,e) 323 K and (c,f)

363 K.

Table 2. Height and Maximum Diameter of the VO-79 Aggregates

temperature height (nm) maximum diameter (pm)
in heptane in toluene in heptane in toluene
298 K 35-50 10-23 1.0 0.6
323K 5-30 2-10 0.5 0.3
363 K 1.5 1.0 0.2 0.1

3.5. Discussion

To our knowledge, this work presents the first set of MD simulations that
systematically investigate the effect of temperature on the adsorption of PAHs onto
mineral surfaces. Two modes of adsorption, direct and indirect, were observed in the
adsorption process, which were fitted and modelled in previous experimental studies.”!®
Earlier studies have shown that for asphaltenes, their initial size (i.e., molecular weight)
and the resulting size of the aggregates can significantly affect their ability to interact
with the active sites of mineral surfaces*’?. Increasing temperature can disrupt the
associations that hold the PAH molecules together, thus breaking the aggregates into
smaller ones,* resulting in less buried functional groups and more likelihood to interact
with the binding sites on the surfaces.!” In our previous work, the adsorption of
asphaltenes on mica surface was identified as being mainly controlled by the diffusion

of asphaltene aggregates from the bulk solution to the surface,!' and decreasing the size

of the aggregates will increase their rate of diffusion.”>-”> In other words, increasing
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temperature can also accelerate the adsorption of PAHs on mineral surfaces by
providing faster rate of diffusion.”® This result is consistent with the observations in our
simulations and AFM imaging where the adsorption rates increased with rising
temperature and direct adsorption became more dominant at high temperatures,
enabling VO-79 molecules to distribute more uniformly over the quartz surface. On the
other hand, we did not observe a decrease in the adsorption amount with the increase of
temperature as reported in some literatures,’®*1-33-37 as almost all 24 molecules were
adsorbed on the quartz surface in the final stage of the simulations. It should be pointed
out that past studies also exist which claimed that temperature did not affect the overall
adsorption of asphaltenes on solid surfaces and was only important during short reaction
times.* The insensitivity of overall adsorption found in our work might be due to the
relatively high surface silanol density (about 7.2 OH per nm?) on the quartz model,
which enabled a higher chemical activity. In this regime, our results suggest that
temperature affects the kinetics and mode of adsorption, while having little effect on the
amount of adsorption.3®

The type of solvent also influences the adsorbed structures. Previous study showed
that,!® when heptane is progressively added into an asphaltene solution in xylene, the
adsorbed asphaltene layer changed from a monolayer structure (with direct adsorption)
to a multilayer one (with indirect adsorption) once the bulk flocculation threshold was
exceeded. This phenomenon is consistent with the results in our simulations that the
total thicknesses in heptane are larger than those in toluene at low temperatures. It is
interesting, however, to note that when the temperature is sufficiently high, the
differences caused by different solvents diminish, and the adsorbed layers are uniform
regardless of the solvent type.

Together with our previous studies,'!"1>#° the results reported here have generated a
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more complete picture of PAHs adsorption on mineral surfaces under different external
environmental conditions. The mechanistic understanding brought by our series of
studies can provide useful insights into modulating the PAH adsorption on mineral
surfaces in practical applications such as improving oil recovery and avoiding surface

fouling in industrial processes. However, as—we-al-knewsit should be recognized that

real crude oil is a complex mixture and there can be large variations in the composition
depending on its source. In this work, we used a very simple representation of the
asphaltene and the oil phase, which is unavoidably associated with some limitations.
For example, in a real oil sample, the structures of asphaltenes from different sources
will-may be different, which will-can lead to different adsorption behaviors on mineral
surfaces. Also, there are some aliphatic components_in real oil, such as dodecane, in
which asphaltenes have poor solubility, and this can resulting in a rapid adsorption.
Therefore, in the future work, the-adserption-behavior-of-different PAH molecules in a
variety of mixed solvents may be more suitable to simulate the interaetions-adsorption

behavior between-of asphaltenes in real crude oil and-on minerals.

4. CONCLUSIONS

A series of MD simulations were carried out to probe the adsorption of polycyclic
aromatic hydrocarbons on quartz surface, using VO-79 as a model compound. Two
different solvents, heptane and toluene, and five different temperatures ranging from
323 K to 523 K were applied to explore the influence of these external conditions. Our
simulations demonstrated that temperature had a great influence on the adsorption,
including adsorption mode and rate. With rising temperature, the adsorption rate
increased whereas the total amount of stably adsorbed VO-79 molecules hardly changed.

The adsorption mode had a strong dependence on the temperature. At 323K,
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approximately half of the adsorbed VO-79 formed a monolayer with direct adsorption
and the other half were in an aggregated form with indirect adsorption. A transition from
indirect to direct adsorption was observed as temperature increased, and nearly 90% of
VO-79 molecules were adsorbed in direct form at 523K. Detailed structural
characterization revealed that the total thicknesses of adsorbed layers gradually
decreased with the increase of temperature, suggesting more uniform distribution of the
molecules over the quartz surface. In addition, and the effect of solvent on the
morphology of adsorbed VO-79 faded as temperature rose. AFM imaging confirmed the
observed trend in the MD simulations, showing smaller and more uniformly distributed
VO-79 aggregates adsorbed on the silica surface with increasing temperature. Our
results improved the mechanistic understanding of PAH adsorption on mineral surfaces,
with useful implications on better modulating the related interfacial processes where

PAHs are involved in practical applications.
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TOC Graphic:
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