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ABSTRACT:  18 

Adsorption of polycyclic aromatic hydrocarbons (PAHs) on mineral surfaces plays an 19 

important role in many engineering fields, such as oil recovery and oil sands production. 20 

In this work, the adsorption behaviors of a PAH compound, violanthrone-79 (VO-79), 21 

on quartz surface were investigated at different temperatures by molecular dynamics 22 

(MD) simulation and atomic force microscopy (AFM). Our simulations demonstrated 23 

that with rising temperature, the rate of adsorption increased whereas the total amount 24 

of stably adsorbed VO-79 molecules hardly changed. On the other hand, the adsorption 25 

mode had a strong dependence on the temperature. At 323K, approximately half of the 26 

adsorbed VO-79 formed a monolayer with their polyaromatic cores directly contacting 27 

and parallel to the quartz surface. The other half were in an aggregated form and 28 

adsorbed indirectly, via interaction with directly adsorbed molecules. The polyaromatic 29 

cores of VO-79 in the aggregates tend be oriented slant to the surface. A transition from 30 

indirect to direct adsorption was observed as temperature increased, and nearly 90% of 31 

VO-79 molecules were adsorbed in direct form at 523K. AFM imaging confirmed the 32 

observations in the MD simulations, showing smaller and more uniformly distributed 33 

VO-79 aggregates adsorbed on the surface with rising temperature. This work provides 34 

valuable insights, at the molecular level, into the effect of temperature on the adsorption 35 

of PAHs on mineral surfaces. 36 

  37 
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1. INTRODUCTION 38 

Adsorption of polycyclic aromatic hydrocarbons (PAHs) on mineral surfaces plays 39 

a significant role in many important fields, such as environmental science, oil recovery 40 

engineering, etc. PAHs are a group of ubiquitous hydrophobic organic compounds, 41 

which are of concerns to human health mainly due to their toxicity and suspected 42 

carcinogenity.1 Presence of minerals can contribute crucially to the retention of PAHs in 43 

subsurface environments due to their adsorption.2 In conventional reservoirs, the 44 

wettability alteration of mineral surfaces from oil-wet to water-wet through spontaneous 45 

imbibition can significantly enhance the oil recovery.3 However, the adsorption of PAHs, 46 

such as asphaltenes present in the petroleum, can alter the surface wettability from 47 

water-wet to oil-wet, increasing the difficulties in oil liberation from reservoir rocks and 48 

causing fouling in downstream operations.4-7 Therefore, understanding the adsorption of 49 

PAHs on mineral surfaces is of vital importance for controlling the surface properties of 50 

minerals in related engineering processes. 51 

Over the past two decades, significant experimental and simulative efforts have 52 

been spent on examining PAH adsorption on minerals, most of which focused on 53 

asphaltenes. It was found that the adsorption was a multifaceted process sensitive to 54 

many system variables, such as PAH concentration,8-12 type of minerals,13-16 polarity of 55 

solvents,17-19 salinity,20-23 humidity,24,25 and chemical modifications.26-28 For instance, 56 

Dudášová et al.8 and Saraji et al.15 characterized the adsorption of asphaltenes from 57 

different origins onto multiple solid surfaces including kaolin,  calcite, dolomite and 58 

quartz. Both monolayer and multilayer adsorption behaviors were observed, which 59 

generally occurred at low and high asphaltene concentrations, respectively.9 60 

Additionally, polarity of the solvent can affect the adsorption modes.18 In a good solvent 61 

(toluene or xylene), the adsorbed asphaltenes were structured as a solvated monolayer, 62 
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whereas the adsorption exhibited a transition from a monolayer to a multilayer structure 63 

with the progressive addition of a poor solvent (heptane or dodecane). Saraji et al.22 64 

investigated the asphaltene adsorption from toluene solution onto quartz in the presence 65 

of brine films, revealing that the adsorbed amounts decreased at higher salt 66 

concentration mainly due to larger repulsive hydration forces that stabilized the thin 67 

brine films on the quartz surface. Gonzalez et al.24 studied the effect of relative humidity 68 

on asphaltenes adsorption onto quartz surface. Their results showed that the adsorption 69 

was sensitive to surface-adsorbed water, decreasing linearly with the thickness of the 70 

interfacial water film, with a 4-fold reduction in adsorption when relative humidity was 71 

increased from 0 to 100%. 72 

In addition to the above factors, temperature also plays a key role in PAH 73 

adsorption on mineral surfaces, due to its impact on the colloidal state of PAHs.29-32 It is 74 

generally believed that the size of PAH aggregates decreases as temperature rises,33,34 75 

thus reducing the amount of adsorption.30,31,35-37 However, there were a few different 76 

reports. Acevedo et al.32 found that the diameter of asphaltene aggregates increased with 77 

rising temperature from 423 to 523 K. Other studies demonstrated that the effect of 78 

temperature on adsorption was not significant,38 or even negligible.14 Furthermore, One 79 

reason for the discrepancies in the literature is the lack of critical information on the 80 

temperature-dependent adsorption process, adsorption mode and structure, orientation 81 

of molecules, etc., which is hard to obtain experimentally. 82 

Molecular dynamics (MD) simulations have been extensively employed to 83 

investigate the adsorption of PAHs on liquid interfaces39-45 and on mineral surfaces,46-52 84 

providing insights into the dynamic processes at molecular level. Using MD simulations, 85 

Wu et al.46 investigated the adsorption, diffusion and distribution of asphaltene, resin, 86 

aromatic and saturate fractions of heavy crude oil on quartz surface, and found that the 87 
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van der Waals (vdW) interaction was the main contributor to the adsorption of these 88 

components. Zhu et al.50 studied the adsorption and aqueous extraction of oil 89 

contaminants on silica surface with various roughness, which was modelled by different 90 

rectangular grooves. Their results demonstrated that the main resistance for oil release 91 

from the relatively shallow grooves was the strong intermolecular interactions between 92 

the oil molecules orderly stacked inside the grooves. Xiong et al.51 probed the 93 

adsorption on silica surfaces of two types of PAHs with different length of aliphatic side 94 

chains. Their results showed enhanced synergetic adsorption of the two PAHs, which 95 

was attributed to the π–π stacking and T-stacking between polyaromatic cores, as well 96 

as hydrogen bonding between their polar terminal groups and silica. Our previous MD 97 

study49 showed that at 300K, the type of solvent had a great impact on the kinetics of 98 

PAH adsorption on quartz surface, but did not change the adsorption modes. The 99 

adsorption was driven primarily by vdW forces, accompanied by electrostatics, 100 

hydrogen bonding and free energy of solvation. These past MD simulations were all 101 

performed at room temperature (~300 K), while no MD studies have investigated PAH 102 

adsorption onto mineral surfaces at other, especially under higher, temperature 103 

conditions. 104 

In this work, we have performed MD simulations to study the 105 

temperature-dependent adsorption of a representative PAH, violanthrone-79 (VO-79), 106 

from organic solvents onto quartz surface. The results allow us to address how 107 

temperature influences the adsorption process, mode and adsorbed structures. The 108 

simulations have been accompanied by experiments using atomic force microscope 109 

(AFM) imaging, providing complementary structure characterization of the adsorbed 110 

layers. 111 

 112 
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2. METHODS 113 

2.1. Simulation 114 

The representative PAH model, VO-79 (Figure 1a), consists of a large 115 

polyaromatic core (PAC) and two long aliphatic side chains. Most silica surfaces used in 116 

experimental adsorption studies contain many hydroxyl groups on the surface,53 which 117 

are known to enable the adsorption of organic and biological molecules.54,55 As such a 118 

hydroxylated monolayer quartz surface (Figure 1b) was chosen as the mineral surface in 119 

this study. To reduce the complexity of the model while maintaining the key functional 120 

groups for adsorption, the monolayer quartz surface was created with the silanol 121 

(Si−OH) groups on one side of the surface and Si−H groups on the other (Figure 1b). 122 

The surface silanol density is about 7.2 OH per nm2, close to the experimental values (8 123 

OH per nm2 at maximum coverage) reported in a previous work.56 The organic solvents 124 

were represented by heptane and toluene. The topologies for VO-79, quartz surface, 125 

heptane, and toluene were generated and validated in our previous work,45,49,57-60 and 126 

directly adopted here. 127 

 128 

 129 

Figure 1. Molecular structures of (a) VO-79 as a PAH model and (b) hydroxylated 130 
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quartz surface (side view) employed in this study. 131 

 132 

In total, 10 systems were constructed to systematically investigate the VO-79 133 

adsorption on quartz surface at different temperatures. These systems all contained the 134 

same number (24) of VO-79 molecules, but having two different types of solvents and 5 135 

different temperatures. Table 1 summarizes the details of the simulated systems, 136 

including the number of solvent molecules (Nheptane or Ntoluene), and the temperature (T) 137 

at which each system was simulated. Each system was named by the first letter 138 

indicating the type of solvent (H for heptane and T for toluene) followed by the value of 139 

temperature in Kelvin. For example, system H323 corresponds to simulation of VO-79 140 

adsorption from heptane on quartz at 323K. The initial configuration of each system 141 

was built using the procedure reported in our previous work.49 Briefly, we first 142 

constructed a simulation box of 5.7 × 5.6 × 11 nm3 with 24 VO-79 molecules, which 143 

were arranged with their PACs parallel to one another, forming a 4 × 2 × 3 array. The 144 

rest of the box was filled with the solvent molecules. An initial steepest descent energy 145 

minimization was carried out to ensure that the maximum force was less than 1000.0 146 

kJ/(mol·nm). This procedure was followed by a pre-equilibration with position restraint 147 

on the VO-79 molecules in a canonical (NVT) ensemble for 100 ps and an 148 

isothermal-isobaric (NPT) ensemble for another 100 ps. Then, two quartz surfaces were 149 

placed on the left and right sides of the box, with the Si–OH groups facing the solvent. 150 

The initial configuration of system H323 is shown in Section S1 of the Supporting 151 

Information (SI) as an example. After another energy minimization, the system was 152 

finally sampled for 100 ns in NVT ensemble with position restraint on all silicon atoms 153 

of the quartz surfaces. 154 

  155 
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Table 1. Details of the Simulated Systems 156 

system Nheptane Ntoluene 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 

 157 

All simulations were performed using the GROMACS 5.0.7 simulation 158 

package,61,62 with periodic boundary conditions applied in all three directions. During 159 

all simulations, a time step of 1 fs was used. Temperature was controlled using the 160 

v-rescale thermostat,63 with coupling time (τT) set at 0.1 ps. Pressure in NPT ensemble 161 

was kept at 1 bar by the Parrinello-Rahman barostat,64 with coupling time (τP) set at 2.0 162 

ps. The LINCS algorithm was used to constrain all bonds.65 The particle mesh Ewald 163 

(PME) method was applied to handle long-range electrostatic interactions,66,67 with a 164 

Fourier grid spacing of 0.16 nm. A twin-range cutoff scheme was employed for 165 

short-range electrostatic and vdW interactions with a cutoff value of 1.4 nm. 166 

Appropriate post-processing programs available in GROMACS were used for trajectory 167 

analysis and VMD 1.9.1 was applied for visualization.68 168 
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 169 

2.2. Experiment 170 

VO-79 (C50H48O4, 98%), heptane and toluene were purchased from Fisher 171 

Scientific. Both heptane and toluene are of HPLC grade. The silica substrate (silicon 172 

wafer with 0.5 μm thermal oxide layer) was purchased from the NanoFab, University of 173 

Alberta. To conduct the experiment of VO-79 adsorption on silica substrate at different 174 

temperatures, VO-79 in heptane and toluene solutions were firstly prepared at the 175 

weight concentration of 2000 ppm. Each solution was sonicated in an ultrasound bath 176 

for 10 min before being transferred to a hydrothermal reactor. A brief protocol of 177 

conducting the VO-79 adsorption on silica substrate is summarized as follows: 1) 178 

treating the silica substrate with UV/O3 to remove any organic contaminants on the 179 

substrate surface; 2) immersing the silica substrate in VO-79 solution filled in the 180 

hydrothermal reactor and leaving the sealed reactor in a laboratory oven for 1 h at a 181 

desired constant temperature; 3) thoroughly rinsing the substrate with the solvent used 182 

in the preparation of VO-79 solution in order to remove any weakly adsorbed VO-79, 183 

and blow-drying the resultant sample with nitrogen. The surface morphology of 184 

adsorbed VO-79 on silica substrate was characterized by atomic force microscope 185 

(AFM) imaging in tapping mode operated on a Dimension Icon AFM (Bruker, Santa 186 

Barbara, CA). Due to the limitation of the equipment used, the temperatures in the 187 

experiments were different from those in the simulations, ranging from 298 to 363 K. 188 

 189 

3. RESULTS AND DISCUSSION 190 

3.1. Mode and Rate of Adsorption 191 

The root mean square deviations (RMSD) of VO-79 molecules are plotted as 192 

functions of time in Section S2 of SI, which clearly demonstrate the attainment of 193 
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equilibrium for all systems in the end. Final equilibrated configurations of the systems 194 

are shown in Figure 2. Visual examination of the final structures revealed two modes of 195 

adsorption: direct (highlighted by red arrows), where the PACs were parallel to and in 196 

direct contact with the quartz surface; and indirect (highlighted by blue circles), where 197 

the aggregated VO-79 were adsorbed via the interaction with directly adsorbed 198 

molecules. The PACs of VO-79 in the aggregates tend be oriented slant to the surface. 199 

In heptane at 323 K and 373 K, all VO-79 were stably adsorbed on the surface without 200 

desorption back into the bulk, and both forms of adsorption were present. Stable 201 

adsorption was also seen at higher temperature, but more VO-79 molecules exhibited 202 

direct adsorption than the indirect form. In contrast, in Figure 2f (T323), one VO-79 203 

molecule preferred to stay in bulk toluene rather than on the surfaces although both 204 

adsorption modes were also present. Direct adsorption was found to be dominant at 205 

higher temperature in toluene (Figure 2g–2j), and presence of indirect adsorption was 206 

not visually apparent. For both solvents, it is clear that the preferred adsorption mode 207 

transitioned from indirect to direct form with increasing temperature. 208 

 209 
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 210 

Figure 2. Final configurations of the systems in heptane (left panel): (a) H323, (b) H373, 211 

(c) H423, (d) H473 and (e) H523, and in toluene (right panel): (f) T323, (g) T373, (h) 212 

T423, (i) T473 and (j) T523. C, H, O, and Si atoms are shown in cyan, white, red, and 213 

yellow, respectively. Solvent molecules are not shown for clarity. Blue circles represent 214 

the VO-79 molecules adsorbed on the surfaces in the indirect form, whereas red arrows 215 

point to the VO-79 molecules with direct adsorption. 216 

 217 

The averaged minimum distance between PACs of all VO-79 molecules and quartz 218 

surfaces was calculated as a function of time and plotted in Figure 3a–b for all the 219 
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systems. The curves show a universal trend of decreasing with time until reaching their 220 

equilibrium values. In Figure 3a, for system H323 in heptane, the final equilibrium 221 

value (~ 0.5 nm) is significantly larger than the others at higher temperature (~ 0.25 nm). 222 

The same phenomenon can be observed in Figure 3b, where higher temperatures lead to 223 

smaller equilibrium distance values. In addition, in both plots the curves at 323 and 373 224 

K experience more fluctuations than those at higher temperature before reaching 225 

equilibrium. By calculating the minimum distance (d1) between the PAC of each VO-79 226 

and quartz surface (Section S3 of SI), it was found that for most VO-79 d1 decreased 227 

with time until reaching an equilibrium value of ~ 0.25 nm. This value is close to the 228 

distance (0.26 nm) between PACs of adsorbed 229 

N-(1-hexylheptyl)-N'-(5-carboxylicpentyl)-perylene-3,4,9,10-tetracarboxylic bisimide 230 

(C5Pe) and silica surface found in a previous study.48 The distance of 0.25 nm is 231 

therefore an indication of adsorption where the VO-79 is in immediate contact with the 232 

quartz surface. Based on this, a VO-79 molecule was defined to be in direct adsorption 233 

mode if the minimum distance from its PAC to quartz surface was within 0.25 nm. 234 

As mentioned before, some VO-79 were observed to form aggregates, through π-π 235 

stacking of their PACs, when they adsorbed on the quartz surface. The minimum 236 

separation between stacked PACs of two VO-79 molecules was found to be about 0.35 237 

nm in our previous work.69 Thus, if a VO-79 molecule had d1 > 0.25 nm (i.e., not 238 

directly adsorbed), the minimum distance (d2) between its PAC and the PACs of all 239 

directly adsorbed VO-79 molecules was calculated. If d2 was no more than 0.35 nm, this 240 

VO-79 was regarded as in indirect adsorption (d1 > 0.25 nm and d2 ≤ 0.35 nm). Each of 241 
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the remaining unclassified VO-79 (with d1 > 0.25 nm and d2 > 0.35 nm) was further 242 

subjected to minimum distance calculations, between its PAC and the PACs of all 243 

indirectly adsorbed VO-79. If the minimum distance was no more than 0.35 nm, then 244 

the molecule was also identified as indirectly adsorbed, through one directly adsorbed 245 

and another indirectly adsorbed molecule. This process continued until all molecules 246 

were classified. The definitions for direct and indirect adsorptions are illustrated in 247 

Figure 4. 248 
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Figure 3. Time evolution of averaged minimum distance between quartz surfaces and 252 

the PACs of all VO-79 in systems (a) with heptane as the solvent, (b) with toluene as the 253 

solvent. Time evolution of averaged minimum distance between quartz surfaces and the 254 

PACs of all directly adsorbed VO-79 in systems (c) with heptane as the solvent, (d) with 255 

toluene as the solvent. 256 
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 257 

 258 

Figure 4. Schematic for direct and indirect adsorption behaviors defined in this work. 259 

     260 

Using this criterion, the averaged minimum distance between quartz surfaces and 261 

the PACs of all directly adsorbed VO-79 is plotted against time in Figure 3c for the 262 

systems in heptane and in Figure 3d for the systems in toluene. Comparing with Figure 263 

3a–b, the fluctuations at 323 and 373 K in Figure 3c–d are smaller, and their final 264 

equilibrium values are the same as the others at higher temperatures. Moreover, most 265 

systems took longer to reach equilibrium in toluene, than in heptane, indicating that the 266 

adsorption of VO-79 onto quartz surface was faster in heptane because of its poorer 267 

solubility.29,70 268 

The number of VO-79 molecules with different adsorption modes at the end stage 269 

of the simulations (80–100 ns) were recorded and plotted in Figure 5a. It can be seen 270 

that almost all 24 VO-79 were adsorbed at the end, and the total amount of adsorption 271 

was insensitive to solvent or temperature. However, the number of VO-79 with direct 272 

adsorption increased markedly with rising temperature in both heptane and toluene, 273 

while the VO-79 in indirect form decreased accordingly. At 323K, the numbers of 274 

directly and indirectly adsorbed VO-79 were almost equal, while direct adsorption was 275 
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more dominant at higher temperatures. The maximum and average rates of direct 276 

adsorption are shown in Figure 5b at different temperatures (see Section S4 of SI for 277 

calculation details). In both heptane and toluene, the maximum and average rates of 278 

direct adsorption increased significantly with the rising temperature. 279 
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Figure 5. (a) Number of total, directly and indirectly adsorbed VO-79 molecules on 282 

quartz surface at the end stage of simulations, and (b) maximum and average rates of 283 

VO-79 adsorption in direct form, in heptane and toluene under different temperature 284 

conditions. 285 

 286 

3.2. Characterization of Adsorbed Layers 287 

In order to better understand the structure of adsorbed layers, the effective 288 

thickness of VO-79 layers adsorbed on quartz surfaces was evaluated (see Section S5 of 289 

SI for details of the calculation), and plotted in Figure 6, including the thicknesses on 290 

the left and right surfaces and their sum (total thickness). At 323 K, the maximum 291 

thickness was 4.20 nm in heptane (on the left surface) and 2.98 nm in toluene (on the 292 

left surface). These values are slightly smaller than the measured thickness of 293 
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asphaltene layers (6.2–8.7 nm) adsorbed from xylene onto a hydrophilic silica surface in 294 

experiments at 298 K.18 With increasing temperature, the total thickness gradually 295 

decreased from 6.67 to 4.48 nm in heptane and from 5.71 to 4.46 nm in toluene. Since 296 

the total number of adsorbed VO-79 was insensitive to temperature (Figure 5a), the 297 

results indicate that raising temperature caused the adsorbed VO-79 to distribute more 298 

uniformly over the quartz surface. Furthermore, while the total thickness in toluene was 299 

clearly smaller than that in heptane at low temperatures (323 and 373 K), they were 300 

almost the same at high temperatures (423, 473 and 523 K). The results suggest that the 301 

VO-79 molecules adsorbed on quartz surface from aromatic solvents can distribute 302 

more uniformly than those from aliphatic solvents, but the effect of solvent on the 303 

morphology of adsorbed VO-79 fades with increasing temperature. 304 
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Figure 6. Effective thickness of the adsorbed VO-79 layers (nm) on quartz surfaces. 307 

 308 

To further characterize the structure of the adsorbed layers, quantitative analysis on 309 

the orientation of PAC planes of the adsorbed VO-79 relative to the quartz surfaces was 310 
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conducted by computing the cosine of angle θ (cosθ) between them (see Figure 7a). 311 

Angle θ can vary from 0° to 90°, thus cosθ is in the range of 0 to 1. When cosθ is less 312 

than 0.2, the plane of VO-79 is considered to be perpendicular to the surface. When 313 

cosθ is more than 0.9, the plane is considered parallel to the surface. Between these two 314 

limits, the plane is considered to be in the slant state. The distributions of cosθ for the 315 

PAC planes of VO-79 with direct and indirect adsorptions are plotted in Figure 7. There 316 

is no molecule distributed in the range of 0–0.2, indicating no VO-79 presenting 317 

perpendicular configuration to the quartz surface in either solvents. For system H323 in 318 

heptane (Figure 7a), cosθ is mainly distributed in the range of 0.6–0.9, which reveals 319 

that the VO-79 molecules tended to be slant to the surface at 323 K, especially with 320 

indirect adsorption. However, with increasing temperature, cosθ has an increasing 321 

probability of being in the range of 0.9−1, and 80% of the VO-79 molecules are in this 322 

range at 473 and 523 K. This result suggests that at high temperature the VO-79 323 

molecules preferred a parallel configuration. By comparison, in toluene (Figure 7b), 324 

cosθ of VO-79 with both adsorption modes has a narrower distribution (0.7–1), with a 325 

few molecules in a slant configuration (0.7–0.9) but more taking a parallel configuration 326 

(0.9–1) as the temperature grows. 327 

  328 
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Figure 7. Distribution of cosine of angle θ (cosθ) between PAC plane of the adsorbed 331 

VO-79 molecules and quartz surfaces in (a) heptane and (b) toluene under different 332 

temperature conditions, averaged over the last 5 ns of the simulations. Inset: schematic 333 

depiction of the calculation of cosθ between planes α and β, which are respectively the 334 

plane of quartz surface and the PAC plane of VO-79 adsorbed on the surface. Solid 335 

columns correspond to the number of molecules in direct adsorption while shaded 336 

columns correspond to the number of molecules in indirect adsorption. 337 

 338 

3.3. Energetics Analyses 339 

To understand the forces driving VO-79 adsorption on quartz as the temperature 340 
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increases, energetics analyses were performed. The changes in van der Waals (ΔEvdW) 341 

and electrostatic (ΔEelec) interaction energies between quartz and VO-79, and between 342 

quartz and solvents are plotted in Figure 8, along with the change in free energy of 343 

solvation (ΔGsolv) of VO-79 (see Section S6 in SI) calculated based on the solvent 344 

accessible surface area (SASA).71 From Figure 8, it is clear that in all systems, ΔEvdW 345 

and ΔEelec between quartz and VO-79 are negative, indicating that both types of 346 

interactions are beneficial to the adsorption of VO-79. However, the electrostatic 347 

interaction contributes only a minor portion compared to the vdW interaction which 348 

appears to be the dominating force for adsorption under all temperature conditions. 349 

ΔGsolv is also negative in all systems, and the values are comparable in magnitude to the 350 

electrostatic interactions, providing another driving force for the adsorption. More 351 

importantly, the vdW interaction between quartz and VO-79 is significantly enhanced 352 

with increasing temperature: the magnitude of ΔEvdW at 523K is almost twice that at 353 

323K, in both heptane and toluene. Such significant increase is not observed in ΔEelec or 354 

ΔGsolv. As VO-79 moved to the vicinity of the quartz surfaces and replaced the solvent 355 

molecules there, both ΔEvdW and ΔEelec between quartz and solvents are positive, 356 

resisting VO-79 adsorption on the surface. However, such positive ΔE are smaller in 357 

magnitude compared with the negative ΔE between quartz and VO-79, which 358 

demonstrates that VO-79 adsorption on the quartz surface is energetically favored 359 

compared with solvent adsorption. 360 

 361 
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 362 

Figure 8. Change in interaction energy (ΔE) between quartz and VO-79, and between 363 

quartz and solvents in (a) heptane and (b) toluene, along with the change in free energy 364 

of solvation (ΔGsolv) of VO-79. 365 

 366 

3.4. AFM Imaging of Adsorbed Layers 367 

The morphologies of VO-79 adsorbed on silica surface were characterized at 368 

different temperatures using AFM imaging, and the images are shown in Figure 9. In 369 

heptane, at 298 K (Figure 9a), the adsorbed VO-79 formed some large aggregates over 370 

the silica surface with the height of 35–50 nm, and the diameter of the largest aggregate 371 

was about 1.0 μm (Table 2). At 323 K (Figure 9b), these large aggregates significantly 372 

broke down, as evidenced by the decrease in both height and maximum diameter of 373 

aggregates, which were measured to be in the range of 5–30 nm and about 0.5 μm, 374 

respectively. When further raising temperature to 363 K (Figure 9c), the VO-79 375 

aggregates became even smaller with the height of around 1.5 nm and the maximum 376 

diameter of about 0.2 μm, displaying a uniform distribution over the substrate surface. 377 

Similar phenomena were also observed in toluene. For example, the height of the 378 

VO-79 aggregates formed at 298, 323, and 363 K was respectively in the range of 10–379 
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23 nm (Figure 9d), 2–10 nm (Figure 9e), and around 1.0 nm (Figure 9f), while the 380 

maximum diameter of the aggregates was about 0.6, 0.3, and 0.1 μm, respectively. 381 

These experimental results show that increasing temperature can reduce the size of the 382 

adsorbed VO-79 aggregates on the silica surface, which is consistent with the earlier 383 

report,34 and enable the adsorbed molecules to distribute more uniformly over the 384 

substrate surface regardless of the type of solvent. Moreover, the formed VO-79 385 

aggregates on the surface were smaller in good solvent toluene than in poor solvent 386 

heptane under all temperature conditions. Although the temperature range applied in 387 

experiments is different from the MD simulation due to the limitation of the experiment 388 

equipment available, this measured trend confirmed the validity of the observations in 389 

the MD simulations, such as final configurations (Figure 2), minimum distance (Figure 390 

3) and effective thickness (Figure 6). 391 

 392 

 393 

Figure 9. Topographic AFM images (5 × 5 µm) of VO-79 adsorbed on the silica surface 394 
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in heptane (upper panel) and toluene (bottom panel) at (a,d) 298 K, (b,e) 323 K and (c,f) 395 

363 K. 396 

 397 

Table 2. Height and Maximum Diameter of the VO-79 Aggregates 398 

temperature 
height (nm) maximum diameter (μm) 

in heptane in toluene in heptane in toluene 

298 K 35–50 10–23 1.0 0.6 

323 K 5–30 2–10 0.5 0.3 

363 K 1.5 1.0 0.2 0.1 

 399 

3.5. Discussion 400 

To our knowledge, this work presents the first set of MD simulations that 401 

systematically investigate the effect of temperature on the adsorption of PAHs onto 402 

mineral surfaces. Two modes of adsorption, direct and indirect, were observed in the 403 

adsorption process, which were fitted and modelled in previous experimental studies.9,18 404 

Earlier studies have shown that for asphaltenes, their initial size (i.e., molecular weight) 405 

and the resulting size of the aggregates can significantly affect their ability to interact 406 

with the active sites of mineral surfaces4,72. Increasing temperature can disrupt the 407 

associations that hold the PAH molecules together, thus breaking the aggregates into 408 

smaller ones,34 resulting in less buried functional groups and more likelihood to interact 409 

with the binding sites on the surfaces.17 In our previous work, the adsorption of 410 

asphaltenes on mica surface was identified as being mainly controlled by the diffusion 411 

of asphaltene aggregates from the bulk solution to the surface,11 and decreasing the size 412 

of the aggregates will increase their rate of diffusion.73-75 In other words, increasing 413 
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temperature can also accelerate the adsorption of PAHs on mineral surfaces by 414 

providing faster rate of diffusion.76 This result is consistent with the observations in our 415 

simulations and AFM imaging where the adsorption rates increased with rising 416 

temperature and direct adsorption became more dominant at high temperatures, 417 

enabling VO-79 molecules to distribute more uniformly over the quartz surface. On the 418 

other hand, we did not observe a decrease in the adsorption amount with the increase of 419 

temperature as reported in some literatures,30,31,35-37 as almost all 24 molecules were 420 

adsorbed on the quartz surface in the final stage of the simulations. It should be pointed 421 

out that past studies also exist which claimed that temperature did not affect the overall 422 

adsorption of asphaltenes on solid surfaces and was only important during short reaction 423 

times.4 The insensitivity of overall adsorption found in our work might be due to the 424 

relatively high surface silanol density (about 7.2 OH per nm2) on the quartz model, 425 

which enabled a higher chemical activity. In this regime, our results suggest that 426 

temperature affects the kinetics and mode of adsorption, while having little effect on the 427 

amount of adsorption.38 428 

The type of solvent also influences the adsorbed structures. Previous study showed 429 

that,18 when heptane is progressively added into an asphaltene solution in xylene, the 430 

adsorbed asphaltene layer changed from a monolayer structure (with direct adsorption) 431 

to a multilayer one (with indirect adsorption) once the bulk flocculation threshold was 432 

exceeded. This phenomenon is consistent with the results in our simulations that the 433 

total thicknesses in heptane are larger than those in toluene at low temperatures. It is 434 

interesting, however, to note that when the temperature is sufficiently high, the 435 

differences caused by different solvents diminish, and the adsorbed layers are uniform 436 

regardless of the solvent type. 437 

Together with our previous studies,11,12,49 the results reported here have generated a 438 
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more complete picture of PAHs adsorption on mineral surfaces under different external 439 

environmental conditions. The mechanistic understanding brought by our series of 440 

studies can provide useful insights into modulating the PAH adsorption on mineral 441 

surfaces in practical applications such as improving oil recovery and avoiding surface 442 

fouling in industrial processes. However, as we all know,it should be recognized that 443 

real crude oil is a complex mixture and there can be large variations in the composition 444 

depending on its source. In this work, we used a very simple representation of the 445 

asphaltene and the oil phase, which is unavoidably associated with some limitations. 446 

For example, in a real oil sample, the structures of asphaltenes from different sources 447 

will may be different, which will can lead to different adsorption behaviors on mineral 448 

surfaces. Also, there are some aliphatic components in real oil, such as dodecane, in 449 

which asphaltenes have poor solubility, and this can resulting in a rapid adsorption. 450 

Therefore, in the future work, the adsorption behavior of different PAH molecules in a 451 

variety of mixed solvents may be more suitable to simulate the interactions adsorption 452 

behavior between of asphaltenes in real crude oil and on minerals. 453 

 454 

4. CONCLUSIONS 455 

A series of MD simulations were carried out to probe the adsorption of polycyclic 456 

aromatic hydrocarbons on quartz surface, using VO-79 as a model compound. Two 457 

different solvents, heptane and toluene, and five different temperatures ranging from 458 

323 K to 523 K were applied to explore the influence of these external conditions. Our 459 

simulations demonstrated that temperature had a great influence on the adsorption, 460 

including adsorption mode and rate. With rising temperature, the adsorption rate 461 

increased whereas the total amount of stably adsorbed VO-79 molecules hardly changed. 462 

The adsorption mode had a strong dependence on the temperature. At 323K, 463 
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approximately half of the adsorbed VO-79 formed a monolayer with direct adsorption 464 

and the other half were in an aggregated form with indirect adsorption. A transition from 465 

indirect to direct adsorption was observed as temperature increased, and nearly 90% of 466 

VO-79 molecules were adsorbed in direct form at 523K. Detailed structural 467 

characterization revealed that the total thicknesses of adsorbed layers gradually 468 

decreased with the increase of temperature, suggesting more uniform distribution of the 469 

molecules over the quartz surface. In addition, and the effect of solvent on the 470 

morphology of adsorbed VO-79 faded as temperature rose. AFM imaging confirmed the 471 

observed trend in the MD simulations, showing smaller and more uniformly distributed 472 

VO-79 aggregates adsorbed on the silica surface with increasing temperature. Our 473 

results improved the mechanistic understanding of PAH adsorption on mineral surfaces, 474 

with useful implications on better modulating the related interfacial processes where 475 

PAHs are involved in practical applications. 476 
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