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Hypothesis: The migration of supercritical CO2 (scCO2) injected into underground reservoirs as part of car-
bon capture and storage is influenced by organic contamination affecting mineral wettability. Molecular
dynamics (MD) simulations of relevant systems that incorporate representative organic solutes allow
detailed investigation of changes in fundamental interfacial and capillary properties. Experiments: We
use MD simulations to explore the effects of four organic solutes (quinoline, decanoic acid, coronene, sor-
goleone) on the wettability of quartz by water in the presence of scCO2. We examine the impacts of polar,
alkyl, and aromatic moieties as well as fluid flow velocity at elevated temperatures and pressures.
Findings: Organic molecules accumulate at the water-CO2 interface, where they distribute according to
their size and functional groups. Certain organics penetrate the adsorbed water film at the quartz-CO2

interface, revealing two modes of hydrogen bonding between polar organic functional group, water,
and quartz surface –OH groups. Interfacial energies and contact angles are minimally impacted by
organic adsorption at the water-CO2 interface, possibly due to simultaneous CO2 desorption. Non-
equilibrium MD simulations reveal that flow-induced redistribution of organic compounds modulates
the radii of curvature of the advancing and receding water-CO2 interfaces. Our results indicate that
organic adsorption on water surfaces is likely ubiquitous during multi-phase flow in soils and sedimen-
tary rocks, with implications for the mobilization and transport of organic compounds.
� 2022 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Chemical structures of the organic molecules considered in this study: (A)
quinoline, (B) decanoic acid, (C) coronene, and (D) sorgoleone.
1. Introduction

As human activities increasingly perturb Earth’s climate, carbon
dioxide removal (CDR) technologies have emerged as playing a
necessary role in achieving the deep reductions of greenhouse
gas (GHG) emissions necessary to mitigate adverse impacts and
irreversible changes across the globe [1–3]. In almost all climate
scenarios modeled and assessed by the IPCC, including every path-
way that limits global warming to 1.5–2 �C, CDR approaches are
necessary to reach global net zero or net-negative GHG emissions.
Several CDR approaches, including bioenergy with carbon capture
and storage (BECCS) and direct air capture and carbon capture and
storage (DACCS), involve geologic carbon storage (GCS), whereby
supercritical CO2 (scCO2) is trapped in geologic formations. These
methods are potentially permanent barring leakage and have large
sequestration potentials of several GtCO2 per year [4].

Secure trapping relies on the ability to predict the flow of scCO2

through the porous sedimentary rocks that typically make up stor-
age reservoirs [5]. In two of the most important trapping mecha-
nisms, stratigraphic (or structural) trapping and residual (or
capillary) trapping, the flow and distribution of scCO2 depends
on the wettability of the mineral surfaces by water versus scCO2

[6–9]. In stratigraphic trapping, the migration of scCO2 plumes
through fine-grained seals or caprocks is blocked by high capillary
entry pressure [10–12]. In residual trapping, plumes of scCO2 are
fragmented into immobile disconnected ganglia [13,14]. For both
trapping mechanisms, water wettability of the mineral surfaces
impacts storage capacity and can be characterized by the contact
angle (h) of water and scCO2 with mineral surfaces [15–18]. While
h values are a fundamental determining parameter for predicting
the distribution of scCO2 plumes in GCS, h observations remain var-
ied, ranging from 0� (strongly water-wet) to around 110� (mildly
CO2-wet) [19–22]. These variations are important to understand
as general thresholds indicate that stratigraphic trapping is com-
promised at h values greater than 90�, and residual trapping and
drainage are affected when h values are around or above 50�
[23,24].

One oft-cited potential cause of measurement variability is con-
tamination by impurities altering surface roughness or modifying
interfacial energies [20,25]. In deep saline aquifers and caprocks,
organic compounds that adhere to mineral surfaces through elec-
trostatic, hydrophobic, or covalent interactions have been shown
to increase observed h values, making systems more hydrophobic
and reducing residual CO2 trapping capacity [26–40]. Despite
agreement on the potential for organics to affect wetting and
numerous empirical and theoretical studies, there remain knowl-
edge gaps regarding the driving mechanisms—such as steric
effects, enthalpic or entropic contributions to water film disrup-
tion, organic polarity effects, surface roughness changes, or CO2

adhesion—dominating organic equilibration between phases and
surface hydrophilicity changes [19,41–46]. A more detailed under-
standing of the influence of organic compounds on wettability in
GCS conditions can help improve our understanding of rock-fluid
interactions and our predictions of reservoir capacities.

Molecular dynamics (MD) simulation methods are well-suited
to complement established micro- and nano-scale experimental
techniques by examining the emergence of wetting and capillary
properties (contact angles, adsorbed fluid films) from atomistic-
level interactions in systems that contain solid surfaces and multi-
ple fluids [47–53]. Simulation studies on the impact of organics on
mineral wettability in environments relevant to GCS typically alter
the mineral surfaces directly, either by grafting organic chains to
the surface or by modulating the parameters characterizing the
surface [54,55]. These studies have provided detailed evidence that
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silica surfaces functionalized to mimic organic chemisorption
(through replacement of silanol groups with hydrophobic organic
functional groups) exhibit a less hydrophilic character. Other MD
simulation studies involving organics near mineral surfaces in
the presence of either water or CO2 have provided significant infor-
mation on organic aggregation, distribution, and diffusion in water
or brine [56–64]. To our knowledge, however, there are currently
no high temperature and pressure MD simulation studies on capil-
lary phenomena that model free organics in systems containing
bulk-fluid-like water and CO2 near mineral surfaces.

In a recent study, we carried out a detailed examination of cap-
illary phenomena associated with the coexistence of scCO2 and
water in a silica nanopore [65]. In particular, we characterized
the relationship between the distribution of the fluid phases (inter-
face curvature, contact angle, adsorbed film thickness) and the cap-
illary pressure difference between water and scCO2. Here, we build
on our previously developed methodologies to explore how the
inclusion of organic compounds affects capillary and multiphase
flow properties. We examine four different organic molecules with
varying levels of polarity, size, and shape representing diverse and
relevant functional groups including alkyl chains, polyaromatic
and heterocyclic rings, quinones, carboxylic acids, and amines
(Fig. 1). We allow relatively long equilibration times relative to
previous MD simulations of mineral wettability by water vs scCO2

and generate the first model observations of free organics (vs
organics grafted to the mineral surface) in the presence of water
and scCO2 in a quartz nanopore. Although our simulations are
designed to probe conditions relevant to GCS, we note that ques-
tions related to the influence of organic compounds on wettability
and capillary phenomena recur frequently in soil science, [66]
atmospheric chemistry, [67] materials science, [68] biology, [69]
water purification technology, [70] and other fields [71].



Emily Wei-Hsin Sun and I.C. Bourg Journal of Colloid and Interface Science 629 (2023) 265–275
2. Materials and methods

2.1. Model structure

Sandstone formations and fine-grained sedimentary caprocks
both typically contain a substantial amount of quartz, [33,72–76]
and the wetting properties of quartz and sandstone have been
shown to be comparable [9,77]. The quartz unit cell used in this
study was based on X-ray diffraction analyses by Kihara, [78] with
the surface prepared by cleaving bulk quartz along the stable ‘‘ter-
mination b” (101̅0) plane as described in Sun et al. [65,79]. The pro-
tonation and hydroxylation of undercoordinated oxygen and
silicon atoms results in a surface silanol site density of 7.53 OH
per nm2 and a neutral surface charge.

The full slab of a-quartz has dimensions of 176.89 � 4.04 �
27.02 Å (36 � 8 � 5 unit cells) forming parallel surfaces in the
x� z plane spaced 66 Å apart across a slit-shaped nanopore filled
with water and CO2. The full simulation cell size is 176.89 �
100.00� 27.02 Å with periodic boundary conditions in every direc-
tion. The shorter depth along the z axis creates a system with two-
dimensional fluid–fluid curvature in the x� y plane, thus avoiding
three-phase line tension and its effects on the contact angle [80–
82].

The organic molecules considered in this study were quinoline
(C9H7N), decanoic acid (C10H20O2), coronene (C24H12), and sor-
goleone (C22H30O4) (Fig. 1). These compounds represent typical
organic functional groups present in crude oil and aquifers and
were chosen to highlight the roles of polarity, aromaticity, and size
in altering capillary properties [83]. Quinoline exhibits relatively
high solubility in water and thus has particular environmental sig-
nificance [84]. It has been identified in shale oil extraction waste
materials and represents the polar and aromatic components of
crude oil [85,86]. Decanoic acid has been used in previous studies
to represent the carboxylic acid components of crude oil and can
also be present in novel solvents for the capture stage of CCS
[64,87]. Coronene is a proxy for polyaromatics that are abundant
in the subsurface [88] and has been used in previous studies to rep-
resent hydrocarbons in shale [89]. Sorgoleone was selected as a lar-
ger amphiphilic organic molecule with both quinone and alkyl
functional groups. The low pH condition implied by the hydroxyla-
tion of undercoordinated oxygen and silicon atoms on the quartz
surface determines the protonation state of the organic molecules
(Table 1). Each protonation state was chosen in the approximate
pH range of 3 to 6 to avoid necessitating the addition of counteri-
ons in this study. This range is expected in the presence of scCO2

over time, with pH lowering quickly upon introduction of scCO2

and then incompletely buffering in the presence of carbonates
and aluminosilicates [26,74–76,90]. The initial structure for each
organic molecule was created using Avogadro 1.2.0.

The highest pressure model structures in our previous study
were edited using a script that deletes water and CO2 molecules
that overlap with inserted organic molecules. With water-CO2

interfaces initially flat and oriented normal to the quartz surface,
organic molecules were inserted along the quartz surfaces as a
monolayer and the number of water and CO2 molecules corre-
sponding to the space taken up by the organic molecules was
removed (Figure S1 showing initial configuration). This resulted
Table 1
Properties of the four simulated organics.

Mass (Da) pKa Aqueous solubility (mg/dm3)

Quinoline 129.2 4.90[91] 6110[91]
Decanoic acid 172.3 4.90[92] 61.8[92]
Coronene 300.4 – 0.00014[93]
Sorgoleone 358.5 6.0[94] 0.04[95]
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in a variety of molecule numbers and pressures based on the size
and width (in the y direction) of the organic molecules
(Table S1). The insertion of the organics along the quartz surfaces
was carried out to mimic an initially organic-coated mineral sur-
face. However, as shown below, in all simulations organic mole-
cules rapidly rearranged to the fluid–fluid interface. If the organic
compounds were uniformly dissolved in the aqueous phase in
our simulations, the ratio of organic to water molecules would
yield average concentrations of 1.24, 1.21, 0.68, and 0.79 M for
quinoline, decanoic acid, coronene, and sorgoleone, respectively,
much higher than the concentrations of dissolved organic matter
observed in deep saline aquifers (�0.01 M) or depleted oil reser-
voirs, except where ‘slugs’ of organic matter are mobilized
[26,41]. However, the organic compounds accumulate strongly at
the fluid–fluid interfaces in our simulations, such that their con-
centration in the bulk aqueous phase is low, on the order of
0.001 to 0.05 M.

2.2. Interatomic potential parameters

As in our previous study, we employed the CLAYFF force field
for quartz, [96] the extended simple point charge (SPC/E) model
for water, [97] the elementary physical model 2 (EPM2) model
for CO2, [98] and the optimized potentials for liquid simulations
all-atom (OPLS-AA) model for organics [99]. The specific parame-
ters for atoms, bonds, angles, and dihedrals in the organic mole-
cules were assigned using the Moltemplate molecule builder
[100]. Lorentz-Berthelot combining rules were used to calculate
interactions between unlike atoms, except interactions between
CO2 and water or quartz O atoms, for which the PPL model was
used [101]. We note that the quality of MD simulation predictions
is inherently sensitive to the choice of interatomic potential mod-
els. To the best of our knowledge, a well-tested combination of
interatomic potential models does not exist for systems that con-
tain all four components examined in this study (i.e., water, CO2,
organic matter, and quartz). However, the force fields used here
have been extensively validated against experimental properties
of systems that contain one, two, or three of these four compo-
nents, including pure water, [102–104] pure CO2, [65,105]
quartz/silica-water, [106,107] water-CO2, [80,108,109] water-
organic, [110] quartz-water-CO2, [65,111] and mineral–water-
organic systems [112]. In particular, our previous study demon-
strated accurate predictions of the CO2 equation of state, water-
CO2 interfacial energy, and CO2 adsorption at the water-CO2 inter-
face, and yielded results consistent with the experimental database
on water-CO2 contact angles on stringently cleaned quartz surfaces
[65]. With the inclusion of organics, the CO2 equation of state
remains reproducible (Figure S2).

The silicon and oxygen atoms of the quartz slab were con-
strained to avoid distortion. Water molecules were kept rigid using
the SHAKE algorithm, and CO2 and organic molecules were mod-
eled as flexible. Short-range Coulomb and van der Waals interac-
tions were truncated at 12 Å. Long-range Coulomb interactions
were treated by three-dimensional PPPM summation. In our previ-
ous paper, this combination of models accurately described the
structure and dynamics of water and CO2 at various pressures,
although it overestimated the solubility of CO2 in water [65]. All
interatomic interaction parameters are summarized in Table S2.

2.3. Equilibrium simulation details

All MD simulations used the open-source program LAMMPS
[113]. Simulations were initialized with an energy minimization
run in the microcanonical (NVE) ensemble to reduce excessive
and artificial forces. These brief runs were followed by equilibra-
tion runs in the canonical (NVT) ensemble at 318 K for 25 to
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70 ns. The simulations were determined to be at equilibrium when
bulk fluid properties became isotropic, adsorbed water films at the
quartz-CO2 interface attained a stable thickness, potential energy
converged, and organic molecules reached a steady distribution.
The larger organic molecules, coronene and sorgoleone, migrated
along the water-CO2 interface to aggregate into a distinct organic
phase, taking longer to reach an equilibrium configuration. Finally,
each system was simulated for additional 20 ns production runs in
the canonical (NVT) ensemble to sample equilibrium properties.
The overall duration of our equilibration and production runs
was similar or longer than that used in all previous studies of wet-
tability in mineral–water-CO2 systems to the best of our knowl-
edge [54,80,114]. All simulations were run at 318 K. The
temperature was kept constant using a Nosé-Hoover thermostat
with a coupling constant of 1 ps.

2.4. Non-equilibrium simulation details

Following the equilibrium production runs, a force in the x
direction was added to every atom of the fluid components in each
system to induce multiphase flow within the quartz nanopore. The
amount of force added can be translated to a force density, which is
analogous to a pressure gradient. For each system, simulations
were carried out with CO2 bubble velocities of 1, 2, or 4 nm ns�1

using force densities on the order of 105 Pa nm�1 as reported in
Table S3. As commonly implemented in such non-equilibrium
MD (NEMD) simulations, the force densities applied in our systems
are extremely high (relative to natural systems) due to the large
fluid velocities required to visualize flow over nanosecond time
scales. To facilitate the computations of average atomic density
maps, an opposite and equivalent motion for every atom of the
solid component in each system was added at constant velocities
of 1, 2, or 4 nm ns�1. These positional updates create an opposing
force that prevents the CO2 bubble from moving through the peri-
odic boundary (video provided in the Supplementary Materials).

2.5. Analysis

Densities and stresses were collected as a function of the x� y
coordinates with a 1 � 1 Å resolution using LAMMPS. All further
analyses and calculations were performed using Python 3.8.5,
Jupyter Notebook 6.1.4, and Visual Molecular Dynamics (VMD)
1.9.4. Data points were collected from time-averaged maps of the
densities and stresses every 5 ns within the 20 ns production runs
from data recorded every 1 fs.

Interface locations were calculated using Gibbs’ definition of the
location yielding a zero surface excess of water. At least 10 Å away
from any of these interfaces, bulk regions were defined as 20 �
40 Å regions in the xy plane displaying isotropic stress tensors.
Bulk pressures, densities, and water density profiles matched well
with previously validated simulations. Water density layering
with � 3 Å spacing is observed within � 10 Å from the quartz sur-
face, and these profiles were used to determine the existence and
width of the adsorbed water layer stabilized by the evenly dis-
tributed surface silanol groups. All structural and energetic proper-
ties were compared to the systems without any organics explored
in our previous study [65].

2.6. Visualization

Molecular trajectories were visualized using VMD 1.9.4 using
gray polyhedra to represent quartz tetrahedra, white to represent
silanol hydrogens, light and dark blue to represent water H and
O atoms, light and dark green to represent CO2 C and O atoms, pink
to represent organic C and H atoms, and red to represent organic O
and N atoms (Fig. 2). The general color scheme of green for CO2,
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blue for water, and red for organic molecules remains consistent
for all figures showing atomic densities and stresses of each
component.
3. Results and discussion

3.1. Equilibrium structural properties

For all systems, the density distribution of bulk water near the
quartz surface remained the same as in previous studies without
organics, showing three hydration layers, one located at 3 ± 0.5 Å
above the average height of the silanol O atoms followed by layers
at 6 ± 0.5 Å and 10 ± 0.5 Å. The quartz-water interface location,
1.4 Å above the silanol O atoms, is in agreement with the 1.5 Å
radius of O atoms. For all systems, the adsorbed water film
between the quartz and CO2 phase is composed of � 1.5 water
monolayers and the first water layer has a structure analogous to
that of bulk water near quartz. These films are analyzed in further
detail in a subsequent section.

Organic molecules examined in this study distribute in two
main ways, either coating the water-CO2 interface or collecting
into their own phase. Quinoline distributes evenly along the
water-CO2 interface. Its polarity lends it a relatively higher solubil-
ity in water, which is displayed by the presence of small amounts
dissolved in the bulk water phase and within the thin adsorbed
film. Decanoic acid also distributes evenly along the water-CO2

interface, with its polar head group oriented strongly towards
the water and its hydrophobic alkyl chain protruding into the
CO2 phase. Coronene is the least polar of the organic molecules
studied here and aggregates into its own spherical (or cylindrical)
phase. It rests mainly in the CO2 phase, accumulating in a concave
region of the water surface. Likewise, sorgoleone forms its own
phase. However, whereas coronene forms an aggregate that tends
to minimize the surface area of the coronene phase, sorgoleone
forms an aggregate that conforms to the shape of the water-CO2

interface, suggesting a weaker tendency towards self-attraction
vs attraction to the water surface. Despite the very low solubilities
of coronene and sorgoleone, none of the organic compounds dis-
played an affinity for the quartz surface. These observations agree
with studies showing that quartz is less likely than other minerals
to adsorb organics, especially those that are neutral, and does not
promote as thick a layer of adsorbed organics as other minerals like
mica or carbonates [38,115]. The movement of organic molecules
away from the mineral surface during equilibration also reflects
behavior observed in organic aggregation and oil detachment stud-
ies related to CO2-enhanced oil recovery (EOR) [61]. Either due to
the existence of more polar groups or due to Van der Waals attrac-
tion to the denser water phase, all four molecules present strong
tendencies to either adsorb or aggregate at the water-CO2 interface
and thus tend to disrupt the distribution of CO2 near the water sur-
face. These distributions, as well as the corresponding water and
CO2 density maps, are shown in Fig. 3.

Results from our previous study (obtained in the absence of
organic compounds) showed that the thickness of the water film
is sensitive to the disjoining pressure in the film – or, equivalently,
to the capillary pressure difference between the bulk water and
CO2 phases [65]. Results obtained in the presence of organic com-
pounds are plotted as a function of disjoining pressure in Fig. 4
(brown symbols) for comparison with film thicknesses obtained
without organic molecules (gray symbols). While all film thick-
nesses fall within the quartile ranges of those in systems without
organics at similar pressures, both the quinoline and decanoic acid
systems have statistically significant departures from the thick-
nesses expected in systems without organics. The mean film thick-
ness in the system with quinoline molecules is significantly



Fig. 2. Snapshots of each simulated system at equilibrium, with magnified snapshots of each component. Each equilibrated system involves a different organic molecule: (A)
quinoline, (B) decanoic acid, (C) coronene, and (D) sorgoleone. The magnified snapshots show water, CO2, quartz, and organics with small black circles marking their location
in the full system. A small red circle in panel A marks the location of the quinoline-water–quartz hydrogen bond interactions highlighted in Fig. 5. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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smaller than in systems without organics at a similar disjoining
pressure (that shown at 5.9 MPa in Fig. 4), with over 19 % differ-
ence outside of the expected range. This significance is likely larger
when compared to data without organics extrapolated to lower
disjoining pressures closer to that in the simulation with quinoline.
On the other hand, the mean film thickness in the system with
decanoic acid molecules is significantly larger than in systems
without organics at a similar disjoining pressure, with a 34 % dif-
ference outside of the expected range. Coronene and sorgoleone
had insignificant impacts on film thickness, as expected from their
accumulation in curved regions of the water-CO2 interface rather
than on the flat surface of the adsorbed water film.

Our results reveal that decanoic acid at the quartz surface draws
more water into the adsorbed film, as expected of surfactant-like
molecules, [116] while quinoline destabilizes the film. This signif-
icant disruption of the water film by quinoline may be due to
hydrogen bonds formed by quinoline with the quartz surface that
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are absent from interactions with decanoic acid (Fig. 5A). Simula-
tion snapshots confirm two different modes of hydrogen bonds
between quinoline and the quartz surface silanol groups resem-
bling those of inner- and outer-sphere surface complexes. The den-
sity profile of the quinoline N atoms (Fig. 5B) clearly shows the
appearance of two tight peaks, one 3.5 Å from the quartz silanol
O atom (the inner-sphere 1� mode) and another 6.5 Å from the
quartz silanol O atom (the outer-sphere 2� mode). The 3 Å spacing
between the two modes of bonding corresponds to the width of
one water layer. Notably, 1� and 2� modes of hydrogen bonding
can exist concurrently on the same N atom, and the 2� mode
may facilitate the 1� mode. The density profile peaks also show
that the 1� mode of hydrogen bonding occurs within the adsorbed
water layer (the shaded blue area between vertical dashed blue
lines in Fig. 5B), thus disrupting the water film. In the 2� mode,
quinoline N atoms remain outside of the adsorbed water film, in
the CO2 phase (the shaded green area in Fig. 5B), but their proxim-



Fig. 3. Atomic density maps showing CO2 (green), water (blue), and organic
densities (red) in the x� y plane for each system at equilibrium. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. Violin plot showing the thickness of the water film adsorbed at the quartz-
CO2 interface as a function of disjoining pressure. Results presented from lighter to
darker brown colors were obtained in the presence of organics of increasing
molecular weight. Results obtained without organics in our previous study are
presented in gray.

Fig. 5. Panel A: Detailed view of the region circled in red in Fig. 2A showing two
quinoline molecules (pink and red) forming two types of hydrogen bonds (blue
dashed lines) with the quartz surface (gray tetrahedra). The quinoline molecule on
the left forms a hydrogen bond with a water molecule that is hydrogen bonded to a
quartz silanol hydroxyl. The quinoline molecule on the right directly receives a
hydrogen-bond from a quartz silanol group. Panel B: Average density profile of
quinoline N atoms along a transect in the middle of the water film relative to the
plane of quartz silanol O atoms. Vertical dashed blue lines show the positions of the
quartz-water and water-CO2 interfaces. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Surface excess of CO2 at the curved water-CO2 interface (quantified at the
pore mid-plane from the density profiles presented in Figure S4) as a function of
CO2 pressure. Results obtained in our previous study in the absence of organics are
shown as gray circles. The CO2 critical pressure is indicated as a dotted gray vertical
line.
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ity and the orientation of the quinoline molecules may still lead to
some steric disruption of the water film. Water molecules have a
strong preference to form hydrogen bonds with each other and
silanol groups at the interface [117]. Quinoline is the only molecule
in our study that displays an analogous behavior. This suggests
that certain compounds may be more likely to penetrate the struc-
tured water layers and promote surface de-wetting without neces-
sarily undergoing chemisorption to the mineral surface. Moreover,
attraction to the water-CO2 interface brings these organics into
increased contact with the thin water film where unique geochem-
istry could potentially enhance reactivity not studied here [118].

We quantify the surface excesses of CO2 and organic solutes (Cg

and Corg) at the curved water-CO2 interface. Resulting Cg-values
are presented in Fig. 6 in the absence and presence of organics.
Results on Corg are presented in a more detailed figure in the sup-
porting information (Figure S3). As shown by the gray symbols in
Fig. 6, in the absence of organics, CO2 showed significant adsorp-
tion at the water-CO2 interface, with the greatest Cg-values
observed at or near the critical pressure of CO2. In the presence
of organics, our results show that at the two surfaces with no
organic accumulation (i.e., coronene and sorgoleone on the left
curved interface), Cg is consistent with that observed in the
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absence of organics. At all other curved water-CO2 interfaces, we
observe a significant decrease in Cg associated with organic
adsorption (Fig. 6).

Overall, we find that the strong adsorption of all four organics at
the water-CO2 interface is accompanied by CO2 desorption (i.e., by
a decrease in Cg). A rough translation of our Cg and Corg-values
into an ‘equivalent thickness’ of adsorbed organic matter and CO2

(based on the volume of each molecule) reveals that in the case
of quinoline or decanoic acid, where the organics uniformly coat
the water surface, organic adsorption displaces a roughly equiva-
lent volume of adsorbed CO2. More precisely, for the quinoline sys-
tem, the equivalent thickness of adsorbed CO2 and organics (2.
2 ± 0.4 Å) matches the value observed without organics at the near-
est CO2 pressure (1.9 ± 0.4 Å). Similarly, for the decanoic acid sys-
tem, the equivalent thickness of adsorbed CO2 and organics (3.
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7 ± 0.6 Å) matches the value observed without organics at the near-
est CO2 pressure (3.0 ± 0.5 Å). These observations suggest that the
displacement of adsorbed CO2 by adsorbed organic molecules can
be viewed, at least in certain cases where organics adsorb evenly
at the water-CO2 interface, as a simple volumetric replacement.
For the systems with coronene and sorgoleone, where the organics
aggregate into their own phase on one side of the water-CO2 inter-
face, calculated surface excesses are less meaningful as the organic
compounds have a non-uniform thickness on the water surface,
and more complex behaviors are observed including evidence of
CO2 accumulation at both the CO2-organic and the organic-water
interfaces. Additional complications are expected in systems
where organics have affinity for the mineral surface. However, lit-
tle evidence of such affinity was observed in our simulated systems
(beyond the weak affinity of quinoline molecules for surface silanol
groups noted above), perhaps because of the strongly hydrophilic
nature of the quartz surface and the neutral character of the
organic compounds [115].

3.2. Equilibrium thermodynamic properties

As in our previous study, we use the anisotropy of the local
stress tensor at the pore mid-plane (dashed line in Figure S4) to
determine the interfacial tension at the curved water-CO2 inter-
face, cgw.[65] Results are presented in Fig. 7A. While both quinoline
and decanoic acid result in cgw values on the lower end of the
range expected based on systems without organics, neither differ-
ence is statistically significant. This finding differs strongly from
observations of water–air and water–oil interfaces, where adsorp-
tion of organic solutes can cause strong decreases in interfacial
tension [119–121]. The much smaller impact of organics on cgw
in our system is likely related to the observation that organic
adsorption at the water-CO2 interface causes a significant displace-
ment of adsorbed CO2. This explanation is also consistent with
findings that surface concentration has a strong influence on inter-
facial tension reductions [122]. Values of cgw obtained in this study
generally follow the same trend as in systems without organics,
except for the interface where coronene has aggregated into its
own phase, where our calculated cgw-values should be interpreted
with caution due to the existence of large stress fluctuations within
Fig. 7. Equilibrium interfacial tensions (A) and contact angles (B) as a function of
CO2 pressure. In panel B, contact angles calculated based on the curvature of the
water-CO2 interface are shown as triangles, while contact angles calculated using
the Young-Laplace equation are shown as squares. The CO2 critical pressure is
marked as a dotted gray vertical line in each plot.
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the solid coronene aggregate (dashed black line on the right side of
Figure S4C).

From the interfacial tensions at the water-CO2 interface, cgw,
and the capillary pressures in each system, we can calculate an ‘ef-
fective’ mineral–water-CO2 contact angle hYL using the Young-
Laplace relationship (Fig. 7B). In the absence of organics, we previ-
ously showed that hYL displays an inflection near the critical pres-
sure of CO2, from hYL � 0 at low pressure to hYL � 50� at high
pressure (gray squares in Fig. 7B); that this inflection is not
reflected in the hFit-values evaluated based on a spherical fit to
the shape of the curved water-CO2 interface (gray circles in
Fig. 7B); and that the two definitions of h can be reconciled by
accounting for disjoining pressure in the adsorbed water film,
[65] in agreement with other studies [123]. Despite the strong
adsorption of organics at the water-CO2 interface, the same trend
in h is observed in systems with organics, perhaps because the
organic compounds examined here accumulate only at the
water-CO2 interface and minimally impact the surface tension of
that interface, cgw. h values are expected to increase at higher tem-
peratures in quartz systems, which suggests that different organic
distribution and capillary behavior may occur that are outside of
the scope of this study that focuses on the larger impact of pressure
on wettability variation [19,124].

3.3. Non-equilibrium properties

NEMD simulations have shown promise in revealing flow
behavior, adsorption, and slip velocity at mineral-fluid interfaces
[114,125]. Advancing and receding radii of curvature were gath-
ered for each system at three different velocities of flow (Fig. 8).
The fastest velocity simulations resulted in the CO2 bubbles mov-
ing more than one full simulation cell length. During flow, the
organic molecules exhibit significant redistribution. To quantify
this redistribution, we define a ratio U that characterizes the rela-
tive abundance of organic matter at the receding and advancing
ends of the CO2 bubble.

In the quinoline and decanoic acid systems, where organics at
equilibrium coat the water-CO2 interface evenly, the receding
CO2 bubble radius of curvature generally increases with increasing
bubble velocity through the pore. This correlates with an increase
in the abundance of organic matter at the receding end of the CO2

bubble (i.e., U greater than 1). Redistribution of the molecules
coating the moving bubble to the receding end of the bubble is
Fig. 8. Atomic density maps analogous to those in Fig. 3 obtained during NEMD
simulations at three different CO2 bubble velocities (with fluid flow from left to
right). In the middle column (water density maps), the average shapes of the
receding and advancing water-CO2 interfaces are shown as black and gray lines. The
corresponding radii of curvature are shown to the left and right of the water density
maps column. The ratios of the abundance of organic matter on the receding and
advancing ends of the CO2 bubble (U) are shown in the right-most column.
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expected due to the fluid flow patterns near the interface, i.e.,
molecules coating a flowing bubble should tend to accumulate at
the rear stagnation points [126]. The bubble shape undulates most
clearly in the decanoic acid system, displaying variations in
adsorbed water film thickness created by flow as predicted and
observed in studies with surface active agents [127–129].

In contrast, the coronene and sorgoleone systems see much
smaller changes in radii of curvature at the receding end of the
CO2 bubble. The receding radii of curvature tend to increase
slightly, and the advancing radii of curvature tend to decrease
slightly, with increasing bubble velocity. The interfacial curvature
changes at the advancing end of the bubble are similar across all
four systems. Furthermore, coronene and sorgoleone remain
aggregated at the advancing end of the bubble regardless of flow
velocity. This may reflect the initial location of the coronene and
sorgoleone molecules (initially aggregated on the right side of
the CO2 bubble prior to the start of the NEMD simulations). Alter-
natively, it may indicate a preference of distinct organic phases
(formed by coronene and sorgoleone) for the most concave region
of the water surface. Regardless of the origin of this effect, our
results indicate that the dynamics of organic solutes and their
impact on interfacial curvature during water-CO2 multiphase flow
is sensitive to the tendency of the organic molecules to form a uni-
form surface coating or a distinct organic phase. This novel method
can also help elucidate dynamic surface tension and surface active
agent concentration relationships affected by reorientation, aggre-
gation, and clustering [130].

Based on these results, we note that the presence of organic
molecules – highly likely due to the ubiquitous nature of adventi-
tious carbon – can significantly affect dynamic wetting properties
even in conditions where it does not impact the equilibrium con-
tact angle. This suggests that measurements of dynamic wetting
should take particular care to minimize or control the presence
of organic molecules and that theories of dynamic wetting
[131,132] should consider not only impacts associated with the
redistribution of precursor water films adsorbed on solid surfaces,
but also impacts associated with the redistribution of organic com-
pounds adsorbed on the water surface. Such effects have the
potential to alter the relationship between dynamic contact angles
and the velocity of the three-phase contact line, [114] as evidenced
by the sharp increases in receding curvatures observed with
organic-coated water-CO2 interfaces in this study. These changes
in contact angle hysteresis also have potential implications for
solute redistribution in circumstances involving pinning, such as
in surfactant-modified colloidal droplet evaporation or the ‘coffee
stain’ effect [133,134].
4. Conclusions

We build on our previously validated MD simulation method-
ologies to address a prominent source of discrepancies in contact
angle observations relevant to GCS [65]. This study constitutes
some of the first direct molecular-level observations of free organic
solutes in scCO2, water, and interfacial water films. These observa-
tions allow us to explore the affinity of various functional groups
for different interfaces, and their consequential effects on wetting
and flow, confirming our initial hypothesis that atomistic simula-
tions of organic solutes can be used to evaluate capillary changes.

We find that every organic molecule studied here quickly rear-
ranges from the mineral surface to adsorb at the water-scCO2 sur-
face. This indicates the strong preference for multi-phase flow
systems with CO2 and water to concentrate organic molecules at
fluid–fluid interfaces, and to mobilize small organics. However,
their behavior at the interface differs – while smaller organics tend
to evenly coat the interface in a manner similar to surfactants, lar-
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ger organics display a tendency to self-aggregate at the curved
interface. Amongst organics coating the interface, those that are
more soluble in aqueous environments can form multiple modes
of hydrogen bonding with both water and the quartz surface, thus
disrupting the highly structured adsorbed water film. While the
organics evenly coating the water–gas interface may be expected
to lower interfacial tensions in water–air systems, [119–121] the
water-scCO2 interfacial tensions in our study are unaffected as
the organic molecules displace a volumetric equivalent of adsorbed
CO2 molecules from the surface. Upon employing non-equilibrium
simulations to induce fluid flow, we find that organics coating the
water-scCO2 interface have a discernible impact on the receding
interface shape, and accordingly on the capillary properties. These
behaviors reflect observations from studies of surfactants,
[116,122] organic attachment and detachment studies,
[38,41,46,61,115,118] and experimental and numerical studies of
surfactant-coated flowing bubbles [126–129].

The results presented have implications for the transport and
redistribution of organic matter and organic contaminants in the
subsurface caused by multi-phase flow and also highlight paths
for future study. Future MD studies have great potential to con-
tribute further by analyzing the molecular mechanisms at play
during hydrodynamic capillary phenomena. Ideally, these future
simulations will explore a wider range of organic compound che-
mistries and abundance, and mineral surface functional groups
and surface roughness and, also, more systematically examine
the influence of temperature, CO2 density, and water-CO2 interfa-
cial area. These models can complement future analogous experi-
mental studies necessary for validating these simulation results.
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