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ABSTRACT 

This dissertation demonstrates the use of expanded ensemble Monte Carlo 

simulations to compute the bulk phase coexistence conditions of CO2–H2O mixtures and the 

interfacial properties of these mixtures over model silica surfaces. The dissertation begins 

by recounting previous measurements in the literature of the CO2–H2O interfacial tension 

and CO2–H2O–mineral contact angles at conditions relevant to CO2 geological sequestration. 

It then describes the expanded ensemble Monte Carlo simulation framework for computing 

bulk and interfacial properties. Next, this framework is applied to a simple model: a series 

of binary symmetric Lennard-Jones mixtures. Each mixture is found to remain in the partial 

wetting regime throughout the range of temperatures studied. The simulation framework is 

then applied to bulk CO2–H2O mixtures at high temperature (523 K) and low temperature 

(323 K), and the CO2 mole fractions in both the CO2-rich and H2O-rich phases compare 

favorably with simulations from the literature. Finally, the results of expanded ensemble 

simulations of CO2–H2O–silica are presented for two classes of silica models. The interfacial 

tensions are found to agree with previous simulations and experiments, and the CO2–H2O–

silica contact angles for sufficiently hydrophilic surfaces at 323 K are found to agree with 

reputable experiments. Overall, this dissertation demonstrates that expanded ensemble 

Monte Carlo simulation methods may be used to study model CO2–H2O–silica systems at 

geological sequestration conditions. 
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1 INTRODUCTION 

The fifth assessment report1 of the Intergovernmental Panel on Climate Change 

affirms that human activities cause global climate change. The report then details the 

impacts of climate change already observed throughout the world and makes predictions 

about the risks we face in the future. The general conclusion is clear: policymakers, 

scientists, and corporations must find ways to mitigate the negative effects humans have on 

the global climate. One alternative for reducing the accumulation of greenhouse gas 

emissions is the sequestration of carbon dioxide, or CO2. Knowledge of the wetting behavior 

of the CO2 and other components present is particularly important when determining 

whether storage in a specific site is feasible. Many groups have measured or predicted CO2–

H2O interfacial tensions and CO2–H2O–mineral contact angles, but the results have been 

somewhat inconsistent. Furthermore, a deeper understanding of the molecular phenomena 

that drive the wetting behavior is needed to ensure that CO2 may be stored safely at 

geological time scales. 

1.1 Carbon Dioxide Sequestration 

The greenhouse gas CO2 is released whenever fossil fuels are burned. The buildup of 

CO2 in the atmosphere is thought to be one of the chief causes of anthropogenic climate 

change. In addition, the abundance of CO2 relative to other greenhouse gases makes it a 

prime candidate for reduction. Bachu2 defines sequestration as “the removal of CO2, either 
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directly from anthropogenic sources, or from the atmosphere, and disposing of it … for 

geologically significant time periods.” Carbon dioxide can be stored in the world’s oceans, 

converted to other organic compounds by biochemical reactions, or injected into geological 

formations. Injection of CO2 into saline aquifers is the most economical and convenient of 

these options. Saline aquifers are already being used2 commercially for the storage of 

hazardous wastes. 

When CO2 is injected into an aquifer, some of the gas dissolves in the brine solution, 

and the rest of the gas floats to the top of the aquifer and interacts with the caprock. The 

sealing capability of this caprock is paramount, as sufficient leakage of CO2 negates the 

effects of sequestration and could cause ecological or physical damage, including loss of life. 

Song and Zhang3 describe four ways that CO2 leakage can occur: diffusive loss, leakage 

through caprock pores, leakage through fractures in the caprock, and leakage through well 

degradation. A sequestration site should not have fractures or faults in the caprock prior to 

CO2 injection. Additionally, caprock must be able to withstand the pressure buildup that 

occurs when CO2 is introduced. 

Besides caprock fracturing, the other main cause of CO2 leakage is capillary seal 

breakthrough.4 The breakthrough pressure is the pressure difference between the CO2-rich 

and H2O-rich phases required for the CO2 to penetrate the brine-filled pores. It is related to 

the interfacial tension of the fluids and the contact angle between the rock surface and the 

fluids, 

𝑝c =
2𝛾 cos 𝜃

𝑅
(1.1) 

Here, 𝛾 is the CO2–H2O interfacial tension, 𝜃 is the CO2–H2O–rock contact angle, and 𝑅 is a 

characteristic pore radius for the caprock. Capillary breakthrough depends on the 
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wettability of the rock surface through its association with the contact angle. Wettability is 

the extent to which a fluid, such as H2O or brine, spreads on a surface in the presence of 

another fluid, such as CO2. Figure 1.1 shows an example of the contact angle for this system. 

A contact angle of 0° corresponds to an H2O-wet surface, and a contact angle of 180° 

corresponds to a CO2-wet surface. 

 

Figure 1.1: Example CO2–H2O–mineral contact angle. 

The presence of dense and possibly supercritical CO2 may alter the wettability of 

rock. The rest of this chapter is an overview of experimental, simulation-based, and 

numerical methods for the measurement or calculation of CO2–H2O interfacial tensions and 

CO2–H2O–mineral contact angles. There is still much uncertainty in the collected data, 

especially at the high pressures and temperatures typical of sequestration. 

1.2 Axisymmetric Drop Shape Analysis 

The experimental measurement of CO2–H2O interfacial tensions and CO2–H2O–

mineral contact angles usually relies on high-resolution image analysis of droplets 

constructed by one of two methods. In the pendant drop method, droplets of CO2 or brine 

are suspended at the end of a pipette or needle in an imaging cell initially filled with the 

opposite component. In the sessile drop method, a drop of one fluid is placed directly onto a 

surface immersed in the other fluid. There are many variations on these two themes, and it 

is possible to perform experiments at some of the conditions expected in CO2 sequestration. 
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This class of experiments is called axisymmetric drop shape analysis, or ADSA.5 The ADSA 

methods can easily provide measurements of contact angles and drop dimensions, but 

extremely accurate density information for both phases is necessary to calculate the 

interfacial tensions. 

Chiquet et al.6 used the pendant drop method to measure CO2–H2O interfacial 

tensions at temperatures of 308–383 K and pressures of 5–45 MPa, conditions that 

correspond to those encountered in sequestration. Their work serves here as an example of 

the ADSA technique and a point of comparison for the efficacy of the different experimental 

methods. For each set of conditions, the authors created a droplet of the H2O-rich phase and 

suspended it in a CO2-rich phase. Then, they compared a picture of the droplet to the 

solution of the Laplace equation for the drop conditions, resulting in a series of ordinary 

differential equations. One of the parameters for these equations was the Bond number, 𝐵𝑜, 

a dimensionless quantity that compares the buoyancy forces of the drop to the surface 

forces, 

𝐵𝑜 =
Δ𝜌𝑔𝑅0

2

𝛾
(1.2) 

where 𝑅0 is the radius at the apex of the drop, Δ𝜌 = 𝜌H2O − 𝜌CO2 , 𝑔 is the acceleration due 

to gravity, and 𝛾 is the interfacial tension. The ADSA methods give the values of 𝑅0 and 𝐵𝑜 

that optimize the fit of the differential equations to the image of the generated drop. 

Chiquet et al. also measured the density of each phase using an inline thermostatted 

densimeter. Overall, they found that the CO2–H2O interfacial tension decreased as pressure 

was increased up until around 15 MPa, where the tension plateaued. The interfacial tension 

at this plateau decreased slowly with increasing temperature. 
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Chiquet et al.7 extended the pendant drop method to measure high-pressure CO2–

brine–quartz and CO2–brine–mica contact angles. First the authors immersed each mineral 

surface in brine. Then, they placed a pendant drop of CO2 extremely close to the surface. 

This so-called captive-drop method combined the pendant drop and sessile drop 

techniques. The authors tested several brine solutions with NaCl concentrations of 0.01–

1 mol dm−3. The contact angle increased (and thus the H2O-wettability decreased) as 

pressure increased (up to 11 MPa) for both surfaces. The CO2–brine–mica contact angle had 

a more pronounced increase with pressure than the CO2–brine–quartz contact angle. 

Broseta et al.8 improved the methods of Chiquet et al. to permit studying a wider 

range of temperatures, pressures, and NaCl concentrations. The group measured contact 

angles of CO2–H2O mixtures on quartz, calcite, and mica surfaces, including a sample of 

caprock extracted from a current CO2 injection site. In this modified captive-drop method, 

the authors placed the CO2 bubble underneath the surface and systematically injected and 

withdrew additional CO2 to measure both the H2O-receding (drainage) and H2O-advancing 

(imbibition) contact angles. The authors found that the quartz and mica contact angles 

slightly increased with increasing pressure, in agreement with Chiquet et al.7 These 

minerals exhibited a wide range of contact angle hysteresis, and the hysteresis was more 

pronounced at higher pressures. Calcite and caprock contact angles remained the same 

regardless of pressure, with essentially no hysteresis. 

Wang et al.9 performed captive-drop measurements on a variety of mineral surfaces 

at two state points (7 MPa at 303 K and 40 MPa at 323 K). They found that the CO2–H2O–

quartz contact angle increased slightly with pressure and temperature. However, there 

were no major shifts in wettability between the two states, and results for calcite were 
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similar. This is important because a shift from an H2O-wet surface to a CO2-wet surface 

would indicate a strong potential for capillary breakthrough. The authors also found that 

adding either HCl or NaOH lowered the CO2–H2O–silica and CO2–H2O–calcite contact angles. 

A small hysteresis in contact angles for silica surfaces was observed and attributed to 

changes in CO2 bubble size. Calcite surfaces experienced a much greater hysteresis due to 

the diffusion of CO2 from the bubble to the surface, where it can undergo chemical reaction. 

Table 1.1 summarizes the conditions and results for selected pendant drop and 

captive-drop experiments. In general, the CO2–H2O interfacial tension was approximately 

64 mN m−1 at low pressures (around 1 MPa) and decreased with pressure until it reached a 

plateau of approximately 30 mN m−1 at pressures of 10–15 MPa. The interfacial tension 

increased with increasing salinity, but the magnitude of this increase varied among 

research groups. The tension also increased with increasing temperature if the temperature 

was raised above the CO2 critical point. For most of the silica surfaces tested, contact angles 

remained low, approximately 30°, throughout the entire range of pressures tested, up to 

20 MPa. Mica contact angles increased significantly with increasing pressure. In addition, 

both mica and calcite surfaces exhibited a large hysteresis in CO2–H2O–mineral contact 

angles as pressure was increased. Salinity had an unclear effect on CO2–H2O–silica contact 

angles, but solutions with higher salinity had larger contact angles on mica surfaces. 

  



7 
 

Table 1.1: Pendant Drop and Captive-Drop Experiments 

paper 𝑝/MPa  𝑇/K  remarks 

Yang et al.10 0.1–30 300, 331 Wettability changes for 𝑝 > 8.5 MPa 

Kvamme et al.11 0.1–20 278–335 Timing of measurements is important 

Chiquet et al.6 5–45 307–382 Interfacial tension increases with salinity 

independent of 𝑝 

Chiquet et al.7 1–11 293–332 Contact angle increases with increasing 𝑝; 

salinity does not impact silica contact angle 

Chalbaud et al.5 4.5–26 300–373 Interfacial tension increases linearly with 

salinity 

Bachu and Bennion12 2–27 309–398 Interfacial tension increases with salinity 

and 𝑇 > 𝑇c 

Wang et al.9 7–20 303, 323 Contact angle decreases with increasing 

salinity 

The sessile drop method entails flushing a viewing cell with CO2 and depositing a 

drop of water onto a surface (or vice versa). The contact angle is measured using CCD 

image analysis analogous to the technique used for pendant drop experiments. The best 

data available come from Espinoza and Santamarina,13 who tested CO2–H2O and CO2–brine 

contact angles on nonwetting polytetrafluoroethylene (PTFE), glass (amorphous silica), 

calcite, and glass treated with oil. The authors performed isothermal experiments at 298 K 

and pressures up to 10 MPa. The CO2–H2O–silica and CO2–H2O–calcite contact angles (20° 

and 40°, respectively) remained constant up until the CO2 liquid–vapor transition point, 
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which occurred at a pressure of about 6 MPa. The CO2–brine–silica and CO2–brine–calcite 

contact angles were 20° greater and 4° greater, respectively, than the pure water contact 

angles for these minerals. Espinoza and Santamarina also calculated interfacial tensions for 

every combination of the solutions and surfaces studied. In general, the interfacial tension 

decreased with increasing pressure. 

Jung and Wan14 performed isothermal sessile drop calculations at 318 K and 

pressures of 0.1–25 MPa on silica surfaces. They used two different methods. In the first 

method, the authors formed a single CO2 droplet at a fixed pressure. In the second method, 

they pressurized a droplet in a stepwise manner. In both cases, drops were equilibrated for 

an extremely long time, up to 1 day for the isobaric experiments. Jung and Wan obtained 

consistent results from both methods. Pure water contact angles increased from 35° to 45° 

when the pressure was increased from 7 to 10 MPa. The authors attributed this increase to 

chemical reactions between the silica surface and supercritical CO2. Increasing salinity also 

had a dramatic effect on the contact angle. Brine solutions with the highest NaCl 

concentration had contact angles up to 70° at supercritical conditions. 

Kim et al.15 presented a method for measuring contact angles based on a 

microfluidic model of porous rock media comprising etched fused silica plates. For each 

experiment, the authors filled the model with brine at 318 K and pressurized it to 8.5 MPa. 

Then, they injected supercritical CO2 into the system and tracked the progress of the CO2 

with periodically recorded images. Droplets of brine grew on the surface of the silica grains 

as the CO2 displaced the brine in the model. The authors found that these drops grew 

within seconds of CO2 introduction. However, the contact angle of the droplets did not 
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change over time. The overall brine-wettability of silica decreased as the NaCl 

concentration increased from 0.01 to 5.0 mol dm−3. 

Chalbaud et al.5 also used a series of micromodels to study the wettability of a CO2–

H2O system. Etched glass plates, glass plates treated with crude oil, and glass plates treated 

with silane represented H2O-wet, intermediate-wet, and oil-wet surfaces, respectively. The 

authors saturated the plates with H2O and injected CO2. The wettability of the H2O-wet 

plates did not change with increasing pressure. The intermediate- and oil-wet plates 

showed a larger variation in the contact angle at high pressures. 

1.3 Experimental Discrepancies 

Georgiadis et al.16 and Nielsen et al.17 have published two excellent reviews of the 

experimental landscape. In general, there is decent agreement (within 10%)16 among most 

interfacial tension measurements involving pure H2O and either gaseous or liquid CO2. 

However, the results of experiments with supercritical CO2 have differed. Variance within 

one experiment may also be particularly high, as shown in Figure 1.2. This plot presents the 

data which Nielsen et al. regard as the most precise and consistent available. Part of the 

discrepancy within each measurement lies in an inability to accurately measure or estimate 

the difference in density between the H2O-rich and CO2-rich phases. 
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Figure 1.2: Pressure dependence of the interfacial tension of CO2–H2O at 323 K, as 

determined by Chiquet et al.6 and Kvamme et al.11 Taken from Nielsen et al.17 

In contrast to the body of interfacial tension data, there is some disagreement 

between several sets of CO2–H2O–mineral contact angle measurements. Most 

measurements were carried out on naked or treated glass plates of varying intrinsic 

hydrophobicity. While some experiments7,9,13 exhibited little variation in contact angle as 

pressure increased, others demonstrated a notable dewetting.14 The reported time 

dependence of the contact angle also varies for different measurement methods. The 

overarching theme for the experimental determination of interfacial properties is the 

difficulty with which precise data may be obtained at elevated pressures and temperatures, 

particularly when supercritical CO2 is present. Reproducible data require meticulous setup 



11 
 

of experimental apparatus and selection and cleaning of all surfaces and solutions: any 

impurities present may affect results. 

1.4 Molecular Simulations and Theory 

Molecular simulations have been used18-20 to great effect to determine the phase 

coexistence properties of CO2–H2O mixtures without the limitations of wet lab experiments. 

In particular, molecular simulations allow measurements over a wide range of conditions, 

such as the pressures and temperatures encountered in CO2 sequestration, in a controlled 

manner. The two main simulation techniques are molecular dynamics (MD) and Monte 

Carlo (MC) methods. Molecular dynamics simulations involve the integration of Newton’s 

equations of motion using discrete time steps. In MC simulations, random numbers dictate 

changes in the microscopic state of the system, and simulations measure thermodynamic 

quantities according to the principles of statistical mechanics. An excellent introduction to 

both types of simulation is the book Computer Simulation of Liquids by Allen and 

Tildesley.21 

Molecular simulations can provide measurements of thermodynamic quantities with 

high precision at the expense of some accuracy, due to the necessity of using simplified 

molecular models. It is impractical to explicitly model the full extent of the interactions 

between all simulation molecules. Therefore, most simulations of H2O and CO2 represent 

molecules as combinations of Lennard-Jones (LJ) interaction sites and point charges. This 

means that energy calculations between atoms have the following form: 

𝑢𝑎𝑏 =
𝑞𝑎𝑞𝑏
4𝜋𝜀0𝑟𝑎𝑏

+ 4𝜀𝑎𝑏 [(
𝜎𝑎𝑏
𝑟𝑎𝑏

)
12

− (
𝜎𝑎𝑏
𝑟𝑎𝑏

)
6

] (1.3) 

where 𝜀0 is the vacuum permittivity, 𝑞𝑎 is the charge on atom 𝑎, 𝑟𝑎𝑏 is the distance between 
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atoms 𝑎 and 𝑏, and 𝜎𝑎𝑏 and 𝜀𝑎𝑏 are the LJ parameters for interactions between the atoms. 

Frequently the interactions between two different atoms use LJ parameters derived from a 

set of combining rules for 𝜀𝑎 and 𝜎𝑎 , the interaction parameters between two like atoms 𝑎. 

The most popular set are the Lorentz-Berthelot combining rules 

𝜎𝑎𝑏 =
1

2
(𝜎𝑎 + 𝜎𝑏) (1.4) 

𝜀𝑎𝑏 = √𝜀𝑎𝜀𝑏 (1.5) 

In the most common family of H2O models (SPC,22 SPC/E,23 TIP4P,24 etc.), each 

molecule includes a set of LJ parameters for the oxygen atom. A negative point charge lies 

on or near the oxygen atom, and two positive point charges represent the hydrogen atoms. 

Several modern CO2 models, such as the EPM2 model,25 explicitly define LJ parameters for 

all three atoms. The carbon atom has a positive partial charge, each of the oxygen atoms has 

a negative partial charge. All of these H2O and CO2 models choose values for the partial 

charges such that the molecules have no net overall charge. Figure 1.3 illustrates the TIP4P 

H2O and EPM2 CO2 models. Both models accurately reproduce most thermodynamic 

quantities, especially after properly parameterizing the LJ parameters for cross 

interactions.26-27 
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Figure 1.3: Geometry of the TIP4P H2O and EPM2 CO2 models. Taken from Vorholz et al.28 

Recently, several groups have used MD simulations to probe the interfacial 

properties of CO2–H2O and CO2–H2O–silica systems. Nielsen et al.17 simulated a variety of 

models (three for CO2 and two for H2O) at a fixed pressure of 20 MPa and temperatures of 

300–383 K. They also performed isothermal simulations of pressures of 3–30 MPa at 383 K. 

The authors calculated the interfacial tension at each state using the simulation cell stress 

tensor, 

𝛾 =
ℎ𝑧̅̅ ̅

2
[𝑝𝑧𝑧 −

1

2
(𝑝𝑥𝑥 + 𝑝𝑦𝑦)] (1.6) 

where ℎ𝑧̅̅ ̅ is the interface-normal simulation box length, 𝑝𝑧𝑧 is the interface-normal 
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pressure, and 𝑝𝑥𝑥 and 𝑝𝑦𝑦 are the pressure components parallel to the interface. Overall, the 

interfacial tension varied much more strongly with pressure below the CO2 critical point, 

but the tension was almost invariant with respect to changes in temperature. 

Iglauer et al.29 introduced an atomistic α-quartz surface into an MD simulation of 

TIP4P/2005 H2O30 (the TIP4P model with adjusted parameters) and EPM2 CO2. They 

modeled the intramolecular interactions of the surface using a Coulomb-Buckingham 

potential, 

𝑢𝑎𝑏 =
𝑞𝑎𝑞𝑏
4𝜋𝜀0𝑟𝑎𝑏

+ 𝐴𝑎𝑏 exp(−𝐵𝑎𝑏𝑟𝑎𝑏) −
𝐶𝑎𝑏

𝑟𝑎𝑏
6  

(1.7) 

where 𝐴𝑎𝑏 , 𝐵𝑎𝑏, and 𝐶𝑎𝑏  are surface-specific constants. Simulations were run at pressures 

up to 20 MPa for the temperatures 300, 343, and 350 K. The interfacial tension followed the 

same general trend as in experiments: tension increased as pressure was increased. 

However, the interfacial tension was up to 20% larger than the experimentally determined 

tension31 for pressures above 7 MPa. In agreement with Chalbaud et al.,5 increasing salinity 

increased the interfacial tension. Iglauer et al. measured the contact angle of the CO2–H2O–

silica system by constructing an H2O droplet on the surface and measuring a density 

contour. Contrary to most experimental data, the authors found that the contact angle 

strongly increased with increasing pressure below the CO2 saturation pressure. The contact 

angles were also significantly higher than any experimental measurement, up to 80° at very 

high pressure. 

The silica surface modeled by Iglauer et al.29 contained no hydrogens, and this may 

help to explain the inconsistent contact angle measurements. McCaughan et al.32 

reproduced the results of the former work using a fully coordinated silica surface and found 
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that introducing CaCl2 had no impact on the contact angle. The authors also developed a 

partially hydroxylated silica surface. Contact angles measured for a CO2–H2O mixture above 

this surface at 300 K and 10 MPa were quite similar to those measured by Chiquet et al.7 

and Espinoza and Santamarina,13 as shown in Figure 1.4. 

 

Figure 1.4: Comparison of experimental CO2–H2O–silica contact angles with those obtained 

from MD simulations of a hydroxylated silica surface; taken from McCaughan et al.32 The 

experimental results are from Bikkina,33 Chiquet et al.,7 and Espinoza and Santamarina.13 

Simulation results are classified by the degree of hydroxylation of the silica surface.Tsuji et 

al.34 also performed MD simulations using both pure H2O and brine in the presence of a 

hydrophilic silica surface. They measured interfacial tensions that were consistent with 

Chiquet et al.,6 and the contact angles were only 2–3° smaller than those reported by 

Espinoza and Santamarina.13 Contact angles did not vary much upon increasing pressure in 

the range of pressures studied (7–29 MPa). 
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Monte Carlo simulations have been used27,35 to study the phase coexistence of bulk 

CO2–H2O mixtures, but there have been few publications using MC methods to measure the 

interfacial tension of CO2–H2O mixtures and no publications using MC methods to measure 

contact angles. Biscay et al.36 measured the surface tension of EPM2–TIP4P/2005 at 383 K 

and pressures of 5–45 MPa using four different techniques: the Kirkwood-Buff relation, the 

Irving-Kirkwood relation, the test-area method, and the local Kirkwood-Buff approach. The 

authors obtained consistent results regardless of method choice, and the results agreed 

with Chiquet et al.6 

Several groups have used numerical methods, including the statistical associating 

fluid theory (SAFT),37-38 to estimate CO2–H2O interfacial tensions. This theory explicitly 

treats fluids composed of molecules that tend to form clusters, such as H2O. When 

combined with an appropriate thermodynamic model and either density functional theory 

or gradient fluid theory, SAFT can predict the interfacial tension over a range of 

temperatures and pressures similar to those used in experiments.39-40 Hu et al.41 report 

results that are consistent with the experiments of Georgiadis et al.16 

The use of molecular simulations to measure the interfacial properties of CO2–H2O 

and CO2–H2O–mineral systems is still in its infancy. Only a handful of publications exist that 

use MD or MC methods to measure interfacial tensions, and only a few groups have 

measured contact angles using MD. However, simulations carried out using the TIP4P/2005 

H2O and EPM2 CO2 models have yielded results that are consistent with experiments. 

Furthermore, contact angles measured using a realistic silica surface match those of 

Chiquet et al.7 
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2 MONTE CARLO SIMULATION METHODS 

Companies in industries ranging from petroleum extraction to pharmaceutical 

research regularly seek to understand the phase properties of molecules of interest. Large 

collections42 of thermodynamic properties are used for this purpose, and much of the data 

in these collections are determined experimentally. However, it is sometimes difficult to 

measure properties at a wide range of temperatures, pressures, and compositions. Monte 

Carlo (MC) molecular simulation serves as an attractive alternative to expensive 

experimental measurements, especially when considering recent developments in 

methods. This chapter presents a brief history of the application of MC simulations to 

finding the macroscopic properties of coexisting phases, as well as the methods used 

throughout the rest of this work to find these properties for both bulk and interfacial 

systems. 

2.1 A History of Monte Carlo Simulations for Phase Coexistence 

The MC method originated43 at Los Alamos National Laboratory in the 1940s. 

Metropolis,44 who coined the term Monte Carlo, admitted that the idea of using statistical 

sampling for calculations was discovered even earlier by Fermi. Fermi used the technique to 

impress colleagues with predictions of experimental results, but he did not publish his 

method. Metropolis et al.45 published the first MC simulation of a liquid system. The group 

used the MANIAC computer located at Los Alamos to generate an equation of state for a two 
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dimensional system of rigid spheres. Hastings46 generalized the method used by 

Metropolis et al. His result, called the Metropolis-Hastings algorithm, is still widely used 

today. Briefly, the algorithm samples a series of values from a probability distribution by 

computing the value of a function proportional to the distribution. This sampling process 

can give an estimate of the expected values of thermodynamic properties of interest. 

Bennett47 described the calculation of the free energy difference between two 

canonical ensembles, which are systems of constant molecule number, volume, and 

temperature. Essentially, he demonstrated one way to obtain extra information from each 

MC simulation. In the same vein, Ferrenberg and Swendsen48 presented a method for 

extending the results of several simulations over a wide range of conditions. This method, 

known as histogram reweighting, can determine where phase coexistence occurs following 

simulations in the grand canonical ensemble (constant chemical potential, volume, and 

temperature). Berg and Neuhaus49 proposed another extension in the form of the 

multicanonical ensemble, which enhances the sampling of configurations with interfaces 

between two phases. Wang and Landau50-51 provided an efficient way to calculate the 

density of states of a system, which is necessary to use a multicanonical ensemble. 

Panagiotopoulos52 developed the Gibbs ensemble specifically for simulations of 

phase equilibria. Gibbs ensemble MC simulations involve the simulation of two separate 

bulk regions at fixed pressure, temperature and chemical potential. The two regions 

exchange molecules and volume such that the overall number of molecules and volume are 

conserved. The Gibbs ensemble method is intuitive and relatively efficient, and several 

works35,53 have described Gibbs ensemble simulations of CO2–H2O mixtures. 
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The newest techniques for MC simulations of phase equilibrium rely on a technique 

introduced by Fitzgerald et al.54-55 Normally, MC simulations measure properties by 

generating histograms of the microstates of the system. Fitzgerald et al. introduced an extra 

bookkeeping step: the simulation keeps track of how many times the system attempts to 

move between the different microstates. This step significantly reduces the variance of 

simulation results. Errington56 used these so-called transition matrix MC simulations to 

determine liquid–vapor phase equilibria, and this method has proven favorable57 over the 

Gibbs ensemble in some cases.  

2.2 Bulk Grand Canonical Simulations 

Simulations in the grand canonical (GC) ensemble may be used to study liquid–

vapor systems at a single (𝑇, 𝑉, 𝝁) state, where 𝜇 = (𝜇1, 𝜇2, … , 𝜇𝑠) is the collection of 

chemical potentials for each of the 𝑠 components. The chemical potential 𝜇𝑖 of component 𝑖 

is expressed using the activity 𝜉𝑖 = 𝑞𝑖 exp(𝛽𝜇𝑖), where 𝑞𝑖 is the momentum contribution to 

the molecular partition function, 𝛽 = 1/𝑘B𝑇 is the inverse temperature, and 𝑘B is the 

Boltzmann constant. For multicomponent systems, the activity of each component may be 

specified explicitly, or the activity fractions 𝜂𝑖 = 𝜉𝑖 ∑ 𝜉𝑗𝑗⁄  of each component beyond the 

first may be combined with, for example, the logarithm of the sum of the activities, 𝜒 =

ln∑ 𝜉𝑖𝑖 . During the simulation, MC moves propagate the system between microstates. 

Molecules are displaced, rotated, inserted, or deleted, and each move is accepted with a 

probability determined by the energy of the system before and after the move. The 

probability of observing a specific number of molecules for the first component, Π(𝑁1), is 

computed. Then, 𝑁1 = 𝑁op is referred to as the simulation order parameter, and the 
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logarithm of the order parameter probability distribution, lnΠ(𝑁op), is related to the free 

energy of the system. In the GC ensemble, this free energy is the grand potential Ω = −𝑝𝑉. 

In addition to collecting Π(𝑁op), visited states distributions are collected for the 

number of molecules of each component, and these distributions are used to find the 

coexistence point of the system. When the simulation conditions are near the coexistence 

point, ln Π(𝑁op) has two peaks, as shown in Figure 2.1. One peak represents the vapor 

phase (at low 𝑁op), and the other peak represents the liquid phase (at high 𝑁op). The 

probability of observing a liquid will be equal to the probability of observing a vapor if the 

system is at the coexistence point. In other words, the area under the vapor peak of the 

probability distribution will be equal to the area under the liquid peak. Similarly, one of the 

two peaks will be larger for a system away from the coexistence conditions, but histogram 

reweighting48 can determine the activity of the order parameter component that renders 

the two areas equal. The change in the probability distribution upon changing the activity 

from 𝜉op
∘  to 𝜉op is56 

ln Π(𝑁op; 𝜉op) = lnΠ(𝑁op; 𝜉op
∘ ) + 𝑁op ln (

𝜉op

𝜉op∘
) (2.1) 

The probability of observing a value of 𝑁op between the two peaks is extremely small, so the 

boundary between the two peaks is somewhat arbitrary. 
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Figure 2.1: Example order parameter probability distribution for a system near the 

coexistence point. 

The bulk thermodynamic properties may be calculated for any system at the liquid–

vapor coexistence point. First, the reweighted average of the molecule number visited 

states distribution 𝑃𝛼(𝑁𝑖) is found for each component 𝑖 in phase 𝛼, 

〈𝑁𝑖
𝛼〉 =

∑ 𝑃𝛼(𝑁𝑖) (
𝜉𝑖
c

𝜉𝑖
∘)
𝑁𝑖

𝑁𝑖

∑ 𝑃𝛼(𝑁𝑖)𝑁𝑖

(2.2)
 

where 𝜉𝑖
∘ is the original activity in the simulation, 𝜉𝑖

c is the coexistence activity, 𝜉𝑖
c = 𝜉𝑖

∘ for 

all components except the order parameter, and the sums extend over all 𝑁𝑖 observed in the 

phase. Then, the mole fraction of component 𝑖 is 

〈𝑥𝑖
𝛼〉 =

〈𝑁𝑖
𝛼〉

∑ 〈𝑁𝑖
𝛼〉𝑖

(2.3) 
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and the overall density of the phase is 

〈𝜌𝛼〉 = ∑
〈𝑥𝑖
𝛼〉𝑀𝑖

𝑉
𝑖

(2.4) 

where 𝑀𝑖  is the molar mass of component 𝑖. The pressure is obtained from the ideal gas 

reference, and the simulation must sample the 𝑁op = 0 state.58 Then, 

𝑝op =
1

𝛽𝑉
{ln [

∑ Π(𝑁op; 𝝃
c)𝑁op

Π(𝑁op = 0; 𝝃c)
] − ln 2} (2.5) 

where 𝝃c = (𝜉1
c, 𝜉2

c, … , 𝜉𝑠
c) and the factor of ln 2 arises because the sum includes both the 

liquid and vapor phases.56 When there is only one component, lnΠ(𝑁op) = lnΠ(𝑁total), and 

the pressure 𝑝op = 𝑝 is the real macroscopic pressure of the system. When a simulation 

contains multiple components, 𝑝op is an osmotic pressure specific to the order parameter 

component. Then, the overall pressure may be obtained by combining 𝑝op with similar 

osmotic pressures obtained from vapor simulations of the other components. 

2.3 Bulk Expanded Ensemble Simulations 

While GC simulations provide the coexistence point for one state, expanded 

ensemble (EE) simulations59 trace the coexistence line as a function of an intensive 

property.60-61 Performing one EE simulation for a liquid phase and one simulation for a 

vapor phase gives the same information as hundreds or thousands of expensive GC 

simulations. Temperature expanded ensemble (TEE) and activity expanded ensemble 

(AEE) simulations are used throughout this work. Both of these ensembles are extensions 

of the GC ensemble. A list of activities (and, for TEE, temperatures) is specified for a system 

at constant volume. Then, the simulation uses the same MC moves as a GC simulation, but a 

new MC move propagates the system between entries in the list of activities. Each entry is 
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called a subensemble, and a move from subensemble 𝑚 to subensemble 𝑛 is accepted with 

probability60 

𝑝acc(𝑚 → 𝑛) = min {1, exp[−𝐸(𝛽𝑛 − 𝛽𝑚)]∏(
𝜉𝑖𝑚
𝜉𝑖𝑛
)
𝑁𝑖

𝑠

𝑖=1

} (2.6) 

Here, 𝐸 is the total configurational energy, 𝛽𝑛 and 𝜉𝑖𝑛 are the inverse temperature and 

component 𝑖 activity in subensemble 𝑛. The exponential term vanishes for AEE simulations, 

which have constant temperature. 

The coexistence point of a given EE subensemble is the state at which the activities, 

temperature, and grand potential are equal in all phases. An EE simulation collects the 

probability of observing each subensemble, and the logarithm of the probability 

distribution, ln Π([𝛽, 𝝃]) for TEE and lnΠ([𝝃]) for AEE, gives the negative of the relative free 

energy. The quantities in square brackets are the fields that define the list of subensembles 

in the simulation. As in direct GC simulations, the free energy of AEE and TEE simulations is 

the grand potential, and the coexistence point of each subensemble may be found using the 

visited states distributions and histogram reweighting The change in the grand potential in 

phase 𝛼 upon changing the activity of component 𝑖 at constant temperature is60 

𝛽Ω𝛼(𝛽, 𝝃)  = 𝛽Ω𝛼(𝛽, 𝝃∘) − ln

{
 

 ∑ 𝑃𝛼(𝑁𝑖; [𝛽, 𝝃]) (
𝜉𝑖
𝜉𝑖
∘)
𝑁𝑖

𝑁𝑖

∑ 𝑃𝛼(𝑁𝑖; [𝛽, 𝝃])𝑁𝑖

}
 

 

(2.7) 

where 𝜉𝑖
∘ is the original activity, 𝜉𝑖 is the new activity, 𝑃𝛼(𝑁𝑖; [𝛽, 𝝃]) is the 𝑁𝑖 visited states 

distribution, and the sums extend over all 𝑁𝑖 observed in the phase. Similarly, the change in 

the grand potential upon changing the temperature while holding the activities constant is 

𝛽Ω𝛼(𝛽, 𝝃) = 𝛽∘Ω𝛼(𝛽∘, 𝛏∘) − ln {
∑ 𝑃𝛼(𝐸; [𝛽, 𝝃]) exp[−𝐸(𝛽 − 𝛽∘)]𝐸

∑ 𝑃𝐸
𝛼 (𝐸; [𝛽, 𝝃])

} (2.8) 
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where 𝛽∘ is the original inverse temperature, 𝑃𝛼(𝐸; [𝛽, 𝝃]) is the visited states distribution 

for the configurational energy, and the sums extend over all energies observed in the phase. 

Since the distribution Π([𝛽, 𝝃]) is relative, the grand potential is determined using a 

reference state (𝛽r, 𝝃r) for which the coexistence conditions are known, 

𝛽Ω𝛼(𝛽, 𝝃) = 𝛽rΩ𝛼(𝛽r, 𝝃r) − ln {
Π𝛼([𝛽, 𝝃])

Π𝛼(𝛽r, 𝝃r)
} (2.9) 

The coexistence properties of the reference state are obtained using GC simulations. If no 

subensemble in the simulation contains the reference state, eqs 2.7 and 2.8 may be applied 

to the nearest subensemble. The process of shifting the distributions relative to the 

reference is illustrated in Figure 2.2. 

 

Figure 2.2: Shifting EE probability distributions relative to a reference state. The solid lines 

show the original distribution collected in the simulation, and the dashed lines show 

ln Π𝛼([𝛽, 𝝃]) = − 𝛽Ω𝛼(𝛽, 𝝃) after shifting. 
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To find the coexistence curve, the activities of one species are varied for each 

subensemble independently and eq 2.7 is applied until the grand potential is equal in all 

phases. Then, further EE simulations are performed with the putative coexistence states 

(𝛽, 𝝃c), and histogram reweighting is used to update the guess for the coexistence states. 

This process continues iteratively until the activities converge. Once the coexistence curve 

is known for a set of EE simulations, the macroscopic properties of the system may be 

computed. The density and composition are found using the average molecule counts in 

each subensembles. The pressure is contained in the coexistence grand potential Ωc = −𝑝𝑉. 

Expanded ensemble simulations have several key advantages over the equivalent GC 

simulations. As mentioned above, one set of EE simulations provides the same amount of 

information as many GC simulations. Furthermore, EE simulations allow access to states 

that would be difficult to sample in a GC simulation. Expanded ensemble simulations are 

easy to chain together: the coexistence states and grand potential may be used in further EE 

simulations at the same conditions. For example, TEE simulations of a one-component 

liquid and vapor can define the reference states of two-component AEE simulations at 

multiple temperatures. The main disadvantage of EE simulations is their reliance on an 

external reference. Some simulations, such as TEE simulations, may also require extensive 

time to equilibrate every subensemble. 

2.4 Interfacial Grand Canonical Simulations 

The interfacial properties of a system may be computed for a (𝑇, 𝑉, 𝝃c) state by 

performing GC simulations with one or more surfaces. These simulations provide measures 

of interface potentials,62 which are combined to calculate the interfacial tension and contact 

angle. The spreading interface potential 𝑊L,SV(𝑙L) is the excess free energy of a liquid film of 
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thickness 𝑙L growing at a solid–vapor interface. The drying interface potential 𝑊V,SL(𝑙V) is 

the excess free energy of a vapor film growing at a solid–liquid interface. In the GC 

ensemble, the total number of molecules determines the thickness of the liquid and vapor 

films, and the interface potential is tied to the molecule number probability distribution, 

𝛽𝑊[𝑙(𝑁)] = − ln {
Π[𝑙(𝑁)]

Π[𝑙(𝑁r)]
} (2.10) 

where 𝑙(𝑁) signifies that the film thickness is a function of the number of molecules, and 𝑁r 

is an arbitrary reference. 

The molecule number probability distribution is collected by constructing a 

simulation cell with a surface of interest and one or more control walls. The cell is periodic 

in the 𝑥- and 𝑦-directions and nonperiodic in the 𝑧-direction. In a spreading simulation, the 

surface of interest is located at the bottom of the simulation cell, and a hard wall is located 

at the top. The hard wall prevents the vapor phase from leaving the simulation cell. We 

begin the simulation with a thick liquid film and collect Π[𝑙L(𝑁)] as molecules are removed 

and the film contracts. In a drying simulation, the surface of interest is located at the top of 

the cell, and an attractive wall is located at the bottom. The simulation begins with a 

simulation cell completely filled with liquid, and Π[𝑙V(𝑁)] is collected as molecules are 

removed to form a vapor film. 

An example spreading interface potential for a system at partial wetting conditions 

(that is, a system that would form a liquid droplet at the solid–vapor interface) is shown in 

Figure 2.3. The interface potential has a global minimum for a liquid film of thickness 𝑙min
L  

and a plateau for a film of thickness 𝑙plat
L . At the minimum, a vapor is in contact with the 

surface of interest and the hard wall at the top of the simulation cell. The spreading 
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potential 𝑊L,SV(𝑙min
L ) is related to the excess free energy of the SV and VH interfaces, where 

S is the surface of interest and H is the hard wall. The plateau describes the liquid film in 

contact with the surface of interest and vapor, which is itself in contact with the hard wall. 

Then, 𝑊L,SV(𝑙plat
L ) is related to the excess free energy of the SL, LV, and VH interfaces. The 

difference between the spreading potential at the plateau and at the minimum is the 

spreading coefficient,60,63 

𝑠L,SV = 𝛾SV − (𝛾SL + 𝛾LV) =
𝑊L,SV(𝑙min

L ) −𝑊L,SV(𝑙plat
L )

𝐴
(2.11) 

where 𝐴 is the area of the interfaces. Young’s equation64 gives the contact angle if the 

liquid–vapor interfacial tension is known, 

cos 𝜃 = 1 +
𝑠L,SV

𝛾LV
(2.12) 

 

Figure 2.3: Example spreading potential for a partially wetting system. 
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The analysis for a drying simulation at partial wetting conditions is similar to that 

for a spreading simulation in the same regime. The interface potential again features a 

global minimum and plateau, as shown in Figure 2.4. The minimum of the drying potential 

describes a liquid film in contact with both the surface of interest and attractive control 

wall, and 𝑊V,SL(𝑙min
V ) is related to the excess free energy of the SL and LA interfaces, where 

A is the attractive wall. The plateau describes a vapor film in contact with the surface of 

interest and liquid film, which is itself in contact with the attractive wall. Therefore, 

𝑊V,SL(𝑙plat
V ) is related to the excess free energy of the SV, LV, and LA interfaces. The 

difference between the drying potential of these two regions is the spreading coefficient,60 

𝑠V,SL = 𝛾SL − (𝛾SV + 𝛾LV) =
𝑊V,SL(𝑙min

V ) −𝑊V,SL(𝑙plat
V )

𝐴
(2.13) 

which is also called the drying coefficient. Young’s equation gives the contact angle 

cos 𝜃 = −(1 +
𝑠V,SL

𝛾LV
) (2.14) 

If both a spreading simulation and a drying simulation are performed, the liquid–vapor 

interfacial tension and the contact angle may be obtained by rearranging eqs 2.12 and 2.14: 

𝛾LV = −
𝑠L,SV + 𝑠V,SL

2
(2.15) 

and 

cos 𝜃 =
𝑠V,SL − 𝑠L,SV

𝑠V,SL + 𝑠L,SV
(2.16) 
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Figure 2.4: Example drying potential for a partially wetting system. 

Using both spreading and drying simulations to compute the interfacial tension and 

contact angle requires simulating a system with moderately strong surface–fluid 

interactions. Spreading simulations become inefficient65 for weak surfaces, as a depletion 

layer may form adjacent to the surface. Drying simulations fail for completely wetting 

systems, as the liquid film remains in contact with the surface throughout the simulation. 

This requirement does not completely preclude the use of interface potentials to investigate 

completely wetting systems. For example, the spreading method alone has been used66-67 to 

study prewetting. 

2.5 Interfacial Expanded Ensemble Simulations 

Interfacial EE simulations trace the change in the spreading coefficients as a 

function of an intensive property, in a fashion analogous to bulk EE simulations. In 
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principle, computing the interfacial properties of a system at a given state requires the full 

interface potential. However, the spreading coefficients uniquely determine the interfacial 

tension and contact angle, and they depend only on the value of the interface potential at 

two regions. For example, independent TEE simulations of the spreading plateau and 

spreading minimum may be performed. Each simulation collects the probability 

distribution Π([𝛽, 𝝃]), and the logarithm of this distribution gives the excess free energy. A 

reference state (𝛽r, 𝝃r) is chosen, and the distribution of each region 𝜈 is shifted relative to 

the reference, 

𝑊𝜈
L,SV([𝛽, 𝝃]; 𝑙𝜈

L) = − ln {
Π([𝛽, 𝝃]; 𝑙𝜈

L)

Π(𝛽r, 𝝃r; 𝑙𝜈L)
} (2.17) 

Finally, the plateau and minimum are combined with the spreading coefficient at the 

reference state, 

𝑠L,SV([𝛽, 𝝃]) = 𝑠L,SV(𝛽r, 𝝃r) +
𝑊L,SV([𝛽, 𝝃]; 𝑙min

L ) −𝑊L,SV([𝛽, 𝝃]; 𝑙plat
L )

𝐴
(2.18) 

Simulations of the drying plateau and minimum give 𝑠V,SL([𝛽, 𝝃]). Then, eqs 2.15 and 2.16 

provide the interfacial tension and contact angle. 

Interfacial EE simulations share the same advantages and disadvantages relative to 

GC simulations as their bulk counterparts. However, the computational efficiency of EE 

simulations is magnified by the extra expense required for interfacial simulations, which 

have larger simulation cells than bulk simulations. The ability to access states that are 

difficult to sample with direct GC simulations is especially important for systems with 

atomistic surfaces. On the other hand, the equilibration of EE simulations with atomistic 

surfaces can be slow. As in interfacial GC simulations, EE simulations require that the 

system remain in the partial wetting and partial drying regimes to independently obtain 
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the interfacial tension and contact angle. This factor must be considered when performing 

EE simulations that cover a range of conditions with a change in the wettability. 

2.6 Computing Probability Distributions 

The probability distributions Π(𝑁op), Π([𝛽, 𝝃]), and Π([𝝃]) are computed using the 

approach of Rane et al.61 First, the order parameter space is split into a series of adjacent 

bins. For example, the first bin of a GC simulation may include 𝑁op = 0 to 𝑁op = 80, while 

the second bin would include 𝑁op = 80 to 𝑁op = 160. Then, a Wang-Landau simulation is 

performed to sample the entire order parameter space in a nearly uniform fashion.50-51 An 

updating scheme is chosen for this simulation such that an approximation of the probability 

distribution is collected rather than production-quality data. Next, the bins are reorganized 

so that adjacent bins overlap: the first bin could include, for example, 𝑁op = 0 to 𝑁op = 80 

and the second bin could include 𝑁op = 40 to 𝑁op = 120. Then, a transition matrix MC 

simulation54-55 is performed. Overlapping bins swap periodically throughout the 

simulation, and the transition probabilities are used to update the rough distribution 

collected by the Wang-Landau simulation. 
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3 WETTABILITY OF BINARY SYMMETRIC LENNARD-JONES MIXTURES 

Before examining CO2–H2O and CO2–H2O–silica mixtures, we first apply the MC 

simulation methods of the previous chapter a simpler model: binary symmetric Lennard-

Jones (LJ) mixtures of varying miscibility. The miscibility is modeled by comparing the 

intermolecular interactions of like and unlike molecules. Grand canonical and expanded 

ensemble simulations are performed and combined with an interface potential approach 

for mixtures in both liquid–liquid and liquid–liquid–vapor equilibrium. With this method, 

the bulk coexistence point, interfacial tensions, and contact angles of these mixtures are 

determined over a wide range of temperatures. The liquid–liquid interfacial tension 

decreases with decreasing miscibility, but the liquid–vapor interfacial tension is 

independent of miscibility. Overall, the tendency for one liquid to spread at the interface of 

the other liquid and a vapor decreases with decreasing miscibility, but no dewetting 

transition occurs in any of the mixtures at the conditions studied. The qualitative behavior 

of the interfacial tensions as functions of temperature agrees with other recent studies, but 

the behavior of the wettability does not. Potential explanations for this discrepancy are 

examined. 

3.1 Introduction 

The thermodynamic properties of liquid–liquid (L1L2), liquid–vapor (LV), and 

liquid–liquid–vapor (L1L2V) interfaces are important in many natural and industrial 
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settings. Binary mixtures in phase coexistence yield more complex behaviors than simpler 

systems, due to the differing interactions between components. Oil–water mixtures, for 

example, exhibit68-69 a wide range of interfacial phenomena and wetting transitions upon 

introducing surfactants, as is done in enhanced oil recovery.70 Molecular simulation 

provides a convenient approach to understanding these phenomena. 

Previous studies have explored the phase behavior of various LJ mixtures using both 

Monte Carlo (MC)71-73 and molecular dynamics (MD)74-75 simulations. Grand canonical (GC) 

and expanded ensemble (EE)59 MC simulations are combined in this work with an interface 

potential62 method to determine the interfacial LV and L1L2V coexistence properties of a 

series of symmetric mixtures. This approach provides properties of interest at high 

granularity for various temperatures and compositions using relatively little computational 

effort. Its utility has been previously demonstrated76 for one subset of binary LJ mixtures, 

and the effect that the miscibility of these mixtures has on their wettability is examined 

here. The miscibility is modeled using the parameter 𝛼, which is the ratio of the 

intermolecular interactions between two unlike molecules to those between two like 

molecules. The value of 𝛼 lies within the interval [0,1], and the extrema denote two 

immiscible fluids (𝛼 = 0) and one homogeneous fluid (𝛼 = 1). Dí az-Herrera and 

colleagues74-75 observed a mixing-demixing transition line for mixtures modeled in this way 

similar to that observed for a confined lattice-gas mixture77 and a binary symmetric hard-

core Yukawa mixture.78 

This chapter is organized as follows. A description of L1L2V wetting in the lens of the 

interface potential method is given in Section 3.2. Further details about the bulk and 

interfacial simulations are given in Section 3.3. We present the bulk phase coexistence 
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conditions and interfacial properties in Section 3.4. Finally, we present the main 

conclusions of the chapter in Section 3.5. 

3.2 Liquid–Liquid–Vapor Wetting 

A three phase binary system at partial wetting conditions exhibits, for example, an 

L2 droplet at an L1V interface, as shown in Figure 3.1. The three contact angles 𝜑, 𝜃, and 𝜓 

define the shape of the droplet and are related to the interfacial tensions 𝛾L1V, 𝛾L2V, and 

𝛾L1L2 through Neumann’s triangle,79 shown in Figure 3.2: 

𝛾L1L2 + 𝛾L2V cos 𝜃 + 𝛾L1V cos𝜑 = 0 (3.1) 

𝛾L1L2 cos 𝜃 + 𝛾L2V + 𝛾L1V cos𝜓 = 0 (3.2) 

𝛾L1L2 cos𝜑 + 𝛾L2V cos𝜓 + 𝛾L1V = 0 (3.3) 

These interfacial properties arise from a series of interface potentials, as demonstrated 

previously for LV equilibrium.60,63,65,76,80 We discuss next a strategy for calculating the 

interface potentials of a binary system at L1L2V equilibrium. In the following discussion, the 

L1 and L2 phases are taken to be rich in component 1 and component 2, respectively. 

 

Figure 3.1: L2 droplet at an L1V interface, with contact angles 𝜃, 𝜑, and 𝜓. 
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Figure 3.2: Neumann’s triangle, which describes the relationship between the interfacial 

tensions and contact angles of an L1L2V system. 

Interfacial GC simulations provide the full interface potential of one state. To 

perform these simulations, a simulation cell, periodic in the 𝑥- and 𝑦-directions, is 

constructed with short-range substrate or control walls at each end in the nonperiodic 𝑧-

direction. Then, for example, the interface potential 𝑊L2,L1V[𝑙L2(𝑁2)] is the excess free 

energy of an L2 film of thickness 𝑙L2(𝑁2) atop an L1 film and beneath a vapor. The 

dependence of 𝑙L2  on 𝑁2 has no bearing on the properties derived from the interface 

potential. To calculate this interface potential, the lower wall is made attractive to 

component 1 and repulsive to component 2, and the upper wall is a hard wall. If a thick 

L1 film is placed near the lower wall, an L2 film may be grown at the L1V interface by 

increasing 𝑁2 as the vapor above the film contracts. See Figure 3.3 for a depiction of this 

arrangement. The particle number probability distribution Π[𝑙L2(𝑁2)], computed using free 

energy methods, provides the interface potential, 

𝛽𝑊L2,L1V(𝑙L2) = − ln {
Π[𝑙L2(𝑁2)]

Π[𝑙L2(𝑁2
r)]
} (3.4) 

where 𝑁2
r is an arbitrary reference. 
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Figure 3.3: L2 film spreading on an L1 film adjacent to a vapor. The walls are color-coded 

according to their attractive (green), repulsive (red), or hard (gray) interactions with 

components 1 and 2. 

The interface potential at partial wetting conditions has a global minimum for an 

L2 film of thickness 𝑙min
L2  and a plateau for a film of thickness 𝑙plat

L2 . The interface potential of 

the minimum 𝑊L2,L1V(𝑙min
L2 ) is related to the excess free energy of the SL1, L1V, and 

VH interfaces, where S is the substrate wall and H is the control wall. The interface potential 

of the plateau 𝑊L2,L1V (𝑙plat
L2 ) is related to the excess free energy of the SL1, L1L2, L2V, and 

VH interfaces. Then, the spreading coefficient 

𝑠L2,L1V =
𝑊L2,L1V(𝑙min

L2 ) −𝑊L2,L1V (𝑙plat
L2 )

𝐴
(3.5) 

quantifies the tendency for L2 to spread at the L1V interface and is proportional to the 

difference between the interface potential of these two regions. At partial wetting 

conditions, 𝑠L2,L1V < 0, and L2 becomes more likely to spread at the L1V interface as the 
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spreading coefficient becomes less negative. A wetting transition occurs at 𝑠L2,L1V = 0. The 

L2 phase then spreads evenly and completely. 

In general, two additional interface potentials are required to compute the three 

contact angles. The potential 𝑊L1,L2V provides 𝑠L1,L2V, which measures the tendency for L1 

to spread at the L2V interface. Likewise, 𝑊V,L1L2 provides 𝑠V,L1L2 . Both of these interface 

potentials are obtained using an approach similar to that described above for 𝑊L2,L1V. To 

compute 𝑊L1,L2V, the lower wall is made to attract component 2 and repel component 1, 

and the upper wall repels both components. A thick L2 film is placed near the lower wall, 

and an L1 film grows at the L2V interface as 𝑁1 increases and the vapor contracts. To 

calculate 𝑊V,L1L2 , the lower wall attracts component 1 and repels component 2, while the 

upper wall has the opposite configuration. Then, the simulation cell is filled with an L1 film 

in the lower third and an L2 film in the upper two thirds. A vapor forms at the L1L2 interface 

with decreasing 𝑁2 as the L2 film contracts. The three spreading coefficients give the 

interfacial tensions65 

𝛾L1L2 = −
𝑠L2,L1V + 𝑠L1,L2V

2
(3.6) 

𝛾L2V = −
𝑠L2,L1V + 𝑠V,L1L2

2
(3.7) 

𝛾L1V = −
𝑠L1,L2V + 𝑠V,L1L2

2
(3.8) 

Then, Neumann’s triangle gives the contact angles per eqs 3.1 through 3.3. 

An interfacial property may be computed at multiple states if the full interface 

potential is known for each state. However, computing the full interface potential is 

computationally burdensome. The spreading coefficients each depend only on the 
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difference between the interface potential at two specific regions. An EE simulation can 

trace the change in the interface potential for a given region as a function of an intensive 

property, and appropriate combinations of these simulations yield the spreading 

coefficients, interfacial tensions, and contact angles for a specified path. 

3.3 Computational Details 

Simulations were performed of a binary symmetric model with two types of 

spherical molecules of equal length scale 𝜎. Interactions between molecules of 

components 𝑖 and 𝑗 separated by a distance 𝑟 were described by the LJ potential 

𝑢𝑖𝑗(𝑟) = 4𝜀𝑖𝑗 [(
𝜎

𝑟
)
12

− (
𝜎

𝑟
)
6

] (3.9) 

truncated at 𝑟c = 3𝜎. For 𝑖 ≠ 𝑗 

𝜀𝑖𝑗 = 𝛼𝜀𝑖, 0 ≤ 𝛼 ≤ 1 (3.10) 

This mixing rule defined the miscibility of the system as a continuous point between two 

immiscible fluids (𝛼 = 0) and one homogeneous fluid (𝛼 = 1). Interactions between 

component 𝑖 in a liquid and component 𝑗 were identical regardless of the identity of 

component 𝑖: only the equivalence of 𝑖 and 𝑗 mattered. In other words, L1V equilibrium was 

equivalent to L2V equilibrium. Additionally, the triple point for the model occurred at 𝜂2 =

0.5 independent of miscibility and temperature. All quantities were nondimensionalized 

using the length and energy scales 𝜎 and 𝜀𝑖. 

The substrate and control walls in interfacial simulations interacted with a fluid 

particle of component 𝑖 located a vertical distance 𝑧 away using a linear ramp 

𝑢𝑖
w(𝑧) = {

∞, 𝑧 ≤ 0

𝜀𝑖
w (1 −

𝑧

𝜎w
) , 0 < 𝑧 < 𝜎w

0, 𝜎w  ≤ 𝑧

(3.11) 
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where 𝜀𝑖
w is the well depth for the interactions and 𝜎w = 4 is the range. The interfacial 

tensions 𝛾L1V and 𝛾L2V were equivalent due to the symmetry of the model, and we use the 

symbol 𝛾LV throughout. The contact angles 𝜃 and 𝜓 were equivalent, as well, and thus 

𝜃 = arccos (−
𝛾LV

𝛾LV + 𝛾L1L2
) (3.12) 

𝜑 = 2(𝜋 − 𝜃) (3.13) 

where the angles are in radians. 

The bulk three-phase (for 𝛼 = 0.15, 𝛼 = 0.25, and 𝛼 = 0.4) and two-phase (for 𝛼 =

1) coexistence lines were determined using GC, AEE, and TEE simulations. All bulk 

simulations took place in a cubic simulation cell of length 𝐿 = 10. Grand canonical 

simulations had a temperature of 𝑇 = 0.85 and, for 𝛼 < 1, an activity fraction of 𝜂2 = 0.3. 

Additionally, GC simulations attempted translation moves 25% of the time, 

insertion/deletion moves 50% of the time, and particle identity swap moves 25% of the 

time. Histogram reweighting was used to find the coexistence value of 𝜒. Then, short GC 

simulations of the 𝛼 = 0.25 and 𝛼 = 0.4 fluids at other 𝜂2 (from 𝜂2 = 0.1 to 𝜂2 = 0.5) were 

used to create an initial guess for AEE simulations. These estimates were relatively 

insensitive to miscibility, and the 𝛼 = 0.4 estimate was used for the 𝛼 = 0.15 system. See 

Appendix A for more information about the computational resources used for the 

simulations. 

Next, AEE simulations of the L1 and vapor phases were performed to refine the 

coexistence line from 𝜂2 = 0.0 to 𝜂2 = 0.53 in 107 subensembles. The GC simulation at 

𝜂2 = 0.3 served as the reference point. Simulations of the L1 and vapor phases were 

sufficient to find the triple point due to the symmetry of the model. Then, TEE simulations 
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to trace the triple point along different temperature paths for each miscibility, shown in 

Table 3.1. The 𝜂2 = 0.5 subensemble of the appropriate AEE simulation was used as the 

reference point in all cases. The 𝛼 = 0.25 and 𝛼 = 0.4 fluids required two iterations of TEE 

simulations and histogram reweighting before the activities converged. All other TEE and 

AEE simulations required only one iteration. Both AEE and TEE simulations attempted 25% 

translation moves, 50% insertion/deletion moves, 24% identity swap moves, and 1% 

expanded ensemble moves. 

Table 3.1: TEE Simulation Temperature Limits and Subensemble Counts

𝛼  𝑇min  𝑇max  subensembles 

0.15 0.59 0.91 122 

0.25 0.59 0.91 122 

0.4 0.59 1.0 142 

1.0 0.59 1.1 162 

Two approaches were used to determine the wettability for each miscibility. First, 

type 1 simulations were performed: an L1 film was grown on a substrate surface beneath a 

vapor. Next, in type 2 simulations, a vapor phase was grown between the same substrate 

and an L1 film. The two spreading coefficients obtained in these simulations give the LV 

interfacial tension 

𝛾LV = −
𝑠L1,V + 𝑠V,L1

2
(3.14) 

For 𝛼 < 1, 𝛾L1L2 was obtained from type 3 simulations by growing an L2 film between an 

L1 film and a vapor. Then, 𝛾L1L2 = −𝑠L2,L1V, due to the equivalence of 𝑠L2,L1V and 𝑠L1,L2V for 

this model. The second method determined 𝛾LV by performing a type 4 simulation instead 
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of type 1 and type 2 simulations. That is, a vapor was grown between an L1 film and an 

L2 film. Then, for 𝛼 < 1 

𝛾LV = −
𝑠L2,L1V + 𝑠V,L1L2

2
(3.15) 

All four simulation types are shown in Figure 3.4. Each simulation cell had 𝐿𝑥 =

𝐿𝑦 = 12. Type 1 and type 2 simulations had 𝐿𝑧 = 40, type 3 simulations had 𝐿𝑧 = 60, and 

type 4 simulations had 𝐿𝑧 = 80. All walls adjacent to vapor phases were hard walls, with 

𝜀𝑖
w = 0. Control walls attractive to component 𝑖 had 𝜀𝑖

w = −2 and 𝜀𝑗
w = 2 for 𝑗 ≠ 𝑖. Substrate 

walls in type 1 and type 2 simulations had 𝜀1
w = −0.6 and 𝜀2

w = −0.1. Move attempt 

probabilities for interfacial GC and TEE simulations were the same as in bulk simulations. 
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Figure 3.4: Simulation types used to find the interfacial properties of the binary symmetric 

LJ mixtures in this work: (1) L1 spreading on a substrate beneath a vapor; (2) vapor 

spreading on a substrate beneath an L1 film; (3) L2 spreading between an L1 film and a 

vapor; and (4) vapor spreading between an L1 film and an L2 film. The length in the 𝑧-

direction for each simulation cell is shown adjacent to the cell, and each wall’s interaction 

with each component is given. 

These two methods may be applied to asymmetric models by including additional 

simulations. Simulations of types 1 and 2 would provide 𝛾L1V, and the L2 analogs of these 

simulations would give 𝛾L2V. Then, a type 3 simulation could be performed to obtain 

𝛾L1L2 = 𝛾L1V − 𝛾L2V − 𝑠L2,L1V (3.16) 
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Another route to the interfacial properties is a type 3 simulation, its L1 analog, and a type 4 

simulation, similar to the second method detailed above. This approach requires fewer 

simulations, but type 4 simulations are more difficult to construct and adequately sample 

than type 1 and type 2 simulations. This trade-off is noteworthy when working with 

systems that are more complex. 

The uncertainties for the pressure, density, interfacial tensions, and contact angles 

were determined using bootstrapping.81 First, samples of the bulk GC simulations were 

selected with replacement and used to compute aggregate transition matrices. The 

coexistence activities of the aggregate GC simulation were determined using histogram 

reweighting. Next, the bulk AEE simulations were aggregated in a similar way, and the 

coexistence curve was determined using histogram reweighting and the GC reference 

activities. Samples of the bulk TEE simulations were combined and analyzed using the 𝜂2 =

0.5 AEE subensemble as the reference. The interfacial GC and TEE simulations were also 

aggregated and analyzed in sequence. At the end of this process, one measure was obtained 

for the average pressure, density, coexistence activities, interfacial tensions, and contact 

angles (the latter two computed using the two methods described above, as appropriate). 

This process was repeated twenty-five times, and the mean and standard deviations of the 

measurements were computed. 

3.4 Results and Discussion 

Figure 3.5 shows the bulk coexistence activities for 𝛼 = 0.15, and Figure 3.6 depicts 

the 𝑇-𝜌 phase diagram for all four mixtures. Both of these quantities are relatively 

insensitive to miscibility, as mentioned above. The high-temperature region of the phase 
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diagram does change slightly with miscibility, but there is no discernible pattern among the 

fluids studied here. 

 

Figure 3.5: Coexistence activities obtained for the 𝛼 = 0.15 LJ fluid from (top) AEE 

simulations at 𝑇 = 0.85 and (bottom) TEE simulations at 𝜂2 = 0.5. 
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Figure 3.6: 𝑇-𝜌 phase diagram for the LJ fluids studied. 

Figure 3.7 presents the L1L2 and LV interfacial tensions. The solid lines depict the 

results of the first method described above for determining 𝛾LV. For 𝛼 = 0.25 and 𝛼 = 0.4, 

the dashed lines show the results of the second method. Agreement between the two 

methods is excellent. The LV interfacial tension is independent of miscibility, but 𝛾L1L2 

decreases with increasing 𝛼. The interfacial tension difference Δ = 2𝛾LV − 𝛾L1L2 is shown in 

Figure 3.8. This quantity provides one measure of the dewetting transition point, which 

occurs as Δ approaches zero. The contact angles 𝜑 and 𝜃 (Figure 3.9) serve as another 

measure of this point. For all 𝛼 < 1, the tendency for L2 to wet L1 decreases with increasing 

temperature. However, no transition to a nonwetting regime was observed over the range 

of temperatures studied. 
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Figure 3.7: L1L2 and LV interfacial tensions for the LJ fluids studied as functions of 

temperature. Solid lines depict the results of the first method for obtaining 𝛾LV, circles 

depict the results of the second method, and squares depict literature data.75 
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Figure 3.8: Interfacial tension difference Δ as a function of temperature. Line types denote 

the method used to obtain 𝛾LV, as in Figure 3.7. 
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Figure 3.9: Contact angles 𝜑 and 𝜃 as functions of temperature. Line types denote the 

method used to obtain 𝛾LV, as in Figure 3.7. 

The qualitative behavior of the interfacial tensions as functions of temperature and 

miscibility agreed with Dí az-Herrera and colleagues74-75 but the overall assessment of 

wettability did not. The authors estimated a dewetting temperature for each miscibility by 

performing linear regression of the interfacial tension difference as a function of 

temperature following measurement by molecular dynamics, and they found that the 

dewetting temperature decreased as 𝛼 decreased. However, as Figure 3.8 illustrates, Δ has 

significant curvature at high temperatures. The authors also presented 𝛾LV for a 

homogeneous truncated LJ fluid with 𝑟c = 3. These data were inconsistent with the results 

presented here (Figure 3.10) but were consistent with previous work from our group65,82 

and others83 which had a potential cutoff of 𝑟c = 2.5. Grosfils and Lutsko84 described the 
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impact of potential cutoff on the LV interfacial tension of the truncated and shifted LJ fluid. 

They observed a 1.3-fold to 2.2-fold increase in the interfacial tension on increasing the 

cutoff from 𝑟c = 2.5 to 𝑟c = 3 over the range 𝑇 = 0.7 to 𝑇 = 1.0. The truncated LJ interfacial 

tension presented here was approximately 1.2 times to 1.4 times larger than that measured 

by Dí az-Herrera and colleagues over the same temperature range. 

 

Figure 3.10: LV interfacial tension for a homogeneous LJ fluid as a function of temperature. 

The red line is from this work, with 𝑟c = 3. The green circles are from Dí az-Herrera et al.,75 

with 𝑟c = 3. The blue dotted line65 and violet dashed line82 are from previous work in this 

group, with 𝑟c = 2.5. The orange squares are from Gloor et al.83 with 𝑟c = 2.5. 

3.5 Conclusion 

In this chapter, we have demonstrated two methods for calculating the interfacial 

properties of binary symmetric LJ mixtures of varying miscibility using Monte Carlo 
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molecular simulations. Grand canonical, AEE, and TEE simulations were used to find the 

bulk coexistence line for each miscibility. Then, two different combinations of interfacial GC 

and TEE simulations were used to calculate the interfacial tensions and contact angles as 

functions of temperature. A dewetting transition was not observed over the range of 

temperatures studied. This finding differed from that of Dí az-Herrera and colleagues,74-75 

but the homogeneous LJ interfacial tensions measured in their work matched those of 

several other studies with a shorter potential cutoff. 
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4 BULK COEXISTENCE OF CARBON DIOXIDE–WATER MIXTURES 

We next present the use of Monte Carlo simulations to measure the bulk coexistence 

properties of CO2–H2O mixtures at high (523 K) and low (323 or 348 K) temperatures. 

Following the methods outlined in Sections 2.2 and 2.3, we first perform grand canonical 

simulations of two H2O models at high temperature. We then use temperature expanded 

ensemble simulations to determine the H2O liquid–vapor coexistence curve as a function of 

temperature. Finally, we perform activity expanded ensemble simulations to obtain the 

CO2–H2O coexistence conditions for four model mixtures. We compare the H2O phase 

diagrams and CO2 concentration in each phase as a function of pressure to previous 

experimental and simulation results. We obtain good agreement with the latter and 

demonstrate the ability of the expanded ensemble method to conveniently examine a wide 

range of conditions at high granularity. 

4.1 Introduction 

Mixtures of CO2 and H2O are commonly found in the petroleum industry, either 

naturally or in processes like enhanced oil recovery70 and CO2 sequestration.2,85-86 As 

discussed in Chapter 1, selecting a sequestration site relies on understanding the CO2–H2O 

interfacial tension and CO2–H2O–mineral contact angle at the site conditions. Accurate 

information about the density of the CO2-rich and H2O-rich phases is critical17 when 

measuring these properties. Furthermore, there is some doubt about the amount of CO2 in 
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the CO2-rich phase among the previous experimental87-91 and simulation-based27,35,53 

measurements. 

Further molecular simulations may aid in clarifying the uncertainty in experimental 

measurements, but traditional methods for calculating phase equilibria, such as the Gibbs 

ensemble52 or histogram reweighting48 of grand canonical (GC) simulations, require 

extensive computational effort to examine many different state points. However, the 

expanded ensemble (EE) techniques introduced in Section 2.3 allow us to study wide 

temperature or pressure ranges while performing only one simulation for each phase. 

These methods have proven successful for both simple models, as demonstrated in 

Chapter 3, and more complex systems, including ionic liquids92 and octane–H2O mixtures.93 

In this chapter, we use GC and EE simulations to determine the phase behavior of 

CO2–H2O mixtures over a wide range of conditions. We describe the computational details 

of the simulations in Section 4.2. Then, a discussion of the results is given in Section 4.3. 

Finally, concluding remarks are provided in Section 4.4. 

4.2 Computational Details 

The EPM225 and TraPPE94 models were used for CO2 and the SPC/E23 and 

TIP4P/200530 models were used for H2O. The CO2 models were linear, rigid, and composed 

of three charged Lennard-Jones (LJ) sites. The H2O models were rigid and contained point 

charges for the hydrogen atoms. The SPC/E oxygen was a charged LJ site, while the 

TIP4P/2005 oxygen was an LJ site with its charge shifted to a nearby “M-site.” Table 4.1 

provides a list of the interaction parameters for each of the models. The Lorentz-Berthelot 

combining rules were used for the mixtures TraPPE–SPC/E, TraPPE–TIP4P/2005, and 

EPM2–TIP4P/2005. The value of 𝜎OcC for EPM2 was calculated by the geometric mean per 
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the definition of the model. Then, for atoms 𝑎 and 𝑏 in these three mixtures 

𝜎𝑎𝑏 = {
√𝜎𝑎𝜎𝑏 , for EPM2 when 𝑎, 𝑏 = C, Oc

1

2
(𝜎𝑎 + 𝜎𝑏), otherwise

(4.1) 

𝜀𝑎𝑏 = √𝜀𝑎𝜀𝑏 (4.2) 

A rescaled version27 of the Lorentz-Berthelot rules was used for EPM2–SPC/E, with 

parameters given in Table 4.2. All simulations took place in a cubic box of length 25.96 Å ≈

8𝜎Ow . The LJ interactions were truncated at 12 A , and a correction was applied for the long-

range interactions.95 Coulomb interactions were calculated using the Ewald sum, with real-

space interactions truncated at 12 A . 

Table 4.1: CO2 and H2O Interaction Parameters 

model 𝜎O/Å  𝜎C/Å  (𝜀O 𝑘B⁄ )/K  (𝜀C 𝑘B⁄ )/K  −𝑞O/𝑒  𝑟OX/Åa 𝜃HOH/°  

EPM2 3.033 2.757 80.507 28.129 0.3256 1.149  

TraPPE 3.05 2.8 79.0 27.0 0.35 1.16  

SPC/E 3.165 56  78.202  0.8476 1.0 109.47 

TIP4P/2005 3.1589  93.2  1.1128 0.9572b 104.52 

aThe atom X is H in the H2O models and C in the CO2 models. 

bTIP4P/2005 also has 𝑟OM = 0.15464 A . 
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Table 4.2: Rescaled Interaction Parameters for EPM2–SPC/Ea

interaction 𝜎/Å  (𝜀 𝑘B⁄ )/K  

OwOc 3.1524 90.061 

OwC 2.8412 66.283 

aTaken from Vlcek et al.27 

Grand canonical, temperature expanded ensemble (TEE), and AEE simulations were 

performed to find the coexistence properties for CO2–H2O at high temperature (523 K) and 

low temperature (348 K for EPM2–SPC/E and 323 K for the other mixtures). First, GC 

simulations of SPC/E at 523 K and TIP4P/2005 at 500 K were performed, and histogram 

reweighting was used to determine the coexistence activity for each simulation. Then, TEE 

simulations traced the coexistence curve for each model from 268 to 580 K (SPC/E) or from 

265 to 550 K (TIP4P/2005). High-temperature and low-temperature GC simulations were 

performed with varying CO2 activities to obtain an initial guess for the AEE coexistence 

activities. For these mixtures, the CO2 activity was a linear function of the sum of the CO2 

and H2O activities, as shown in Figure 4.1. Finally, AEE simulations and histogram 

reweighting were used to find the coexistence curves at 323 and 523 K. In all cases, only 

two or three iterations of AEE simulations and histogram reweighting were necessary for 

convergence. 
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Figure 4.1: CO2 activity as a function of the activity sum at 323 K. 

Typical high-temperature H2O GC simulations attempted displacement and rotation 

moves 40% of the time and particle insertions and deletions 60% of the time. Both types of 

TEE simulations attempted displacement and rotation moves 49% of the time, insertion 

and deletion moves 50% of the time, and TEE subensemble moves 1% of the time. TEE 

simulations of SPC/E had 727 subensembles, while those of TIP4P/2005 had 

1417 subensembles. Both types of AEE simulations had the same MC move mix as the TEE 

simulations and simulated 500–700 subensembles. See Appendix A for more information 

about the computational resources used for the simulations. 

Bootstrapping81 was used to calculate the uncertainty in the pressure, composition, 

and density for each mixture. First, samples of the H2O GC simulations were selected with 

replacement, and aggregate transition matrices and molecule number histograms were 
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computed. Then, the coexistence point of the aggregate data was determined. Next, samples 

of the TEE simulations were aggregated in a similar way, and the temperature coexistence 

curve was determined using the aggregate GC simulation reference. Finally, the AEE 

simulations were combined at each of the target temperatures and used to find the 

coexistence curve as a function of CO2 activity. The appropriate subensemble of the 

aggregate TEE simulation was used as the reference point. The process was repeated 

twenty-five times, and the mean and standard deviation was calculated for the pressure and 

composition of each AEE subensemble and the pressure and density of each TEE 

subensemble. 

4.3 Results and Discussion 

Figure 4.2 shows the saturated vapor pressures for SPC/E and TIP4P/2005 as 

functions of temperature, and Figure 4.3 shows the saturated densities. The results in both 

figures are compared to an equation of state derived from experiments42 and data from MD 

and MC simulations. Both the SPC/E and TIP4P/2005 results show good agreement with 

the high-temperature MD simulations by Vega and de Miguel.96 The SPC/E results also 

agree with the Gibbs ensemble simulations of Orozco et al.53 Both models significantly 

underestimate the equation of state vapor pressure and liquid density at high temperature. 
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Figure 4.2: Saturated vapor pressure for the H2O models studied as a function of inverse 

temperature. The lines depict data from this work: they are color-coded by H2O model. The 

circles depict data from MD simulations by Vega and de Miguel.96 The squares depict data 

from Gibbs ensemble MC simulations by Orozco et al.53 The blue dashed line depicts 

equation of state data for H2O from the National Institute of Standards and Technology 

(NIST).42 
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Figure 4.3: Saturated liquid and vapor densities for the H2O models studied. The colors and 

symbols denote the source of the data as in Figure 4.2. 

Figures 4.4 and 4.5 show the CO2–H2O coexistence activities for TraPPE–SPC/E, 

EPM2–TIP4P/2005, and TraPPE–TIP4P/2005 at 323 and 523 K, respectively. The activities 

at both temperatures showed the same qualitative trend. First, the H2O activity remained 

nearly constant as the CO2 activity increased. Then, a transition to a CO2-rich regime 

occurred, and the H2O activity began to increase linearly with increasing CO2 activity. This 

transition was sudden at low temperature but more gradual at high temperature. 
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Figure 4.4: CO2 and H2O coexistence activities at 323 K. 
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Figure 4.5. CO2 and H2O coexistence activities at 523 K. 

Figure 4.6 shows the CO2 mole fraction in the H2O-rich phase, denoted 𝑥CO2
H2O, and the 

CO2-rich phase, denoted 𝑥CO2
CO2 , at 323 K for TraPPE–SPC/E, EPM2–TIP4P/2005, and TraPPE–

TIP4P/2005. The lines were calculated using the average of the molecule number 

histograms at the coexistence conditions for each subensemble. The circles depict the 

results of GC simulations and histogram reweighting performed by Liu et al.35 The mole 

fractions have the same qualitative trend for all three mixtures, and the TraPPE–

TIP4P/2005 results show good agreement with the literature data. However, Liu et al. 

observed different trends for the mole fractions of EPM2–TIP4P/2005. The results are also 

compared to experimental data from To dheide and Franck88 and Wiebe and Gaddy.87 All 

three model mixtures underestimate 𝑥CO2
H2O and overestimate 𝑥CO2

CO2  relative to experiments. 
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Figure 4.6: CO2 mole fraction in the H2O-rich and CO2-rich phases as a function of pressure 

at 323 K. The lines depict data from this work: they are color-coded by mixture. The green 

and blue circles depict literature simulation data35 for the TIP4P/2005 mixtures. The violet 

squares88 and orange diamonds87 depict experimental data. 

Figure 4.7 shows the mole fractions for the same three mixtures at 523 K. The 

results for the TIP4P/2005 mixtures are again compared with Liu et al.,35 and the TraPPE–

SPC/E results are compared with the Gibbs ensemble simulations of Orozco et al.53 

Agreement for the latter mixture is very good for both mole fractions. The mole fraction 

𝑥CO2
H2O measured by Liu et al. for TraPPE–TIP4P/2005 deviates significantly at high pressure, 

but agreement for 𝑥CO2
H2O is good for EPM2–TIP4P/2005. This situation is inverted for 𝑥CO2

CO2 . 

Agreement at high pressure is good for both TIP4P/2005 mixtures, but Liu et al. observed 

qualitatively different behavior at low pressure. The results are also compared to the 
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experimental results of To dheide and Franck88 and Takenouchi and Kennedy.89 As at 323 K, 

all three mixtures underestimate 𝑥CO2
H2O and overestimate 𝑥CO2

CO2 . 

 

Figure 4.7: CO2 mole fraction in the H2O-rich and CO2-rich phases as a function of pressure 

at 523 K. The lines depict data from this work (color-coded by mixture), the triangles53 and 

circles35 depict literature simulation data, and the squares88 and diamonds89 depict 

experimental data. 

Figure 4.8 shows the CO2 mole fractions for EPM2–SPC/E at 348 K. The results agree 

with the Gibbs ensemble MC simulations of Vlcek et al.,27 the source of the modified 

interaction parameters used for this mixture in this work. However, EPM2–SPC/E 

overestimates 𝑥CO2
CO2  relative to experiments performed by Wiebe and Gaddy.87 
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Figure 4.8: CO2 mole fraction in the H2O-rich and CO2-rich phases as a function of pressure 

at 348 K. The lines depict data from this work for EPM2–SPC/E, the circles depict literature 

simulation data27 for the same mixture, and the squares depict experimental data.87 

4.4 Conclusion 

We have shown in this chapter that GC, TEE, and AEE MC simulations and histogram 

reweighting may be used to effectively determine the bulk phase coexistence of CO2–H2O 

mixtures. We have presented the 𝑇-𝜌 and 𝑝-𝑇 phase diagrams for H2O and noted their 

agreement with previous simulation results in the literature and disagreement with NIST 

equation of state data. The behavior of the CO2 and H2O activities was described for CO2–

H2O mixtures at high (523 K) and low (323 K) temperature. Finally, we presented the CO2 

mole fraction in the H2O-rich and CO2-rich phases for several model mixtures at 323 and 

523 K and for one mixture at 348 K. We discussed the general agreement for each with 

literature simulation data, as well as the disagreement with experimental data. 
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5 WETTABILITY OF CARBON DIOXIDE–WATER–LEE-ROSSKY SILICA 

We demonstrate in this chapter the use of expanded ensemble simulations to 

determine the interfacial tensions and contact angles of CO2–H2O–silica systems at a variety 

of pressures, temperatures, and surface chemistries. The hydrophilicity of the silica model 

is modified by scaling the surface charge by a factor 𝑘. We use grand canonical and 

substrate strength expanded ensemble simulations to examine the effect of the surface 

charge on the interfacial properties, and we find that the surface becomes completely H2O-

wetting at moderate surface charge. Then, we perform temperature expanded ensemble 

and activity expanded ensemble simulations to find the interfacial properties for two 

partially H2O-wetting surfaces (𝑘 = 0.4 and 𝑘 = 0.664) at both high (523 K) and low 

(323 K) temperatures. The interfacial tensions and contact angles obtained from these 

simulations show good agreement with simulations in the literature. Furthermore, we find 

that the 𝑘 = 0.664 surface is able to replicate CO2–H2O–silica contact angle measurements 

from experimental literature. 

5.1 Introduction 

As discussed in Chapter 1, the increased amount of CO2 in the atmosphere due to 

human activities since the industrial revolution is widely regarded as one of the most 

important factors in climate change. Geological sequestration of CO2 is considered the best 

available solution for the mitigation of emissions through the long-term storage of CO2 
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captured from industrial processes.85 Carbon dioxide stored in, for example, saline aquifers 

or oil and gas reservoirs, could remain stored for hundreds of years or longer.86 However, 

the selection of a geological storage site is critical to ensure that leakage will not occur. 

When CO2 is injected into a reservoir with a caprock layer, structural trapping and 

residual trapping are the most important CO2 storage mechanisms.29 In structural trapping, 

the presence of the caprock, which has minimal permeability, prevents buoyant gases like 

CO2 from flowing through the overlying rock.32 The amount of CO2 stored is related to the 

capillary breakthrough pressure (see eq 1.1),97 

ℎ =
𝑝𝑐
Δ𝜌𝑔

=
2𝛾 cos 𝜃

𝑅Δ𝜌𝑔
(5.1) 

where ℎ is the CO2 column height, 𝑝𝑐 is the breakthrough pressure, Δ𝜌 = 𝜌CO2 − 𝜌H2O, 𝑔 is 

the acceleration due to gravity, 𝛾 is the CO2–H2O interfacial tension, and 𝜃 is the CO2–H2O–

mineral contact angle. Reservoir conditions that dictate high interfacial tensions and low 

contact angles allow for larger column heights. In residual trapping, small droplets of CO2 

are contained by capillary forces within the pore structure of the reservoir rock.98 Residual 

trapping is especially important when the target reservoir has an inconsistent or absent 

caprock layer.99 Favorable conditions for residual trapping—namely, high interfacial tension 

and low contact angle29—are similar to those for structural trapping. 

Accurate measurements of the density difference Δ𝜌, interfacial tension, and contact 

angle are necessary to estimate the capacity of a given reservoir. Unfortunately, previous 

attempts to measure these quantities at sequestration conditions have been 

inconsistent,17,100 especially measurements of the contact angle. The contact angle 

describes the wettability of the mineral surface with regard to H2O or CO2, and changes in 
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wettability as CO2 is injected7 may prove detrimental to its long-term storage. The difficulty 

in measuring the contact angle has been attributed101 to differences between the chemical 

properties of similar substrate surfaces, reactions between CO2 and the mineral surface,15 

the presence of contaminants, substrate changes following multiple measurements, and a 

lack of phase or droplet equilibrium. 

Molecular simulations can supplement these experiments and provide greater 

understanding of the molecular phenomena involved in CO2 sequestration. Simulations may 

be performed with model surfaces that lack the intrinsic variability or reactivity of real 

minerals. Various groups have used both molecular dynamics (MD) and Monte Carlo (MC) 

simulations to measure the interfacial tensions36,102 and contact angles29,32 of CO2–H2O 

mixtures. In this chapter, we apply the interface potential approach of Kumar and 

Errington76 to simultaneously compute the interfacial tensions and contact angles of CO2–

H2O–silica systems. This method has been used to investigate simple Lennard-Jones 

models60,65,76,103-104 and octane–water–silica systems.105 

In this chapter, we perform GC and EE MC simulations to determine the spreading 

and drying coefficients—and thus, the interfacial tensions and contact angles—of CO2–

H2O–silica systems as functions of temperature, pressure, and surface chemistry. In 

Section 5.2, we introduce a new EE simulation type that traces the interfacial properties 

along a path of varied surface interaction strength. Further simulation details are provided 

in Section 5.3. Then, the results of the simulations are presented and discussed in 

Section 5.4. Finally, we summarize the main conclusions of this chapter in Section 5.5. 
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5.2 Substrate Strength Expanded Ensemble 

Sections 2.3 and 2.5 discussed the use of EE simulations to determine the 

macroscopic properties of a system as a function of field variables, such as temperature or 

the activity of one or more components. This method may be extended to other fields, 

including the interaction parameters of a surface, and substrate strength expanded 

ensemble (SEE) simulations have been used103,106 to model the impact of surface roughness 

on the interfacial properties of an LJ fluid. These simulations are like the previously 

discussed EE simulations: we provide a list of values for the field variables, and we perform 

moves between subensembles in addition to bulk particle displacements, rotations, 

insertions, and deletions. Unlike TEE simulations, the activities of each component are held 

constant for each subensemble in an SEE simulation. Then, the probability of accepting a 

move from subensemble 𝑚 to subensemble 𝑛 is 

𝑝acc(𝑚 → 𝑛) = min{1, e−𝛽[𝑈(𝜆𝑛)−𝑈(𝜆𝑚)]} (5.2) 

where 𝜆𝑚 is the interaction strength in subensemble 𝑚. For an atomistic surface, this 

strength may describe the LJ energy scale 𝜀, the charge 𝑞 (or both) for one or more of the 

surface’s atom types. 

5.3 Computational Details 

Simulations used the TraPPE94 model for CO2, the SPC/E23 and TIP4P/200530 

models for H2O, and the Lee-Rossky107 model for silica. The Si and O atoms in the Lee-

Rossky model are fixed, but the H atoms in the silanol (SiOH) groups move in a circle such 

that the O–H bond length and Si–O–H bond angle are constant. The interaction parameters 

for the model are given in Table 5.1. In the original paper describing the model,107 silanol O 

atoms and all Si atoms were charged, but O atoms adjacent to the simulation cell well were 
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uncharged. In this work, two silica unit cells were stacked vertically, and all of the Si and O 

atoms in the lower unit cell were uncharged. Furthermore, all of the charged atoms were 

scaled by the factor 𝑘 = [0,1]. The surface is depicted in Figure 5.1. 

Table 5.1: Lee-Rossky Silica Interaction Parameters 

atom 𝜎/Å  (𝜀/𝑘B)/K  𝑞/𝑒  

O 3.154 78.025 −0.71 

Si 3.795 64.1809 0.31 

H 0.0 0.0 0.4 

 

Figure 5.1: Lee-Rossky silica. 

Grand canonical, TEE, SEE, and AEE simulations were used to find the interfacial 

tensions and contact angles of TraPPE–SPC/E–silica and TraPPE–TIP4P/2005–silica as 

functions of temperature, surface charge, and pressure. All simulations were performed at 

the bulk coexistence conditions determined in Chapter 4. To begin, both spreading and 

drying GC simulations (see Section 2.4) of SPC/E–silica and TIP4P/2005–silica were 
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performed at 523 K and 500 K, respectively. Then, TEE simulations of the same systems 

were performed covering the range 323 K to 523 K. Simulations were performed for the 

spreading plateau, spreading minimum, drying plateau, and drying minimum regions of the 

GC interface potential. The spreading and drying coefficients were computed and combined 

to find the interfacial tensions and contact angles using eqs 2.15 and 2.16. Next, SPC/E–

silica and TIP4P/2005–silica SEE simulations were performed at both temperatures over 

the range 𝑘 = 0.0 to 𝑘 = 1.0. Activity expanded ensemble simulations of TraPPE–SPC/E–

silica and TraPPE–TIP4P/2005–silica were performed at 323 and 523 K. As in the TEE 

simulations, both SEE and AEE simulations were performed for all four regions. Finally, SEE 

simulations were performed with TraPPE–SPC/E–silica and TraPPE–TIP4P/2005–silica at 

pressures of 2.5, 5, 7.5, 10, 20, and 80 MPa. These simulations were performed for the 

spreading plateau and minimum. The interfacial tension was taken to be invariant with 

surface charge, and eq 2.12 was used to compute the contact angle. 

All of the simulations were carried out in a simulation cell periodic in the 𝑥- and 𝑦-

directions with dimensions 𝐿𝑥 = 34.58 A , 𝐿𝑦 = 29.947 158 A , and 𝐿𝑧 = 120.0 A . The 

control wall in spreading simulations was a hard wall. The control wall in drying 

simulations was a “sticky wall” with potential with the potential given in eq 3.11 and with 

𝜀w/𝑘B = 500 K and 𝜎w = 16 A  for all atoms. The Ewald sum108 was used to calculate long-

range Coulombic and dispersion interactions, with a real-space cutoff of 14.96 A . The 

simulation cell was treated for this purpose as periodic in the 𝑧-direction with an extra 

padding of 172.9 A  between cell images. Typical GC simulations attempted displacement 

and rotation moves 40% of the time, particle insertion and deletion moves 59% of the time, 

and surface hydrogen displacement moves 1% of the time. Typical TEE, SEE, and AEE 
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simulations attempted displacement and rotation moves 40% of the time, particle insertion 

and deletion moves 50% of the time, EE subensemble moves 10% of the time, and surface 

hydrogen displacement moves 1% of the time. See Appendix A for more information about 

the computational resources used for the simulations. 

Bootstrapping81 was used to find the uncertainty in the interfacial tensions and 

contact angles determined by the simulations. Samples of the GC simulations were selected 

with replacement and used to compute aggregate transition matrices. These matrices 

provided a route to the probability distribution Π(𝑁), and thus, the interface potential, as 

described in Section 2.4. Next, samples of the TEE simulations were selected with 

replacement and used to compute aggregate order parameter transition matrices and 

energy visited states distributions. The TEE spreading coefficients, interfacial tension, and 

contact angle were computed using the GC spreading coefficients. Then, the same analysis 

was performed for the SEE simulations, using the appropriate TEE subensemble as the 

reference point. Finally, the AEE simulations were aggregated, and the appropriate TEE or 

SEE subensemble was used as the reference. This entire process was repeated twenty-five 

times, and the standard deviations of the interfacial tensions and contact angles were 

computed. 

5.4 Results and Discussion 

Giovambattista et al.109 described 𝑘 = 0.4 as the surface charge for which the 

interactions of the Lee-Rossky surface with SPC/E become hydrophobic. Therefore, GC and 

TEE simulations were first performed using this surface. The interfacial tensions for 

SPC/E–silica (𝑘 = 0.4) and TIP4P/2005–silica (𝑘 = 0.4) are given in Figure 5.2 as functions 

of temperature. These tensions are compared to the results of NVT MD simulations from 
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two groups96,110 and are in good agreement with both works. The contact angle remained 

within 2% of 80° for SPC/E and within 3% of 76° for TIP4P/2005 over the temperature 

range studied. 

 

Figure 5.2: H2O liquid–vapor interfacial tension as a function of temperature from 

simulations with 𝑘 = 0.4 Lee-Rossky silica. The lines depict data from this work. The 

circles96 and squares110 depict literature data from MD simulations. 

Figure 5.3 shows the SPC/E liquid–vapor–silica contact angle as a function of the 

surface charge at 300 K. As expected, the contact angle decreased with increasing surface 

charge, which corresponds to increasing hydrophilicity. However, the angles measured in 

this work were smaller than those measured by Giovambattista et al.,109 and they showed a 

qualitatively different behavior at high surface charge. Giovambattista et al. observed a 

plateau in the contact angle as 𝑘 → 0 and 𝑘 → 1. That is, the system was partially SPC/E-
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wetting over the entire range of surface charges. In this work, a transition to a completely 

SPC/E-wetting state was observed at 𝑘 = 0.68. This difference in behavior may be due to 

several factors. The silica surface used here was nearly twice as thick as that used by 

Giovambattista and co-workers,109,111 and the bottom layer of the surface was not 

hydroxylated. Furthermore, the authors observed109 a wetting transition for 𝑘 = 0.8 and 

𝑘 = 1.0 when they used the same simulation cell size as the simulations of 𝑘 ≤ 0.6. They 

also stressed that the simulations for these higher surface charges were not long enough to 

obtain the final values of the contact angle. 
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Figure 5.3: H2O liquid–vapor–Lee-Rossky silica contact angle as a function of surface charge 

at 300 K. The points depict data from MD simulations by Giovambattista et al.109The SPC/E 

and TIP4P/2005 liquid–vapor–silica contact angles are shown as functions of surface 

charge for 323 and 523 K in Figures  5.4 and  5.5. At both temperatures, each of these model 

combinations exhibited a transition to a completely H2O-wetting state. This transition 

occurred at 𝑘 = 0.672 and 𝑘 = 0.674 for SPC/E and TIP4P/2005 at 323 K, respectively. 

Likewise, the transition occurred for 523 K at 𝑘 = 0.610 and 𝑘 = 0.614 for SPC/E and 

TIP4P/2005, respectively. The 𝑘 = 0.664 surface was selected for further simulations as a 

model hydrophilic surface (𝜃 = 14(1)° for SPC/E and 𝜃 = 11(3)° for TIP4P/2005 at 323 K). 
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Figure 5.4: H2O liquid–vapor–Lee-Rossky silica contact angle as a function of surface charge 

at 323 K. 
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Figure 5.5: H2O liquid–vapor–Lee-Rossky silica contact angle as a function of surface charge 

at 523 K. 

The CO2–H2O interfacial tension at 323 K is shown as a function of pressure in 

Figure 5.6. The tension for all four model combinations decreased strongly with increasing 

pressure until reaching a plateau at around 20 MPa. Disagreement between the two 

different surface charges was within the uncertainty for each H2O model. The results also 

generally agreed with experiments by Chiquet et al.6 and Kvamme et al.11 However, the 

TraPPE–SPC/E mixture underestimated the interfacial tension from Kvamme et al. at low 

pressures, and the TraPPE–TIP4P/2005 mixture slightly overestimated the interfacial 

tension of the plateau. The CO2–H2O interfacial tension at 523 K, as determined by 

simulations with the 𝑘 = 0.4 silica surface, is given in Figure 5.7. As at 323 K, the tension 
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decreased with increasing pressure, and the tension was smaller for TraPPE–SPC/E than it 

was for TraPPE–TIP4P/2005 at the relevant pressures. 

 

Figure 5.6: CO2–H2O interfacial tension as a function of pressure from simulations with Lee-

Rossky silica at 323 K. The lines depict data from this work. The circles6 and squares11 

depict data from pendant drop experiments. 
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Figure 5.7: CO2–H2O interfacial tension as a function of pressure from simulations with Lee-

Rossky silica at 523 K. 

The lines for the 𝑘 = 0.4 surface in Figures  5.6 and  5.7 end at a pressure near the 

CO2-wetting transition point. Figures  5.8 and  5.9 show the CO2–H2O–silica contact angles 

at 323 and 523 K, respectively. At 323 K, the 𝑘 = 0.4 silica surface became completely CO2-

wetting at around 20 MPa for TraPPE–SPC/E and around 45 MPa for TraPPE–TIP4P/2005. 

The 𝑘 = 0.664 surface remained H2O-wetting beyond 80 MPa for both H2O models. In 

general, the TraPPE–SPC/E–silica contact angles were higher than the TraPPE–

TIP4P/2005–silica contact angles at the same pressure and temperature. The contact 

angles at 323 K are compared with results from experiments by Chiquet et al.7 with an NaCl 

concentration of 0.01 mol dm−3, and agreement is good at low pressures. This solution had 
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the lowest salinity of those studied by Chiquet et al., but the authors found that salinity had 

little effect on silica contact angles up to an NaCl concentration of 2.0 mol dm−3. 

 

Figure 5.8: CO2–H2O–Lee-Rossky silica contact angle as a function of pressure at 323 K. The 

lines depict data from this work. The circles depict data from captive-drop experiments by 

Chiquet et al.7 
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Figure 5.9: CO2–H2O–Lee-Rossky silica (𝑘 = 0.4) contact angle as a function of pressure at 

523 K. 

In the frame of CO2 sequestration, these results demonstrate that a reservoir with a 

caprock comprising silica from previous experiments would potentially be able to store CO2 

up to pressures of at least 80 MPa. This estimate is complicated by the absence of factors 

like chemical reactions or contaminants. Similarly, surfaces with lower intrinsic H2O 

wettability, as modeled here by the 𝑘 = 0 .4 surface, could experience a transition to a CO2-

wetting state at far lower pressures. The latter scenario would nullify the structural and 

residual trapping effects of the reservoir, possibly leading to a release of the stored CO2. 

Substrate strength expanded ensemble simulations were used to directly determine 

the effect of hydrophilicity on the CO2 wettability of the surface at 323 K and various 

pressures. Figures  5.10 and  5.11 give the TraPPE–SPC/E–silica and TraPPE–TIP4P/2005–
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silica contact angles. In general, the contact angles increased with increasing pressure for 

every surface charge. At low pressure (𝑝 ≤ 7.5 MPa for SPC/E and 𝑝 ≤ 10 MPa for 

TIP4P/2005), the contact angles replicated the qualitative behavior observed by 

Giovambattista et al.,109 as seen in Figure 5.3. The system remained H2O-wetting for all 

surface charges, and the contact angle plateaued at the extrema. At high pressure, the 

system remained H2O-wetting for surfaces with high surface charge, including 𝑘 = 1, but 

became CO2-wetting at various points between 𝑘 = 0.3 and 𝑘 = 0.6. For TraPPE–SPC/E–

silica, the surface charge at which this transition occurred increased with pressure. 

 

Figure 5.10: TraPPE–SPC/E–Lee-Rossky silica contact angle as a function of surface charge 

at 323 K and various pressures. 
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Figure 5.11: TraPPE–TIP4P/2005–Lee-Rossky silica contact angle as a function of surface 

charge at 323 K and various pressures. 

5.5 Conclusion 

We presented in this chapter the use of GC, TEE, SEE, and AEE simulations to 

determine the H2O liquid–vapor and CO2–H2O interfacial tensions and H2O–silica and CO2–

H2O–silica contact angles as functions of temperature, pressure and surface chemistry. The 

H2O liquid–vapor interfacial tensions obtained from simulations with the 𝑘 = 0.4 Lee-

Rossky silica surface showed good agreement with literature MD simulations. Substrate 

strength EE simulations demonstrated that the Lee-Rossky surface becomes completely 

H2O-wetting at intermediate surface charges for the temperatures 300, 323, and 523 K. This 

finding differed from that of Giovambattista et al.109 but may be explained by differences in 

surface structure and simulation conditions. The CO2–H2O interfacial tensions were 
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presented for the temperatures 323 and 523 K, and the results of the former temperature 

agreed with pendant drop experiments by two research groups. Likewise, the CO2–H2O–

silica contact angles were presented for the same temperatures and, for the more 

hydrophilic surface (𝑘 = 0.664), agreed with literature captive-drop experiments. Finally, 

the results of CO2–H2O–silica SEE simulations at 323 K showed that each mixture remained 

partially H2O-wetting for all surface charges at low pressure but became completely CO2-

wetting at high pressure and low to intermediate surface charge. 
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6 WETTABILITY OF CARBON DIOXIDE–WATER–INTERFACE SILICA 

In this chapter, we use expanded ensemble Monte Carlo simulations to calculate the 

interfacial tensions and contact angles of CO2–H2O–silica systems at varying pressures, 

temperatures, and surface chemistries. The silica models are fully flexible with tunable 

surface chemistry parameters (surface formation conditions, siloxide ionization, and silanol 

density). We choose two models that are partially H2O-wetting at both high (523 K) and low 

(323 K) temperatures. Then, we perform grand canonical, temperature expanded ensemble, 

and activity expanded ensemble simulations to find the interfacial properties. We compare 

our results with those of Chapter 5, as well as both simulation and experimental literature, 

and we obtain good agreement at the conditions for which the simulations have 

equilibrated. We also find that the more hydrophobic model exhibits a transition to a CO2-

wetting state at 323 and 523 K and does not accurately represent the silica surfaces used in 

low-temperature experimental literature. 

6.1 Introduction 

Throughout this work, we have discussed the potential for CO2 sequestration to 

mitigate the effects of anthropogenic climate change and the importance of obtaining 

accurate bulk and interfacial thermophysical property measurements when selecting a 

potential storage site. We have noted the difficulty in performing these measurements with 
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experiments at sequestration conditions, and we have seen how molecular simulations may 

foster better understanding of the wettability of silica surfaces in the presence of CO2. 

In the previous chapter, we used expanded ensemble simulations to determine the 

interfacial properties of H2O–silica and CO2–H2O–silica systems. The silica model used for 

that study107 was mostly rigid, with hydrogen atoms that rotated with a fixed O–H bond 

length and Si–O–H bond angle. Furthermore, the hydrogen atoms did not have any 

dispersion interactions with the simulated fluids. In this chapter, we extend the methods 

used in the previous chapter to similar systems using silica models from the INTERFACE 

force field.112-113 The salient features of the INTERFACE models are complete flexibility, 

better agreement with experimental properties than earlier models, and a wide selection of 

surfaces based on the chemical environment and the extent of surface ionization. We 

selected two models—the Q4 model, which contained no hydrogens, and the Q3-Q4 model, 

which contained a combination of terminal silanol (SiOH) and siloxide groups (SiO). Then, 

grand canonical (GC) and temperature expanded ensemble (TEE) simulations were used to 

compute the H2O liquid–vapor interfacial tension and H2O–silica contact angles as a 

function of temperature, and activity expanded ensemble simulations (AEE) were used to 

find the CO2–H2O interfacial tension and CO2–H2O–silica contact angles as functions of 

pressure at 323 and 523 K. 

The chapter is organized as follows. In Section 6.2, we describe the selected silica 

models and simulation parameters. The computed interfacial properties are discussed in 

Section 6.3. Finally, the main conclusions of the chapter are given in Section 6.4. 
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6.2 Computational Details 

Simulations were performed using the TraPPE94 model for CO2, the TIP4P/200530 

model for H2O, and the Q3-Q4 silica and Q4 silica models from the INTERFACE force field.112-

113 The silica models included with the INTERFACE force field have variable surface 

chemistry through the density of SiOH groups, the density of SiO groups, and the ionization 

of the siloxide groups to SiO−. However, both of the silica surfaces used here were 

nonionized. The Q4 surface contained terminal SiO groups, and the Q3-Q4 surface contained 

a mixture of terminal SiOH and SiO groups. These two surfaces represent silica annealed at 

473–1273 K, and they were selected to ensure that all simulations would take place in the 

partial H2O-wetting regime. The LJ parameters and partial charges for the atoms in the 

surfaces are shown in Table 6.1. The surfaces were flexible, and harmonic potentials were 

used to describe bond stretching and angle bending interactions: 

𝑢bond =
1

2
𝑘𝑟(𝑟 − 𝑟0)

2 (6.1) 

𝑢angle =
1

2
𝑘𝜃(𝜃 − 𝜃0)

2 (6.2) 

Lists of the parameters in these equations are given in Tables  6.2 and  6.3. The two surface 

models are depicted in Figure 6.1. 
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Table 6.1: INTERFACE Silica Interaction Parameters 

atom 𝑞/𝑒  𝜎/Å  (𝜀/𝑘B)/K  

Si 1.1 3.697 23 46.799 42 

O (bulk) -0.55 3.091 42 27.173 86 

O (silanol) -0.675 3.091 42 61.392 79 

H 0.4 0.966 625 7.548 294 

Table 6.2: INTERFACE Silica Bond Stretching Parameters 

atoms (𝑘𝑟 𝑘B⁄ ) (K⁄ Å−2)  𝑟0/Å  

Si–O 143 418 1.68 

O–H 249 094 0.945 

Table 6.3: INTERFACE Silica Angle Bending Parameters 

atoms (𝑘𝜃 𝑘B⁄ ) (K⁄ rad−2)  𝜃0/°  

Si–O–Si 50 322 149.0 

O–Si–O 50 322 109.5 

Si–O–H 25 161 115.0 
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Figure 6.1: INTERFACE Q3-Q4 silica and Q4 silica. 

Simulations were used to find the H2O liquid–vapor interfacial tensions, CO2–H2O 

interfacial tensions, and contact angles for the selected models at a range of conditions. All 

simulations were performed at the bulk coexistence conditions presented in Section 4.3. To 

begin, GC spreading and drying simulations of SPC/E–silica and TIP4P/2005–silica were 

performed at 500 K for both the Q3-Q4 and Q4 surfaces. Then, TEE simulations of the same 
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systems were performed for the spreading and drying plateau and minimum regions from 

323 to 523 K. Finally, AEE simulations of TraPPE–TIP4P/2005–silica were performed at 

323 and 523 K. 

All of the simulations were carried out in a simulation cell periodic in the 𝑥- and 𝑦-

directions with dimensions 𝐿𝑥 = 33.3675 A , 𝐿𝑦 = 34.82 A , and 𝐿𝑧 = 120.0 A . The control 

wall in spreading simulations was a hard wall, and the control wall in drying simulations 

was a “sticky wall,” as in eq 3.11, with 𝜀w/𝑘B = 500 K and 𝜎w = 16 A  for all atoms. The 

Ewald sum108 was used to compute all long-range dispersion and Coulombic interactions, 

with a real-space cutoff of 16.5 A . The simulation cell was treated for this purpose as 

periodic in the 𝑧-direction with an extra padding of 174.1 A  between cell images. Typical GC 

simulations attempted displacement and rotation moves 40% of the time, particle insertion 

and deletion moves 59% of the time, and surface atom displacement moves 1% of the time. 

For hydrogen atoms, these surface atom displacement moves were divided into normal 

displacements and rotations about the Si–O bond axis, analogous to the moves performed 

in Chapter 5 for the Lee-Rossky surface. Typical TEE and AEE simulations attempted 

displacement and rotation moves 40% of the time, particle insertion and deletion moves 

50% of the time, EE subensemble moves 10% of the time, and surface atom displacement 

moves 1% of the time. See Appendix A for more information about the computational 

resources used for the simulations. 

Bootstrapping81 was used to find the uncertainty in the interfacial tensions and 

contact angles determined by the simulations. First, samples of the GC simulations were 

selected with replacement and used to compute aggregate transition matrices and interface 

potentials. Next, samples of the TEE simulations were selected with replacement. Aggregate 
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transition matrices and energy visited states distributions were computed and used with 

the reference GC spreading coefficients to determine the interfacial properties. Finally, the 

AEE simulations were aggregated and analyzed with the appropriate TEE subensemble 

reference. This process was performed twenty-five times, and the standard deviations of 

the interfacial tensions and contact angles were computed. 

6.3 Results and Discussion 

The H2O liquid–vapor interfacial tension is shown as a function of temperature in 

Figure 6.2. The results are compared to those of previous TEE simulations (from 

Section 5.4) and NVT MD simulations.96,110 The interfacial tension from the Q4 simulations 

decreases roughly linearly with increasing temperature and shows good agreement with 

previous work. The interfacial tension from the Q3-Q4 simulations deviates from the other 

results at temperatures <400 K due to poor equilibration. 
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Figure 6.2: H2O liquid–vapor interfacial tension as a function of temperature from 

simulations with Q3-Q4 silica and Q4 silica. The lines depict data from TEE simulations in 

this work. The circles96 and squares110 depict literature data from NVT MD simulations. 

Figure 6.3 shows the CO2–H2O interfacial tension as a function of pressure for 

systems at 323 K. The interfacial tension decreases sharply with increasing pressure up to 

≈12 MPa and then remains nearly constant as the pressure is increased further. Results 

from simulations with the Q4 surface agree with the previous AEE simulations and 

experiments,6,11 but the Q3-Q4 interfacial tensions are anomalously low due to the poor 

equilibration of the TEE simulations. Figure 6.4 shows similar data at 523 K. The interfacial 

tension again decreases with increasing pressure, but both the Q3-Q4 and Q4 do not reach 

the high-pressure plateau. 
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Figure 6.3: CO2–H2O interfacial tension as a function of pressure for Q3-Q4 silica and Q4 

silica at 323 K. The lines depict results from this work, and circles6 and squares11 depict 

data from pedant drop experiments. 
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Figure 6.4: CO2–H2O interfacial tension as a function of pressure for Q3-Q4 silica and Q4 

silica at 523 K. 

Figure 6.5 shows the CO2–H2O–silica contact angle for each of the two surfaces as a 

function of pressure at 323 K. In general, the behavior of the contact angle mirrors that of 

the interfacial tension: the contact angle increases with increasing pressure up to ≈12 MPa 

and then plateaus. The Q4 surface has contact angles that are larger than the other surfaces 

studied, and it becomes completely CO2-wetting (the contact angle approaches 180°) at a 

pressure of 4 MPa. The wettability of the Q3-Q4 surface is similar to the 𝑘 = 0.664 Lee-

Rossky surface. The Q3-Q4 contact angle is also similar to the results of the CO2–brine–silica 

experiments by Chiquet et al.7 
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Figure 6.5: CO2–H2O–Q3-Q4 silica and CO2–H2O–Q4 silica contact angles as a function of 

pressure at 323 K. The lines depict data from this work, and circles depict data from 

captive-drop experiments by Chiquet et al.7 

Figure 6.6 shows the contact angles as a function of pressure at 523 K. The contact 

angle is found to increase with increasing pressure, as expected, and the Q3-Q4 surface has 

lower contact angles than both the 𝑘 = 0.4 Lee-Rossky and Q4 surfaces. The Q4 surface 

exhibits a transition to the completely CO2-wetting regime at ≈30 MPa. Above 35 MPa, the 

Q3-Q4 spreading coefficient is extremely small (−2 mN/m), which precludes precise 

measurement of the contact angle but implies that the surface is nearly completely H2O-

wetting. 



94 
 

 

Figure 6.6: CO2–H2O–Q3-Q4 silica and CO2–H2O–Q4 silica contact angles as a function of 

pressure at 523 K. 

The silica models in this chapter demonstrate some of the typical challenges 

encountered when measuring interfacial properties with expanded ensemble MC 

simulations. Both surfaces are somewhat large (2000–2100 atoms) and flexible. However, 

the simulations performed here only rarely perturb individual atoms of the surface, rather 

than simultaneously perturbing all of the atoms, as occurs in MD simulations. Therefore, 

simulations at low temperature must be very long to ensure that the configurations are 

equilibrated. This difficulty is magnified by the presence of the hydrogen atoms in the Q3-

Q4, which interact strongly with the H2O molecules above the surface. 
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6.4 Conclusion 

In this chapter, we have demonstrated the use of GC, TEE, and AEE simulations to 

determine the H2O liquid–vapor interfacial tensions and as a function of temperature and 

the CO2–H2O–silica interfacial tensions and contact angles as a function of pressure at high 

and low temperature. The H2O interfacial tension was found to agree with previous 

simulations at high temperatures, but the interfacial tension from simulations with Q3-Q4 

silica deviated at low temperature due to the difficulty in equilibrating the configurations. 

The Q4 surface was found to exhibit a transition to a completely CO2-wetting regime at both 

523 K (at a pressure of ≈30 MPa) and 323 K (at ≈4 MPa). The CO2–H2O–Q4 silica contact 

angle at 323 K showed that the surface was too hydrophobic to be representative of the 

silica used in the experiments. At a temperature of 523 K, the Q3-Q4 surface became 

completely H2O-wetting at a pressure of roughly 35 MPa. The CO2–H2O–Q3-Q4 silica contact 

angle at 323 K behaved like the contact angle for the 𝑘 = 0.664 Lee-Rossky silica surface, 

and the contact angle at low pressures was similar to that from experiments. 
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7 CONCLUSION 

This dissertation has described the use of expanded ensemble Monte Carlo 

simulations to determine the bulk and interfacial coexistence properties of binary 

symmetric Lennard-Jones (LJ), CO2–H2O, and CO2–H2O–silica systems. 

Beginning with the simplest model, Chapter 3 detailed simulations of binary 

symmetric LJ fluids. Bulk simulations were used to find the L1L2V coexistence line for four 

systems of varying miscibility. Then, interfacial expanded ensemble simulations were used 

to find the LV and L1L2V interfacial tensions and contact angles. No transition to a 

nonwetting state was observed. This finding conflicted with earlier studies in the literature, 

but those earlier studies could not accurately reproduce the LV interfacial tension for a 

homogeneous LJ fluid. 

Our investigation of CO2–H2O systems began in Chapter 4, where we used expanded 

ensemble simulations to find the H2O liquid–vapor coexistence conditions as a function of 

temperature and the CO2–H2O coexistence conditions as a function of pressure. We 

compared the H2O phase diagram with simulations and experiments in the literature, and 

we obtained good agreement with the simulations. Likewise, the CO2 mole fractions in the 

CO2-rich and H2O-rich phases broadly agreed with simulation literature data. 

In Chapter 5, expanded ensemble simulations were performed for CO2–H2O–Lee-

Rossky silica systems at the coexistence conditions from Chapter 4 to obtain the interfacial 
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tension and contact angle as functions of surface charge, temperature, and pressure. The 

Lee-Rossky surface became completely H2O-wetting at moderate surface charge for the two 

H2O models studied. Simulations of CO2–H2O–silica were performed for two surface charge 

values that were partially H2O-wetting at both high temperature and low temperature. Both 

surfaces exhibited a transition to a completely CO2-wetting state at high temperature and 

pressure. The less hydrophilic surface also exhibited a transition to a completely CO2-

wetting state at low temperature. This scenario would be potentially dangerous if 

sequestration was carried out in a real system with this wetting behavior. However, the 

more hydrophilic surface did not exhibit the same transition at low temperature, and it was 

found to reproduce contact angles from experimental literature. 

Finally, similar simulations were performed in Chapter 6 for two more recent silica 

models: the Q3-Q4 and Q4 models from the INTERFACE force field. The Q4 surface became 

completely CO2-wetting at lower pressures than the less hydrophilic Lee-Rossky surface. 

The Q3-Q4 surface behaved like the more hydrophilic Lee-Rossky surface, but the 

simulations with this surface failed to completely equilibrate at low temperatures. At high 

temperatures and pressures, the Q3-Q4 surface became completely H2O-wetting. At low 

temperatures, it is expected that the Q3-Q4 surface will remain partially H2O-wetting up to 

high pressures. 
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A COMPUTATIONAL RESOURCES 

All simulations in this work were performed using the academic compute cluster 

(UB-HPC) provided by the Center for Computation Research at the University at Buffalo. 

The cluster is made up of several different types of compute nodes. Nodes had either 8, 12, 

16, or 32 CPU cores, each CPU core was a Xeon or Opteron processor with a clock speed of 

2.13–2.4 GHz, and nodes were connected using InfiniBand adapters. The simulation code 

was written in Fortran. It used the Intel® MPI library for interprocess communication, with 

one MPI task per CPU core. Each MPI task was assigned to an order parameter bin, as 

described in Section 2.6. Typical molecule number counts, CPU core counts, runtimes, and 

MC trial move counts are given in Tables  A.1,  A.2,  A.3, and  A.4 for the simulations in 

Chapters 3, 4, 5, and 6, respectively. Throughout the tables, the abbreviations spr., dry., plat., 

and min. stand for spreading, drying, plateau, and minimum. Between 4 and 16 production 

runs were performed for each simulation type. 
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Table A.1: Lennard-Jones Production Run Parameters 

typea 𝛼  𝑁1  𝑁2  CPU cores time/min 109 MC trials 

GC 0.15 0–815 0–815 8 175 0.8–2.0 

GC 0.25 0–815 0–815 8 350 1.0–2.5 

GC 0.40 0–815 0–815 8 350 1.0–2.6 

GC 1.00 0–815 0 8 175 0.8–1.8 

AEE liquid 0.15 500–1000 0–200 8 175 0.6 

AEE liquid 0.25 500–1000 0–200 8 350 0.9–1.0 

AEE liquid 0.40 500–1000 0–200 8 350 0.9–1.0 

AEE vapor 0.15 0–300 0–300 8 175 4.5–4.0 

AEE vapor 0.25 0–300 0–300 4 115 2.5–3.0 

AEE vapor 0.40 0–300 0–300 4 115 2.3–2.8 

TEE liquid 0.15 300–1200 0–300 8 175 0.4–0.6 

TEE liquid 0.25 300–1200 0–300 8 350 0.8 

TEE liquid 0.40 300–1200 0–300 8 350 0.7–0.8 

TEE liquid 1.00 300–1200 0 8 175 0.4–0.5 

TEE vapor 0.15 0–350 0–350 8 175 3.0–8.7 

TEE vapor 0.25 0–350 0–350 4 350 5.9–9.2 

TEE vapor 0.40 0–350 0–350 4 350 6.4–9.0 

TEE vapor 1.00 0–350 0 8 175 4.1–7.0 

GC (1) 0.15 0–2400 0–2400 16 350 1.5–8.6 

GC (1) 0.25 0–2400 0–2400 16 350 1.1–2.8 
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typea 𝛼  𝑁1  𝑁2  CPU cores time/min 109 MC trials 

GC (1) 0.40 0–2400 0–2400 16 350 1.0–3.5b 

GC (1) 1.00 0–2600 0 16 350 1.5–5.9 

GC (2) 0.15 0–4600 0–4600 16 350 0.72–1.0b 

GC (2) 0.25 0–4500 0–4500 16 350 0.68–1.0b 

GC (2) 0.40 0–4500 0–4500 16 350 0.68–1.0b 

GC (2) 1.00 2000–4600 0 16 350 0.98–1.4b 

GC (3) 0.15 2380–2400 0–2400 16 350 0.72–1.0b 

GC (3) 0.25 2380–2400 0–2400 16 350 0.71–1.1b 

GC (3) 0.40 2380–2400 0–2400 16 350 0.74–1.0b 

GC (4) 0.15 3180–3200 2200–5700 16 350 0.47–0.65b 

GC (4) 0.25 3180–3200 2200–5700 16 350 0.46–0.64b 

GC (4) 0.40 3180–3200 2200–5700 16 350 0.47–0.65b 

TEE (1) plat. 0.15 2060–2080 0–800 16 350 0.93–1.0b 

TEE (1) plat. 0.25 2060–2080 0–800 16 350 0.93–0.99b 

TEE (1) plat. 0.40 2060–2080 0–800 16 350 0.93–1.0b 

TEE (1) plat. 1.00 2060–2080 0 16 350 1.2–1.4b 

TEE (1) min. 0.15 0–800 0–800 16 350 5.4–7.9b 

TEE (1) min. 0.25 0–800 0–800 16 350 3.7–5.1b 

TEE (1) min. 0.40 0–800 0–800 16 350 3.1–5.0b 

TEE (1) min. 1.00 0–1600 0 16 350 4.2–5.7b 

TEE (2) plat. 0.15 2060–2080 0–800 16 350 0.92–0.99b 

TEE (2) plat. 0.25 2060–2080 0–800 16 350 0.93–0.99b 
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typea 𝛼  𝑁1  𝑁2  CPU cores time/min 109 MC trials 

TEE (2) plat. 0.40 2060–2080 0–800 16 350 0.94–0.99b 

TEE (2) plat. 1.00 2080–2100 0 16 350 1.3–1.4b 

TEE (2) min. 0.15 4000–5400 0–400 16 350 0.66–0.73b 

TEE (2) min. 0.25 4000–5400 0–400 16 350 0.63–0.71b 

TEE (2) min. 0.40 3800–5400 0–400 16 350 0.58–0.65b 

TEE (2) min. 1.00 3350–5800 0 16 350 0.82–1.1b 

TEE (3) plat. 0.15 2380–2400 2175–2225 16 350 0.59–0.69b 

TEE (3) plat. 0.25 2380–2400 2175–2225 16 350 0.67–0.78b 

TEE (3) plat. 0.40 2380–2400 2175–2225 16 350 0.60–0.68b 

TEE (3) min. 0.15 2380–2400 0–800 16 350 1.2–1.3b 

TEE (3) min. 0.25 2380–2400 0–800 16 350 0.90–0.97b 

TEE (3) min. 0.40 2380–2400 0–800 16 350 0.91–0.97b 

TEE (4) plat. 0.25 3180–3200 3180–3200 16 350 0.54–0.58b 

TEE (4) plat. 0.40 3180–3200 3180–3200 16 350 0.51–0.57b 

TEE (4) min. 0.25 3180–3200 4000–7500 16 350 0.42–0.54b 

TEE (4) min. 0.40 3180–3200 4000–7500 16 350 0.37–0.47b 

aThe numbers in parentheses correspond to the interfacial simulation types described in 
Figure 3.4. 

bIndicates an estimate for the range of MC trials from one production run. 
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Table A.2: Bulk Carbon Dioxide–Water Production Run Parameters 

type 𝑇/K  𝑁H2O  𝑁CO2   CPU cores time/min 107 MC trials 

GC 348 0–560 0 36 880 4.0–34 

GC 500 0–560 0 36 880 2.4–18 

GC 523 0–560 0 36 880 3.4–17 

AEE H2O-rich 323 0–700 0–100 24 710 2.1–6.3 

AEE H2O-rich 348 0–700 0–100 24 710 3.3–7.0 

AEE H2O-rich 523 0–600 0–200 24 710 2.6–6.3 

AEE CO2-rich 323 0–700 0–100 24 150 2.0–60 

AEE CO2-rich 348 0–250 0–500 24 150 2.0–61 

AEE CO2-rich 523 0–200 0–500 24 150 1.5–14 

TEE liquid  200–800 0 48 800 2.3–5.0 

TEE vapor  0–350 0 24 120 8.0–87 
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Table A.3: Carbon Dioxide–Water–Lee-Rossky Silica Production Run Parameters 

type 𝑇/K  𝑁H2O  𝑁CO2   CPU cores time/min 107 MC trials 

GC spr.a 500 0–1120 0 36 1400 2.6–8.4 

GC spr.b 523 0–1120 0 36 1400 1.2–8.9 

GC dry.a 500 1000–3500 0 72 1400 1.3–2.1 

GC dry.b 523 1000–3500 0 72 1400 2.0–2.9 

TEE spr. plat.a  1059–1080 0 48 1050 1.5–2.0 

TEE spr. plat.b  1047–1080 0 48 1050 1.5–2.8 

TEE spr. min.  0–300 0 24 360 1.0–6.7 

TEE dry. plat.a  1174–1200 0 48 1050 1.4–1.8 

TEE dry. plat.b  1998–2020 0 48 1050 1.7–2.9 

TEE dry. min.  2000–5000 0 48 1050 1.0–2.2 

SEE spr. plat.b 300 1060–1080 0 48 240 0.42–0.53 

SEE spr. plat.a 323 1060–1080 0 48 880 1.0–1.6 

SEE spr. plat.b 323 1060–1080 0 48 120 0.2–0.25 

SEE spr. plat. 323 0–1200 0–3000 24 400 0.54–1.2 

SEE spr. plat.a 523 1060–1080 0 36 880 1.3–1.8 

SEE spr. plat.b 523 1060–1080 0 24 880 1.3–2.1 

SEE spr. min.b 300 0–300 0 24 180 0.38–1.3 

SEE spr. min. 323 0–300 0 24 180 0.23–1.2 

SEE spr. min. 323 0–300 0–3000 24 400 0.68–2.3 

SEE spr. min. 523 0–100 0 24 120 0.30–0.54 
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type 𝑇/K  𝑁H2O  𝑁CO2   CPU cores time/min 107 MC trials 

SEE dry. plat.b 300 1279–1300 0 36 400 0.70–0.99 

SEE dry. plat.a 323 1169–1200 0 36 880 1.1–1.3 

SEE dry. plat.b 323 1279–1300 0 36 800 1.4–1.8 

SEE dry. plat.a 523 1179–1200 0 36 880 1.3–1.4 

SEE dry. plat.b 523 1280–1300 0 24 880 1.7–2.1 

SEE dry. min.b 300 2000–5000 0 48 800 1.6–1.8 

SEE dry. min. 323 2000–5000 0 48 880 0.72–2.1 

SEE dry. min.a 523 3330–3530 0 36 880 0.88–1.0 

SEE dry. min.b 523 3230–3330 0 24 880 1.3–1.5 

AEE spr. plat. 323 1059–1080 0–2000 48 800 1.2–3.0 

AEE spr. plat. 523 1060–1080 0–1200 48 800 1.2–2.7 

AEE spr. min.a 323 0–2000 0–2000 24 360 0.68–4.5 

AEE spr. min.b 323 0–1000 0–2500 24 360 0.67–3.0 

AEE spr. min.a 523 0–2000 0–2000 24 480 0.92–1.7 

AEE spr. min.b 523 0–2000 0–2000 24 120 0.21–0.38 

AEE dry. plat.a 323 1169–1190 0–2000 48 800 1.2–2.2 

AEE dry. plat.b 323 1280–1300 0–2000 48 800 1.3–2.6 

AEE dry. plat.a 523 1159–1200 0–1200 48 800 1.3–1.6 

AEE dry. plat.b 523 1280–1300 0–1300 48 800 1.7–2.4 

AEE dry. min. 323 3000–5000 0–400 48 800 0.8–1.8 

AEE dry. min.a 523 3000–5000 0–400 48 800 0.95–1.1 
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type 𝑇/K  𝑁H2O  𝑁CO2   CPU cores time/min 107 MC trials 

AEE dry. min.b 523 2000–5000 0–400 48 800 1.3–1.5 

a Denotes a simulation with the TIP4P/2005 H2O model. 

b Denotes a simulation with the SPC/E H2O model. 



106 
 

Table A.4: Carbon Dioxide–Water–INTERFACE Silica Production Run Parameters 

type 𝑇/K 𝑁H2O  𝑁CO2   CPU cores time/min 107 MC trials 

GC spr. 500 0–1120 0 48 1400 2.2–6.6 

GC dry. 500 1500–4000 0 72 1380 1.2–2.4 

TEE spr. plat.a  1060–1080 0 36 1050 2.5–2.9 

TEE spr. plat.b  1040–1060 0 36 1050 2.8–3.2 

TEE spr. min.  0–300 0 24 700 3.0–12 

TEE dry. plat.  1540–1550 0 36 1050 1.9–2.9 

TEE dry. min.  2000–5000 0 36 1050 1.2–2.1 

AEE spr. plat.a 323 1060–1080 0–2000 48 800 1.2–2.3 

AEE spr. plat.b 323 1040–1060 0–2000 48 800 0.8–2.3 

AEE spr. plat.a 523 1060–1080 0–1200 48 800 1.4–1.8 

AEE spr. plat.b 523 1040–1050 0–1200 48 800 0.98–2.6 

AEE spr. min. 323 0–2000 0–2000 24 800 1.5–6.4 

AEE spr. min. 523 0–2000 0–2000 24 800 1.2–3.6 

AEE dry. plat.a 323 1740–1760 0–2000 48 800 1.1–2.2 

AEE dry. plat.b 323 1540–1550 0–1600 48 800 1.2–2.2 

AEE dry. plat.a 523 1740–1760 0–1200 48 800 0.76–1.6 

AEE dry. plat.b 523 1540–1550 0–1250 48 800 1.3–1.9 

AEE dry. min. 323 3000–5000 0–400 48 800 0.79–1.4 

AEE dry. min. 523 3000–5000 0–400 48 800 0.93–1.2 

aDenotes a simulation with the Q3-Q4 silica surface. 

bDenotes a simulation with the Q4 silica surface. 
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