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ARTICLE INFO ABSTRACT

Keywords: CO2-EOR can make underground storage efforts possible, addressing both energy demands and climate issues.
€O This study establishes an in-situ method to measure the degree of CO3 solubility in hexadecane in a wide range of
Hexadecane P-T conditions. CO, and hexadecane with known volumes were mixed in silica capillaries and examined by
Raman SPeC,t roscopy Raman spectroscopy after reaching an equilibrium at certain P-T condition to establish a relationship between
Enhanced oil recovery i . . .
Molecular simulation mole fraction of CO; in hexadecane and ratio of Raman peak area. Results showed that solubility of CO; de-
Solubility creases with increasing temperature and increases with pressure. Complementing the experimental data, hybrid
Swelling grand canonical Monte Carlo/molecular dynamics (GCMC/MD) simulations were performed to study the
swelling effect of CO2/hexadecane system and the diffusion of CO, within hexadecane. Simulation results were
validated against Raman spectroscopy and previously published CO; solubility data, as well as a genetic
algorithm-based (GA) predictive model, all matching with high accuracy and conforming each other. Based on
molecular simulation results, the necessity of accounting for volumetric changes in solubility calculations to
enhance the accuracy of predictive models in similar systems was revealed. Additionally, in contrast to tem-
perature, the effect of pressure on the diffusion coefficient remains relatively minimal. Ultimately, this study
provides solutions for in-situ probing techniques to determine the solubility of various fluids in a wide range of P-
T conditions, processes supporting CO2-EOR and carbon storage operations underground.

1. Introduction

Energy security concerns every nation’s future and development,
especially in an era of global warming, climate, and environmental is-
sues [1-3]. Replacing traditional fossil fuels with renewable energy is a
global consensus to control the earth’s surface temperature increase
within 2 °C [4-6]. However, burning fossil fuels is still the main source
of energy we need and will continue to be in the coming decades [7,8],
while some scientists still believing there is an increasing demand for
fossil fuels [9]. In this regard, unconventional resources such as shale oil
and gas have addressed some of our needs where a decline in production
from conventional resources in the past few decades has been prominent
[10,11]. For instance, through exploiting shale reserves, the U.S. ach-
ieved its net energy export in 2019, with a remaining recoverable shale

* Corresponding authors.

oil reserves of 3.25 x 10'° t and a current cumulative production of 3.17

% 10°t [10,12]. Considering China, which is another country with major
resources of unconventional shale plays, the total amount of shale oil
and gas with high potential of production is estimated to be approxi-
mately (150 — 300) x 108 t, of which those with good economic benefits
are (67 — 84) x 108t [10]. On the other hand, power plants that operate
based on fossil fuels generate one-third of the greenhouse gas emissions
worldwide and are the primary focus of global carbon capture and
storage (CCS) efforts [7].

To address both of these concerns that were explained above, carbon
dioxide has been used as an injection material to rejuvenate shale oil
reservoirs after primary production, which is called enhanced oil re-
covery (EOR) [13,14]. There are two types of gas injection methods, gas
flooding and huff-n-puff [15]. While both have their own advantages
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and limitations [16]. For the well-to-well flooding process, the gas is
continuously injected into the reservoir layers to displace the residual oil
to adjacent production wells [16]. The huff-n-puff injection process is
related to a single-well where the gas is cyclically injected into the
reservoir [16]. Each cycle involves three phases: reservoir pressure
build-up (huff), pressure equilibration and fluids interaction (soaking),
and pressure depletion for production (puff) [16]. The injected COy,
when dissolved in crude oil in shales, will reduce oil volume swelling
and viscosity [17,18]. Moreover, supercritical CO, has been used to
extract and separate a wide range of hydrocarbons from shale and coal
under varying conditions [19]. Therefore, quantitatively measuring and
predicting the solubility of CO; in oil systems would be important and
essential for CCS and EOR operations [20-22].

Generally, the methods used for phase equilibrium studies include
four types. (1) Analysis after gas and liquid with known compositions
reach equilibrium at known P-T conditions, with the volumes of the
mixture before and after equilibrium being measured to calculate the
quantity of dissolved gas [23-30]. (2) Using a high-pressure optical cell
filled with CO,, with aqueous solvent added by a calibrated high-
pressure pump until completely dissolved, then pressure is reduced
until the first stable bubble appears [31]. (3) Injecting CO; into a liquid
with known volume at certain P-T conditions and analyzing a small
quantity of the liquid after reaching phase equilibrium to measure the
solubility of CO2 [32]. (4) Under known P-T conditions, a certain
amount of gas is added to a container of known volume. The number of
moles of gas can be calculated based on these conditions. The gas-
containing vessel is then connected to another vessel with a known
amount of solution. After equilibrium is reached, the system’s temper-
ature and pressure will stabilize and is recorded. The volume, temper-
ature, and pressure changes of the remaining gas in the container allow
for the calculation of the remaining gas amount. The difference between
the initial and remaining gas amounts would be the quantity of gas
dissolved in the solution. Finally, with the known solution amount, the
gas solubility in the solution can be calculated. It should be noted that
neither of these methods is considered in-situ measurement, which
makes them time-consuming and not suitable when the pressure exceeds
a certain threshold.

Raman spectroscopy is a technique that has been used increasingly
for quantitative in-situ measurements of chemical components [33].
Due to its non-destructive manner, it has also been recently applied to
the study of COg solubility in various alkane solvents (hexane, octane,
decane, and dodecane) using silica capillaries [34-36]. These studies
demonstrated that the solubility of CO; in the alkanes decreased with
increasing temperature and increased with increasing pressure [34], and
adding hexane to decane at high pressure (> ~6 MPa) can enhance CO,
solubility [35]. In addition, the experiment revealed that the volume
expansion factor of the CO, + dodecane increased with increasing
pressure and decreased with increasing temperature [36]. However,
experimental pressures have rarely exceeded 10 MPa, and there is a lack
of integrated study of in-situ CO solubility in alkane and molecular
simulation on its subsequent impact on swelling and diffusion. It is
better to test COy solubility in longer chain length alkanes, which is
known to better represent the chemical compositions of heavy oil.
However, an alkane length exceeding 16 will cause strong fluorescence
on Raman spectra. Thus, C;¢ (Hexadecane) is probably the best agent for
Raman in-situ measurements of CO5 solubility in alkanes. Moreover, it
has been reported that hexadecane is similar to the average properties of
Brazilian heavy oil [37]. Therefore, it is vital to implement experiments
and in-situ Raman measurements of CO solubility in hexadecane for
realistic representation of real-world scenarios.

The quantitative measurements by Raman spectroscopy are made
possible based on the fitted equations of the substance quantity and
Raman parameters by measuring a series of standards. For solids, it is
easy to prepare standards for Raman measurements as most solids are
stable in air [38]. For fluids, the standards are commonly sealed in fused-
silica capillary capsules available for Raman in-situ measurements and
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Fig. 1. Schematic diagram of the capillary and the pressurization device that is
attached to it. P: pressure gauge; V: valve; HPP: high-pressure pump.

can also prevent the liquid inside from evaporation [39,40]. It has been
noted that the intensity of the Raman signal is affected not only by the
concentration of the substance under study but also by the internal
signal processing of the Raman spectrometer, which could be affected by
the wavelength of the excitation laser, the response of the CCD, the
polarization response of the optics and grating, etc., Hence, every
Raman spectrometer is expected to be calibrated by a series of standards
before quantitative measurements [39].

In addition to experimental studies, molecular modeling has
emerged as an increasingly valuable tool in petroleum related research,
providing detailed insights into atomic and molecular interactions while
facilitating the study of the structure, dynamics, and rheological prop-
erties of complex mixtures [41-44]. This approach is particularly ad-
vantageous as experimental studies are often costly, time-consuming,
and limited in their ability to probe processes at the microscopic scale.
For example, Kobayashi and Firoozabadi [45] employed Gibbs ensemble
Monte Carlo (GEMC) simulations to investigate the relationship between
the solubility of heavier alkanes in CO3 and the effects of molecular
structure and branching on solubility. Wang et al. [46] utilized molec-
ular dynamics (MD) simulations to study the density and volumetric
behavior of three typical n-alkanes (hexane, octane, and decane) across
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various mole fractions of CO,, examining conditions at temperatures
ranging from 303 to 363 K and pressures up to 8.67 MPa. Similarly,
Zhang et al. [47] explored CO; solubility in decane (C;o) and eicosane
(Cg0) over a pressure range of 5-30 MPa at a constant temperature of
311 K, providing further insights into solubility behavior under high-
pressure conditions.

Thus, in this study, molecular simulations are accompanying
experimental methods to overcome the limitations of experimental
techniques to capture microscopic details. By integrating molecular
modeling, we aim to gain a more comprehensive understanding of the
molecular interactions and behaviors within the system, complementing
experimental findings and providing valuable insights at both macro-
scopic and atomic scales. Furthermore, other objectives of this study is to
establish a quantitative correlation between the degree of solubility of
COs in hexadecane (C16Hs4) and the ratio of their Raman peak areas in a
wide range of pressures and temperatures in order to expand the data-
base of CO5 solubility in alkanes. We aim that the outcome of this study
can support more successful CCS and EOR operations in shale oil
reservoirs.

2. Methods
2.1. Capillaries

2.1.1. Hexadecanes with known CO solubilities

Standards of hexadecanes with different CO; solubilities were pre-
pared following: (1) hexadecane was injected into a silica capillary
(inner diameter 0.3 mm and outer diameter 0.665 mm) from one end by
using another thinner capillary (inner diameter 0.09 mm and outer
diameter 0.2 mm) and centrifuged to the sealed end (Fig. 1A); (2) one
end of the thinner capillary was connected to the valve of a CO; tank
(99.99 %, Air Products) while the other end was put in water first to
adjust the gas venting rate; (3) the open end of the thinner capillary was
put close to the air-hexadecane surface in the capillary to remove the air
in the capillary (Fig. 1B); (4) after around 3 to 5 min, the thinner
capillary was quickly inserted into the sealed end of the thicker capillary
(Fig. 1C), with the injected CO2 pushing the hexadecane towards the
open end of the capillary (Fig. 1D), then pulled out immediately when
the injected CO, was enough; (5) the thinner capillary was then con-
nected to a mercury at one end while the other end was put in the CO3 in
the capillary so that the mercury column of around 1 to 1.5 cm was
injected for sealing (Fig. 1E); (6) Next a certain amount of water injected
following the mercury column to suppress volatilization of the mercury
(Fig. 1F). Finally, a valve was connected to the open water-filling end.

Note that in order to ensure the COz-hexadecane in the capillary is in
a homogeneous state at the experimental P-T conditions, the length of
the CO, and hexadecane columns in the capillary were estimated at
room temperature to make sure the CO, would not reach its maximum
solubility at experimental P-T conditions. The molality of CO; in hex-
adecane was calculated using equation (1):

/)COZﬂrzLCOZ /MC020C02*C15H34
2 2
/)C15H34nr LC16H34 /MC16H34 + Pco, T LCOz /MCOZ 0C0,—CroHsa

(€8]

Mco, =

where mco, is the mole fraction of CO, in CO2-C;¢Hs4 mixtures, r is the
internal radii of the capillary, Mc, u,, and M¢o, are molar masses of
Ci6H34 and COo, which are 226 and 44, respectively, p¢, 5., and pgo, are
the density of C14Hs34 and CO; at room temperature and pressure con-
ditions, L¢,.x,, and Lco, are the length of the C16Hs4 and CO2 columns in
the capillary at room temperature and pressure conditions, and
0co,—CieHs, 1S Raman measuring bias coefficient between CO2 and
C16Hs4, which means the intensity of the Raman signal of CO; is
0c0,—CiHs, times higher than that of CieHss. In this study, the value of
0C0Oy—Ci6Ha4 is 1.8225.
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2.1.2. Hexadecane saturated with CO,

The capillary (inner diameter 0.3 mm, outer diameter 0.665 mm)
was sealed at one end using a micro torch. The sealed end was then
heated to suck around 0.5 cm CjgHs4 during the cooling phase. The
capillary was then centrifuged to move the C1¢Hs4 to the sealed end and
waited for the connection to the pressurization device.

2.2. Pressurization device and procedures

2.2.1. Known COz solubility standards

Fig. 1G shows the schematic diagram of the experimental device that
was prepared in this study. The prepared capillary was fixed on a heating
and cooling stage as a movable part of the whole experimental device.
The valve directly connected to the capillary was shut at the beginning,
and the inner pressure of the capillary was at ambient pressure (1 atm).
The capillary was then connected to the pressurization system, which
was vacuumed and filled with water. Then, the valve that is directly
connected to the capillary was opened; thereby, the high-pressure pump
can add pressure to the capillary with a precision of 0.1 MPa, and the
pressure can be read out on the pressure gauge. The capillary was then
brought to the experimental pressure points (10, 20, 35, and 70 + 0.2
MPa) and temperatures (25, 40, 60, 80, 100, 120, 140, 160, 180, and
200 £ 0.5 °C) and left for two or three days in order to ensure that the
CO; and Cj;eHsz4 mixture in the capillary would achieve thermal and
pressure equilibrium. The mean thermal expansion coefficient of the
capillary between 0 and 200 °C is 5.8 x 10’7, which can be ignored [48].

2.2.2. Hexadecane saturated with CO,

The prepared capillary was then put on the heating and cooling stage
as a movable part connecting to the pressurization system (Fig. 1H). The
valves, except the one that is adjacent to the CO5 bottle were open to
allow the vacuum pump to expel the air in the tubes. Then, the valve
next to the CO, bottle was opened to let CO5 wash the tubes. Then, the
whole tube system was vacuumed again and filled with CO, (Fig. 1G).
The experimental pressure (10, 20, 35, and 70 + 0.2 MPa) was achieved
by adjusting the high-pressure pump, while the temperatures (25, 40,
60, 80, 100, 120, 140, 160, 180, and 200 + 0.5 °C) were controlled by a
CAP 500 heating and cooling stage. Each P-T condition was sustained for
at least 30 min to ensure the CO,-C;6Hs4 mixture within 20 pm from the
interface, which was the target for Raman spectroscopy probing,
reached phase equilibrium, which is recommended in the literature
[49].

2.3. Raman spectroscopy

2.3.1. Raman spectrometer

The Ramna probe used in this study was a JY/Horiba LabRam HR
spectrometer equipped with a 532 nm laser (Nd: YAG) with power of 5
mW, 50 x objective lenses (N.A. = 0.5), 1800 cm ! grating, and a
Peltier-cooled CCD (working at —70 °C). The confocal hole was 200 ym.
The resolution of the measured spectra was 4 cm ™! at 1500 cm ™. The
peak position accuracy was ~ 0.02 cm ™! after peak fitting and Ne lamp
calibration. The spectrometer was calibrated every morning using a
silica wafer. Raman spectra were collected from 1200 to 1550 cm ™! with
the acquisition time of 60 s x 4 accumulations for a single spectrum but
it was increased according to the signal-to-noise ratio to acquire the
intensity of the target Raman shift between 50,000 and 60,000 counts.
The laser position was set on the hexadecane side of the capillary, near
the COq-hexadecane interface (within 20 um), where the liquid was
easily saturated by CO as previous experimental studies have suggested
[49]. Each measurement was repeated three to fourteen times to ensure
the stability and reproducibility of the obtained results, and the
extracted data were reported as averaged values with standard
deviations.
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Fig. 2. Fitted Raman bands of CO, and C;cHsz4 mixture in capillary at 35 MPa, 25 °C.

Fig. 3. Snapshot of the hexadecane/CO; system. Atom representation: cyan for
carbon atoms, white for hydrogen atoms, red for oxygen atoms. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

2.3.2. Raman data processing

The Raman peaks of CO3 and Cy6Hs4 are imposed on a single Raman
spectrum (Fig. 2). To accurately estimate the peak area ratio (PAR) of
CO5 and Cy¢H34, the Raman bands (from 1200 to 1550 cm™ 1) were fitted
by using a Peakfit software. Thus, the PAR can be defined by the
following formula:

Apy +Ay

PAR =
Ayr +Ays +Aus +Ays +Aye +Aysg +Ayo +Asro

(2)

2.4. Molecular simulations

In this study, we explored the solubility of CO, in hexadecane and its
subsequent impact on the swelling behavior of hexadecane by employ-
ing grand canonical Monte Carlo (GCMC) simulations in the osmotic
ensemble as well [50]. The snapshot of hexadecane/CO5 is shown in
Fig. 3. These simulations were conducted across a temperature range of
40, 100, 150, and 200 °C under pressures varying from 1 to 15 MPa.
Initially, MD simulations using the NPT ensemble, comprising 162 oc-
tane molecules, were performed to equilibrate the system at designated
pressures and temperatures.

Subsequently, a hybrid GCMC/NPT-MD simulation approach was
utilized to determine CO5 solubility. In the GCMC ensemble, the number
of molecules of hexadecane is fixed, and the number of CO, is allowed to
change according to its chemical potential imposed. For the GCMC
simulations, consistent with our earlier research [51-53], we conducted
additional simulations of pure gas in bulk conditions to establish the
relationship between gas pressure and chemical potential. In Fig. S1. the
density of bulk COz was calculated as a function of temperature and

pressure and compared with the National Institute of Standards and
Technology (NIST) database [54]. This comparison was used to validate
the accuracy of the force field parameters and chemical potential, as
well as the reliability of the GCMC simulations. The results demonstrate
that the employed computational model accurately captures the ther-
mophysical properties of CO across a range of conditions, confirming its
applicability for further studies.

The hybrid simulation protocol incorporated 500 GCMC insertion/
deletion trials for every 1000 NPT-MD steps. Given that CO2 molecules
were inserted with random positions and orientations and the system
was subsequently relaxed using MD steps, no further Monte Carlo
movements (i.e., translations and rotations) were performed [52,53,55].
The GCMC segments utilized the Metropolis algorithm [56] to ensure
thermodynamic acceptance of molecular configurations can be ob-
tained, whereas the MD segments implemented the velocity Verlet [57]
integration scheme to solve Newton’s equations of motion. An integra-
tion time step of 1 fs was maintained throughout the MD simulations.
Temperature and pressure conditions were regulated using the
Nosé-Hoover thermostat [58,59] and Nosé-Hoover barostat [60,61]
with relaxation times of 0.1 and 1 ps, respectively.

For the molecular modeling, hexadecane was represented using the
LOPLS force field [62], a refined version of the OPLS-AA [63] specif-
ically optimized for long-chain hydrocarbons. CO; was modeled using
the rigid EPM2 model [64] with a C-O bond length of 0.1149 nm and a
linear O-C-O bond angle. The EPM2 force field parameters were derived
from the vapor-liquid equilibrium (VLE) and critical properties of pure
CO», ensuring high fidelity in simulation outcomes.

Intermolecular interactions were calculated using the geometric
mean combining rules for Lennard-Jones (LJ) potentials and incorpo-
rated both the short-range LJ potential and Coulombic interactions up to
a cutoff distance of 1.4 nm. Tail corrections were applied to account for
LJ energies beyond this cutoff [65,66]. Long-range electrostatic in-
teractions were computed via the particle-particle particle-mesh
(PPPM) method, ensuring a computational precision of 10™*. Periodic
boundary conditions (PBC) were applied in all three directions. All
simulations were executed using the LAMMPS software [67]. The final 5
ns of each 20 ns simulation were dedicated exclusively to data analysis,
ensuring that equilibrium properties were robustly sampled and accu-
rately reported.

After achieving equilibrium through GCMC/NPT-MD simulations,
the system was further analyzed using MD simulations in the NVE
ensemble for 10 ns to estimate gas diffusivity. The self-diffusivity of COq
was calculated using the Einstein relation, which involves the linear fit
of mean-squared displacement (MSD) as a function of time [68,69].

D; 6N}ggdt2<|n r(0)[* > ©)
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Table 1
Calculated mole fraction of CO, in Hexadecane.
Sample Temperature Pressure Length of  Length of Calculated
D Q) (MPa) CO, CieH3a mole
column column fraction of
(mm) (mm) CO,
1 8.3 0.1 80.5 7.046 0.0732
2 15.1 0.1 144 4.36 0.1822
3 23.5 0.1 228 3.398 0.3054
4 16.3 0.1 224.2 1.36 0.5255
5 15.1 0.1 243 1.284 0.5651
6 13.8 0.1 225.5 0.386 0.7984

where N is the total number of inserted gas molecules, (|r;(t) — r;(0) |} is
the MSD, r(t) and r(0) are the positions of a molecule at time t and 0,
respectively. Unwrapped trajectories were recorded every 2 ps, and only
the first half of the simulation points were considered as time origins to
ensure accurate calculations [70,71]. Diffusion coefficients were ob-
tained using the diffusion coefficient analysis tool available in VMD
[72].

2.5. Genetic algorithm-based model

A genetic algorithm-based (GA) model of the solubility of CO, in
alkanes was proposed by Emera and Sarma [73] and was used to
compare the results of CO, solubility in hexadecane in this study that
was obtained in both simulation and experiments. The GA model is
applied to predict the physical properties of CO,-oil mixtures, as it takes
into account both live and dead oil data with a thorough consideration
of all major affecting parameters, achieving high accuracy [73].

In the GA model, the solubility of CO, is expressed by equation (4) as
follows:

Meo, = 2.238 — 0.33y + 3.235y%6474  4.8y025656 (€))
wherey = v[0.006897*17:32"
15.56°), MW, oil molecular weight, P, saturation pressure, MPa.

When the temperature is lower than the critical temperature of CO»,
and the pressure is higher than the liquifying pressure of CO, the sol-
ubility of CO5 is more suitably expressed by equation (5):

1
1Pw), v, the gravity of oil (density at

Mo, = 0.033 + 1.44y — 0.7716y> + 0.2176y* — 0.02183y* )
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18732 o
where y = n(z)™" MW ), n, GA population size and number of com-
liq

ponents in the mixture, Py, CO liquefaction pressure at the specified
temperature, MPa.

3. Results
3.1. Mole fraction of COy in capillary standards

Six capillary standards were prepared in the lab at room P-T condi-
tions (Table 1). Herein, the mgo, was calculated using equation (1)
which was found from 0.0732 to 0.7984.

3.2. Raman spectra at different P-T conditions

All the obtained Raman spectra of CO, and hexadecane show
imposed Raman peaks as presented in Fig. 4. As the increase of mole
fraction of CO; in hexadecane takes place, the total area of Raman peak
area of CO; increases compared to that of hexadecane. Besides, Raman
shifts (e.g., at 1275 and 1400 crn’l) move towards higher wavenumbers
as temperature and pressure increases. In addition, the shape of the
Raman peaks gradually becomes wider and flatter as temperature in-
creases from 25 to 200 °C (e.g., at 1300 and 1450 cm’l).

3.3. Measured Raman PAR and best fit

A total of 123 averaged PAR values of the capillary standards were
obtained at temperatures from 25 to 200 °C and pressures from 10 to 70
MPa, with the results (Supplementary Table S1) shown as PAR/mco, Vs.
temperature cross-plots in Fig. 5.

It shows that at a fixed CO3 solubility, the PAR/mc¢o, decreases as
temperature increases. Likewise, decline in PAR/mco, induced by
elevated temperature is more significant in capillary samples with
higher CO; solubilities. In contrast, the pressure seems to have a minor
impact on the PAR/m¢o, in most capillary samples (except sample No.2
with mgo, = 0.1822). Thus, the pressure was not considered a param-
eter in the best-fit polynomial as follows:

PAR/mco, = C1 + CoT + C3T? + C4XT + CsX + CeX? + C,X°(R* = 0.99)
(6)

where X is m¢o, and T is temperature in °C. The coefficients are listed in

Intensity (a.u.)

I ' [ |
1200 1250 1300

T
1350

T T

T T T
1400 1450 1500

Raman Shift (i)

Fig. 4. Typical Raman spectra of standards. 25 — 200 °C, 35 MPa, mCO; = 0.5255.
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Error bar: 16. Some error bars are within the size of the points.

Table 2
Coefficients of equation (6).
Coefficients

Cl 2.19E-01
c2 2.07E-04
C3 —6.70E-07
Cc4 —1.54E-03
C5 2.60E-01
C6 —3.89E-01
Cc7 1.76E + 00

Table 2.

3.4. Solubility of CO2 in hexadecane

Based on equation (6) and PAR measured at the saturated state of
CO; in hexadecane, its solubility was then calculated from 25 to 200 °C
and 1 to 15 MPa. The results obtained in this study (solid squares and
circles) as well as those calculated by the GA model (curves), are shown
as temperature vs. mco, cross-plot in Fig. 6., and listed in Table S2. It
shows that the solubility of CO, in hexadecane decreases with increasing
temperature while it increases with increasing pressure. At 1 MPa, the
mco, decreases by around 0.112 as temperature increases from 25 to
200 °C. However, the drop in solubility increases to around 0.371 at 15
MPa (Fig. 6). Furthermore, at 25 °C, increasing pressure from 1 to 15
MPa would cause the m¢o, to rise by around 0.706, whereas at 200 °C,
pressure increase from 1 to 15 MPa would cause the m¢o, to rise by
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Fig. 6. Cross-plot of mCO; in this study and GA model.
around 0.446 (Fig. 6).
4. Discussion
4.1. Error and uncertainty

The errors and uncertainties may originate from processing the
Raman signal and P-T controlling devices. In this study, the temperature
was controlled by a Linkam heating and cooling stage, with the tem-
perature uncertainty within + 0.5 °C. In addition, the fluctuation of
pressure during the experiments was + 0.2 MPa. According to the results
presented in Fig. 5, the pressure variation has no significant impact on
PAR/mCO; values; however, the effect of temperature is only significant
when the temperature span is large. Therefore, the uncertainties of P-T
conditions are considered negligible in this study. The Raman spectra
were recorded 3 to 14 times at each P-T condition, and the averaged
PAR/mCO; values were used for fitting and calculation, with a standard
deviation of less than 7 % and an average standard deviation of less than
1 %. In Fig. 5, most error bars are within the size of the data points. Thus,
the uncertainties in PAR/mCO; values are also considered insignificant
in this study’s fitted and calculated results, which makes us conclude
that the results are valid.

4.2. Comparison with the molecular simulations and GA model

As shown in Fig. 6, the calculated mgo, from the PAR measured by
Raman in this study closely aligns with those obtained from molecular
simulations and the GA model. There exists a few exceptions (data
points) at 15 MPa and 40 °C from molecular simulations, and two data
points at 100 °C and 120 °C at 1 MPa, which deviate from the GA model
by approximately 13 %. For the remaining data, discrepancies with the
GA model are less than 8 %, with over 70 % of the data exhibiting de-
viations of less than 2 % (Table S2). Therefore, the data presented in this
study are considered quite accurate. The solubility of CO; plays a pivotal
role in influencing hydrocarbon viscosity and its consequent swelling,
thereby enhancing mobility, relative permeability, and ultimately
facilitating improved hydrocarbon recovery. Employing molecular
modeling provides substantial insights into hydrocarbon recovery pro-
cesses within reservoirs and aids in elucidating the mechanisms behind
COy-induced hydrocarbon swelling.

While many molecular simulation studies often overlook the effects
of swelling and flexibility [51,66,74], this research addresses these as-
pects by defining the swelling factor as the volume ratio of COs-
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saturated hexadecane to that of pure hexadecane under identical con-
ditions [46,50]. As depicted in Fig. 7, the swelling factor of hexadecane
is positively correlated with pressure and inversely correlated with
temperature, a consequence of the augmented solubility of CO, at
elevated pressures and reduced temperatures. To further investigate the
increase in swelling with increasing pressure, the pore size distribution
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(PSD) was calculated by Poreblazer v.4 software [75] for pressures of 1,
5, and 15 MPa at different temperatures, both before and after CO5
solubility. As shown in Fig. 8, the PSD data support the observed
swelling, indicating that the hexadecane microstructure changes more
significantly with CO; solubility at higher pressures, leading to an in-
crease in accessible space. The study reports swelling factors in the range
of 1.01 and 1.47 at pressures from 1 to 15 MPa and temperatures be-
tween 40 °C and 200 °C (Fig. 7). In the temperature range of 150 to
200 °C, the temperature has minimal influence on the swelling factor,
with pressure being the primary factor driving the swelling. However, as
the temperature decreases, particularly at 40 °C, the swelling becomes
more pronounced at a given pressure, with this effect becoming more
substantial as pressure increases.

Moreover, when compared to octane [50], hexadecane demonstrates
a reduced swelling factor. Octane, possessing a shorter carbon chain
length (CgH;g), exhibits greater molecular flexibility than hexadecane
(C16H34). This flexibility allows octane molecules to more readily
incorporate CO, molecules, resulting in a more significant volumetric
expansion of the liquid phase.

Radial distribution functions (RDF) are crucial structural character-
istics that provide insights into atomic packing [56]. In molecular sim-
ulations, RDFs can be obtained based on atomic coordinates. Fig. 9
presents the RDF of CO, with different atoms of hexadecane molecules
at a pressure of 10 MPa at 100 °C and 200 °C. From Fig. 8a and 8b, we
observe sharp peaks at short distances. The sharpest peak occurs be-
tween the carbon atom in CO5 and the carbon atoms of hexadecane. The
RDF analysis shows that the carbon atom of CO5 interacts more strongly
with the carbon atoms in the methyl groups (CHs) than those in the
methylene groups (CHy) of hexadecane. This can be explained by the
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Fig. 8. Pore size distribution at 1, 5, and 15 MPa pressures at temperatures of (a) 40°C, (b) 100°C, (c) 150°C, and (d) 200°C.



X. Liu et al.

100 °C CO2)- C (CH3)

( (
C (CO2)- C (CH2)
( (
( (

CO2)- H (CH3)

CO2)- H (CH2)

0.0 T T T T T T
00 02 04 06 08 10 12

1.4
r (nm)
(c)
1.6
100 °C —— 0 (CO2)- C (CH3)
1.4 ——0(C02)- C (CH2)
—— 0 (CO2)- H (CH3)
1.2 ——— 0 (CO2)- H (CH2)
1.04
Sosd
()]
0.6
0.4
0.2

0.0 1 T T T T T
00 02 04 06 08 10 12

r (nm)

1.4

Chemical Engineering Journal 502 (2024) 157721

(b)
1.6
200 °C C (CO2)- C (CH3)
1.44 C (CO2)- C (CH2)
C (CO2)- H (CH3)
1.2 ——C(CO2)-H (CH2)
1.04
o8]
(o))
0.64
0.4
0.2

0.0 T T T T T
00 02 04 06 038 1.2

10 1.4
r (nm)
(d)
1.6
200 °C ——0(C02)- C (CH3)
1.4 ——0(C02)- C (CH2)
——0/(CO2)-H (CH3)
1.2 ——0(C0O2)-H (CH2)
1.0
o3
()]
0.6
0.4
0.2

0.0 f T T T T T
00 02 04 06 08 10 12

r (nm)

1.4

Fig. 9. Radial distribution function between the carbon atom of CO; and different atoms. of hexadecane at a pressure of 10 MPa at (a) 100 °C and (b) 200 °C, and
between the oxygen atom of CO and different atoms of hexadecane at (a) 100 °C and (b) 200 °C.

differences in their positions and electronic environments.

Methyl groups are located at the ends of the hexadecane molecule,
making them more accessible for interactions with CO,. They are less
crowded and easier for CO5 to reach than the methylene groups, which
are buried within the alkane chain. This accessibility allows COy to
interact more readily with the carbon atoms in CHs groups. Addition-
ally, the electron-donating nature of the methyl groups enhances their
ability to interact with COz. The linear structure of hexadecane means
that the methylene groups are less exposed, making them less available
for interaction with CO».

Furthermore, we observed oxygen peaks at a shorter distance than
carbon by comparing the RDF of carbon atoms in the methyl groups with
carbon and oxygen atoms in CO,. This specifies that linear CO2 mole-
cules adsorb perpendicular to the methyl groups.

4.3. Comparison with previous studies

Several studies have reported CO solubility in hexadecane at certain
P-T conditions. In Tanaka et al. [76] study, the mgo, at 40 °C and 3.103
MPa is 0.319, whereas the mco, at 40 °C and 3 MPa in this study is 0.352,
with a difference of 10.3 %. Breman et al. [77] reported the m¢o, of
0.1417 at 201.15 °C and 2.97 MPa, while in this study, the measured
value at 200 °C and 3 MPa is 0.1294, with the difference between —8.7
%. Sebastian et al. [78] reported the mgo, of 0.2575 at 189.9 °C and
5.01 MPa, whereas in this study at 5 MPa, the mco, is 0.2360 at 180 °C
and 0.2334 at 200 °C, respectively. Although the differences in tem-
perature are around 10 °C, the variations of mgp, are less than 10 %
(Table 3). Therefore, the COy solubility measured in this study is
considered acceptable, with a tolerance of around 10 % considering
molecular simulation results verified the experimental outcome as well.

Table 3
Comparison of CO, solubility in this study and previous studies.
Temperature Pressure mCO, Difference Reference
Q) (MPa) (%)
40 3.103 0.319 Tanaka et al.
[76]
40 3 0.352 10.3 This study
201.15 2.97445 0.1417 Breman et al.
[77]
200 3 0.1294 —-8.7 This study
189.9 5.01 0.2575 Sebastian et al.
[78]
180 5 0.2360 —8.4 This study
200 5 0.2334 -9.4 This study

4.4. Implications for CCS and EOR

COq-enhanced oil recovery is a major EOR method, except for ther-
mal and chemical EOR [79]. The injected CO, mixes with oil, decreases
oil’s viscosity, and moves through fractures to the production well by
expansion [22]. Oil production has shown an increase in light hydro-
carbon components after CO-EOR, consistent with what was discussed
above, which is that hexadecane has a smaller swelling factor than oc-
tane due to its longer chain length. However, this study implies that
when performing CO2-EOR, pressure is expected to increase while
temperature is suppressed to achieve higher CO5 solubility in hydro-
carbons. Moreover, Fig. 7 implies that rather than temperature, pressure
is much more important for increasing the swelling factor.

Also, the injection of CO3 has been shown to significantly change the
thermodynamic properties of crude oils, affecting their diffusion and
migration. To improve these processes, it’s crucial to understand how
CO4, diffuses in hexadecane under different temperature and pressure
conditions. For instance, the MSD of CO, in hexadecane was computed
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at 100 °C across a range of pressures and at 10 MPa over a range of
temperatures, as shown in Fig. 10a and b. In the long-time regime, the
molecular motion transitions to Brownian behavior, characterized by
the linear scaling of the MSD with time (MSD ~ t) [80]. In this study, this
transition to the Brownian motion regime occurs at approximately t = 1
ns. The increase in the slope of the MSD versus time interval curves with
rising pressure and temperature signifies an enhancement in the
mobility of CO5 within the hexadecane matrix under these conditions.
From the MSD data, we derived the self-diffusion coefficient and plotted
its dependence on pressure across different temperatures in Fig. 10c. The
findings indicate a clear dependence of the self-diffusion coefficient on
both temperature and pressure. Specifically, Fig. 10c reveals that the
CO, self-diffusion coefficients in hexadecane range from 10 to 10>
em?/s depending on temperature and pressure, consistent with previ-
ously reported values [46,47].

Furthermore, the data reveal that the effect of temperature on COy
self-diffusion is more pronounced than pressure within the studied
range. Beyond a pressure of 5 MPa, additional pressure increments do
not significantly affect the self-diffusion coefficient, suggesting a satu-
ration effect at higher pressures. This finding underscores the predom-
inant influence of temperature in regulating the diffusion properties
within the conditions explored in this study. In addition, a comparative
analysis between decane (C;() and eicosane (Cqq) [47] reveals that the
self-diffusion coefficient of CO5 in hexadecane (Ci¢) falls between the
values observed for the lighter and heavier alkanes. This trend indicates
that CO, mobility decreases as the alkane’s molecular weight increases.
The reduction in CO; diffusivity with increasing alkane chain length is
likely due to the enhanced molecular interactions and increased vis-
cosity associated with longer carbon chains, which restrict the diffusion
pathways of CO2 molecules.

Ultimately, in this study we compared MS and experimental results
with those obtained from a predictive model which showed a good
agreement overall. As a result, considering thet fact that artificial

intelligence (AI) or machine learning (ML) has increasingly gained
popularity in dealing with CCS and EOR engineering problems [81-86],
researchers should take advantage of generating large amount of data
from simulation studies that have overlap in certain PT condition with
the experiments and try to predict behavior of gas-hydrocarbon mixture
systems. Finally, the results of this study and similar ones can be used to
train Al or ML models to more accurately predict CO5 behavior during
the EOR of heavy oil reservoirs at various temperature and pressure
conditions.

5. Conclusions

This study introduced an in-situ Raman spectroscopy method to
quantify CO; solubility in hexadecane. Using standard capillary sam-
ples, we assessed the COs-saturated hexadecane across a temperature
range of 25 to 200 °C and a pressure range of 1 to 15 MPa. Our findings
indicate that the mole fraction of CO, in hexadecane decreases with
increasing temperature and increases with increasing pressure. The re-
sults are comparable with molecular simulations, previously published
CO3 solubility data, and the GA model, denoting Raman spectroscopy is
suitable for analyzing the behavior of the COj-hexadecane mixture,
which subsequently can support a better understanding of COs-
enhanced oil recovery. Furthermore, molecular simulations revealed
swelling factors between 1.01 and 1.47 at pressures from 1 to 15 MPa
and temperatures between 40 °C and 200 °C. Additionally, the study
revealed that increased pressure and temperature would enhance the
diffusion of CO, within alkane molecules; however, the impact of
pressure on the diffusion process remains relatively limited. RDF results
show that CO; interacts more strongly with the carbon atoms in the
methyl groups (CHs3) than those in the methylene groups (CHs) of hex-
adecane due to their greater accessibility for interactions with CO,.
These results underscore the necessity of accounting for volumetric
changes in solubility calculations to enhance the accuracy of predictive
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models in similar systems. Finally, experimental results accompanied by
molecular modeling can be used in training Al and ML models to
improve the accuracy of predicting CO, behavior in heavy oils under-
ground at various temperature and pressure conditions.
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