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ARTICLE INFO ABSTRACT
Keywords: Carbon dioxide (COy) storage in deep aquifers is a promising solution to mitigate anthropogenic CO, emissions.
Carbon dioxide storage CO;, solubility in brine results in a non-buoyant phase providing an effective trapping mechanism. However,

Diffusion coefficient measurement
CO, solubility in water
Pressure decay method
Convection-free system

experimental work and numerical simulation results have shown that this diffusion-driven mechanism is a
relatively slow process. Accurate determination of CO; diffusion coefficient is, therefore, essential. The pressure
decay method is a widely employed technique for measuring diffusion coefficients of gases in bulk liquids or
porous media. It involves introducing a volume of gas on top of the liquid in a closed system and monitoring the
pressure decay over time. While the method is generally simple and accurate, artifacts from natural convection
can significantly influence the measured diffusion for liquids that exhibit an increase in density due to gas
dissolution. This work presents an improved experimental approach for measuring CO; diffusion coefficients in
water in a convection-fee system. Our setup consisted of single open-ended borosilicate capillary tubes filled with
water inside a high-pressure vessel filled with CO, gas. The water-filled capillary tubes were placed with their
open ends facing down. This configuration exhibits bottom-top diffusion leading to gravity-stable CO; diffusion
in water free of gravity-induced convection and viscous fingering. The effects of pressure and salinity variations
confirm the agreement between our results and values reported in the literature. We also performed additional
analysis to determine the effective diffusion coefficient of CO; in a porous medium. The proposed technique can
be used to measure the diffusion coefficients for other gas-liquid systems.

Emami-Meybodi et al., 2015). This density difference leads to positive
buoyancy for scCO5, which results in gravity segregation and free-phase
CO4, cap formation in the upper part of the structure. Buoyant forces and
injection pressure enhance the CO, upward movement, giving rise to a
potential risk of leakage (Koide et al., 1992).

As the injected CO5 column spreads and migrates upwards and
laterally, part of the gas dissolves into the brine at the COj-brine
interface. This results in a secure CO; trapping mechanism via a disso-
lution process referred to as solubility trapping (Addassi et al., 2022;
Bachu and Adams, 2003; Oelkers et al., 2022; Spycher et al., 2003). CO2
dissolution into the formation brine leads to some pressure decay in the
free-phase COy, further lessening the risk of leakage. Density variations
due to CO4 dissolution have been reported to be 2 to 3 % heavier than

1. Introduction

There is a general consensus in the scientific community that global
warming and climate change are being caused by anthropogenic emis-
sions of carbon dioxide (CO2) and other greenhouse gases worldwide.
Among possible storage options, a viable alternative is offered by saline
aquifers (Lackner, 2003), which are geological formations comprising
permeable rocks saturated with brine. Saline aquifers provide large
storage capacities (see Table 1) without impacting drinking or irrigation
water resources (Firoozabadi and Myint, 2010). Previous studies suggest
the best option is the injection of CO» in its supercritical phase (scCO3) at
the subsurface temperature and pressure conditions in deep saline

aquifers (between 800- and 3000 m depth). Under those conditions, pure water (Garcia, 2001) and 0.1 to 1 % heavier than brine solutions
5cCO, density varies between 266 and 766 kg /m3. and brine density (Pruess and Zhang, 2008). This density difference results in an unstable

varies between 945 and 1230 kg/m® (Adams and Bachu, 2002; boundary layer, starting an unstable density stratification and
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Nomenclature

c molar concentration of gas in the liquid

Cs concentration at the gas/liquid interface

D molecular diffusion coefficient of gas in water
H Henry’s constant

l height of the liquid column

M molar mass of gas molecules

m molal concentration

De gas pressure in the vessel

Di initial gas pressure of the vessel
R, universal gas constant
t time
T system temperature
Ve volume of gas
z distance away from the interface
VA gas compressibility factor
Special symbols
0 partial differential operator
A Difference operator
Subscripts
g value in the gas phase
s value under saturation condition
Table 1
Potential for subsurface CO, storage (Davison et al., 2001; Metz et al.,
2005).
Storage Option Global Capacity
(Gt CO3)
Depleted oil and gas fields 120-920
Deep saline reservoirs 100-10,000
Unmineable coal seams 3-200

eventually initiating Rayleigh-Bernard natural convection, also known
as convective mixing. That is, denser COy-saturated brine sinks down
from the interface due to gravity-driven convection while less dense
brine rises upwards (Jafari Raad et al., 2016; Jafari Raad and Hassan-
zadeh, 2016; MacMinn et al., 2011; Macminn et al., 2010; Mohammadi
et al., 2023; Yang et al., 2021). The gradual dissolution and spread of
CO;, into the brine column form a diffusive boundary layer that evolves
with time (Lindeberg and Wessel-Berg, 1997). Convective mixing can
significantly enhance the CO, dissolution rate. However, the spreading
of dissolved CO- into the brine column below the convective mixing
zone is a relatively slow process, limited by cross-phase molecular
diffusion (Hoteit, 2013; Hoteit and Firoozabadi, 2018, 2009).
Assessing the interplay of dissolution and diffusion and evaluating
the effective rate is paramount in calculating the transient effect of
solubility. Obtaining experimental data on CO; diffusion coefficient as
well as quantifying the effects of convection and diffusion mechanisms,
are necessary for designing, optimizing, and monitoring CCS projects
(Algahtani et al., 2023; Omar et al., 2021). Depending on the properties
of the host rock, the dissolution rate is controlled by either pure diffusion
(in tight host rocks with low permeability) or convection-assisted
diffusion. Experimental techniques for measuring molecular diffusion
coefficients of liquid-gas binary systems, commonly classified as direct
and indirect methods (Kantzas et al., 2022), have been extensively re-
ported in the literature. Direct methods involve physicochemical tech-
niques, where diffusion coefficients are estimated by compositional data
analysis from direct measurements of gas/liquid mixture composition
(Sigmund, 1976). They offer reliable results, isolating diffusion from
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external phenomena (e.g., convective mixing). However, direct methods
are usually more complex, expensive, time-consuming, and
system-intrusive (Ghasemi et al., 2016; Mehrotra et al., 1987; Nguyen
and Ali, 1998; Riazi and Whitson, 1993a; Sigmund, 1976). On the other
hand, indirect methods rely on measuring diffusion coefficients by
measuring other quantifiable parameters. There are two classes of in-
direct methods: (1) constant-volume methods (Ghasemi et al., 2016),
where the rate of gas pressure decay in a confined system is measured
and analyzed; (2) constant-pressure methods, in which gas pressure is
kept constant across the gas-liquid interface by continuously supplying
gas to the diffusion cell while the movement of gas-liquid interface and
rate of gas injection are recorded and analyzed. However, Ray-
leigh-Bénard instabilities occur in most indirect methods, which lead to
convective mixing and an accurate determination of molecular diffusion
coefficient becomes difficult (Erfani et al., 2020; Getling, 2012; Ghor-
ayeb and Firoozabadi, 2000). Various experimental techniques have
been attempted by previous researchers to prevent convective mixing,
including maintaining low system pressure and dividing the pressure
decay curve into unsteady and steady stages and assuming that the
steady stage is only governed by molecular diffusion (Ahmadi et al.,
2020; Zhang et al., 2015; Zhao et al., 2018). Nonetheless, convective
mixing remains a persistent aspect of the dissolution process since it
arises due to the interaction between water and CO; coming from above,
causing a denser layer of COz-saturated water to form atop a less dense
water layer, as previously discussed (Erfani, 2020). It is worth
mentioning that other existing methods are based on the utilization of
nuclear magnetic resonance (NMR) (Liger-Belair et al., 2003),
computer-assisted tomography (Eide et al., 2016; Trevisan et al., 2013),
and microfluidic devices (Khalifi, 2021).

Measurements of the CO, diffusion coefficient in brine and pure
water have been reported in the literature. Ratcliff and Holdcroft (1963)
provided data on the diffusion coefficient of CO5 at 25 °C and ~1 bar in
sodium chloride (NaCl) concentrations ranging between (0-4) molar.
They reported diffusion coefficient values within a range of (1.30-1.92)
x107° m?/s, later compared and validated using molecular dynamics
simulation (Huang, 2012). Correlation-based data on the diffusion co-
efficient of CO5 in both pure water and seawater at varying salinities
(0.6 and 1.2 molar) were presented by Al-Rawajfeh (2004), indicating a
range of (1.74, 1.62, and 1.48) x107° m%/s. Lu et al. (2013) utilized a
high-pressure capillary optical cell, placed horizontally to avoid con-
vection. They used quantitative Raman spectroscopy to measure dis-
solved carbon dioxide concentration in time and distance. Their
experiments were carried out over the range of —5 to 200 °C and 100 to
450 bar, with diffusion coefficient values ranging from 0.76x10~° to
16.1 x 10~° m?/s. They concluded that while higher temperatures lead
to higher diffusion coefficients, higher pressures lead to slightly lower
diffusion coefficients for temperatures lower than 120 °C. Sell et al.
(2013) measured the diffusion coefficient of CO; in fluorescently tagged
water/brine solutions in microfluidic devices, and an analytical model
was fitted to CO, concentration data obtained from fluorescence in-
tensity profiles. At a fixed temperature of 26 °C, reported diffusion co-
efficient values were 1.86x10~° m?/s for the pressure range of 5-50 bar,
and 0.6 x 107 to 1.8 x 10~ m?%/s for brine salinity range of 5 to 0 M,
respectively at 5 bar. They observed that increasing salinity slows down
the diffusion rate by up to three times, whereas pressure had no sig-
nificant effects. Cadogan et al. (2014) utilized Taylor dispersion analysis
to estimate the diffusion coefficient of CO; in pure water. They reported
diffusion coefficient values in the range of (2.2-12.2) x107° m?%/s at
temperature and pressure ranges of (25-150) °C and (140-500) bar.
Pressure variation was found to have a negligible effect on the diffusion
coefficient values estimation. Cadogan et al. (2015) measured the tracer
diffusion coefficient of magnetically labeled CO, utilizing pulse-field
gradient NMR techniques, initially introduced by Liger-Belair et al.
(2003). Diffusion coefficient values of CO5 in a variety of water and
brine solutions were estimated at a fixed temperature of 25 °C. Brine
solutions were prepared with different salts at different molalities: NaCl
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Fig. 1. Schematic diagram of the experimental setup: a gas cylinder, pump, pressure vessel, and data acquisition system that records the pressure and temperature of

the vessel.
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Fig. 2. Capillary tubes inside the high-pressure vessel, with their open ends facing down, filled with (a) bulk water/brine; and (b) water-saturated columns packed

with glass beads.

(1-5) molal, CaCl, (0.9-2) molal, Na;SO4 (1) molal, and mixed salts
(1.9) molal. Reported diffusion coefficient values ranged within
(1.25-2.13) x 10~? m%/s. Additionally, they pointed out that increasing
salinity concentrations reduces diffusion coefficient values.

This work introduces a novel pressure-decay-based experimental
approach to avoid density-driven convection mixing. Capillary tubes,
with only one open end, were placed inside the reactor, with the open
end facing downward, allowing the CO5 to be transported from the
lower to the upper (closed) side of the capillary tubes. A mathematical
model Yang et al. (2019) was utilized to estimate the diffusion coeffi-
cient values. Several experiments were performed for up to 500 h,
considering the effects of pressure and salinity. Estimated molecular
diffusion coefficient values were found to be in accordance with the ones
reported in the literature. Furthermore, the presented approach enables
the measurement of effective molecular diffusion in porous media sys-
tems. We illustrate this capability by studying glass bead systems and
measuring the impact of grain size on the effective molecular diffusion
of CO; in water.

2. Materials and methods
2.1. Pressure-Decay-Based experimental setup

Riazi (1996) introduced the pressure-decay method, in which the
diffusion coefficient of the gas in hydrocarbon systems was measured.

The experimental workflow of this technique consists of introducing a
known amount of gas phase into a fixed-volume vessel containing the
liquid phase. With time, part of the gas phase gets dissolved and diffuses
into the liquid phase, causing the system pressure to drop. The tem-
perature of the experimental setup is kept constant during the mass
transfer process, and the pressure is continuously recorded. The diffu-
sion coefficient is obtained from data-fitting the pressure data to an
appropriate mathematical model. This technique was extensively used
for gas-hydrocarbon systems (Saboorian-Jooybari, 2012; Sheikha et al.,
2006; Zhang et al., 2000) since convective mixing can be conveniently
neglected. However, despite its advantageous simplicity for laboratory
applications, it is not suitable for determining the diffusion coefficient of
CO, in water/brine systems because convective mixing cannot be
neglected due to density-driven instabilities (Erfani, 2020). To isolate
the natural convection phenomena during CO; dissolution, we modified
the experimental work of Riazi (1996). The schematic of the experi-
mental setup is presented in Fig. 1. Capillary tubes were then placed
within a high-pressure vessel (Series 4540, 600 mL, Parr Instrument
Company, USA) with their open ends facing down (see Fig. 2). Capillary
forces were responsible for retaining water within the capillary tubes. A
total of 62 in-house manufactured borosilicate capillary tubes (all with a
diameter of 4.2 mm and length of 10 cm) were utilized for two sets of
experiments. In the first set of experiments, capillary tubes were filled
with the bulk aqueous phase up to a height of 8 cm. In the second set of
experiments capillary tubes were filled with water-saturated columns
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Table 2
Experimental conditions and estimated values of diffusion coefficient.
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# Initial Pressure Grain Size
(bar) pm

[NaCl]
(mol/1)

Diffusion Coefficient A H
(x 107° mz/s) bar/[kg/m3]

Duration
(hours)

15 Bulk fluid 0
15

15

30

50

15 [45-90]
15 [200-300]
15 [425-560]

©®NU A WN -
[el=lNeNeNoNO NS

300 291 3.81 0.65
300 2.46 6.34 1.07
300 1.28 7.62 1.28
300 2.83 3.91 0.62
300 2.82 8.00 0.98
500 1.64 6.54 0.48
500 1.80 6.77 0.50
500 1.97 7.57 0.55
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Fig. 3. Pressure drop versus time under two different arrangements of capil-
lary tubes.

packed with glass beads with three different grain size ranges [45-90
um], [200-300 um], and [425-560 um], up to a height of 8 cm. Then, we
injected 100 ml of CO, gas into the vessel. Once the gas phase was
introduced, the gas started dissolving into the liquid. Placing the capil-
lary tubes with their open end facing down allowed the CO, mass
transport to occur from the lower (open) end to the upper (closed) end of
the capillary tubes (see Fig. 2). With a total volume of 93 ml of water, we
could obtain a clear pressure decay profile.

Deionized water used in this study was obtained from a direct water
purification system (Milli-Q, 8 1/h, Sigma Aldrich, USA) using a 0.22 ym
membrane filter (Millipak Express 40, Sigma Aldrich). Carbon dioxide
(99.995 % pure) was purchased from Air Liquide (Alphagaz line), and
sodium chloride (NaCl) was purchased from Fisher Chemical.

We used a high-pressure syringe pump (100DX, Teledyne ISCO Inc.,
USA) with a working pressure of up to 685 bar. The high-pressure vessel
had a maximum working pressure and temperature of 345 bar and
350 °C, respectively, which was also equipped with release valves, type J
thermocouple, a pressure transducer, and a pressure gauge. We also used
an expanded reactor controller (Series 4848B, Parr Instrument Com-
pany, USA) with available connections for pressure and temperature
inputs. It is also equipped with a packaged temperature control unit
(£2 °C system accuracy) within an operating temperature range of
0-800 °C.

2.2. Experimental workflow

The experimental workflow for each test consisted of the steps out-
lined below:

1. Deionized water, saline solutions, and glass beads were vacuumed
for at least 72 h prior to starting each test to remove any dissolved or
trapped air. Saline solutions were prepared by dissolving a calculated
amount of NaCl into deionized water.

2. Carbon dioxide was transferred from the gas cylinder to the syringe
pump and allowed to stand for at least 2 h before introducing it to the
high-pressure vessel to avoid drastic temperature changes.

3. Capillary tubes were gently filled with the aqueous phase up to a
height of 8 cm. In the case of columns with glass beads, we poured
small amounts of glass beads and water and placed the tube on a
shaker to ensure tight packing and cause any trapped air bubbles to
escape. Then, more glass beads and water were added, and the
procedure was repeated until the desired height of the porous me-
dium was reached. Thereafter, capillary tubes were gently placed
into the high-pressure vessel.

4. High-pressure vessel was carefully closed, tightened, and vacuumed
to remove the air as much as possible.

5. Carbon dioxide was transferred by the syringe pump to the high-
pressure vessel. Subsequently, the inlet and syringe pump valves
were closed, and the CO; source disconnected to prevent any addi-
tional gas from entering the system.

6. As the CO; dissolved into the aqueous phase, pressure and temper-
ature were continuously monitored and recorded for up to 500 h.

2.3. Determination of diffusion coefficients

Recorded pressure decay is utilized to determine the mass transfer of
CO; into the aqueous phase through dissolution and molecular diffusion.
General assumptions were made to describe the mass transfer process
within each capillary tube. We assume that temperature was constant
during each test since the effect of temperature variations of less than +
0.5 °C can be neglected. Water evaporation is disregarded, given the
negligible contribution of water vapor to the experimental pressure drop
(Greenwood and Earnshaw, 1997). Swelling effects are considered
negligible during the diffusion process, as they were observed to be less
than 2 % in COp-water/brine systems (Khalifi et al., 2020; Khan et al.,
2023). We assumed a constant diffusion of dissolved CO, since CO5 re-
mains low in each capillary tube under given experimental conditions. A
constant compressibility factor was assumed during the pressure decay
test, as less than 5 % variation in the compressibility factor is expected
(Azin et al., 2013). In addition, our experimental approach allows the
disregard of density-induced convection during the diffusion process,
and therefore dispersion is irrelevant. Thus, assuming one-dimensional
constant diffusion of dissolved COy within each capillary tube, it can
be described by Fick’s second law (Fick, 1855):

dc e
=P (€]
where c is the concentration of gas molecules in the aqueous phase
[ML™3]; t is time, [T]; 2 is the distance from the interface, [L]; D is the
diffusion coefficient of gas molecules, [L2T1].

Eq. (1) should be solved subject to initial and boundary conditions.
At the beginning of the pressure decay test, the water/brine contained in
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Fig. 4. Effect of salinity on value of diffusion coefficient.

the capillary tubes does not contain any CO5. Hence, the initial condition
is defined as:

c(z,0)] =0, Vze[0,]] (@)

The concentration of CO; in the water at the gas/liquid interface,
where the equilibrium between the two phases is established, is
considered the maximum available at the existing gas pressure:

c(z,0)],_g = [p()] V>0 3

The capillary tubes exhibit significant length in comparison to the
slow nature of the molecular diffusion process. It is reasonable to assume
that the concentration of CO, is negligible at the closed end of the
capillary tube, and that the experimental time is not enough to allow the
closed-end capillary tube to affect the rate of mass transfer between the
CO and the water. This is a valid assumption adopted and demonstrated
by previous researchers (Sheikha et al., 2006; Zarghami et al., 2017):

dc(z,1)
0z

=0 4

z=l

where [ is the height of the aqueous phase column, [L]; c; is the COy
concentration in the liquid at the gas/liquid interface, [ML~3]. Various
models have been suggested for relating c, to gas pressure pg (Riazi et al.,
1994; Riazi and Whitson, 1993b). One simple assumption is to assume
the gas/liquid interface to have the maximum solubility of CO, at the
prevailing gas pressure (Tharanivasan et al., 2004), which is assumed to
be prescribed by Henry’s law:

Cq :pg/MH 5)

where M is the molecular mass of gas, [MN_I] ; and H is Henry’s constant
for CO,, gas, [L2T~2]. The temporal change of gas pressure in the cell, Dy
[ML’lT’Z], is related to the rate of dissolution of gas into water (at the
gas-water interface), which in turn is equal to the diffusion mass flux at z
=0:

Ve dp,(t) — DA dc(z,1)
ZR,T dt P

(6)

z=0

where A is the total area of the gas-water interface, [L?], Vg is the gas
volume, [L3], Z is the gas compressibility factor, Ry is the gas constant,
[MLZT’ZK’l], T is the absolute temperature, [t]. This equation is subject
to the initial condition py(t)|¢ — o = pi.

The exact analytical solution of Eqgs. (1)-(6) was presented by Yang
et al. (2019), resulting in:

© 21 Da2i

Pg = Peq T Di Z R

. 7
2y e )

where p, is the final (equilibrium) gas pressure, and ayis the n'" non-zero
positive root of:

tan(a,) = —Aay, 8)

where A is defined by:
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Also, by combining the real gas law with mass conservation, and
assuming that the gas concentration in the liquid at equilibrium is
constant everywhere, we can show:

(51— Pe)Ve = Zec Vi, T

Lo Pg _ ViMH 1o
Pi — peq Vliqu[dZRgT

where Vjiguiq is the aqueous phase volume, [L3].

By fitting the infinite-series solution, presented in Eq. (7), to the
measured pressure decay data, we can estimate the corresponding
values of A and D. Knowing A, we can calculate the equilibrium gas
pressure p,q from Eq. (9), Henry’s constant from Eq. (10), and CO; sol-
ubility in water at a given equilibrium pressure from Eq. (5). The present
study considers a range of defined equilibrium pressures as a starting
point for estimating the values of A, from which D is calculated. When
calculated, these values correspond to the minimum squared norm-2 of
the residual. It is noteworthy that the squared 2-norm has been
computed for all experiments, affirming the minimal deviation of the
analytical solution from the experimental data. Appendix A describes
the approximation process of the estimated diffusion coefficients. Some
of these results are reported in Table 2. In this analysis, we present our
results based only on the first term of the infinite-series solution, pre-
sented in Eq. (11). In Appendix B, we investigate the sensitivity of
including more terms and show that the effect of using higher-order
terms is insignificant.
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Where a; is the first positive non-zero root of Eq. (8). This approxi-
mate equation is not valid for early times but gives a good representation
of the late-time solution. The equation presented above requires the
equilibrium pressure to determine the diffusion coefficient. Theoreti-
cally, the equilibrium pressure is achieved once the aqueous phase is
completely saturated with carbon dioxide. However, molecular diffu-
sion is a very slow process that may take months to reach equilibrium,
even at the laboratory scale (Tharanivasan et al., 2006).

3. Results and discussion

Eight sets of pressure-decay experiments were conducted at a con-
stant temperature of 20 °C for more than 300 h (see Table 2). We studied
the impact of salinity, pressure, and grain size on the diffusion coeffi-
cient. To test our experimental approach, we initially compared two
different arrangements: (1) open-end facing up and (2) open-end facing
down. As depicted in Fig. 3, the face-up configuration exhibits a much
faster pressure drop than the face-down configuration. As explained in
the Introduction, this is because in the faceup case, the CO, mass transfer
occurs downward, resulting in an enhanced dissolution process driven
by not only molecular diffusion but also natural convection (Erfani,
2020). This effect is clearly avoided when the open end is facing down.
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Fig. 6. Capillary tubes, with the open end facing downwards, filled with glass
beads and deionized water. Image was conveniently gray-scaled for visualiza-
tion purposes.

3.1. Effect of salinity and gas pressure on CO3 diffusion coefficient in bulk
water

As shown in Table 2, four experiments, with NaCl concentration
ranging from 0.0 to 5.0 M were performed. Experimental data, along
with the fitted curve, are shown in Fig. 4. As we used Eq. (11) for fitting
the data, we excluded the early-time data (those shown as red dots),
from the fitting procedure and fitted the remaining data (shown as blue
dots). The fitted curve is represented by a solid blue line. Estimated
diffusion coefficient values range from 2.91 x 10™° m%/s t0 1.28 x 10~°
m?'s, decreasing as salinity concentration increases. This is in line with
results found in previous studies (Belgodere et al., 2015).

The effect of gas pressure was taken into account by performing
experiments at three different pressures: 15, 30, and 50 bar as presented
in Fig. 5. Estimated diffusion coefficients range between 2.82 x 10~°
m?/s and 2.91 x 10~° m?%s. Clearly, the gas pressure did not have a
major impact on the value of the diffusion coefficient. This is consistent
with expectations and previous studies (Sell et al., 2013).

Although the current investigation was carried out at a temperature
of 20 °C, the methodology employed can be extended to higher tem-
peratures of up to 80 °C. It should be noted that beyond 80 °C, the
capillary tubes are unable to retain the aqueous phase.

3.2. Impact of grain size on the effective molecular diffusion in a porous
medium

Molecular diffusion of a solute in a liquid is known to be slower in a
porous medium than in a bulk liquid (Gao et al., 2019). This is mainly
due to: (1) a smaller cross-sectional area available for the diffusive mass
transport, and (2) a longer transport distance because of the porous
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medium tortuosity, defined as the ratio of the actual flow path to the
straight distance between the ends of the flow path (Bear, 2013). Fick’s
second law can still be applied to describe the CO, molecular diffusion in
porous media (Rezk et al., 2022). Fig. 6 depicts capillary tubes filled
with water-saturated glass beads to represent the porous medium. Fig. 7
shows the data and the fitted curves for the three experiments.

In order to account for the aforementioned effects, the previous
diffusion coefficient D should be corrected for the tortuosity t (dimen-
sionless), resulting in a smaller effective diffusion coefficient, D, as fol-
lows (Petersen, 1958; Ullman and Aller, 1982; van Brakel and Heertjes,
1974).

D, = 12)

TZ

The values of t2 > 1 imply that the species, during diffusion in the
interstitial fluid of a porous medium, follow a longer average path than
in the absence of the solid (Boudreau, 1996). Estimated effective diffu-
sion coefficient values resulted in 1.64x10~° m?/s for grain sizes raging
[45-90] um, 1.80x10~° m?/s for grain size raging [200-300] ym, and
1.97x10~° m%/s for grain size raging [425-560] um. The values of 12, in
the order of precedence, are 1.77, 1.62, and 1.48, which shows that
higher tortuosity values lead to lower effective diffusion coefficient
values (Barrande et al., 2007; Lanfrey et al., 2010).

Furthermore, we conducted a validation experiment to measure the
solubility of CO; in water at 20 °C. We used the pressure decay exper-
imental approach, which is illustrated in Fig. 1. We added deionized
water into a high-pressure vessel and then vacuumed the vessel to
evacuate any air presence. As we stirred the water at 400 rpm, carbon
dioxide was then transferred into the high-pressure vessel. We stopped
the experiment once the pressure stabilized. We recorded the initial and
final pressure readings to calculate the solubility of CO5 in water by
using Eq. (10). The calculated solubility value was 0.419 mol/kgHO.
The literature reports a value of 0.431 mol/kgH,0 for the solubility of
CO. in water (Lucile et al., 2012) at 25 °C and values. Also, the solubility
value of 0.432 mol/kgH20 at 20 °C, is obtained using commercial sim-
ulators. The experimental approach proposed in this study yielded a
calculated CO2 solubility in water of 0.428 mol/kgH20, which is
consistent with the solubility values mentioned earlier.

4. Conclusions

Our proposed experimental approach enables the determination of
CO-, diffusion coefficient values in water, under a variety of conditions,
by utilizing the conventional pressure decay method. This work exam-
ines the dissolution and diffusion process of carbon dioxide in pure
water and brine solutions, utilizing traditional pressure decay experi-
ments to determine the molecular diffusion coefficient at different salt
concentrations, pressures, and porous media, at a temperature of 20 °C.
We found that diffusion coefficient values (1) decreased with increasing
the salinity of the aqueous phase, (2) were not significantly affected by
pressure changes, and (3) increased with increasing the grain diameter
of the porous media. We present a new straightforward yet accurate
experimental workflow to determine diffusion coefficient values of CO4
in brine/water. In particular, we successfully eliminate density-driven
instabilities that result in natural convection, which would otherwise
lead to unrealistically large values of diffusion coefficient. Our experi-
mental results are in agreement with earlier studies. This method allows
us to determine not only the diffusion coefficient but also Henry’s co-
efficient. Furthermore, this experimental approach enables the potential
to perform specific reservoir-targeted tests, focusing on the relation of
diffusion processes with porous media characteristics, which is the focus
of our upcoming research.
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Mass transfer experiments frequently demand an extensive duration to achieve equilibrium pressure. We conducted our tests for a sufficiently
prolonged period to approach the final equilibrium pressure closely, allowing for sensitivity analysis around this final pressure. In our investigation,
we computed diffusion coefficients in the vicinity of the obtained final pressure, considering that the equilibrium pressure is expected to be lower than
the final pressure. These pressure values, considered individually as equilibrium pressure, were utilized as an initial value to estimate the values of A,
from which D is calculated. Among the obtained diffusion coefficient values, the one corresponding to the minimum squared 2-norm of the residual
between the experimental data and the values computed from the infinite-series solution was deemed the optimized value, as presented in Fig. Al.
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Fig. Al. Estimation of the diffusion coefficients by minimizing the squared 2-norm of the residual between the experimental data and the values computed from the
infinite-series solution.

Appendix B: Sensitivity of the infinite-series solution

The solution in Eq. (7) includes an infinity series which depends on the infinite solutions, A, of tan(a,) + Aa, = 0. We calculated the solutions, 2,
with the bisection method, which was found to be more robust than other higher-order methods (such as the Newton-Raphson method), especially
when n increases beyond 10, where the nonlinearity of the system increases.

To investigate the sensitivity of the infinite series on the solution, we calculated the pressure solution by considering different numbers of terms in
the series. To compare the performance of using different numbers of terms of the infinite-series solution, we considered our base-case experimental
dataset, pressure-decay in deionized water. We then fit the data using the first, second, and twenty-fifth terms of the series. Fig. B1 shows the
experimental data with the matching solutions. The turquoise dots correspond to the experimental data, and the curves correspond to the fitted series
solutions. The blue curve corresponds to the solution with the first term only of the series, the magenta curve corresponds to using the first two terms of
the series, and the black curve corresponds to using 25 terms. We find that the first term of the series provides a reasonable fit for the late-time solution.
However, using more terms of the series results in a better representation of the early times. Estimated diffusion coefficient values are not significantly
impacted if more than one term is used. All data and source code are provided in (Hoteit, 2023).
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Fig. B1. Matching experimental pressure-decay data using 1, 2, and 25 terms of the infinite-series solution, showing that the higher-order terms only impact the early
time of the pressure decay, but they don’t affect the overall match of the data at later times.
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