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Abstract

The assessment of gas diffusion in water-saturated rocks is essential for quantifying gas
loss and determining the amount of gas that could trigger abiotic and biotic processes,
potentially altering fluid and rock properties. Additionally, estimating diffusion coeffi-
cients is critical for evaluating the balance between hydrogen generation and dissipation
in radioactive waste repositories. This investigation involved experimental determination
of diffusion coefficients for various gases both in water and in water-saturated Bentheim,
Oberkirchner, Grey Weser, and Red Weser sandstones. Experimental conditions included
pressures ranging from 0.2 to 1.0 MPa, consistently maintained at a temperature of 35 °C.
The diffusion coefficients of hydrogen, helium, and methane in water were determined
to be 6.7-10°, 9.6:107, and 2.8-10~° m?s, respectively, consistent with literature val-
ues obtained through gas concentration measurements without pressure gradients. How-
ever, the diffusivity of carbon dioxide and argon in water was measured at 10.9-10~ and
44.6-10” m?s, significantly exceeding their corresponding literature values by an order
of magnitude. This discrepancy is attributed to the significant solubility of these gases in
water, resulting in density-driven convection as the primary transport mechanism. Further-
more, the effective diffusion coefficients for hydrogen within the analyzed rock specimens
varied from 0.8-107 to 2.9-10™° m?%/s, which are higher than those for methane and car-
bon dioxide, both ranging from 0.3-107 to 0.9-10™ m?%s. This yielded diffusive tortuosity
values ranging from 2.6 to 8.2. The observed effective diffusivity values were positively
correlated with porosity, permeability, and mean pore size, while exhibiting a negative cor-
relation with tortuosity. Given that the gas—liquid mass transfer coefficient is directly pro-
portional to the effective gas diffusivity in water, the determined values for H, are essential
for studying the impact of pore characteristics on microbial activity.

Highlights

e H,, CH,, and CO, effective diffusivities were measured on reservoir analogues.
e Effective diffusivities correlate with porosity, permeability, and mean pore size.
e Pressure decay reliability was proven by replicating H, and CH, diffusivity in water.
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1 Introduction

Molecular diffusion plays a crucial role in assessing the potential risks or benefits asso-
ciated with solute transfer through caprocks, reservoir rocks, and wellbore cements dur-
ing underground storage of natural gas, CO,, and H, in water-saturated porous formations
(Charlet et al. 2017; Hanson et al. 2022; Hubao et al. 2024). Moreover, evaluating the dif-
fusion process is essential for ensuring the safe disposal of radioactive waste in geological
host rocks (clay formations) or engineered barriers (Jacops et al. 2020).

During the gas storage phase, once the injected gas reaches pressure equilibrium within
the reservoir, diffusion is the primary mode of gas transport within reservoirs, highlight-
ing its critical role in ensuring effective gas storage (Jacops et al. 2020; Song and Zhang
2013). Gas molecules are recognized to diffuse through the water-filled pore space of cap
rocks, but the rates of this process remain controversial (Krooss et al. 1988; Wollenweber
et al. 2009). Investigating the diffusive loss through caprock is essential for assessing its
integrity during prolonged subsurface gas storage (Michelsen et al. 2022). In addition, gas
dissolution and diffusion in the underlying aquifers may pose challenges for the storage
of natural gas and H,, resulting in a gas loss and a reduction in deliverability (Reitenbach
et al. 2015). Notably, the higher diffusivity of H, compared to CH, can increase gas loss
into the formation water of the cap rock or adjacent aquifer (Carden and Paterson 1979;
Krooss 2008).

However, the primary impact of gas diffusion through pore fluids in caprock, reservoir
rock, or wellbore cement—particularly in the context of H, and CO,, storage—is the initia-
tion of biochemical and geochemical reactions with substantial consequences. Specifically,
mineral dissolution within caprock and wellbore cement can create migration pathways,
potentially compromising the integrity of the storage system (Aftab et al. 2023; Fleury et al.
2009; Wigand et al. 2009; Zivar et al. 2021). The primary concern with wellbore cement is
that fluid—rock interactions may lead to leakage along the rock—cement and casing—cement
interfaces (Gherardi et al. 2012; Labus and Wertz 2017). In reservoir rocks, mineral dis-
solution or precipitation can alter transport and storage as well as mechanical properties
(Dabbaghi et al. 2024; Muller et al. 2024). In the case of CO, storage, water—-rock interac-
tions primarily result from chemical changes in the brine, such as a reduction in pH due to
CO, dissolution (Jun et al. 2013). For underground hydrogen storage (UHS), abiotic reac-
tions occur as hydrogen interacts with dissolved ions, such as sulfate in formation water, or
with minerals in the rock matrix, including iron-, sulfur-, and carbonate-bearing minerals
(Berta et al. 2018; Hassanpouryouzband et al. 2022; Reitenbach et al. 2015). Furthermore,
biotic reactions can lead to the permanent conversion of hydrogen into other products,
including methane, hydrogen sulfide, and acetic acid (Dopffel et al. 2021; Heinemann et al.
2021). Biotic processes are particularly likely within reservoir rocks, as most microorgan-
isms have cell sizes around 2 pm (Volland et al. 2022). Furthermore, small microorganisms
with cell volumes below 0.1 pm? (corresponding to a cell size of approximately 0.6 pm,
assuming a spherical shape) are often present in aqueous environments (Lauro et al. 2009),
indicating that microbial activity could also drive reactions within caprocks, with the
majority of pores smaller than 2 ym.
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Moreover, hydrogen is generated near radioactive waste repositories through corrosion
and radiolysis mechanisms. It partially dissolves in the formation water and dissipates from
the repositories by diffusion (Harrington et al. 2012; Ortiz et al. 2002). However, if the gas
generation rate exceeds the diffusive flux, a gas pressure buildup and subsequent capil-
lary breakthrough could ultimately compromise the host rock’s barrier function (Amann-
Hildenbrand et al. 2015; Jacops 2018). Numerous studies have extensively examined dif-
fusion coefficients of various gases, including CH,, CO,, and hydrocarbons in liquid or
liquid-saturated rocks (Krooss and Schaefer 1987; Pomeroy et al. 1933; Riazi 1996; Upreti
and Mehrotra 2000; Zarghami et al. 2017). These investigations have primarily been con-
ducted in the context of underground natural gas storage, CO, sequestration, or enhanced
oil recovery. Research on effective H, diffusivity is still limited, with only a few experi-
mental attempts carried out on liquid-saturated rocks. For instance, the effective H, diffu-
sivity was assessed in water-saturated samples of Bentheim sandstone, Werra rock salt, and
Opalinus Clay, yielding values in the order of 10 m?%s (Strauch et al. 2023). Jacops et al.
(2015) performed a study to evaluate the H, diffusivity in water-saturated Boom Clay, with
the aim of achieving a comprehensive understanding of the balance between gas generation
and gas dissipation during the disposal of radioactive waste. The measured values for sam-
ples aligned parallel to the bedding were higher than those perpendicular to the bedding,
both quantified in the order of 107! m%s. In another experimental study, Michelsen et al.
(2022) quantified H, diffusivity in water-saturated rock specimens to assess the potential
for H, loss through cap rocks during UHS. The determined effective diffusivities were in
the order of 107! m%s. Despite these efforts, systematic studies on diffusion coefficients of
different gases in liquid or through various rocks with varying petrophysical properties are
still limited. Jacops et al. (2017) determined diffusion coefficients of dissolved gases of dif-
ferently sized molecules (He, Ne, H,, Ar, CH,, C,H,, and Xe) in water and water-saturated
clayey and silty Boom Clay. The study investigated the influence of the molecular size of
the diffusing species, anisotropy, and pore network geometry on diffusive transport. The
diffusion coefficients, in both water and Boom Clay, were found to be inversely related to
the kinetic diameter of gases. Furthermore, the study observed that variations in grain size,
which significantly affect hydraulic conductivity, resulted in only minor changes in the dif-
fusion coefficients.

In the experimental studies addressing gas diffusivity, the amount of gas that diffuses
into liquid is determined by either direct or indirect techniques. Direct methods measure
the diffusion coefficient by analyzing changes in the composition of the diffusing spe-
cies along the length of the sample over time, providing a spatial gradient of concentra-
tion (Ratnakar and Dindoruk 2015; Schmidt 1989). Direct diffusion experiments can
be performed in various ways. One approach involves gas transport through a water-
saturated rock, with gas concentrations measured in the aqueous phase (Hanebeck 1995;
Jacops et al. 2013; Schlomer and Krooss 1997). In another approach, gas reservoirs are
in direct contact with the water-saturated rock, and concentrations are measured directly
from the gas phase using gas chromatography (GC), mass spectrometry (MS) (Hogeweg
et al. 2024; Michelsen et al. 2023) or a hydrogen sensor (Strauch et al. 2023). These
different approaches may lead to discrepancies in the measured diffusion coefficients.
Strauch et al. (2023) determined the hydrogen diffusivity in Opalinus Clay under in situ
saturation using the latter approach, finding value 1-2 orders of magnitude higher than
those obtained by (Krooss 2008) and (Jacops et al. 2017) through the former approach.
This discrepancy can be attributed to the use of gaseous hydrogen instead of dissolved
hydrogen, potentially leading to partial drying of the pore system. However, these tech-
niques tend to be expensive and time-consuming as they require compositional analysis
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using techniques such as mass spectrometry or chromatography. In contrast, indirect
techniques measure changes in physical properties of the gas—liquid system rather than
gas concentration (Riazi 1996). Indirect techniques typically rely on measuring various
physical properties such as gas pressure (Ratnakar and Dindoruk 2015; Schmidt 1989;
Upreti and Mehrotra 2002), volume of dissolved gas (Jamialahmadi et al. 2006; Renner
1988), interface velocity (Das and Butler 1996; Grogan et al. 1988), or magnetic field
strength (Wen and Kantzas 2005). The most popular indirect technique is measuring
pressure decay within a constant volume cell at a constant temperature. This technique
provides a temporal evolution of gas pressure as gas dissolves in a liquid in a closed
system. This evolution is then converted to the amount of diffused species using the
equation of state for real gas and subsequently a suitable diffusion model is applied to
determine the gas diffusion coefficient.

Several researchers have employed the pressure decay method to investigate gas dif-
fusion in liquid-saturated porous media (Gao et al. 2019; Li et al. 2016, 2006; Lv et al.
2019). In the experiments carried out by Gao et al. (2019), the diffusivity of CO, in oil-
saturated pore space was determined in the direction parallel to the symmetry axis of
the cylindrical test samples (i.e., axial direction). They developed a mathematical model
that incorporates both porosity and tortuosity to evaluate CO, diffusivity based on pres-
sure recording. The study investigated four different types of artificial rocks with vary-
ing permeability values under pressure and temperature conditions ranging from 15 to
30 MPa and 20 to 80 °C, respectively. The results indicated that the model could accu-
rately predict the pressure data and CO, diffusivity. Furthermore, it has been shown that
the measured effective diffusivities correlate positively with permeability and inversely
with tortuosity. Li et al. (2006) suggested an experimental method and derived a math-
ematical model to measure the diffusion coefficient of CO, in brine-saturated Berea and
Bentheim rock specimens within a pressure range of 2.4-7.3 MPa. Their experimental
approach involved sealing the two end faces of the core and allowing gas to diffuse
solely in radial direction. This design increases the diffusion area and enables a larger
volume of gas to transfer per time interval, resulting in more representative measure-
ments. The mathematical model predicted the experimentally recorded pressure drop
over time with good agreement. However, no correlation has been found for effective
diffusivities and other petrophysical properties.

This study aims to address the knowledge gap concerning the diffusion coefficients of
various gases, particularly hydrogen, in water-saturated rocks using the pressure decay
technique. Experiments were conducted on four porous sandstones from Lower Cre-
taceous (Bentheim and Oberkirchner) and Triassic (Grey and Red Weser) formations,
which are reservoir analogues for underground gas storage. Furthermore, the study dem-
onstrates the effectiveness of the pressure decay technique in determining the diffusion
coefficients of various gases in both water and water-saturated rocks.

2 Theoretical Background
2.1 Mathematical Model to Determine the Diffusion Coefficient in Water

The analytical model for determining the gas diffusion coefficient in water, as proposed
by Ratnakar and Dindoruk (2015), is as follows:
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Here, subscripts oo and 0 denote the equilibrium and initial conditions for gas density
[kg/m?], respectively, f is the rate coefficient of pressure decay representing the driving
force behind the dissolution process [kg/m?], and y refers to the exponent factor indicating
the rate of pressure decay at late times [1/s]. The other parameters include H,, represent-
ing Henry’s constant at a constant temperature [—], a, the volume ratio of the liquid phase
to gas phase, A;, the height of water in the diffusion cell [m], and D, the gas diffusion coef-
ficient [m%/s], and A, can be approximated by the following equation:

A= % + %aHCC with aH,, < 1 2

The assumptions and derivation process are explained in detail in Appendix A.1

2.2 Mathematical Model to Determine the Effective Diffusion Coefficient
in Water-Saturated Rock

According to Li et al. (2006), the effective gas diffusion coefficient in water-saturated rocks
during radial gas diffusion can be calculated using the following equation:

ZRTN_, o 4
APg = v <1 - Z 5 EXP (—Deﬁ-arzlt)) 3)
n

g n=1 &

where AP, refers to the pressure drop [Pa] at time 7 [s], V, denotes the gas phase volume
(i.e., the sum of the reference cell and the diffusion volumes, excluding the bulk volume
of the rock specimen) [m?], Z is the gas compressibility, R is the universal gas constant
[8.314 J/(mol-K)], T is temperature [K], N, is the maximum amount of gas that will even-
tually diffuse into water [mol], D4 is the effective diffusion coefficient [m?/s], and @, are
the positive roots of the first kind of Bessel function of zero order as follows:

Jo(ra,) =0 )

Li et al. (2006) approximated Eq. 3 as a linear relationship between AP, and \/; with
the slope of k,, providing an initial estimate for D

AP, =k V1 5)
with

4ZRTN,, [Dy
ky = ——=2q /=

(6)

rV, T

Appendix A.2 provides a detailed explanation of the assumptions and derivation
process.

The effective gas diffusion coefficient in a water-saturated rock is a function of the cor-
responding gas diffusivity in water and the restrictive effects of the microstructure. These
effects are attributed to porosity (&), tortuosity (), and constrictivity (6). Porosity represents

@ Springer



12 Page6of35 S. Khajooie et al.

the reduction in available surface area for diffusion, tortuosity describes the deviation of diffu-
sion pathways from a straight pathway, and constrictivity introduces transport resistance that
inversely relates to the width of bottlenecks. Constrictivity depends on the ratio of the diffus-
ing molecular diameter to the pore diameter. Thus, the relationship between the effective dif-
fusivity and its corresponding value in water is expressed as follows (Grathwohl 1998):

Dy = D@6/t (7)

Constrictivity becomes relevant when the size of the species approaches that of the pore
(Shen and Chen 2007); however, for pores larger than 1 nm, its value is approximately
1 (Grathwohl 1998). In addition, in most experimental studies, its effect was implicitly
included in tortuosity due to the lack of a suitable measurement techniques (Holzer et al.
2013). Furthermore, the diffusive flux in porous media is expressed in two ways in the lit-
erature (Bear 1972; Cussler 1997; Krooss et al. 1992; Liu et al. 2012). It can be determined
by measuring gas concentration gradients either within the bulk volume (C,) or within the
pore volume (C). The diffusion coefficients obtained from these approaches are related as
follow (Li et al. 2006):

Dy = @D} (8)

where D represents the diffusion coefficient determined based on C,, while Dg [ corre-
sponds to the diffusion coefficient derived from C. Since porosity is already accounted for
in the definition of D, Eq. 7 is simplified as follows, assuming a constrictivity factor 1 (Li
et al. 2006):

Dy =D/ )

3 Materials and Methods
3.1 Samples

This study investigated core samples obtained from four distinct sandstone formations,
chosen as analogs for underground gas storage reservoirs, characterized by a wide range
of permeabilities from 1072 t0 1077 m? (Arekhov et al. 2023; Nolte et al. 2021; Peksa
et al. 2015). Cylindrical plugs (diameter ~ 14.85 mm; length ~34.8 mm) were drilled from
outcrop blocks. The sandstone formations investigated include the Lower Cretaceous (Val-
anginian) Bentheim sandstone from the westernmost Lower Saxony Basin, Germany, the
Triassic (Olenekian) Grey (GWS) and Red Weser sandstone (RWS) from the Lower Sol-
ling Formation of the Reinhardswald Basin, Germany, and the Lower Cretaceous (Ber-
riasian) Oberkirchner (OBK) sandstone from the Lower Saxony Basin, Germany. Compre-
hensive descriptions of these rock specimens are documented in Khajooie et al. (2024b).

3.2 Experimental Setup and Procedure
3.2.1 Setup

Gas diffusion coefficients in water and water-saturated rocks were determined in two
similar setups: one with three high-pressure diffusion cells (Fig. 1) and another with a
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single cell. Each cylindrical diffusion cell (V,,=19.5 to 27.7 mL) was equipped with
a welded Keller pressure transducer with a precision of +0.1 kPa (£0.01% of the full
scale range: 1.0 MPa) and a capillary connected to a multi-positioning selector valve
(Valco). The diffusion cells were sealed with stainless steel porous filters (FITOK Snub-
ber gasket with silver coating for additional sealing) and intermittently linked to the
selector valve ports, with a port in between for a closed position. The selector valve was
also connected to a reference cell (V,;=83.9 mL), which ensured that the pressurized
gas reached the equilibrium temperature before expansion to the diffusion cells. Valves
1 and 2 were installed before the reference cell to connect the system to different gas
bottles (He, H,, Ar, CO,, and CH,) for pressurizing, or a vacuum pump for evacuation.
In our setup, O-rings were deliberately excluded to prevent any interaction between gas
molecules and rubber or FKM (Viton) seals, which could cause swelling. The entire sys-
tem was placed in an oven, and the temperature was maintained at 35+0.1 °C (Fig. 1).
The temperatures of the diffusion cells and the reference cell were measured using their
corresponding transducers directly connected to them. Prior to diffusion measurements,
a leak test with helium was performed on all reference and diffusion cells at a pressure
of 1.0 MPa with recorded leak rates ranging from 0.001 to 0.01 kPa/h. The pressure
stability of the system revealed that temperature fluctuations had a negligible effect on
the pressure within 0.1 kPa for a period of 10 h. Furthermore, the volume calibration
of reference and diffusion cells as well as their corresponding pressure transducers and
capillaries was performed by the expansion of helium into the system from a known vol-
ume. The maximum pressure applied for calibration was 1.0 MPa, and the coefficient of
variations of the measured volumes ranged from 0.08 to 0.46%. The blank experiments
(detailed in Appendix A3) were conducted on all cells with helium to establish the base-
line for pressure transducer recordings.

-
T = const.

I
YT

Fig.1 Experimental setup for measuring gas diffusion in water and water-saturated rock specimens using
the pressure decay method. The top and bottom end faces of the rock specimens were sealed with epoxy
resin (yellow color) to enable gas diffusion exclusively in the radial direction (as denoted by the horizontal
arrows) through the porous column. Gas diffusion tests in water were conducted vertically (as indicated by
the vertical arrows), from top to bottom
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3.2.2 Deionized Degassed Water

The water used in the diffusion experiments was deionized and degassed. Degassing
was achieved by evacuating the water samples in a desiccator for 24 h.

3.2.3 Gas Diffusion Experiments in Water

To measure the diffusion coefficient of gases in water, approximately 10 mL of water
was added to each cell. Then, the reference cell and a diffusion cell, along with their
respective capillaries and pressure transducers, were evacuated. Subsequently, the refer-
ence cell was pressurized with either H,, He, CH,, Ar, or CO, to a desired pressure and
allowed to temperature-equilibrate for 2 h. The respective gas was then expanded into
the diffusion cell, after which the cell was closed. Next, the pressure decay within the
cell was continuously monitored. Similar procedures were repeated to conduct diffusion
experiments in other cells. The diffusivities of all aforementioned gases in water were
measured at 1.0 MPa.

3.2.4 Setup Validation

The validation of the setup was assessed by conducting repeatability tests with H, and
CH, in water, each in a separate diffusion cell at 0.5 and 0.2 MPa, respectively. Further-
more, setup independency was tested by parallel measurements in different cells using
the same gas and maintaining consistent boundary conditions. Hereby, CH, diffusivities
in water were determined simultaneously in four cells at a pressure of 1.0 MPa. These
findings were compared with corresponding values reported in the literature under simi-
lar boundary conditions. Furthermore, a repeatability test was conducted on the water-
saturated Bentheim rock specimen to determine the effective diffusivity of H, at a pres-
sure of 1.0 MPa. The procedures for these experiments are detailed in Chapter 3.2.5.

3.2.5 Gas Diffusion Experiments in Water-Saturated Rock Specimens

The rock specimens were prepared for experiments by sealing their two end faces using
epoxy resin (Araldite XW396), allowing it to solidify over a 24-h period. The dry rock
specimens were weighed and immersed in water within an evacuated desiccator to
achieve full saturation. To verify full saturation, the weight difference before and after
saturation was compared to the pore volumes measured using He-pycnometry and water
immersion porosimetry techniques. Upon completion of the preparation process, the sat-
urated rock specimens were positioned within the cells, and the diffusion experiments
were carried out following the procedures detailed in Chapter 3.2.3. These experiments
were conducted under a pressure of 1.0 MPa to ascertain the diffusivity of H,, CH,, and
CO, within individual water-saturated rock specimens.

3.3 Pore Volume Measurement

The pore volume of cylindrical rock specimens was determined through He-pycnometry
and water immersion porosimetry methods. These techniques are well-documented in
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the literature, offering comprehensive explanations of the equipment and methodology
employed (Gaus et al. 2019; Hu et al. 2021).

4 Results and Discussion
4.1 Determination of Gas Diffusion Coefficients in Water

The measured pressures during a CH, diffusion test in water (P=1.0 MPa; T=35 °C) were
evaluated with the mathematical model outlined in Chapter 2.1 to determine the diffusion
coefficient. Gas densities were calculated from the recorded pressures and temperatures
using the GERG-2008 equation of state (Kunz and Wagner 2012) and subsequently plot-
ted against time (Fig. 2a). As the experiment continued until pressure equilibrium was
reached, the final equilibrated density (p,.,) Was obtained by averaging the density read-
ings at this phase (after 200 h), resulting in a value of 6.084 kg/m>. To linearize the data,
In(p,(f) = pyo, ) Was plotted against time, facilitating the preliminary determination of y
and f, which were found to be 0.022 1/h and 0.192 (exp(— 1.65)) kg/m3, respectively, as
derived from the slope and intercept (Fig. 2b). These parameters were subsequently fine-
tuned employing an optimization algorithm to align the model with experimental observa-
tions. The optimized values for y and § were determined to be 0.021 1/h and 0.188 kg/m?,
respectively. Ultimately, the gas diffusion coefficient was determined using Eq. 1, by with
7, A, (1.6) and h; (0.033 m) known, resulting in a value of 2.59-107° m?s.

4.2 Determination of Gas Diffusion Coefficients in Water-Saturated Rock Specimens

The pressure decay recorded during the CH, diffusion experiment on water-saturated OBK
(Fig. 3a) was analyzed by the mathematical model presented in Chapter 2.2. This evaluation
was performed after subtracting the pressure drop observed during the blank experiments,

6.35 -1
—*- Experimnetal density data a b
— Diffusion model
6.3 151
— 625 = 27
5 5
&~ i v 1 y=-0.022x - 1.65
% 02 PR R®=0.99
= g
g 2
= 6.15 1 3
jani
O
6.1 7 35T
6.05 e e s s
0 100 200 300 0 20 40 60 80 100
Time [h] Time[h]

Fig.2 Comparison of the density derived from pressure decay measured during CH, diffusion in water with
the model after regression a, semi-log plot of (pg(t) - pw) against time, representing the driving force for
gas dissolution, to derive the y and f values as the slope and intercept of the plots, respectively b
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in order to eliminate the impact of this artifact (see Appendix A.3). The experiment was
carried out at a pressure of 1.14 MPa and a temperature of 35 °C. The pressure drop (AP)
was calculated and plotted against the square root of time, revealing four distinct zones
characterized by their slopes (Fig. 3b). In the initial stage, marked in blue, pressure decline
occurs more rapidly than in the subsequent linear phase (Fig. 3b). This deviation, similarly
observed in other diffusion studies, was dismissed, as the subsequent linear portion holds
greater relevance in determining the diffusion coefficient (Caskey et al. 1973; Reamer
et al. 1956; Renner 1988; Tan and Thorpe 1992). The observed positive intercept primar-
ily arises from the dissolution of gas into the water film surrounding the outer surface of
the rock specimen, thereby establishing a stable gas concentration at the gas—water inter-
face. Consequently, this period is commonly referred to as the “incubation region” (Renner
1988). While fluctuations in temperature and pressure resulting from gas expansion into
the diffusion cell may play a role during this phase, their influence is minor in comparison
to gas dissolution (Li et al. 2016, 2006). The linear phase (yellow zone), known as the
steady-state diffusion stage (Caskey et al. 1973; Reamer et al. 1956; Renner 1988; Tan and
Thorpe 1992), represents transfer of gas molecules from the gas—liquid interface toward
the center of rock specimens. Subsequently, the plot of AP versus \/ t begins to deviate
from linearity, leading to a transition (green zone), which indicates that gas molecules have
reached the center of the rock specimens. This suggests that the assumption of the semi-
infinite diffusion pathway is no longer applicable (Renner 1988). However, this assump-
tion remains valid and introduces minimal uncertainties in interpreting the data, provided
that the liquid phase contains less than half the gas necessary for full saturation (Pomeroy
et al. 1933). Finally, when the gas concentration within the water-saturated rock specimen
becomes equal to that on the outer surface, thereby eliminating concentration gradients, the
stabilized phase (orange zone) occurs.

An initial approximation of the diffusivity was derived by applying Eq. 6, yielding a
value of 2.32-10~° m?/s. This was obtained from the slope of the linear relationship between

1.1448 2
[ a b
1.1444 1 1.6 +
_— N | W
= g /
> =2
é [ & y=0.0072x +0.2
5 1.1436 0.8 + R2=0.99
& [
11432 4 04 1
11428 + : : | : 0 : ; ;
0 10 20 30 40 50 0 100 200 300 400
Time [h] \Time [Vs]
—Model —Experimental data
Steady state phase Corrected experimental data

Fig.3 a Pressure decay observed during the CH, diffusion experiment on water-saturated OBK over time
and b comparison between the corrected experimental AP plotted against the square root of time (\/ t) with
the AP derived from the mathematical model. The experimental AP plot delineates four distinct zones: the
incubation (blue shading), the steady-state diffusion (yellow shading), the transition (green shading), and
stabilized stages (orange shading)
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AP and \/ t during the steady-state diffusion phase. Subsequently, the initial mathemati-
cal model was developed, allowing for the quantification of the additional AP during the
incubation stage by calculating the average deviation between the model and experimental
data. This enabled correction of the experimental dataset. The effective gas diffusivity was
then accurately determined by fitting the mathematical model to the corrected experimen-
tal data in this phase (Fig. 3b), resulting in an adjusted value of 3.7-10~° m%/s. As depicted
in the plot, the theoretical AP intersects the origin, whereas extrapolating the straight part
of experimental data to \/ t=0 yields a positive intercept, indicative of a deviation in the
incubation phase.

The analysis of steady-state diffusion stage across all measurements indicates that this
phase maintains linearity until the total quantity of diffused gas reaches between 50 and
75% of the saturation limit. Therefore, when the recorded gas uptakes achieve 50% of full
saturation, assuming the setup is leak-tight, the experimental results can be confidently
evaluated. This is because only the linear portion of the plot is relevant for determining
the diffusion coefficient. The influence of leak rate on experimental outcomes has been
examined, revealing that the measurements remain unaffected by leak rates on the order of
107 kPa/h.

4.3 Data Validity and Accuracy

A series of experiments were conducted to thoroughly evaluate the reliability and accuracy
of the setup. This involved reproducing the diffusion coefficients of H, and CH, in water
as reported by Jihne et al. (1987), which were 6.2-10° and 2.4-10~° m?%/s, respectively.
These values were determined by measuring the gas concentration at a pressure of 0.1 MPa
and a temperature of 35 °C without applying any pressure gradient. Jihne et al. (1987)
reported a maximum systematic error of 5% or less. To validate our findings, five repeat-
ability tests of H, and CH, diffusivities in water have been conducted using a specific cell
for each gas, under pressure of 0.5 and 0.2 MPa (T'=35 °C), respectively. The results of
these experiments are illustrated in Fig. 4a. The observed diffusion coefficients of H, and
CH, in water ranged from 6.3-107 to 7.0-10~ m%*s and 2.3-107 to 2.9-10~° m?%s, respec-
tively, with corresponding standard deviations of 0.3-10~ and 0.3-10 m?s, indicative of
the reproducibility of our measurements. Furthermore, the average measured diffusivities
for H, and CH, were 6.7-10 and 2.7-10 m?/s, respectively, showing a minor deviation
of 5.1% and 6.8% from literature values, emphasizing good agreement. Furthermore, a
comparability assessment was conducted to evaluate the findings derived from four dif-
fusion cells within the experimental setup. This entailed measuring the diffusivity of CH,
in water across four cells, under consistent boundary conditions of 1.0 MPa pressure and
35 °C temperature. As depicted in Fig. 4a, the measured diffusion coefficients ranged from
2.6:107 to 3.1-10° m%s, with the standard deviation of 0.2-107 m?/s, indicating consist-
ent experimental findings regardless of the specific diffusion cell used. It is worth noting
that the experiments were conducted at higher pressures than those reported in the litera-
ture to enhance the accuracy of measurements. It was observed that experiments performed
at lower pressures experienced significant pressure fluctuations, likely due to minor tem-
perature variations, which impeded the accurate determination of diffusivity. Additionally,
the effect of pressure on the diffusion coefficient is negligible, as discussed in detail in
Chapter 4.4.

Moreover, to evaluate the accuracy and reliability of gas diffusivity measurements in
water-saturated rocks, five experiments were conducted to reproduce the diffusion of H,
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Fig.4 a The diffusion coefficients of H, and CH, in water, as determined in repeatability and comparabil-
ity tests, were compared with corresponding literature data (Jdhne et al. 1987). The repeatability tests for
H, and CH, were conducted at pressures of 0.02 MPa and 0.05 MPa, respectively. The comparability tests
involved comparing results obtained from different diffusion cell. These experiments, which measured CH,
diffusivity in water across four cells, were performed at a pressure of 1.0 MPa. All tests were conducted at a
temperature of 35 °C. b Comparison of five measurements of the H, effective diffusion coefficient in water-
saturated Bentheim sandstone (P=1.0 MPa; T=35 °C) against literature value (Strauch et al. 2023)

in water-saturated Bentheim. A comparative analysis was then performed against exist-
ing literature (Fig. 4b). Diffusivity values for H, measured in this study ranged between
1.9-10° and 3.4-10° m%/s, with an average of 2.9-10° m%s and a standard deviation of
0.6-10” m%/s. The consistently low standard deviations indicate a sufficient reproducibil-
ity of diffusion measurements within water-saturated rocks. Furthermore, H, diffusivity
in water-saturated Bentheim utilizing a direct method (Strauch et al. 2023) was similar at
1.6:107 m?s.

4.4 Diffusion of Gases in Water

The diffusion coefficients of H,, He, CH,, Ar, and CO, were precisely determined under
consistent boundary conditions of 1.0 MPa and 35 °C. The findings from these experi-
ments, as well as those from reproducibility and comparability assessments detailed in
Chapter 4.3, are presented in Table 1 and depicted in Fig. 5. The mean diffusivities for H,
and CH, are 6.7-107 and 2.8-10° m?%s, respectively, with standard deviations of 0.3-107
for both gases. The observed diffusivity values for He, Ar, and CO, in water are 9.6:107,
10.9-107, and 44.56-107° m?/s, respectively.

The diffusion coefficients of the gases under examination in water were already determined
through a range of direct methods including Raman spectroscopy (Chen et al. 2018; Guo
et al. 2013), capillary cell (Sahores and Witherspoon 1970; Witherspoon and Saraf 1965),
diaphragm cell (Gubbins et al. 1966; Vivian and King 1964), modified Barrer (Jahne et al.
1987), and Taylor dispersion (Cadogan et al. 2014; Frank et al. 1996) across various pressures
and temperatures, often differing from those employed in our research. All these techniques
determine the diffusion coefficient by analyzing the gas concentration in the liquid phase. At
a given pressure, increasing the temperature leads to higher diffusion coefficients. This behav-
ior likely arises from the increased kinetic energy of gas and water molecules, as well as a
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Table 1 Overview of the

S . Gas Pressure [MPa] Temperature Diffusion coeffi-
measured diffusion coefﬁc1en}s [°C] cient [107° m¥s]
of H,, H,, CH,, Ar, and CO, in
Z:la(;e’;su?ger indicated pressures H, 0.5 35.0 6.8

0.5 35.0 7.0
0.5 35.0 6.4
0.5 35.0 7.0
0.5 34.9 6.3
CH, 0.2 36.6 2.4
0.2 36.6 29
0.2 36.6 2.8
0.2 36.6 2.3
0.2 36.6 2.9
1.0 36.6 3.0
1.0 34.9 3.1
1.0 36.2 2.6
1.0 34.8 2.8
He 0.9 36.6 9.6
Ar 1.0 36.6 10.9
Cco, 1.0 349 44.6
Fig.5 Comparison of measured 50
diffusivities of H,, He, CH,, Ar, B Measured @ Literature b
and CO, with their respective 45 1 3

average values from the literature
compiled in Table 2. The H, and
CH, diffusivities were deter-
mined by averaging the results
presented Chapter 4.3. While

the diffusion coefficients of H,,
He, and CH, closely align with
their published values, significant
disparities are evident for Ar and
CO, when compared to their cor-
responding literature data. Red
bars indicate standard deviations
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reduction in water viscosity, which facilitates diffusive mass transport (Upreti and Mehrotra
2002). The Stokes—Einstein relation describes this temperature dependence, indicating that the
product of the diffusion coefficient and viscosity is directly proportional to temperature (Guo
etal. 2013):

b k(T +273.15)

6 ur, (10)
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where kg is the Boltzmann constant [1.38-102 J/K], T is temperature ['C], u represents
viscosity of water, and r, [nm] is the radius of the diffusing solute molecule. Assuming
r, remains constant with temperature, the diffusion coefficient at desired temperature (7,
=35 °C) can be determined from its corresponding value at 7, using known water viscosi-
ties at these temperatures (Li 2006):

Dy, uy, (T, +273.15)
B (1, +273.15) g,

D

Conversely, several researchers have reported that the impact of pressure on gas diffu-
sivities in water is negligible. Guo et al. (2013) conducted an investigation into the diffu-
sion coefficients of CH, in water across a range of pressures from 5 to 40 MPa. Their inves-
tigation revealed a minor discrepancy of only 3% between the lowest and highest measured
values (Table 2). In another study, Sachs (1998) examined CH, diffusivities in water within
a pressure range of 7.6-32.5 MPa, maintaining a constant temperature of 50 °C. While this
study suggested the potential impact of pressure on diffusion coefficients, it is found that
within the specified pressure range, CH, diffusivities varied from 3.6-107 to 3.2-10~° m?s.
Furthermore, two experimental studies were carried out to explore the diffusion behavior of
CO, in water across a pressure range of 10 MPa to 45 MPa. Similarly, these investigations
inferred that the impact of pressure on CO, diffusion coefficients in water remained mini-
mal within the examined ranges (Cadogan et al. 2014; Lu et al. 2013). However, research
conducted by Renner (1988) on CO, diffusivity in 0.25M NaCl brine at a temperature of
38 °C, across a pressure range of 1.5-5.8 MPa, revealed an upward trend in diffusivity with
increasing pressure. The latter investigation has been performed through the monitoring of
volume changes over time under constant pressure. The observed diffusivities ranged from
3.0-10™ to 7.3-10° m?%s across the examined pressure range, surpassing those previously
documented in the literature (Table 2).

Diffusion coefficients for H,, He, CH,, Ar, and CO, derived from literature
(Table 2) were averaged, resulting in values of 6.2-107, 8.3-107, 2.1.107°, 2.5-107, and
2.4-107° m?s, respectively, with corresponding standard deviations of 1.1-107, 1.7-107°,
0.1-107, 0.7-107, and 0.2-10 m?/s. These values are in good agreement with our experi-
mentally obtained diffusion coefficients, particularly for H,, CH,, and He (Fig. 5). How-
ever, the observed diffusivity values for Ar and CO, in water demonstrate significant dis-
crepancies compared to the literature data. Measured diffusion coefficients for Ar and CO,
amount to 10.9-10° and 44.6-10 m%s, respectively, representing one order of magnitude
higher than their corresponding literature values. This significant discrepancy can be attrib-
uted to the formation of a denser layer at the gas—liquid interface, caused by dissolution of
the CO, and Ar molecules. The change in water density is governed by the concentration of
gas in water and the molar mass-to-molar volume ratio of the dissolved gas molecules. Pre-
vious experimental and modeling studies have shown that CO, and Ar dissolution increases
water density, while CH, dissolution leads to a decrease (Duan and Mao 2006; Watanabe
and lizuka 1985). This occurs because the molar volume of any gas dissolved in water is
greater than that of pure water; thus, the dissolution of CH,, with a molar mass of 16 g/
mol—Ilower than that of water (18 g/mol)—results in a reduction in density. Consequently,
the measured CH, diffusivity in water remains unaffected by density-driven convection,
despite its solubility being similar to that of Ar (Sander 2015).

The denser water layer formed by CO, and Ar establishes a distinct density gradient
within the water column, thereby triggering convective transport phenomena. With convec-
tive transport exerting a dominant influence, the evaluation of pressure decay results in a
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Fig. 6 Comparison of effective diffusivity for H,, CH,, and CO, within water-saturated specimens of Ben-
theim, OBK, RWS, and GWS rocks, alongside the corresponding gas diffusion coefficients in water

non-representative diffusivity coefficient (Blair and Quinn 1969; Gholami et al. 2015; Gill
et al. 1997). Other researchers, employing the change in gas volume over time at constant
pressure to ascertain the diffusivity of Ar in Benzene, have likewise documented this issue.
(Bennett et al. 1968).

4.5 Diffusion of Gases into Water-Saturated Rock Specimens

Effective diffusion coefficients of H,, CH,, and CO, in water-saturated rock specimens
from Bentheim, OBK, RWS, and GWS formations were determined and compared with
the corresponding diffusion coefficients in water (Fig. 6). The effective H, diffusivity
ranges from 0.8-107 to 2.9-10~ m%s, while the CH, and CO, effective diffusion coeffi-
cients vary from 0.3-107 to 0.8-10 m?/s and from 0.2:10~ to 0.9-10~ m?/s, respectively
(Table 3). The effective diffusivity of H,, CH,, and CO, within water-saturated rock speci-
mens investigated in this study has not been previously documented under identical pres-
sure and temperature conditions. Nevertheless, two experimental studies have measured
the effective diffusivities of H, and CO, in the water-saturated Bentheim sandstone, yield-
ing diffusivities of the same order of magnitude: 1.6-10~ m%s for H, (Strauch et al. 2023)
and 0.5-10 m?/s for CO, (Li et al. 2006). The H, diffusivity was determined under ambi-
ent pressure and temperature by measuring the gas concentration gradient, while the CO,
diffusivity was determined using the pressure decay method under conditions of 4.4 MPa
pressure and 59 °C temperature.

To further characterize the rock specimens, the diffusive tortuosity was calculated using
Eq. 9. The majority of pore throat diameters in the examined rock specimens were found
to exceed 0.1 um, while the molecular diameters of H,, CH,, and CO, are 0.29, 0.38, and
0.33 nm (Gnanasekaran and Reddy 2013), respectively. Given that the ratio of molecu-
lar diameter to pore diameter is significantly less than 1, the constrictivity factor for these
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Table 3 Overview of the effective diffusion coefficients (D) measured and tortuosities calculated for H,,
CH,, and CO, within water-saturated specimens of Bentheim, OBK, RWS, and GWS

Sample Gas Average AP (kPa) V(cm®) Co (1073 mol/ VA Dcﬁ(10‘9 m?/s) Tortuosity

pressure cm’)
(MPa)
Bentheim H, 1.016 1.70 15.12 7.39 1.006 2.90 2.2
CH, 0.964 15.23 19.28 11.02 0.986 0.80 3.0
CO, 1.075 38.43 21.54 29175 0.950 0.90 2.7
OBK H, 1.092 1.35 14.28 7.97 1.006 1.49 4.2
CH, 1.144 1.52 21.38 13.49 0.983 0.39 6.3
CO, 1.075 29.75 21.38  291.95 0.950 0.43 5.7
RWS H, 1.038 1.25 14.02 7.59 0.985 0.96 6.5
CH, 1.059 1.93 14.02 12.12 0.984 0.55 4.4
CO, 1.086 19.66 2146  294.94 0.950 0.47 5.3
GWS H, 1.037 0.63 13.80 7.59 1.006 0.80 7.7
CH, 1.047 0.93 13.80 11.98 0.984 0.29 8.4
CO, 1.061 13.89 21.24  288.44 0.951 0.28 8.5

Additionally, the experimental average pressure, AP, gas cap volume (V), gas solubility (Cy), and gas com-
pressibility (Z) are provided

gases can thus be reasonably approximated as 1 (Grathwohl 1998; Renkin 1954). Further-
more, the diffusion model for water-saturated rocks used in this study has been developed
in analogy to diffusion in bulk liquids (Li et al. 2006), indicating that porosity is incor-
porated into the diffusion coefficient. Therefore, Eq. 9 is appropriate for relating effective
diffusivity to the value measured in water. The obtained values ranged from 2.2 to 3.0 for
Bentheim, 4.2 to 6.3 for OBK, 4.4 to 6.5 for RWS, and 7.7 to 8.5 for GWS rock speci-
mens depending on the gas type. As tortuosity increased from 2.6 to 8.1, the effective dif-
fusivities of investigated gases decreased, with reductions ranging between 60 and 80%
(Table 3). This suggests that the complex pore network and tortuous pathways substan-
tially interfere with the diffusion process. The diffusive tortuosity for Bentheim sandstone
has been previously determined through the measurement of CH, effective diffusivities in
oil-saturated rock samples (pressure decay method) ranging from 2.7 to 4.1 (Li and Dong
2010). As previously discussed, determining the CO, diffusion coefficient in water posed
challenges possibly due to the interference of density-induced natural convection. Never-
theless, the similarity observed in the tortuosity derived from CO, measurements com-
pared to those of H, and CH, measurements suggests that the convective transport occur-
ring during CO, diffusion in water was effectively impeded. This can be attributed to the
presence of the porous medium acting as obstacle, resulting in diffusive transport dominat-
ing the process (Gholami et al. 2015). The comparable tortuosity values derived from dif-
ferent gas measurements suggest that CO, diffusion coefficients in water can be estimated
indirectly. This approach involves measuring the effective CO, diffusivity in a rock speci-
men and utilizing the tortuosity obtained from other gas diffusivity measurements, such as
CH, or H, which are not influenced by density-driven convection (Li and Dong 2010; Li
et al. 2006). Thus, employing Eq. 9 allows for the computation of the CO, diffusion coeffi-
cient in water, resulting in values spanning from 2.3-10™ to 2.5-10° m%s, which align well
with those documented in the literature (Table 2). Likewise, Li and Dong (2010) conducted
calculations of CO, diffusion coefficients in water, utilizing tortuosity values acquired from
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effective diffusion measurements of CH, within Berea and Bentheim sandstones. The out-
comes revealed values within the range of 1.9-10°-2.7-10" m?%/s, consistent with previ-
ously reported values (Table 2).

The variation in effective diffusivities of each gas across the studied rock specimens
can be attributed to differences in pore structure, which impact the effective area available
for gas transport and lead to deviation in diffusion paths from a straight pathway, known
as tortuosity (Bear 1972; Grathwohl 1998). This effective area is influenced by the matrix
structure and is largely governed by porosity. Furthermore, tortuosity is inversely related to
porosity, as supported by numerous studies in the literature (da Silva et al. 2022; Ghanbar-
ian et al. 2013; Holzer et al. 2023). Thus, porosity influences the diffusion mechanism by
affecting both the available area at the gas—liquid interface for molecular transport and the
complexity of the diffusion pathway. Additionally, as permeability and mean pore diameter
are directly related to porosity in sandstones (Chilingar 1964; Nelson 1994; Tiab and Don-
aldson 2016), their values also offer insights into these diffusion constraints.

The measured effective diffusion coefficients were plotted against porosity, permeabil-
ity, and mean pore diameter properties, demonstrating positive correlations in Fig. 7a—c.
Permeability values of examined rocks were sourced from the literature (Arekhov et al.
2023; Nolte et al. 2021; Peksa et al. 2015), while mean pore diameters were determined
from pore throat size distribution obtained through mercury injection capillary pressure
measurements, previously published (Khajooie et al. 2024a). RWS was not included for
permeability correlation since no permeability measurements for RWS were found in the
literature. These correlations (Fig. 7a—c) suggest that the increase in effective gas diffusiv-
ity from GWS, RWS, OBK, to Bentheim correspond to an expanded area for gas transport
and a reduction in tortuous pathways. Additionally, Fig. 7a reveals a steeper increasing
trend for porosity above 15% compared to values below 15%. This observation aligns with
the semi-logarithmic relationship of effective diffusion coefficients with permeability and
mean pore diameter. Thus, the influence of pore structure in reducing available area for
diffusion and imposing tortuous pathways is more pronounced in tight rocks compared
to highly porous, permeable rocks. Overall, these findings indicate that the influence of
pore structure on reducing available diffusion area and creating tortuous pathways is more
pronounced in low porosity and low-permeability rocks compared to rocks with poros-
ity and permeability higher than approximately 15% and 0.1-107'? m?, respectively. Fur-
thermore, the inverse relationship between effective diffusivity and tortuosity, illustrated
in Fig. 7d, confirms that gas molecules move more freely through a porous medium with
lower tortuosity (Li et al. 2016, 2006; Lou et al. 2021; Lv et al. 2019). Similar observations
were reported by Gao et al. (2019) regarding the diffusivity of CO, within oil-saturated
porous media, with permeabilities ranging from 1.97-107* to 2.24-107'2 m% Their find-
ings showed a significant initial increase in diffusivity, followed by stabilization for per-
meabilities greater than 9.87-107'4 m?. Additionally, consistent correlations with porosity,
permeability, and tortuosity have been observed in similar studies exploring CO,, CH,, or
He diffusion coefficients in water- or oil-saturated rocks of lithologies (Li et al. 2016; Lou
et al. 2021; Lv et al. 2019; Pandey et al. 1974). However, some experimental studies have
reported a lack of correlation between their observed diffusivities and either porosity or
permeability (Li et al. 2006).

While the observed effective gas diffusivities in water-saturated rocks correlate with
porosity, permeability, and mean pore size, these relationships have been established
using a limited dataset. Hence, it is imperative to conduct further research on various
rock types with a wide range of porosity, permeability, and pore size to enhance the reli-
ability of these correlations. Otherwise, individual assessments of any potential reservoir
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Fig.7 Correlation of measured effective diffusion coefficients for H,, CH,, and CO, in the examined rock
specimens (fully water-saturated) with a porosity, b permeability (Arekhov et al. 2023; Nolte et al. 2021;
Peksa et al. 2015), ¢ mean pore size (Khajooie et al. 2024a), and d diffusive tortuosity

involving gas diffusion are necessary to attain a comprehensive understanding of its unique
characteristics.

Potential errors in measuring effective diffusivity can likely be attributed to deviations
from the assumptions used in developing the mathematical model. Both gas solubility and
the gas compressibility factor are pressure-dependent, causing variations in gas concentra-
tion at the outer surface of the rock specimen and in the diffusion coefficients, which were
assumed to be constant. The pressure drops for H, and CH, diffusivity tests were negligi-
ble (<0.2%), whereas the CO, experiment experienced a 3.5% pressure drop, leading to
a proportional reduction in gas concentration. Meanwhile, although the gas compressibil-
ity factors increased as the pressure decreased, these changes were considered negligible
(even for CO,). Assuming a direct relationship between gas concentration and effective
diffusivity (Li et al. 2006), this suggests that the maximum error due to pressure reduction
would be 3.5%. The greater pressure drop observed in CO, experiments is primarily due
to its higher solubility in water compared to H, and CH, (Sander 2015). Furthermore, gas
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adsorption resulting from gas—rock interactions may occur for all tested gases, albeit to
varying extents (Al-Yaseri and Fatah 2024; Ding et al. 2022). However, given the low clay
content of the rock specimens (Khajooie et al. 2024b) and their fully water-saturated condi-
tion (Grekov et al. 2023), this effect is anticipated to be minimal.

4.6 Implications of Diffusion Coefficient to Underground Hydrogen Storage

This investigation demonstrated that the pressure decay technique is effective in assess-
ing the diffusivity of various gases, from relatively low to highly soluble, in both water
and water-saturated rocks. The analyzed rock specimens, collected from four sandstone
formations, serve as analogues for hydrogen reservoirs with varying permeability, exhibit-
ing porosities from 8 to 24%. While the effective diffusion coefficients measured offer sig-
nificant insights, they may not fully represent subsurface conditions due to the absence of
in situ stresses and potential alterations from weathering processes as the rock specimens
were retrieved from surface mines. Differences between the saturating fluid used in the
experiments and in situ formation fluids may also affect the transport characteristics. None-
theless, the effective diffusivities obtained here provide valuable information for estimating
potential gas loss during underground storage and enhance our understanding of the impact
of gas diffusion on abiotic and biotic reactions.

The loss of hydrogen is directly related to the square root of the effective diffusion coef-
ficient (Ghaedi et al. 2023). In addition, the relatively smaller molecular size and higher
diffusivity of H, compared to other gases, such as CH, and CO,, under similar thermo-
physical conditions, enhance its ability to diffuse through water-saturated rocks (Perera
2023; Zivar et al. 2021). However, a modeling study investigating hydrogen storage in a
dormant aquifer with a porosity of 20% and 7 m height within Australia’s Cooper Basin
indicated a 1% loss from the reservoir during 15 years (Carden and Paterson 1979). The
diffusion-driven mass transfer enhances hydrogen saturation within the pore fluid, resulting
in a decreased concentration gradient and gradually mitigating diffusive losses over time.
Therefore, this effect is particularly significant in the early life of the reservoir or during the
initial cycles of cyclic storage (Carden and Paterson 1979; Hassannayebi 2019). Further-
more, in an underground He storage project, it was found that the diffusive loss remained
negligible, despite He exhibiting a higher diffusivity compared to H, (Hart 1997).

During UHS or biological methanation, the occurrence of microbial metabolism
depends on the availability of H, molecules as electron donors in the aqueous phase.
Thus, the process of mass transfer from the gas to the liquid phase constrains the sub-
strate supply, thereby influencing microbial reactions and, subsequently, the rate of H,
conversion (Dupnock and Deshusses 2019). Gas transport into the liquid phase is gov-
erned by the principles of the two-film theory, a conceptual framework describing this
physical processes (Lewis and Whitman 1924). According to this model, the rate of
gas—liquid mass transfer depends on the concentration gradient, the mass transfer coef-
ficient, and the gas-liquid interfacial area. The mass transfer coefficient represents the
cumulative resistance for transporting gas molecules through the gas and liquid film
layers surrounding the gas—liquid interface. Nonetheless, studies have shown that diffu-
sional resistance within the stagnant gas film is negligible, with the mass transfer coeffi-
cient primarily controlled by the liquid side (Jensen et al. 2021). This parameter, in turn,
is closely linked to both the gas diffusion coefficients in the liquid and the film thickness
(Charpentier 1981; Villadsen et al. 2011). Therefore, measuring effective gas diffusivi-
ties provides valuable insight into understanding and quantifying gas supply required for

@ Springer



12 Page220f35 S. Khajooie et al.

microbial metabolisms. However, microbial activity influences the concentration gradi-
ent, another parameter controlling the transfer process. The conversion of hydrogen by
microorganisms results in higher or at least sustained concentration gradients compared
to those observed in the pure diffusion process (Jensen et al. 2021). This highlights a
consistent and indirect effect of H, diffusivity on the rate of biological hydrogen conver-
sion. The loss of hydrogen due to biological processes significantly contributes to the
total loss during storage in subsurface formations (Liu et al. 2023; Perera 2023). This
emphasizes the subtle yet critical importance of accurately determining H, diffusivity.
It is worth mentioning that the selection of gases for experiments conducted on water-
saturated rock specimens in this study was tailored to those implicated in methanogenic
reactions during underground hydrogen storage or biological methanation.

5 Conclusions and Outlook

This research systematically investigated the diffusion coefficients of various gases in both
water and water-saturated rocks using the pressure decay technique. The measured diffu-
sivities in water for H,, CH,, and He at pressures above ambient conditions (0.2 to 1.0
MPa) were consistent with literature values obtained through direct methods, where dif-
fusion coefficients are determined through gas concentration analysis. Additionally, the
employed method demonstrated good reproducibility, delivering consistent results across
different cells and thereby confirming its reliability for diffusivity assessments. However,
the discrepancy observed between the diffusion coefficients of CO, and Ar in water and
those reported in the literature is likely due to the effect of density-driven convection. This
phenomenon occurs as CO, and Ar gas molecules dissolve, forming a denser layer at the
gas-liquid interface due to their higher density in the aqueous phase relative to water.

The effective diffusivities showed positive correlations with porosity, permeability, and
pore diameter, supporting the increased effective area for diffusion and the reduced tortu-
osity of transport pathways as these parameters increase. This relationship is further evi-
denced by the inverse correlation between effective diffusion coefficients and tortuosity.
The CO, diffusion coefficient in water can be calculated using the effective diffusivities
measured in the analyzed rock samples, together with tortuosity values derived from H, or
CH, measurements. The results agree with published data, indicating that the presence of
porous media or the horizontal diffusive flow direction impedes density-driven convection.

The diffusion process plays a significant role in supporting substrate supply for biotic
reactions during UHS. Therefore, integrating diffusion models with kinetic microbial
growth models can provide a comprehensive understanding of the interplay between dif-
fusion and biotic processes. Furthermore, there is a scarcity of experimental data on H,
diffusivity across various rock types, such as sandstone, mudstone, and claystone, under
different conditions of pressure, temperature, water salinity, and presence of hydrocar-
bon. The methodology and experimental setup employed in this study provide a straight-
forward and reliable approach for future studies intended to bridge this knowledge gap
in data within this area of research. Further research on H, diffusivity in claystone and
mudstone could provide critical insights into the H, loss through caprocks (Michelsen
et al. 2023; Salina Borello et al. 2024). Additionally, these measurements are essential
for estimating the H, diffusive flux from potential host formations intended for radioac-
tive waste storage (Bardelli et al. 2014; Jacops et al. 2015; Rebour et al. 1997).
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Fig. 8 Physical model of gas

diffusion in water during a

pressure decay experiment. hg

and A; denote the heights of gas
and water in the diffusion cell,
respectively (after Ratnakar and
Dindoruk (2015))

gas hg

x=0

Appendix A
Mathematical Model to Determine the Diffusion Coefficient in Water

Ratnakar and Dindoruk (2015) proposed a mathematical model for the pressure decay test
aimed at determining the gas diffusion coefficient in liquids using a 1D transient-diffusion
model. The study aligns with previous research on gas diffusion in liquids, making simi-
lar assumptions in deriving the analytical solution to the diffusion problem (Reza Etminan
et al. 2013; Sheikha et al. 2005). These include a constant diffusion coefficient, isothermal
conditions, negligible swelling of the liquid, negligible spatial concentration gradient in the
gas phase, and no natural or induced convection.

As illustrated in Fig. 8, the gas dissolves in water at the gas/water interface from the
top, generating a concentration gradient along a singular direction (the x-axis). Therefore,
the gas diffusion process can be described by Fick’s second law of diffusion, which states
(Crank 1979; Fick 1855; Ratnakar and Dindoruk 2015):

aC(x,1) DaZC(x,z)

ot 0x? (A

where C(x, t) is the concentration of gas in the liquid phase [mol/m?®], and D is the gas dif-
fusion coefficient [m?/s]. The initial and boundary conditions considered for the diffusion
problem are as follows:

Cx,00=0 (A2a)
0
9P = ADW (A2b)
§ ot 0x
aC(0,1)
poal 0 (A2¢)

At the beginning of the experiment, the gas concentration in water is considered zero
(Eq. A2a). The interface boundary condition (at = A, ) is defined based on mass conser-
vation within the diffusion cell, where the rate of gas leaving the gas phase equals the
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rate of gas diffusion into the liquid. In Eq. A2b, V, represents the gas phase volume, A
the cross-sectional area of the gas-liquid interface, p,(t) the gas molar density at any
given time [mol/m?] and h; the height of water in the diffusion cell [m] (Fig. 8). Gas
density is dependent on gas pressure and can be determined by the real gas law, which is
expressed as follows:

PMw

PT)= — W
D) = S T o319

(A3)
where P refers to the gas pressure [Pa], Mw the molecular weight [kg/kmol], Z the gas
compressibility factor [—], R the universal gas constant, [8.314-10° J/(kmol-K)], and T the
temperature [‘C]. The second boundary condition assumes a no-flow boundary at the bot-
tom of the cell (Eq. A2c). The gas concentration in water at the gas/water interface (C;,)
is determined by the solubility of the specific gas in water which is related to gas density
(pg o P) with the proportionality of Henry’s constant () at constant temperature:

C(hL’ t) = Cin(t) = Hccpg(t) (A4)

Thus, the inner boundary condition can be formulated as a function of gas concentra-
tion in the liquid by combining Eqs. A4 and A2b:

v 0C(h,,t
_gngD—( L:1)

H,. ot ox (AS)

The exact solution to Eq. Al, considering the initial and boundary conditions, was
derived using the Laplace transform method and can be simplified for relatively long
experimental times as follows:

20 and y = —_A%D
> V= hi (A6)

Pe(1) = Pyoo = Bexp (v), f =

aH

cc

/12
(1 +aH, + )

Here, subscripts oo and 0 denote the equilibrium and initial conditions for gas density
[kg/m?], respectively, f is the rate coefficient of pressure decay representing the driving
force behind the dissolution process [kg/mS], y refers to the exponent factor indicating
the rate of pressure decay at late times [1/s], @ is the volume ratio of the liquid phase to
gas phase, and 4, is the first root of the following equation:

an(4) =~
an(4;) = —
)=~ ah (A7)
In cases where the values of aH_. are small, an approximation for A, can be expressed
as:
T 2 .
A= 5 + ;ozHCC with aH , <« 1 (A8)

The late-transient solution (Eq. A6) is only valid after transition time (¢, > %). With

the average diffusion coefficient of the gases studied in this research (~ 4.4-107° m%/s)
and h; of 0.03 m, the initial estimate for the transition time is approximately 7.6 h,
assuming that aH . — 0.
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Prior to application of this model to the experimental data, the volumes of liquid (V;)
and gas (Vg) phases [cm?] need to be determined as follows:

(Prc - Peq)
Ve = PP ™
( eq ini)

Vi=Vee -V, (A9)

where P, and P;,; are the pressures in the reference and diffusion cells before gas expan-
sion, respectively [Pa], P, is the initial pressure in the diffusion cell after gas expansion
[Pa], and V. and V. represent the calibrated volumes of the reference and diffusion cells,
respectively [m?]. The parameter a can then be easily calculated by dividing V, by Ve
Additionally, the heights of the gas (/,) and liquid (%,) columns [m] can be determined
by dividing V, and V; by the cross- sectional area of the diffusion cell, which is calculated
based on the measured cell geometry.

If the pressure decay experiment is conducted until equilibrium, the p,., can be deter-
mined using the pressure value at equilibrium. Nevertheless, it is feasible to assess the
experimental data prior to reaching equilibrium, using the following equation to determine

Pg0

Peo = T3 o, (&10)

where Henry’s constant can be obtained from published literature (Sander 2015). Next,
the evaluation of experimental data involves plotting In (pg(t) - pgw) against time, result-
ing in a linear relationship with a slope of y and an intercept of In(f), especially evident
after the transition time. Subsequently, the experimental density data can be fitted to the
model (Eq. A6) using an optimization algorithm. This process employs the estimated p,,
f, and y as initial values to accurately determine their values and adjust the transition time
accordingly. Once these three variables are determined, the diffusivity can be estimated
using Eq. A6, given that the values of A, and #; are already known. Ratnakar and Dindoruk
(2015) provide a comprehensive derivation of this mathematical model and the evaluation
procedures.

Mathematical Model to Determine the Effective Diffusion Coefficient
in Water-Saturated Rock

Li et al. (2006) introduced a physical model (Fig. 9) elucidating the radial diffusion of gas
through water-saturated rocks, subsequently formulating a mathematical model to deter-
mine the gas diffusivity. As illustrated in Fig. 9, gas penetration into the water-saturated
rock is constrained to occur solely along the radial direction, achieved by sealing the two
end faces of the rock specimen.

To develop a mathematical model for gas diffusion in a water-saturated rock specimen,
certain simplifying assumptions were established (Li et al. 2006). It was assumed that the
gas concentration within the water on the surface of the rock specimen remained constant
throughout the experimental duration. The degree of pressure loss was recognized to be influ-
enced by both gas solubility and the volume of water occupying the pore space. Notably, the
volume of water within the rock specimen’s pores was found to be significantly lower, by one
or two orders of magnitude, than the standard volumes typically employed in gas diffusivity
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Fig.9 Physical model of gas dif- 1 ~no flow face-

fusion into water-saturated rock 1 covered by epoxy resin
specimens along radial direction
during a pressure decay test.

The two end faces of the rock
specimen were sealed with epoxy
resin (after Li et al. (20006)). r,
denotes the radius of the rock

plug

assessments (10-20 mL). Consequently, variations in gas concentration at the gas/water inter-
face during diffusivity tests on water were deemed essential to consider, whereas alterations in
this parameter at the rock specimen’s surface could be safely disregarded. Additionally, it was
presumed that the effective diffusion coefficient of gas within the water-saturated rock speci-
men remained constant under dilute conditions. The rock was also assumed to exhibit homo-
geneity and isotropy, resulting in a uniform distribution of water throughout the sample. Fur-
thermore, the potential effects arising from natural convection due to density differences in the
liquid phase, liquid phase swelling resulting from gas dissolution, and water evaporation into
the gas phase were considered negligible. Then, the rate of gas diffusion into water-saturated
porous media was determined to be proportional to its concentration gradient, as derived from
the integration of Fick’s law and the continuity equation (Crank 1979; Li et al. 2006):

20 _ D 0 (,0C

ot r or\ or (ALD)

where C denotes the gas concentration in the water-saturated porous medium [mol/m?];
D is the effective diffusion coefficient [m%/s]; ¢ the time [s]; and r is the radius of rock
specimen [m]. The initial and boundary conditions for this physical model are as follows:

C=Cjyand r(t) =ry witht >0 (Al2a)

C=0and0<r<rywitht=0 (A12b)

where C,, denotes the gas concentration in the water at the surface of rock specimen, and r,
the radius of rock specimen [m]. According to Henry’s law, C, is directly proportional to
the gas pressure at a constant temperature, as stated below:

P= Hccc() (A13)

Then the solution to Eq. A1l is as follows:

7 - exp(=D, aﬁt)] (ra,)
-=y e (Al4)

<
C,, a,J, (ra,)

~

0 n=1
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where Ji,(x) and J,(x) represent the first kind of Bessel function of zero and first order,
respectively, and a,, are the positive roots of the following function:

Jo(ran) =0 (A15)

The quantity of gas that has diffused into the water-saturated porous medium can be
derived from Eq. A14 and is expressed as (Crank 1979; Li et al. 2006):

Ni 1=y %exp(—Deﬁ.ajt) (A16)
oo n=1"0"n

where N refers to the amount of gas diffused in water [mol] at time ¢, N, is the maximum
amount of gas that will eventually diffuse into water [mol].

The maximum gas concentration in water arises from gas dissolution at the surface of the
rock specimen. Therefore, N, can be determined by multiplying C, and the water volume
within the porous media. According to the mass balance, the observed pressure reduction dur-
ing the experiment can be attributed to the diffusion of gas molecules into the liquid phase.
The relationship between pressure and the quantity of gas loss is defined by the real gas law:

APV,
N=An= ——= (A1T7)
ZRT
where An represents the amount of gas lost [mol], AP, refers to the pressure drop [Pa], V,
denotes the gas phase volume (i.e., the sum of the reference cell and the diffusion volumes,
excluding the bulk volume of the rock specimen) [m?®], Z is the gas compressibility, R is the
universal gas constant [8.314 J/(mol-K)], and T is temperature [K].
Combining Eqgs. A17 and A16 yields

ZRTN,, < 4 5
AP, = = (1 - 5D (—Deﬁ-ant)> (A18)
n

In this equation, the only variable that remains unknown is D.g, which can be estimated by
fitting the experimental AP, with the model outlined in Eq. A18 (Li et al. 2006).
In addition, Li et al. (2006) have shown that for D;“t < 0.1, Eq. A18 can be approxi-

o

mated with high accuracy with the following relation:

N D gt
— x4
N — (A19)
0
Substituting this term into Eq. A17 yields
AP, =k Vi (A20)

with

k. = %1 / Desp (A21)
! roV T
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Fig. 10 Pressure decays observed during the so-called blank experiments to investigate the pressure trans-
ducers reading in a cell-1, b cell-2 b, and ¢ cell-3. It was observed that substantial portion of pressure decay
in each cell occurred within less than one hour

Equation A20 clearly demonstrates a linear relationship between the AP, and \/;,
with the slope k;. Thus, D4 can be obtained from Eq. A21, based on the slope derived
from the measured AP, versus \/Z This resultant value then serves as an initial estimate
in Eq. A18, ultimately leading to a precise determination of D .

Blank Experiments

To investigate the baseline behavior of pressure transducers, a series of control experi-
ments, referred to as blank experiments, were conducted using empty diffusion cells
prior to initiating tests on water and water-saturated rock specimens. In these experi-
ments, helium was injected into cells 1, 2, and 3 at a pressure of approximately 1.0
MPa, consistent with the pressure used in diffusion experiments. Observations revealed
pressure drops of 0.0048, 0.0053, and 0.0047 MPa in cells 1, 2, and 3, respectively,
with the majority of the decline occurring within the first 30 min (Fig. 10a—c). The rea-
sons for this phenomenon remain unknown to the authors, but it is likely related to the
Joule-Thomson effect, deficiencies of pressure transducers, gas diffusion into the mem-
brane, or the capillary restrictions.
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