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e An experimental setup to investigate hydrogen diffusion in rock samples was designed.
e Hydrogen diffusion coefficients and breakthrough times were successful determined.
e First results for sandstone, rock salt, claystone samples were generated.

e Site-specific studies of hydrogen migration in geomaterial for storage is possible.

ARTICLE INFO

ABSTRACT

Article history:

Received 22 December 2022
Received in revised form

10 February 2023

Accepted 10 March 2023
Available online 7 April 2023

Keywords:

Experimental simulation
Hydrogen breakthrough time
Hydrogen diffusion coefficient
Opalinus clay

Werra rock salt

Bentheimer sandstone

In the framework of future decarbonization of the energy industry, the safe and effective
storage of hydrogen is an important approach to add to a climate-friendly energy system.
Until the development of sufficiently large electrical storage systems, the storage of
hydrogen in the order of GWh to TWh is envisaged in salt caverns or porous geological
formations with a gas-tight covering of salt or claystone. In order to calculate gas losses
from these H, storage facilities, the H, diffusivity of the storage and cap rocks must be
known. To determine the hydrogen diffusion rates in these rocks, an experimental set-up
was designed, constructed and tested. The set-up comprises two gas chambers, separated
by the rock sample under investigation with an exposed area of approximately 7 cm? The
driving force for gas migration through the rock sample from the hydrogen-containing feed
gas chamber to the hydrogen-free permeate chamber is the chemical potential (concen-
tration) gradient. With respect to hydrogen migration behaviour, hydrogen breakthrough
times and hydrogen diffusion coefficients were determined for dry and wet Bentheimer
sandstone, Werra rock salt and Opalinus clay samples. Breakthrough times varied between
less than 1 h and 843 h. Based on concentration changes at the permeate side, hydrogen
diffusion coefficients were derived ranging from 10~° to 10~8 m?/s. The differences between
the materials and the effect that wetted or water-saturated samples have higher hydrogen
retention due to closed pores and microcracks were clearly shown. The experimental set-
up proves to be a suitable approach to determine site-specific rock characteristics such as
hydrogen diffusion coefficients and breakthrough times for natural geomaterials.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Hydrogen is one of the most promising clean energy sources
of modern times [e.g. 1,2]. As an environmental-friendly fuel,
it plays a major role in reducing greenhouse gas emission and
ease climate changes [3]. In national and international
hydrogen strategies the topic of geological hydrogen storage
plays an important role in the intended use of seasonal excess
capacities of renewable electricity [e.g. 4,5]. Common
renewable energy sources, such as wind, solar and hydro
energy are often subject of seasonal and daily fluctuations.
The discrepancy between demand and supply could be
bridged by converting surplus energy into hydrogen and
storing it underground [6]. In salt caverns and porous rock
formations (aquifers and depleted natural gas fields) the
storage of hydrogen energy is predicted in the order of
megawatts to terawatts [7]. To assure the long-term safety and
economic viability of such storage systems, effective tools for
the site evaluation are needed [8]. As there is limited experi-
ence with geological hydrogen storage [9], extensive research
is currently conducted to address a variety of issues to ensure
the safe and effective hydrogen storage [10—16]. This includes
studying the interaction of hydrogen with minerals in
different geological formations (coal, sandstone, salt, car-
bonate), wettability, microbial and geochemical activities, the
influence of pressure, temperature and organic matter
[e.g. 17—21]. Furthermore, the permeation or diffusion of
hydrogen through reservoirs and cap rocks, the dissolution in
the pore fluids and the chemical reactions of rocks and fluid
components are in the focus of modeling studies [22—25].

Since rocks and pore fluids have individual properties
depending on the site, location-specific studies are needed for
a reliable prediction of hydrogen storage performance,
hydrogen flow behaviour and fluid-rock interactions. In this
context, experimental simulations of hydrogen diffusion
through natural rocks provide the necessary real data for
successful model verification and thus, for a profitability and
safe long-term geological hydrogen storage.

Gas diffusion coefficients have already been experimen-
tally determined and validated for various rock types using air
or common gases such as nitrogen, oxygen, methane and
carbon dioxide, helium, light hydrocarbons and carbon mon-
oxide [15,26—28]. Hydrogen diffusion in natural rock samples,
however, has not been well studied.

In contrast, since the first observation by Graham in 1866
[29], that hydrogen diffuses through platinum, the phenom-
ena of hydrogen diffusion through metals have been subject
of many investigations [30]. Gas-based permeation experi-
ments were later used by Stross and Tompkins [31] or Johnson
[32] to obtain diffusion coefficients of hydrogen in iron mate-
rial as a function of temperature. For hydrogen diffusion in
iron, values between 3 x 107> cm?/s and 7.5 x 10~ cm?%/s are
given by Oriani [33] and Addach et al. [34], respectively.

Data of hydrogen diffusion coefficients in pure water can
also be found in literature. They range from 3.9 to 6.1 x
107° m?%/s [35—39).

A hydrogen diffusion coefficient in saturated brine was
reported by AbuAisha and Billiotte [40] to be 4.6 x 10~° m?/s.

Reports on hydrogen diffusion coefficients in air are in the
range from 0.756 to 1.604 x 10~* m?%/s [39,41].

Hydrogen diffusion coefficients for natural rock samples
are sparse in the literature. Data for water-saturated clayed
host rock and Boom clay are given as 3 x 10"*! m?/s and
5.1 x 107 m?s, respectively [38,42]. For salt grit, diffusion
coefficients between 1 x 1077 m?%s and 6 x 102 m?%s, are
given in Miiller-Lyda [43] depending on salt type, degree of
compaction and moisture content.

The work presented here was initiated to improve the data
availability on hydrogen diffusion coefficients through natural
rock samples. For this purpose, a measurement concept was
developed, using two gas chambers, separated by the rock
sample under investigation. With the help of an internal
amperometric hydrogen sensor, long-term experiments could
be carried out without gas sampling for external analysis. The
background to this is, that any form of gas extraction for
external gas measurements creates a pressure gradient that
influences the hydrogen diffusion behaviour. The migration of
gas through solid rock bodies is driven by the gradient of the
chemical potential or, simplified controlled by a concentration
or pressure gradient. Without force, the permeate moves to-
wards lower concentration or lower partial pressure [e.g. 44].
In the feed chamber, the hydrogen concentration is higher
than in the permeate side. Therefore, the hydrogen molecules
are adsorbed on the surface of the separating rock sample,
then the hydrogen is absorbed by the material and diffuses
through pores and molecular interstices of the sample. When
the hydrogen molecules reach the other side of the sample,
the hydrogen is released by desorption and enters the
permeate gas chamber.

The main objectives of the study presented here are (i) to
verify the functionality and practicability of the experimental
setup for the investigation of site-specific rock samples in
form of core material and (ii) to provide a first characterization
of hydrogen diffusion through different rock types in context
of hydrogen storage.

Methods
Experimental setup

The diffusion cell was designed and constructed using stan-
dard components (flanges, hoses, fitting elements, gaskets in
accordance with the CF standard ISO3669 from VACOM
Company). Two cylindric tee tube connectors were used to
create an inlet feed and a permeate chamber. CF seals, made
of oxygen-free, high-purity copper were used for a maximum
of tightness. Two-way valves (FITOK Company) were used for
the gas inlet and outlet ports on the feed side and for a single
outlet port on the permeate side. On the permeate side, the
second tube opening was closed by a flange with an electrical
feed through to install a modern solid-state hydrogen sensor
(H, SS micro, EUROGAS Company) in the permeate cell. It has
a measurement range of 0—20,000 ppm hydrogen. The
measurement is based on the principle of electrochemical gas
detection. When hydrogen hits the electrolyte of the
measurement electrode, it forms two protons (2H*) and two
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electrons. The number of electrons corresponds to the con-
centration of hydrogen and is detected as a current. Similarly,
the protons move to the counter electrode and form water
with ambient oxygen. The isolated reference electrode main-
tains the base potential and stabilizes the sensor output.

The hydrogen sensor was mounted to a SS PCB transmitter
(EUROGAS Company) and data connection was realized via a
pin port to a data logger (Meier NT Company) for online data
monitoring and read out. Feed and permeate cells cover a
volume of 0.2 L, respectively. They are connected by the
sample-carrying through flange (Fig. 1). Here, the sample is
embedded with epoxy resin (ROTH Company). The experi-
ments were all performed at ambient pressure and tempera-
ture conditions at both, feed and permeate cell. So, potential
contamination caused by pressure-induced leakage could be
prevented.

Sample material and preparation

For the investigation of hydrogen diffusion, rock types were
chosen, that are potentially in contact with hydrogen during
underground storage. Typically, salt caverns and groundwater-
bearing sandstones with caprock are considered as interme-
diate storage sites for hydrogen. Therefore, core pieces of
Werra rock salt, Bentheimer sandstone and Opalinus claystone
were selected for the experiments. Note, that these are pristine
rocks with no previous contact to hydrogen.

The Bentheimer sandstone samples were obtained from
the archive of RWTH Aachen University and are homogenous
core material of 30 mm diameter. The samples have a porosity
of 23.7% (pers. com. RWTH Aachen), permeabilities are re-
ported between 0.52 and 3.02 Darcy (5.13—29.8 x 10~** m?) by
Peksa et al. [45]. Details on petrographic characteristics can be
found in the literature, e.g. in Dubellar [46].

The Werra rock salt samples originate from the Middle
Werra rock salt of the Zechstein formation (z1NAb). The cores
were dry-drilled from an underground gallery of the Werra-
Fulda mining district (Hessian, Germany) during sampling
campaigns in 2017 [47]. For core samples of this location, a
porosity of 0.5% was determined. Permeability data for rock salt
in a range from 107?° to 10 % m? were published by Stormont
[48].

The Opalinus clay was recovered in 2021 from the Mont
Terri Rock Laboratory, Switzerland during a drilling
campaign (core BHS-1). According to Al Reda et al. [49] and
Bock [50]; Opalinus clay has a porosity of 9.6% to almost to
13%, respectively. Permeability data in a range from

6.9 x 1072 t0 2.3 x 107*® m? are reported by Al Reda et al. [49]
and Jacops et al. [51].

The sample material of Werra rock salt and Opalinus clay
were stored air-tight in vacuumed aluminium bags to avoid
contact and contamination with ambient air.

The cores were sliced into pieces of a certain length. For the
work presented here, 10 mm thick discs were prepared. Tests
with longer plugs are equally possible using self-
manufactured through flanges or cylindrical tube connectors
in which the plug will be fixed with epoxy resin. Having 30 mm
diameter, the exposed surface area of the sample section al-
ways covers 7 cm?,

Before mounting the sample discs to the through flange,
the surrounding mantle area was coated with viscous epoxy
resin and allowed to dry for 24 h. The discs were then placed
into the inner flange and fixed in place using fitted silicone
forms. The upper part of the core was then bonded to the
flange by carefully pouring liquid epoxy into the gap between
core and flange.

After the drying period, the flange-core-silicone piece was
turned upside down, the silicone form was removed and the
remaining gap was filled with epoxy resin and left for another
24 h drying.

Now, the plug was ready to be used. The flange was placed
as intermediate piece between the feed and permeate cham-
ber (Fig. 1).

For experiments using water- or brine-saturated Ben-
theimer sandstone samples, the prepared core-flange pieces
were vacuum-dried and placed in a beaker in an exsiccator.
The exsiccator with sample was evacuated to empty the
samples pore space before the sample was then exposed to
inward-poured deionized water or brine that filled the beaker.
The sample was then stored in the liquid-filled beaker until it
was placed into the diffusion apparatus between feed and
permeate chamber.

Experimental run

The feed chamber was purged with a gas mixture of 2 vol%
hydrogen in synthetic air (AIRLIQUIDE Company) at ambient
pressure for 5 min, through the feed gas inlet and outlet port
(Fig. 1b). The permeate chamber contained ambient air and
was equipped with a hydrogen sensor for the continuous
measurement of hydrogen concentration in the permeate gas,
for the whole experimental time period.

The complete data sets (measured, uncorrected and cor-
rected hydrogen concentrations at the permeate chamber,
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Fig. 1 — (a) Picture of experimental set-up; (b) schematic drawing of diffusion cell; (c) through flange with embedded Werra

rock salt sample.
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temperatures) are published in the corresponding data pub-
lication Strauch et al. [52].

Since there is no pressure gradient, the driving force for gas
movement through the sample plug is solely the concentra-
tion gradient of hydrogen between the feed and the permeate
chamber. The hydrogen breakthrough is marked by the first
detection of hydrogen at the hydrogen sensor. The diffusion
rates are determined from the subsequent increase in
hydrogen concentration in the permeate chamber.

Various tests were performed prior to routine measure-
ments to ensure the tightness and technical correctness of the
diffusion cell set-up.

The leak tightness of the epoxy resin, embedding the
sample plug, was tested to assure that hydrogen migration
occurs through the sample but not through the surrounding
bedding material. For the test, a metal plug of similar size as
the sample plugs (30 mm diameter and 10 mm thickness) was
embedded in epoxy resin and a trial run similarly to the real
tests was performed. Within three month run time no
hydrogen was detected at the permeate side, confirming the
quality of epoxy resin in terms of gas tightness for experi-
ments with low hydrogen concentration gradients at atmo-
spheric pressure conditions [53].

The tightness of the feed gas chamber was ensured by
external analyses. During initial tests, with gas tight plugs, the
gas concentration at the feed chamber was checked by
extracting about 2 cm® of gas sample through a gas tight
septum with a syringe. A gas mass spectrometer (PFEIFFER
Company) was used for analyses. The results showed no
decrease in hydrogen concentration in the feed cell, so we
concluded, that the feed compartment was tight.

To test the tightness of the permeate side, direct mea-
surements were made with the micro hydrogen sensor. We
observed decreasing hydrogen concentrations with time.
Therefore, detailed measurements were performed using a
“single cell set-up”. In this way, we were able to reduce the
origin of hydrogen-loss to two possibilities. Either the sensor
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itself consumes a certain amount of hydrogen during per-
manent analyses, or the electrical feed-through port of the
sensor is not leak-tight to hydrogen. Regardless of the sink
origin, we were able to establish a hydrogen-loss correction
equation for the correction of the results of diffusion
experiments.

Determination of hydrogen-loss correction equation

The hydrogen-loss rate was determined in repeated experi-
mental runs, with a “single cell set-up”, which a separate,
closed permeate cell including the micro hydrogen sensor.
The cell was purged with the check gas containing 2%
hydrogen in synthetic air. The decrease of hydrogen concen-
tration with time was monitored (Fig. 2) and the values from
10,000 ppm downwards were used to calculate the hydrogen-
loss. Higher values were excluded because the maximal con-
centration during diffusion experiments will be 10,000 ppm on
the feed side (20,000 ppm is the initial concentration at the
feed side, after diffusion and reaching equilibrium between
the two reservoirs, the concentration should be 10,000 ppm
hydrogen at each side).

The concentration decrease was non-linear, with the
highest hydrogen-loss rate at the beginning of the run and the
lowest hydrogen-loss rate at the end of the experiment
(Fig. 2a). Based on that, a correlation between hydrogen con-
centration in the chamber and hydrogen-loss rate can be
derived (Fig. 2b). The difference between the nominal value
and the real value is the hydrogen-loss rate per hour. The
lower the concentration in the chamber, the lower the hourly
loss, e.g. having about 8000 ppm hydrogen in the chamber, the
loss is roughly 300 ppm/h, at concentration of 5000 ppm in the
permeate chamber, the loss is only 100 ppm/h. The correlation
is shown in Fig. 2b. There are highly scattering data points at
hydrogen concentrations above 8000 ppm. Therefore, only
values below 8000 ppm were used for the calculation of the
best fit equation.
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Fig. 2 — (a) The diagram shows the decrease of measured hydrogen concentration and the corresponding increase in
cumulative hydrogen loss (primary y-axis) in the single cell, within one week. It also shows the corrected hydrogen
concentrations with a 5% error range. The hydrogen-loss rate in ppm per hour (thin crossed marks) corresponds to the
secondary y-axis. (b) The diagram shows the hydrogen-loss rate as a function of the hydrogen concentration in the single

cell.
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The following best fit equation was derived by repeated
tests on the single cell set-up and subsequently used for the
hydrogen-loss correction of the measured hydrogen concen-
tration on the permeate side in the course of a diffusion
experiment.

Q=2x10"5(cy,)* +0.0156 cy, .

ppm x 200 cm3]

The hydrogen-loss rate Q was calculated in ppm for the
permeate cell volume of 200 cm?® and time intervals of 1 h. The
conversion into conventionally used units of [mbar x liter/sec]
was not considered suitable for the application and set-up
used here.

As can be seen in Fig. 2a, the corrected values fit well with
the expected hydrogen concentration of 10,000 ppm in the
chamber. However, at the beginning of the experiment, when
the hydrogen concentration is highest and the hydrogen-loss
is also highest, the calculated corrected values are higher than
the expected true value (above 10,000 ppm). Therefore, an
error bar of 5% was added to the calculated data.

Determination of the corrected hydrogen concentration at
the permeate side

Fig. 3 shows the result of an experiment with water-saturated
sandstone. The measured hydrogen concentrations (dashed
line) increased to values of about 1200 ppm after 215 h. From
then on, the concentrations remained relatively levelled with
slightly decreasing trend in hydrogen concentrations over
time. The experiment was terminated after 350 h.

The calculated hydrogen-loss rate raised to values up to
25 ppm per hour at times when maximum hydrogen con-
centrations were measured (at about 200 h elapsed time). At
constant hydrogen concentrations at the permeate cell, the
hydrogen-loss rate remained relatively leveled between 20

and 25 ppm hydrogen-loss per hour. The subsequent calcu-
lation of corrected hydrogen concentrations revealed, that the
concentration of hydrogen on the permeate side was actually
still increasing. This indicates, that the diffusion process
through the rock sample was still ongoing when the experi-
ment was stopped. For equilibrium between feed and
permeate chambers, the hydrogen concentration should have
reached values of about 10,000 ppm. However, the observation
time was sufficient for the calculation of diffusion coefficients.
Only a linear increasing concentration range was required for
the calculation.

Determination of the breakthrough time

The breakthrough time, or lag time, is in the literature often
defined as intercept of abscissa by the extension of the linear
part of the graph of hydrogen concentration versus elapsed
time [e.g. 54,55]. However, In case of a rather shallow increase
in permeate concentration, the graphical determination of lag
times results in too low or even negative values. Therefore, in
this study we state the breakthrough time as the time interval
between the start of test gas purging of the feed chamber and
the first detection of hydrogen at the hydrogen sensor in the
permeate chamber. Depending on the sample material and
water saturation, it ranged from minutes to months (Table 1).
The complete data set is available in the corresponding data
publication of Strauch et al. [52].

Determination of diffusion coefficient

In contrast to homogeneous materials such as metals or
polymers, the texture and microstructure of natural rock
samples are highly complex. For instance sedimentary rocks
consist of mineral grains or mineral aggregates, a mineral
binder and pore space. The latter can be either wetted, or filled
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Fig. 3 — Diagram showing the progressions of hydrogen concentration at the permeate side during an experiment testing a
water-saturated sandstone plug. The dashed curve refers to the measured values, the black line indicates the corrected
data, based on the hydrogen-loss rate (dotted line, referring to the secondary y axis). The 5% error bars are implemented on

the corrected graph.
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Table 1 — Summary of experimental results, showing calculated hydrogen diffusion coefficients, breakthrough times and

experimental run time for different natural rock samples. The internal name is stated for tracing data sets of the
experiments in the accompanied data publication Strauch et al. [52].

Experiment # internal name sample material diffusion breakthrough run time [h]
coefficient [m?/s] time [h]

1 H2R2-21 Bentheimer sandstone 2.1E-09 2 106

2 H2R2-18 Bentheimer sandstone, 1.6E-09 73 355
water saturated

3 H2R2-07 Werra rock salt 1.3E-08 1 82

4 H2R2-09 Werra rock salt, wetted 1.4E-09 843 2024

5 H2R2-24 Opalinus clay 1.8E-09 2 788

6 H2R2-26 Opalinus clay, wetted 1.2E-09 2 477

with gas, fluids or a mixtures of both. The molecular diffusion
of gases through rock samples is therefore always a combi-
nation of diffusion in gases, liquids and solids. Consequently,
with increasing porosity and permeability of the rocks,
hydrogen diffusion through the solid becomes less important.
This type of diffusion is usually described by an effective
diffusion coefficient (D). If the rocks also contain clay min-
erals, sorption effects on the clay mineral surfaces can influ-
ence molecular diffusion. In this case, D, is extended by the
sorption effect to the apparent diffusion coefficient (D,).

Since the distinction between diffusion types is not
considered for the rocks examined here, and simply the
whole-rock samples were investigated, the unspecified term
“hydrogen diffusion coefficient” is used. This term comprises
the hydrogen diffusion through the whole-rock sample,
including diffusion through minerals, gas and liquid within
pore spaces or micro fractures, as well as all kind of side
effects.

For the determination of the hydrogen diffusion coefficent,
the corrected hydrogen concentrations cy, at the permeat side
were used in a time span, where the concentration increase
per time remained relatively constant. As shown in Fig. 4, the
hydrogen concentration cy, increased rapidly after hydrogen

breakthrough, as shown by the steep increase in the differ-
ences of hydrogen concentrations Acy, . After about 180 h, the
Acy, remained at a high level with values up to 40 ppm. Here,
the temporal range between 160 and 215 h of elapsed time was
chosen for the calculation of the diffusion coefficent.
Although the Acy, values scatter strongly, the range marks the
area in which, overall, neither a further increase nor a incip-
ient decrease of Acy, occurs.

The equation of Geiker et al. [56] was applied for the
calculation of the diffusion coefficent D in m?/s. The volume of
the permeate cell (V), the area of the exposed sample (A) and
the time difference between two measurements (At) are
similar at 0.0002 m?, 0.0007 m? and 3600 s, respectively for all
experiments. The incremental differences between two
hydrogen concentrations AQ, were calculated from the prox-
imate values, as well as the gradient between the hydrogen
concentration at the feed chamber (c;) and the hydrogen
concentration at the permeate side (c;). The length of the
sample (L) was 0.01 m.
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Fig. 4 — Diagram shows the corrected hydrogen concentrations cy, on the permeate side (primary y-axis) and the
concentration differences between two adjacent measurements Acy, (secondary y-axis). Shaded in grey is the area, where
the increase in hydrogen concentration between two measurements is fairly constant (with no decreasing or increasing
tendency). Data within that time range were used for the calculation of the hydrogen diffusion coefficient.
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For the determination of the diffusion coefficient, a time
span had to be chosen in which the hydrogen concentration
on the permeate side is constantly increasing, indicating
equilibrium conditions. This does not mean equilibrium be-
tween the reservoirs, but rather a steady-state diffusion of
hydrogen through the sample.

Since the experimental set-up did not allow for constant
hydrogen concentrations on the feed side, the feed
concentration had to be constantly adjusted for the calculation.
We assumed, that the corrected concentration detected at the
feed side was the concentration by which the permeate con-
centration had to be reduced. This means, that as the con-
centration at the permeate side increased, the hydrogen
concentration on the feed side decreased by the same amount
(Fig. 5). Therefore, the concentration gradient between the feed
and permeate side decreased in the course of the experiment
as soon as hydrogen entered the permeate chamber.

The reproducibility of results is in the range of +2%. This is
valid for repeated diffusion experiment with the identical
sample. When analyzing different core samples of similar
rock material, the resulting diffusion coefficients remain in
the same order of magnitude. The variations are likely the
result of naturally occurring differences in the rock matrix,
such as micro fissures or inhomogeneous pore filling.

Results and discussion

The results of diffusion experiments with dry and wet Ben-
theimer sandstone, Werra rock salt and Opalinus clay are
presented here. Note, the term “dry” refers to the original
conditions of the rock samples. We did not perform additional
drying of sample material. Fig. 6 shows the typical course of
the measured and corrected hydrogen concentration on the
permeate side. The hydrogen concentrations are shown in
hourly intervals. In addition, AQ values are shown at the
secondary y-axis indicating the changes in hydrogen con-
centrations between two adjacent values.

Overall, samples used here were permeable to hydrogen,
but had some different characteristics in terms of break-
through times and hydrogen diffusion progression. The
highest diffusivity was found for the dry Bentheimer sand-
stone (Fig. 6a) and the dry Werra rock salt (Fig. 6¢c). By far the
lowest hydrogen diffusion was detected for the wetted Werra
rock salt sample (Fig. 6d).

Measurements on dry sandstone, salt and clay material

Measurements on the dry Bentheimer sandstone resulted in a
hydrogen breakthrough time of about 1 h. As can be seen in
Fig. 6a, within the first 3 h after hydrogen breakthrough, the
hydrogen concentration at the permeate side increased
strongly between two measurements to values above 250 ppm
per hour (AQ). After 15 h, the maximum measured hydrogen
concentration was reached with approximately 3000 ppm.
The measured concentrations slowly decrease to 2000 ppm
after 70 h run time. The concentration changes AQ showed
scattering around 25 ppm/h, and the values remained below
50 ppm/h. The correction curve shows, that hydrogen con-
centrations in the permeate chamber were actually still
increasing. After 70 h run time, the calculated concentration
is about 5000 ppm and equilibrium in hydrogen concentration
between feed an permeate chambers was not achieved. The
time span between 20 and 70 h was used to calculate the
diffusion coefficient.

A similar observation was made for the hydrogen diffusion
through dry Werra rock salt (Fig. 6¢). Again, the breakthrough
time was fast and hydrogen was detected within the first hour
after the start of the experiment. The changes in hydrogen
concentration AQ per hour were in the same range as in the
sandstone, but at a higher level, between 100 and 150 ppm.
The hydrogen concentration in the permeate chamber
increased almost linearly during the first 42 h, before it
declined in steepness. However, unlike in the sandstone
experiment, no decrease in hydrogen concentration was
measured throughout the entire experiment. The correction
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Fig. 5 — The diagram shows the course of the hydrogen concentration cy, in the permeate and feed cell. Similar to the
increase of hydrogen on the permeate side, the hydrogen concentration on the feed side decreased.
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for hydrogen-loss shows a quasi linear trend of hydrogen in-
crease in the permeate chamber. The equilibrium between the
feed and the permeate chamber was established after 83 h.
Data of the time range of 10—40 h were used to calculate the
diffusion coefficient.

When similar experiments were carried out with Opalinus
clay as a separator between the feed and permeate chamber,
the hydrogen diffusion started similarly fast, between the first
and second experimental hour. However, the hydrogen con-
centration on the feed side increased only slowly and the
measured hydrogen concentrations barely exceeded 1500 ppm
after 70 h of experimentation. The corrected hydrogen con-
centration on the permeate side reached about 3000 ppm after
70 h, which is much lower compared to Bentheimer sandstone

and Werra rock salt. The concentration changes were about
70 ppm/h at the beginning of the experiment. They decreased
continuously to finally 40 ppm/h. The scattering was much
lower than in the experiments described above.

Measurements on wet sandstone, salt and clay material

In water-saturated Bentheimer sandstone, hydrogen exhibi-
ted a different diffusion behaviour (Fig. 6d). The breakthrough
time of hydrogen was detected after more than 72 h. The
detected hydrogen concentration on the permeate side did not
exceed 1500 ppm and slowly decreased after a non-prominent
maximum at 220 h elapsed time. The corrected values
increased up to 3000 ppm in the same time interval and
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continued to increase cumulatively until the experiment was
terminated after 300 h. No equlilibrium between feed and
permeate chamber was reached at this time. The concentra-
tion changes per hour AQ increased during the first 220 h to
values up to 50 ppm/h, after that, AQ decreased to about
25 ppm/h. This is on concordance with the range of AQ for dry
sandstone and suggests, that the pore-filling water was
drained out of the sample, leaving the dry sandstone sample
with interconnected pore spaces.

The wetted Werra rock salt plug was left untouched for one
week to allow possible fractures to heal from the intruding
and crystallizing brine percolating through the rock salt plug.
The subsequent experiment indicate that previous migration
pathways have reduced. Compared to the dry Werra rock salt
equivalent, strong deviations were observed in terms of
hydrogen breakthrough time and migration behaviour
(Fig. 6d). The breakthrough time increased in the order of two
magnitudes and was detected after 843 h. The concentration
changes per hour (AQ) were considerably lower than in the
dry rock experiment with values mainly below 25 ppm/h.
Interestingly, the values were highly scattering, between
0 and 25 ppm/h, which persisted throughout the entire
experimental duration. After about 1800 h, the experiment
was finished and the equlibrium between hydrogen concen-
tration in feed and permeate chamber (both chambers should
contain 10,000 ppm of hydrogen) was almost reached.

The embedded Opalinus clay was carefully wetted on the
surface facing the feed chamber and immediately placed in
the diffusion cell. The resulting data show no noticeable
changes between original and wetted clay material. Possibly,
the effect of slight surface wetting is too small to cause
changes in hydrogen diffusion. Most likely, the origninal
sample was already humid and the additional wetting did not
largely affect the sample. Interestingly, the hourly concen-
tration changes AQ alternate with a frequency of about 24 h
(Fig. 6f). That diurnal rhythm could be due the changes in
room temperature by day/night shifts of room ventilation or

Benth. sandstone

Werra rock salt

air conditioning. The amplitude decreased in the course of the
experiment, because of the decreasing hydrogen concentra-
tion gradient between feed and permeate chamber.

Hydrogen diffusion coefficients and breakthrough times of
dry and wet sandstone, salt and clay material

Diffusion coefficients are important physical parameters of
natural rocks. Large diffusion coefficients indicate that gas
diffuses fast in the rocks [26]. Since only hydrogen was
considered in the experiments, the gas properties (molecule
size, geometric form) can be neglected here and the diffusion
coefficient is only affected by the petrophysical rock proper-
ties, like porosity and permeability. Diffusion coefficients are
not measured directly, but are calculated from the measured
amount of gas diffusing through the rock in a given time using
Fick's law.

The hydrogen diffusion coefficient is an indicator of the
rate of hydrogen movement and suggestive for the gas
transport mainly along micro fractures or through an inter-
connected pore space network. The hydrogen breakthrough
times are additional indicators for rock tightness.

Breakthrough times of hydrogen for the investigated rock
plugs vary between one and 843 h. The calculated hydrogen
diffusion coefficients are in the region of 10~° to 10~ m?/s. The
flanking results were both generated in diffusion experiments
for dry and wetted Werra rock salt. The lowest variations be-
tween data of dry and wet material were seen for the Opalinus
clay. Here, both, hydrogen diffusion coefficient and break-
through times were quite similar.

When wetted, the hydrogen diffusion rates decreased for
all samples. That is mirrored by lower hydrogen diffusion
coefficients and the increase in hydrogen breakthrough times
(Fig. 7).

A hydrogen diffusion coefficient of 2.1 x 102 m%s was
calculated for the dry Bentheimer sandstone plug. The dif-
ference of hydrogen diffusion coefficients between dry and

Opalinus clay
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Fig. 7 — Diagram showing the diffusion coefficients and breakthrough times of the investigated Bentheimer sandstone, Werra
rock salt and Opalinus clay samples. Closed symbols show dry material, open symbols show water-saturated and wetted
samples. Arrows indicate changes of diffusion coefficients and breakthrough times in hydrogen through wet material.
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wet Bentheimer sandstone was not prominent. The hydrogen
diffusion coefficient of the water-saturated sandstone was
calculated to be 1.6 x 10~ m%s. More pronounced was the
difference in hydrogen breakthrough times of a dry and water-
saturated Bentheimer sandstone plugs. The data show, that
the time for the hydrogen to reach the permeate chamber
increased by more than an order of magnitude. While
hydrogen breakthrough of the dry Bentheimer sandstone
sample was detected after 2 h, the water-saturated Ben-
theimer sandstone sample retained hydrogen for 73 h. We
assume, that at this time the water-filled pore space fell dry,
probably due to the gravitational downward movement of the
pore-filling liquid. The hydrogen diffusion coefficient is
therefore only slightly reduced compared to the dry sample.
As hydrogen diffusion coefficients in pure water range from
3.9 to 6.1 x 10°° m%s [35-39], a somewhat lower diffusion
coefficient, as determine here, is reasonable for a water-
saturated sandstone, where, according to porosity data, 23.7%
(pers. com. RWTH Aachen), pore space is now filled with
water. The diffusion coefficient of the dry Bentheimer sand-
stone, however, seems to be too low. Assuming that the 23.7%
of the sandstone sample consists of pore space is filled with
air, hydrogen diffusion should occur faster, as the hydrogen
diffusion coefficients in air are considerably higher, in the
range from 0.756 to 1.604 x 10~* m?%/s [39,41]. The reasons for
the deviations from expectations might be, that the dry Ben-
theimer sandstone contains residual water in interparticle
space) and the actually available migration pathway is smaller
than assumed. Also, pore space might be not interconnected,
so hydrogen diffusion through dry Bentheimer sandstone,
where pores are filled with air, is considerable smaller than in
pure air.

Hydrogen diffusion in saturated brine was stated by
AbuAisha and Billiotte [40] with 4.6 x 10~° m?/s. An experi-
ment using the Bentheimer sandstone, saturated with a brine
of 200 g NaCl/L water, was conducted. It is not shown here,
due to the absence of presentable data. In the course of the
experiment, which was running for several month, no
hydrogen breakthrough was detected and consequently, no
diffusion coefficient could be determined. It is likely that the
sandstone pores, and hence the preferential migration path-
ways, were clogged due to the precipitation of salt minerals in
the pore space. As a result, a fairly hydrogen-tight sandstone
plug evolved. Interestingly, the sample was even “hydrogen-
tighter” than a wetted Werra rock salt sample.

Dry rock salt rarely comprises an open pore network for gas
migration but micro fractures allow rapid movement of
hydrogen. Experiment 3 (Table 1, Fig. 7) shows results of a
Werra rock salt sample with a high diffusion coefficient of
1.3 x 108 m%s that strongly suggests micro fracturing. This is
supported by the fast hydrogen breakthrough, within the first
hour after the start of the experiment.

After wetting the surface of the Werra rock salt plug, the
experiment was repeated. The hydrogen breakthrough time
increased by three orders of magnitudes. The hydrogen diffu-
sion coefficient also decreased noticeably, from 1.3 x 10~¥ m?/s
to 1.4 x 10~° m?%s which indicates, that a widespread micro-
crack occurred by dissolution-recrystallisation
processes. The hydrogen diffusion coefficient determined
here, agrees with hydrogen diffusion coefficients of salt found

closure

in the literature, which are between 1 x 1077 m?%s and
6 x 1072 m%/s [43].

The experiments on fresh Opalinus clay (experiments 5 and
6 in Table 1 and Fig. 7) resulted in a hydrogen diffusion coef-
ficient of 1.8 x 10~° m%s. The sample was recovered during
drilling at Mont Terri Rock Labor (BHS-1, drilling campaign in
September 2021) and immediately packed and vacuumed in an
aluminum foil bag. The diffusion experiments were performed
in April 2022 and the sample was not preconditioned, e.g.
dried, but used as it was. The additional, superficial wetting for
experiment 6, caused no considerable decrease of the
hydrogen diffusion coefficient. The hydrogen diffusion coeffi-
cient decreased only to 1.2 x 10~° m?%/s. The hydrogen break-
through time is about 2 h, which is in the same range as in
experiment 5. Overall, the observed variations in breakthrough
times and diffusion coefficients were small, which is likely
because the difference between “dry” and “wetted” Opalinus
clay is negligible. The term “dry” Opalinus clay is likely to be
misleading, and only used in continuation to the previous
samples of Bentheimer sandstone and Werra rock salt. In fact,
the “dry” clay is in original conditions, and likely humid.
Therefore, the difference between experiment 5 and 6 is small.
In comparison to studies of Krooss [42] and Jacops [38], that
state very low hydrogen diffusion coefficients of 3 x 10-** m?%/s
and 5.1 x 10~°m?%/s, the results obtained here are considerably
higher. We assume, that the differences are due to different
measurement techniques. The study performed here, did
neither apply water-saturated clayed samples, nor worked
with dissolved hydrogen as diffusion agent.

This makes clear that extensive investigations are still
necessary to determine reliable hydrogen diffusion
coefficients.

Conclusion

The experimental set-up presented here, is suitable for the
investigation of natural solid rock samples. Ideally, cores of
30 mm diameter are used. The length can vary. In the first
experiments presented here, 10 mm thick plugs provided a
well-manageable specimen size. Depending on rock char-
acteristics, the sample length can be increased to at least
100 mm. Before the experiment, the plugs must be fixed in a
through flange. This preparational work takes 3—5 days. The
duration of the experiment depends on the material and its
hydrogen breakthrough times, which can range from hours
to month. Improvements should be considered in the
sensor technique to avoid the application of correction
equations.

We performed diffusion experiments with Bentheimer
sandstone, Werra rock salt and Opalinus clay to obtain
breakthrough times and calculate hydrogen diffusion co-
efficients for the respective rock sample. Overall, the observed
hydrogen diffusion coefficients for whole-rock-samples are in
the expected range between 107° to 10~ m?%s. In all experi-
ments, water reduces the diffusion velocity. This is largely
consistent with published data, e.g. 107! to 1077 m?s for
natural rocks [e.g. [43,57,58]]. Differences to published diffu-
sion coefficients are due to different measurement methods,
sample preparation and diffusion agent.
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The hydrogen diffusion coefficients of dry and water-
saturated Bentheimer sandstone were determined to be 2.1
and 1.6 x 10° m?s, respectively. The corresponding break-
through times were 2 h and 73 h, respectively. A brine-
saturated sample of Bentheimer sandstone appears to be
impermeable to hydrogen within several month, possibly due
to blockage of the pore space by intense salt mineralization
throughout the entire sample plug.

The largest variations in breakthrough time and hydrogen
diffusion coefficients were found for the Werra rock salt sam-
ples. While the dry sample has a diffusion coefficient of
1.3 x 108 m%s, the hydrogen diffusion coefficient of the wetted
sample is, with 1.4 x 10~° m?%s, one order of magnitude lower.
Furthermore, the fast breakthrough time of less than 1 h for the
dry Werra rock salt has increased significantly. The wetted
Werra rock salt shows the hydrogen breakthrough after 824 h.
The cause for the strong differences is assumed to be fracture
healing due to dissolution - precipitation effects within the
Werra rock salt sample. The results are in the same order as
literature reports. Itis noteworthy, that the fully brine-saturated
Bentheimer sandstone sample was even more impermeable to
hydrogen. We assume, that the superficial wetting of the pure
Werra rock salthad a smaller effect on fracture healing than the
thorough brine-saturation of the Bentheimer sandstone sam-
ple, that caused an overall pore closure by salt precipitation.

The Opalinus clay in its original and wetted state does not
show strong deviations, which is probably due to the fact, that
the original sample was already moist. Overall, the deter-
mined hydrogen diffusion coefficients of 1.8 and
1.2 x 107° m%s, are higher than literature data. This is either
due to differences in the analysis methodology or in the
sample material. Preparation-related microcracks in the
sample used cannot be completely ruled out either.

The results shown here, confirm the viability of the
experimental set-up and provide a first approach to charac-
terise and compare hydrogen gas transport through a variety
of geological materials. The use of a correction equation al-
lows for the compensation of hydrogen-losses or the use of a
sensor with low hydrogen consumption. The set-up is there-
fore suitable as a “first-look-method” or for comparing
different consolidated rock types to obtain data on hydrogen
diffusion coefficients and breakthrough times. Following the
rather unspecific approach applied here in terms of water
saturation or dryness of rock samples, a thorough study is
needed to quantify the effects of gaseous and liquid pore
filling and the effects of salt precipitation from brine.
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