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Abstract
Underground Hydrogen storage (UHS) is an attractive technology for large-scale energy storage. The
UHS safety and efficiency depends highly on accurate characterization of H2 interactions with reservoir
fluids, specially wettability analyses for H2/brine/rock systems. This thesis reports experimental mea-
surements of advancing and receding contact angles of H2/water, N2/water and CO2/water systems at
P = 10 bar and T = 20 °C using a microfluidic chip (channel widths: 50 - 130 µm). The results indicate
strong water-wet conditions with H2/water advancing and receding contact angles of respectively 13 -
39°, and 6 - 23°. It was found that the contact angles decrease with increasing channel widths. Little
hysteresis was measured, and consequently, the results are not in line with Morrow’s curve. The re-
ceding contact angle measured in the smallest channel agrees well with the literature coreflood tests.
The N2/water and CO2/water systems showed similar behaviours as the H2/water system.
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1
Introduction

Contribution of renewable energy, especially wind and solar, in the future global energy mix is expected
to increase significantly [9]. However, due to the intermittent nature of these energy resources, devel-
opment of large-scale (TWh) energy storage systems are essential components of future green energy
systems [10]. Hydrogen (H2) is considered as an attractive energy carrier because of its high mass
energy density (i.e., 120 MJ/kg) and its clean combustion products. However, because of its low den-
sity (i.e., 0.09 kg/m3 at standard conditions), surface-based storage facilities do not offer the volumes
required for large-scale (Twh) energy storage. Geological formations, such as depleted oil and gas
reservoirs, aquifers or salt caverns; on the other hand, offer feasible solutions [5, 10–12] (Figure 1.1).
A list of all operational projects can be found in the recent UHS literature [5, 12]. A literature study on
the disciplines of UHS and its main risks can be found in Appendix A

Figure 1.1: Schematic drawing of UHS in geological formations: depleted oil or gas reservoirs and aquifers (left) and salt caverns
(right)

A good understanding of H2/water transport properties such as relative permeability and capillary
pressure is needed to ensure the safety of Underground Hydrogen Storage (UHS), as well as to op-
timize injection and withdrawal cycles [3, 10, 13–16]. Relative permeability and capillary pressure
functions are highly dependent on the wetting properties of the system [1, 3, 17]. The wettability
in H2/brine/rock systems can be characterized by the contact angle between the rock-brine and the
brine-H2 interfaces (Section 3.1 Fig 2.2).

Contact angles can be directly measured experimentally using captive bubble method [5, 18], Ses-
sile dropmethod [19–21], Capillary tubes [22–25], Tilted plate method [26], Wilhelmy plate method [27],
Microfluidic chips [8, 25], and In-situ µCT measurements [21, 28], of which µCT measurements of the
contact angles are most representative for local pore geometries. To the best of our knowledge, there
is only limited experimental data available on H2 contact angles in subsurface systems. Moreover, no
direct measurements to quantify the effect of pore size on this parameter has been reported.

Yekta et al. [7] performed core-flooding tests, in which hydrogen was injected into a water-saturated
Vosges sandstone rock, to derive drainage relative permeability and capillary pressure curves. The
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2 1. Introduction

experiments were carried out to represent shallow (50 bar - 20 °C) and deep (100 bar - 45 °C) aquifers.
By combining the capillary pressure results with mercury injection capillary pressure (MICP) measure-
ments and using the Young-Laplace scaling, they found receding contact angles of 21.6° and 34.9°
for the first and second conditions, respectively. Iglauer et al. [6] used the tilted plate experimental
technique to determine advancing and receding contact angles for the H2/brine/quartz system. The
experiments were performed for a pressure range of 50-250 bar, and a temperature range of 23-70 °C.
A brine with a salinity of 100,000 ppm NaCl was used. They found that increasing pressure, tempera-
ture, and organic surface concentration increased the hydrogen wettability, with contact angles ranging
between 0° to maximum 50°. Lastly, Hashemi et al. [3] performed static contact angle measurements
for H2/brine/sandstone rock using a captive-bubble cell device. No meaningful correlations were found
by changing pressure (20 - 100 bar), temperature (20 - 50 °C) and salinity (0 - 50 000 ppm NaCl) of
the brine. Intrinsic contact angles between 25° (min) to 45°(max) were found for a variety of tests.

Although, water-wet conditions were commonly found in all the past experiments, there still exist
some inconsistencies between the currently reported data, which then leave uncertainties as to what
the in-situ H2 contact angles are in the realistic subsurface systems. This could possibly be explained
by differences in the measurement techniques and types of rocks and fluids used in the experiments.
To help shedding new lights on characterisation of this crucial interface property, a systematic study
is reported in this paper, for a transparent dynamic multiphase flow system. More precisely, in this
work, we measure contact angles in microfluidic systems for both drainage (receding) and imbibition
(advancing) processes. Microfluidic chips resemble actual subsurface systems much closer compared
to tilted plate techniques or captive bubble cells, because of the dynamic and micro-channel-based
nature of the flow conditions.

Because H2 will be periodically injected and produced from the reservoir, drainage and imbibition
processes will alternately occur in the real system. The hysteresis in contact angles, and thus relative
permeability and capillary pressure curves, has direct impact on the amount of residual and capillary-
trapped non-wetting phase [29], in this case H2. Because trapped H2 cannot be produced from the
reservoir, the trapping of H2 is disadvantageous for the economic feasibility of UHS.

Morrow [4] investigated the dependence of the advancing and receding contact angles on intrinsic
contact angles by measuring intrinsic contact angles on a smooth PTFE surface for a range of systems
consisting of different fluid pairs, while the corresponding advancing and receding contact angles were
measured in PTFE tubes. The study showed a systematic dependency of the advancing and receding
contact angles on the intrinsic contact angle. The study is referred to as the Morrow curve in the current
paper (Fig. 4.3). TheMorrow curve can be used to predict the hysteresis behavior based on the intrinsic
contact angle.

Microfluidic investigations can provide insight in the dynamics of fluid flow, interfacial tension and
mass transfer [30]. Microfluidics experiments at early stages were based on simple micromodels, but
later involved more complex network geometries [30]. The main limitations of most micromodels, how-
ever, include their restriction to 2D networks, their uniform etch depth, and uniform surface chemistry
and minimum channel width of 10µm [31]. There are a few examples of the micromodels which resem-
ble actual 3D rock systems more closely [32, 33]. Micromodels have widely been used for experiments
on wettability [31, 34–36]. However, to the best of the authors’ knowledge, the study conducted by
Jafari and Jung [8] is the only one which has employed a micromodel to directly measure dynamic
contact angles in randomly-patterned channels.

The objective of this work is to characterize dynamic contact angles, and also to quantify the impact
of pore size on wettability in a H2/water/glass system. The results reported in this study can be directly
used in the pore-scale modelling of UHS such as the one performed by Hashemi et al. [5], in order to
find relative permeability and capillary pressure curves.

The rest of the thesis is structured as follows. First, background theory will be provided. Then the
experimental setup and procedure will be described, followed by the method of image analysis. Then,
the results and their relevance for UHS will be provided and discussed. Finally, concluding remarks will
be presented.



2
Theory

2.1. Interfacial tension, wettability and contact angle
When a liquid is in contact with another liquid (inmiscible with each other) or solid, there is a free
interfacial energy present. This interfacial tension arises due to the difference in inward attraction of
the molecules of both phases present. The free energy per unit area of the surface between the phases
is defined as the interfacial tension (𝜎). [1, 17].

The wettability is a measure of the ability of a fluid to interact with a solid surface in combination with
another fluid. This can be represented by the contact angle. The contact angle is defined as the angle
that a two-fluid interface makes with the solid surface. A contact angle < 90 °defines the non-wetting
phase, while a contact angle > 90°defines the wetting phase, see Figure 2.1 [1, 17].

Figure 2.1: Schematic drawing of wetting and non-wetting phases.

The contact angle is static (SCA) when the interface is not moving. Dynamic contact angles (DCA)
can be measured during imbibition, where the wetting phase is displacing the non-wetting phase.
Such a process leads to advancing contact angles (ACA). Alternatively, they can be measured during
drainage, where the non-wetting phase is displacing the wetting phase. This experiment corresponds
to receding contact angles (RCA). An illustration is provided in Fig 2.2. Hysteresis is then defined as
the difference between the advancing and receding contact angles [37]. When the surface is smooth
and the fluids are at rest and free of polar impurities, the contact angle is a fundamental property of the
system. This is called the intrinsic contact angle (ICA) [4]. As shown in Figure 4.3, Morrow’s curve [4]
shows a systematic dependence of the advancing and receding contact angles on the intrinsic contact
angle.

The contact angle is directly depending on the interfacial tension between: 1) the wetting phase
and the non-wetting phase, 2) wetting phase and the solid, and 3) the non-wetting phase and the solid
(Figure 2.3). This is defined by Young’s equation [1, 17, 38]:

𝑐𝑜𝑠𝜃 = 𝜎𝑛𝑤𝑠 − 𝜎𝑤𝑠
𝜎𝑤𝑛𝑤

(2.1)

where θ is the contact angle, σnws, is the interfacial tension between the non-wetting phase and the
solid, σws, is the interfacial tension between the wetting phase and the solid and σwnw, is the interfacial
tension between the wetting phase and non-wetting phase.

3



4 2. Theory

Figure 2.2: Schematic drawing showing the interface between the wetting and non-wetting phase. The advancing (ACA) and
receding contact angles (RCA) are indicated by ΘA and ΘR, respectively. The static contact angle is illustrated by ΘS.

Figure 2.3: Interfacial tension and contact angle of Young’s equation. (θ is the contact angle, σnws, is the interfacial tension
between the non-wetting phase and the solid, σws, is the interfacial tension between the wetting phase and the solid and σwnw,
is the interfacial tension between the non-wetting phase and non-wetting phase)

2.2. Capillary pressure
When two fluids are in contact with a solid, the interface of the fluids is curved. The reason for this is
that one of the fluids, the wetting fluid, has a larger preference to wet the solid. The curvature of the
interface leads to a pressure difference between the two fluids, called the capillary pressure (Pc). The
non-wetting phase has a higher pressure, it does not prefer the solid and needs more pressure to be
moved through a tube or a porous medium [1, 17, 38].

The Young-Laplace equation relates the capillary pressure to the curvature of the interfaces:

𝑃𝑐 = 𝑃𝑛𝑤 − 𝑃𝑤 = 𝜎 (
1
𝑟1
+ 1
𝑟2
) (2.2)

where Pnw is the pressure of the non-wetting fluid, Pw is the pressure of the wetting fluid, 𝜎 is the
interfacial tension and r1 and r2 are the principal radii of curvature as indicated in Figure 2.4

The Laplace equation can be rewritten for specific cases. For example, in case of a circular capillary
tube, the radii of curvature are the same so r1 = r2. It can be derived by using trigonometry that r1 = r2
= r/cosθ, where r is the radius of the capillary tube (Figure E). Combining this with the Young-Laplace
equation gives [1, 17, 38]:

𝑃𝑐 = 𝑃𝑛𝑤 − 𝑃𝑤 =
𝜎𝑐𝑜𝑠𝜃
𝑟 (2.3)
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Figure 2.4: Schematic drawing of a small part of an interface between two fluids, which has two principal radii of curvature: r1
and r2 [1].

Figure 2.5: Schematic drawing of a capillary tube. Here, r is the radius of the tube, r1 is the radius of curvature and θ is the
contact angle.

2.3. Influence of intermolecular forces on contact angles
As stated in section 2.1, the contact angle is directly dependent on the interfacial tension values of
the interfaces present in the system. The interfacial tension is the energy penalty for breaking the
intermolecular forces within the phases itself and creating an interface between the two phases. This
energy penalty is largest if there is a big difference in intermolecular forces present within both phases.

A similar example to hydrogen/water, an oil water system, is shown in Figure 2.6. Because a water
molecule is a dipole, it can form strong dipole-dipole bonds, hydrogen bonds, which are represented by
the solid arrows. Oil on the other hand has, just like hydrogen, non-polar molecules, and therefore only
weaker Van der Waals forces are present between molecules, which are represented by the dashed
lines. If oil or hydrogen needs to form an interface with water, strong hydrogen bonds are broken and
replaced by weak Van der Waals forces [1]. This results in a relatively large interfacial tension.

In this research silica/hydrogen/water contact angles are measured. Silica is a solid with strong
interatomic bonding, so high surface energy is expected to result from breaking these bonds. As stated
above, water has stronger intermolecular bonds than hydrogen and therefore the strength of the water
bonds is closer to the strong interatomic bonding of silica. This results in a lower interfacial tension
between silica and water than between silica and hydrogen. Consequently, water is the wetting phase
in this system [1].

2.4. Relative permeability
Relative permeability is defined as the ability of a porous medium to conduct a fluid when more than one
fluid is present [38]. The relative permeability is dependent on the saturation, pore shape, wettability
and fluid distribution. It was found by Owens and Archer [2] that contact angle can have significant
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Figure 2.6: Schematic drawing of forces present at the interface of water and oil. The oil molecules are only bounded by weak
Van der Waals intermolecular forces dashed arrow, whereas the water moleculer are bonded by strong hydrogen bonds (solid
arrow). At the interface hydrogen bonds are broken and replaced by weak Van der Waals forces [1].

influence on the relative permeability in oil/water systems (Figure 2.7).

Figure 2.7: Influence of wettability on relative permeability found by Owens and Archer [2].



3
Materials and Methods

In this study, microfluidic chips are utilized to measure dynamic contact angles of gas-solid-liquid inter-
faces for the H2/water, N2/water, and CO2/water systems. Data sets on wettability of systems contain-
ing N2 and CO2 are more widely available than H2. These data sets were then used to calibrate our
setup and to investigate the influence of the solubility of the gas on the measured data. The experimen-
tal test groups and conditions are summarized in Table 3.1. The advantage of using microfluidic chips is
that the in-situ dynamic contact angles can be measured in channels with widths that are representative
of porous media in the subsurface formations.

3.1. Materials
The microfluidic device used in the experiments consisted of a microchip (10 x 20 mm) supplied by
Micronit Company. The material of the chip is borosilicate glass, and it has a pattern of a random
square network. The channels had maximum widths of 50, 70, 90, 110 and 130 µm, of which the
smallest channel width was in the range of the most common pore sizes of Berea and Bentheimer
sandstones [3, 39]. The depth of the channels is 20 µm. The shape of the channels is near-rectangular,
with edged sides at the bottom. An overview of the chip can be found in Fig. 3.1. H2, N2 and CO2 gas
with respective purity of 99.99%, 99.7% and 99.7% were used. Deionized degassed water was used
during the experiments.

3.2. Experimental apparatus
Figure 3.2 provides a schematic overview of themicrofluidic apparatus. Themicroscope is a Leica DMi8
DFC7000 and was used in combination with an objective with a magnification of 10X to visualize the
experiments. Videos of the experiments were taken with a Leica DFC7000T camera with LAS software.
The frame rate of the videos was approximately 5 frames per second. To prevent the chip from being
contaminated, multiple filters were incorporated in the apparatus. The injected water (and ethanol) was
filtered with a 0.2 µmVICI filter. In addition, there were two extra 0.5 µm filters (VICI Jour PEEK-encased
frits) installed in the liquid and gas lines. Two pumps were included in the setup, a quizix QX6000 pump
and a PHD Ultra™ 4400 Programmable Syringe Pump - Harvard Apparatus with a 250 µL syringe. The
Quizix pump was used to refill the highly accurate syringe pump, which can deliver flowrates down to
nanolitres/min, while the syringe pump was used for the injection into, and the withdrawal from the
microchip. The valves installed (Swagelok) were 1/16” and 0.25 mm ID FEP transparent tubes were
used. The gas cylinder served to maintain the pressure. The pressure was monitored by the Quizix
Pump. The setup was calibrated against the existing literature data of Jafari and Jung [8]. The results

Test Group Gas Liquid Rate [µl/min] Temperature [°C] Pressure [bar]
A H2 Pure Water 0.1 20 10
B N2 Pure Water 0.1 20 10
C CO2 Saturated Water 0.1 20 10

Table 3.1: Summary of the test groups and experimental conditions.
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Figure 3.1: Schematic drawing of the borosilicate glass chip (based on the drawing on the website of Micronit Company). The
chip is 10 mm × 20 mm. The channels have maximum widths of 50, 70, 90, 110 and 130 µm and the depth of the channels is
20 µm.

of the validation tests are described in detail in Appendix A. Another experimental apparatus using
capillary tubes instead of microchips is tested and the findings are described in Appendix E.

3.3. Experimental procedure
To avoid the impact of possible contamination on the contact angle measurements the microchips were
thoroughly cleaned prior to the measurements. The cleaning procedure involved rinsing the chips with
5 mL of filtered ethanol, followed by flushing with filtered N2 until no liquid was visible in the chip. The
cleaning procedure was carried out at ambient pressure.

To remove the N2 from the clean chip, the system was flushed with the gas used in the experiment,
followed by thoroughly rinsing and thereby saturating the chip with deionized water. This formed the
starting point of the drainage tests. For most experiments, the chips were saturated with deionized wa-
ter at ambient pressure. However, for the experiments where the deionized water was pre-equilibrated
with CO2 (see Table 3.1), the system was saturated at the experimental pressure of 10 bar to avoid
exolution of dissolved CO2 from the water. For these experiments, back-pressure regulators were
installed at the outlets of valves 2 and 5.

At the start of the drainage tests, the system was pressurized to 10 bar and water was withdrawn
from the water-saturated chips with a flow rate of 0.1 µL/min (corresponding to interstitial velocity ≈
10−4 m/s). The drainage tests were followed by imbibition tests for which the chip was first thoroughly
flushed with the corresponding gas of the experiment. The flushing was carried out at the ambient
pressure, except for the experiments in which the deionized water was equilibrated with CO2. For
this experiment the flushing pressure was kept at 10 bar. This resulted in a system filled with gas
and residual water. Next, the system was pressurized and, with a flow rate of 0.1 µL/min, water was
injected into the microchip. During the experiments, videos were taken to capture the moving gas-water
interfaces within the channels.

A detailed step-by-step experimental procedure is described in Appendix F.
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Figure 3.2: Schematic drawing of the experimental apparatus used to measure dynamic contact angles in microfluidic chips.

3.4. Image analysis
To calculate the dynamic contact angles, several snapshots from videos of the moving gas-water inter-
faces in different channel widths were captured. Snapshots were taken at locations where the interfaces
met the following requirements: 1) the interface is moving, 2) the interface is not too close to the corners
of the channels, and 3) the meniscus is sharp enough. Furthermore, only one snapshot per straight
channel was taken to obtain a good representation of the whole chip.

The images were analyzed using an in-house MATLAB code. To process an image, first it was
converted to the grey-scale format and the desired interface within a channel was cropped. Then, by
using the scale factor of the microscope and selecting two points on the channel walls, the channel
width was identified. To detect the boundary of the meniscus, the cropped section of the image was
binarized and contact points, in addition to the apex, were identified. The best polynomials on each half
of the curvature were fitted by both minimizing the error at the contact points (RMSE) and choosing a
polynomial that optimally fits themeniscus <. All the steps of the image analysis are shown in Figure 3.3.

Contact angles are found first by fitting a polynomial of order 𝑛 on the image, i.e.:
𝑍 = 𝑐1𝑅𝑛 + 𝑐2𝑅(𝑛−1) + 𝑐𝑖𝑅𝑛−(𝑖−1) + ... + 𝑐(𝑛+1). (3.1)

Here, 𝑐𝑖 coefficients are constants, allowing the Z curve to be found as a function of R. Naturally, the
derivative of Z with respect to R reads:

𝑑𝑍
𝑑𝑅 = 𝑛𝑐1𝑅

(𝑛−1) + (𝑛 − 1)𝑐2𝑅(𝑛−2) + ... + 𝑐(𝑛). (3.2)

As such, the contact angle 𝜃 is found at the gas/liquid/solid contact point according to the following
equation:

𝜃 = 𝜋
2 − 𝑡𝑎𝑛

−1(𝑑𝑍𝑑𝑅). (3.3)

As shown in Figure 3.3e, the origin of the coordinate system was placed at the apex point. The
Z-axis is parallel to the flow direction and the R-axis perpendicular to the flow direction. Therefore, by
solving Equation 3.1, 3.2 and 3.3, at the contact points the contact angle (𝜃) can be found. A validation
of the image analysis code is provided in Appendix B.
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(a) Original image (b) Grey-scale image

(c) Binarized and cropped image (d) Detection of interface and channel walls

(e) Curvature from image (f) Fitted 6th order polynomial on curvature

Figure 3.3: Procedure of the image analysis to identify the contact angles.



4
Results and Discussions

4.1. Characteristics of the interface
During the drainage and imbibition microfluidic experiments for the H2/water, N2/water, and CO2/water
systems, different kind of interfaces were encountered. The main difference was in the existence or
non-existence of visible water films. A water film is expected to be present in all cases [40], however,
in some of our cases the water film was so thin that it was not visible with our camera resolution.
During drainage, when the receding contact angles (RCA) were measured, water films were visible on
both sides of the channel (Figure 4.1d). For the measurements of advancing contact angles (ACA)
during imbibition, interfaces were observed both with and without visible water films (Figure 4.1a, 4.1b
and 4.1c). The interfaces are very sensitive to contamination within the gas/water/glass system. The
differences in contact angle measurements between clean and impure systems, as well as example
pictures of the polluting particles can be found in Appendix C.

4.2. Contact angles for the H2/water, N2/water, and CO2/water sys-
tems

Figure 4.2 shows the advancing and receding contact angles for the H2/water, N2/water and CO2/water
systems, at a pressure of 10 (±1) bar and a temperature of 20 (±2) °C (Test A, B and C), measured
in channel widths varying from 50 to 130 µm. The error bars represent the standard deviation of the
measurements. The intrinsic contact angle of H2/water/sandstone, measured by Hashemi et al. [3]
(P=20 bar and T=20 °C) is indicated by the horizontal dashed line. Pure water was used for the H2
and N2 experiments, while for the CO2 experiments the water was pre-equilibrated with CO2. This was
done to exclude the impact of CO2 dissolution into water on the contact angle measurements. The
solubility of CO2 into water is very high compared to H2 and N2.

(a) ACA with water films visible on
both sides.

(b) ACA with a visible water film on
one side.

(c) ACA without visible water films. (d) RCA with visible water films on
both sides.

Figure 4.1: Types of interfaces encountered during imbibition when the advancing contact angle (ACA) is measured (a,b,c) and
during drainage when the receding contact angle (RCA) is measured (d).

11
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H2/water receding contact angles of 6 - 2 ° and advancing contact angles of 13 - 39° were determined
based on the microfluidic experiments. The highest angles were measured in the smallest channels
and the lowest angles were measured in the widest channels. No significant difference in the receding
contact angles was observed for the three different gases. The wider error bars of the advancing
contact angles compared to the receding contact angles imply that the advancing contact angles are
less reproducible. This can partly be explained by the different interfaces that formed during imbibition
(Figure 4.1a, 4.1b and 4.1c). The advancing contact angles measured for the H2/water system are
larger (1 - 14°) compared to N2/water and CO2/water systems. However, the overlap in error bars
shows that this difference is not evident and is within the experimental accuracy. This is because the
error bars represent the standard deviation of the measurements, and the range in measurements is
much larger than the measured difference between the gases.

The overlap in the error bars between advancing and receding contact angles for all cases studied
indicates that hysteresis effects are not significant for the three gases used in the experiments. More
research on the contact angle hysteresis at reservoir conditions and using more realistic pore network,
like micro-CT or core samples is required to confirm our findings. However, the lack of hysteresis in
the H2/rock system would be beneficial for UHS, since smaller amounts of H2 will be trapped during
multiple injection/production cycles of the UHS projects.

Figure 4.2: Advancing and receding contact angles (ACA and RCA) of H2/water, N2/water and CO2/water at P=10 bar and T=20
°C. Pure water was used for measurements of H2 and N2 and for the experiment of CO2 the water was pre-equilibrated with
CO2. The dashed blue line represents the results found by Hashemi et al. [3] at P=20 bar and T=20 °C using the captive bubble
cell (CBC). The error bars represent the standard deviation of the measurements.

4.3. H2/water contact angles compared with literature
Figure 4.3 compares the findings on H2/water dynamic contact angles, both advancing and receding,
with the currently available literature data on the dynamic contact angles measured for the H2/water
system. The left graph shows the relationship between the advancing and receding contact angles
as functions of the intrinsic contact angle (ICA) based on the findings of Morrow [4]. The * indicates
the modified relationship suggested by Hashemi et al. [5]. The vertical gray dashed line represents the
intrinsic contact angle for the H2/water/sandstone found by the captive-bubble experiments of Hashemi
et al. [3] (P=20 bar and T=20 °C), referred to as CBC. According to the Morrow curve, this intrinsic
contact angle corresponds to advancing and receding contact angles represented by the solid and
dashed horizontal blue lines, respectively. The same solid and dashed horizontal blue lines are visible
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in the bar plot on the right side of Figure 4.3. The bar plot shows the dynamic contact angles for the
H2/water system measured with the microfluidic device of this study (Test C) for channel width ranging
from 50 to 130 µm. In addition, the H2/brine/quartz results of the tilted plate experiment of Iglauer et al.
[6] (P=50 bar, T=23 °C and Sal. = 100 000 ppm), referred to as TPM, and the H2/water/sandstone core
flooding experiment of Yekta et al. [7] (P=50 bar and T=20 °C), referred to as CF, are presented.

The advancing and receding contact angles obtained with the Morrow curve and based on the
intrinsic contact angle of the H2/water of Hashemi et al. [3] are 16.5° and 0.8°, respectively. The
value of the advancing contact angle corresponds closest to the results of the channel widths of 110
and 130 µm. However, as previously stated, little hysteresis in contact angles was observed with the
mircofluidic device and conditions of this study. As a result, the Morrow curve does not represent the
behaviour seen during these microfluidic experiments and cannot be used to predict the hysteresis.
When comparing the results of Iglauer et al. [6] with the results of our microfluidic experiment, it can
be seen that the receding contact angles of both experiments are the same. The advancing contact
angles, however, differ by 5°. In both experimental methods, the advancing contact angles are found
to be less reproducible, which could explain the difference. The receding contact angle found by Yekta
et al. [7] is very similar to the receding contact angle measured in channels of 50 µm in width, with only
1° difference. Yekta et al. [7] used a Vosges Sandstone for the core flooding experiment. It is possible
that the common pore-sizes in this sandstone are in the range of 50 µm, similar to Bentheimer and
Berea sandstone [5, 39].

Figure 4.3: Left: The Morrow curve based on the findings of Morrow [4], the * indicates the modified relationship suggested by
Hashemi et al. [5] and the intrinsic contact angle (ICA), indicated by the gray dashed line, is based on the findings of Hashemi
et al. [3] using the captive bubble method (CBC). The solid and dashed blue horizontal lines are the intersections between the
ICA of CBC and Morrows curve, which represent the RCA and ACA, respectively. Right: H2/water advancing and receding
contact angles for channel widths of 50 to 130 µm found by the microfluidic experiments of this study (MF). The results of the
tilted plate method of Iglauer et al. [6] (TPM), and the core flooding method of Yekta et al. [7] (CF), are represented by the bars
on the right.





5
Conclusions

Prediction of rock wettability in contact with brine and hydrogen is crucial for modelling the displacement
processes in underground hydrogen storage (UHS). This thesis reports experimental measurements
of the advancing and receding contact angles of H2/water, N2/water and CO2/water systems at P =
10 bar and T = 20 °C using a microfluidic device. The channel widths of the microfluidic chip, ranged
between 50 to 130 µm and the size of the smallest channel correspond to the range of most common
pore-sizes found in typical sandstones [5, 39]. The results indicate water-wet conditions with H2/water
advancing contact angles ranging between 13 - 39 °, and receding contact angles between 6 - 23 °.
The contact angles decreased with increasing channel widths. Little hysteresis was found and as a
result the Morrow curve does not capture the behaviour observed in this study. The receding contact
angle measured for the smallest channel width (50 µm) is in agreement width the receding contact
angle determined by Yekta et al. [7] on the Vosges Sandstone, suggesting that this channel width is
representative of actual subsurface systems. The N2/water and CO2/water systems showed similar
behaviour to the H2/water system and no significant differences were observed for the three different
gases.
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A
Validation of experimental apparatus

The setup was successfully calibrated against the existing literature data of Jafari and Jung [8]. They
performed microfluidic measurements of advancing and receding contact angles of CO2/Water at P=10
bar and T=21°C using a chip identical to the chip used in this research. The cleaning method of Jafari
and Jung was similar to our cleaning method. In order to match the setup of Jafari and Jung [8], for the
first validation test (V1) a setup without filters and valves was used. However, since knowledge was
gained about the behaviour and sensitivities of the system (Appendix C), two additional CO2/water tests
(V2 and V3) were performed with the regular setup (presented in 3.2 Figure 3.2). One test was done
after saturating the water with CO2, by filling the pump cylinders with half CO2 and half2 and leaving it
overnight at a pressure of 20 bar. The other test was done with pure water. An overview of all validation
tests and the test of Jafari and Jung can be found in Table A.1.

The results of the validation tests are shown in Figure A.1. The orange bars represent the mea-
surements of Jafari and Jung [8] using a similar chip at P=10 bar and T=21°C , the green, yellow and
purple bars represent respectively validation experiments V1, V2 and V3, all carried out at P=10 (±1)
bar and T=20 (±2) °C.

Figure A.1 shows that the results of experiment V1, using a similar setup, match the results of Jafari
and Jung. The deviation is within the experimental error.

Figure A.1 also indicates a clear effect of the filters in the setup on the advancing contact angles.
When the system is not properly filtered, presence of contaminants can alter the glass wettability,
resulting in an increase of Advancing Contact Angles of up to 45°. Especially when no valves are
used, since the system has to be opened and closed for flushing before every experiment, which allows
dust to attach on the open wet ends of the tubes. The effect on the receding contact angles is less
evident. receding contact angles in unfiltered systems can be up to 5° higher, but this is still within the
experimental error.

Lastly, when comparing the results of experiments V2 and V3, it can be seen that saturating the
water with CO2 had no significant influence on the results. This is in line with the finding that even
though the water in experiment V1 was not saturated with CO2, the results are still in agreement with
the experiment of Jafari and Jung.

Test
Group

Gas Liquid Rate
[µl/min]

Tempera-
ture [°C]

Pressure
[bar]

Comments

JJ CO2 Saturated
Water

0.1 21 10 Setup without filters

V1 CO2 Pure Water 0.1 20 10 Setup without filters and
valves

V2 CO2 Saturated
Water

0.1 20 10

V3 CO2 Pure Water 0.1 20 10

Table A.1: Summary of the validation test Groups. Test Group JJ represents the results of Jafari and Jung [8].
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Figure A.1: Advancing and receding contact angles (ACA and RCA) of CO2 and water. The orange bars represent the results
of Jafari and Jung [8] using a similar chip at P=10 bar and T=21°C. The green bars represent results of V1 with a setup similar
to Jafari and Jung without filters and valves and pure water, the yellow bars represent the results of V2 with water which was
saturated with CO2 and the purple bars represent the results of V3 with pure water. The error bars represent the standard
deviation of the measurements.



B
Validation of image analysis

The image analysis code was validated against the generated specific curvature using MATLAB with
the known angles at the contact points. The accuracy of the developed in-house code is ±4° which is
shown in Figure B.1.

(a) Generated curvature of 30 ° (b) Fitted 6th order polynomial on curvature

(c) Generated curvature of 60 ° (d) Fitted 6th order polynomial on curvature

Figure B.1: Validation of the image analysis with the generated curvature (left) and the
fitted polynomial (right).
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C
Sensitivity analysis: Contamination

It was found that surface contamination can alter the wettability of the system. This was initially found
when unfiltered ethanol was injected and the system became clearly less water-wet. In order to in-
vestigate the effect that presence of contaminants can have on the dynamic contact angles, three
experiments were performed. For the first test, Chip 1, 2 and 3 were used, which were all injected
with the unfiltered ethanol instead of the filtered ethanol during the cleaning procedure. This resulted in
severe contamination of the system. Furthermore, the chips were heated up to 400 C in an (unsuccess-
ful) attempt to clean the chip. The second test was done using chip 4. This chip was cleaned with the
filtered ethanol, but some tests were done without the inline filters in the gas and water lines (Filters 2
and 3 in Figure 3.2), which caused minor contamination. The third test was done with the unused chip,
which was also cleaned with the filtered ethanol. Pictures of these chips can be seen in Figure C.1. All
chips were used for tests to investigate the influence of this contamination. Contact angles were only
measured if there were no visible contamination particles in the vicinity of the interface.

Figure C.2 shows the results of using different chips. The red bars represent the results of Chip
1-3, the green bars represent the results of chip 4 and the blue bars represent the results of chip 5. All
experiments were carried out at P=10 (±1) bar and T=20 (±2) °C.

Figure C.2 indicates a clear effect of contamination on contact angles. It is clear that in chip 1, 2
and 3, significantly higher advancing and receding contact angles were measured compared to chip 4
and 5. The difference between the results of chip 4 and chip 5 is less evident. The receding contact
angles are very similar and the deviation are within the range of experimental error. The difference in
advancing contact angles is more significant, but in most cases this is within experimental error as well.
It is remarkable that the cleanest chip, chip 5, shows a wider range of advancing contact angles than
chip 4. This is mainly since during imbibition experiments (measurement of advancing contact angle)
in chip 4, almost no water films were observed, while in chip 5 the system was more water-wet because
the chip was clean. In this case some interfaces used for advancing contact angle measurement had
water films while others did not have a visible water film, like is shown in the pictures in B.1.

Since a clear effect of contamination was found, even though contact angles were not measured
within the vicinity of visible pollution, all main experiments were carried out with filters, and only filtered
fluids were injected. Furthermore, the system was opened inside the filters minimally in order to prevent
dust from coming into the system. Installing valves 2 and 5 (Figure 3.2) enabled this, since the lines
did not have to be disconnected for flushing when using valves. The findings of this appendix are in
line with the findings of the CO2 experiments in Appendix A.
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(a) Example of dirt in chip 1, 2 and 3. The
chips are severely contaminated and the
system is visibly less water-wet and there
are no water films present

(b) Example of dirt in chip 4. A few dirt par-
ticles are visible, but the system is still very
water wet and water films are observed

(c) Completely new chip, no dirt visible.

Figure C.1: Examples of contamination and its effect on the wettability

Figure C.2: Advancing and receding contact angles (ACA and RCA) of H2 and pure water measured at P=10 bar and T=20°C.
The red bars represent measurements using chip 1, 2 and 3 which were severely contaminated, The green bars represent
measurements using chip 4, which had minor contamination and the blue bars represent measurements using chip 5 which was
clean. The dashed blue line represents the results found by Hashemi et al. [3] at P=20 bar and T=20 °C, using the captive bubble
cell (CBC). The error bars are the standard deviation of all measurements.



D
Literature study: Disciplines of UHS and

main risks
In this section the following disciplines of UHS, as well as its characteristics and its risks are shortly
described: Hydrogeology, Geochemistry, Microbiology, Geomechanics and Thermodynamics. An
overview of the main risks can be found in Figure D.1.

Figure D.1: Overview of the main risks of UHS, with in blue risks which are mainly applicable to depleted oil/gas reservoirs or
aquifers and in green risks which are mainly applicable to salt caverns.

D.1. Hydrogeology
Geological formations, such as depleted oil and gas reservoirs, aquifers or salt caverns offer feasible
solutions for UHS [5, 10–12]. Depleted oil and gas reservoirs and aquifers consist of porous media. H2
will be periodically injected and produced and complex multiphase flow patterns between H2 and the in-
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situ fluid (usually brine) will be created [10]. To accurately predict multiphase flow patterns and account
for the risksmentioned in this section, data on relative permeability capillary pressure, interfacial tension
and contact angle is essential.

H2 has a relatively low viscosity and therefore a high mobility. Due to its high mobility, H2 can leak
relatively easily through the seal or minor fractures and faults in the seal [41]. Besides that, the high
mobility of H2 in combination with lower-viscosity in-situ fluids present in the reservoir could result in
losses because of the lateral spreading of H2. However, no significant losses are expected due to
diffusion [10]. Furthermore, H2 can dissolve in water, but because of the non-polar nature of H2, no
significant losses of H2 due to dissolution are expected [10]. Moreover, gases like cushion gas or
residual hydrocarbons, could be present in the formation along with H2. Mixing of the injected H2 with
these gases, causes contamination of stored H2. The degree of mixing of gasses is strongly depending
on the storage type and reservoir properties, the cushion gas used and the cycling, production and
injection rates [10]. Lastly, capillary forces cause part of the stored H2 (residual H2 saturation) to be
irrecoverable, impacting the economic feasibility of the storage project [10].

D.2. Geochemistry
Geochemical reactions can occur in the reservoir between the stored H2 and the host rock and/or pre-
existing reservoir fluids. This could eventually lead to loss in porosity and permeability, and therefore
this subject is extensively studied in literature. Hashemi et al. [5] found that most studies report very
limited geochemical reactions at moderate reservoir conditions of temperature and pressure, although
it was found by both Hashemi et al. [5] and Groenenberg et al. [42] that in pyrite-bearing rocks, Pyrite
reduction can lead to H2S formation, which can affect the economics and facility design, safety and
material selection.

Furthermore, the study of Groenenberg et al. [42] reported the following two other geochemical
processes which could be a concern for H2 storage sites: 1) the reduction of hematite to magnetite, by
sequestering H2 can produce H2O, which can lead to the need of additional surface facilities and 2) the
presence of additional (residual) gases such as CO2 can lead to changes in the fluid composition and
pH, possibly resulting in precipitation and dissolution of secondary minerals, and degrading reservoir
performance.

D.3. Microbiology
Microbial activities are a risk for subsurface storage of H2. The two most relevant processes are bac-
terial sulphate reduction (D.1) and methanogenesis (D.2) [41].

bacterial sulfate reduction ∶ SO42−(aq) + 5H2(aq) → H2 S(aq) + 4H2O (D.1)

methanogenesis: CO2(aq) + 4H2(aq) → CH4(aq) + 2H2O (D.2)

In both processes H2 is catalyzed by bacteria, and converted to H2S or CH4 and water. Mainly H2S
is a risk factor because it is toxic when inhaled, it can cause damage to the storage facilities and can
be harmful for the environment. The activity of the bacteria is highly depending on the availability of
electron acceptors like sulphate and carbon dioxide and the temperature [41]. Rapid bacterial growth
may cause clogging in and near the wellbore [42].

D.4. Geomechanics
Cyclic injection and production of H2 leads to cyclic pressure changes on both intact rocks and faults.
Heinemann et al. [10] found in a literature study that cyclic stress and temperature fluctuations can
lead to reservoir compaction, causing porosity reduction, subsidence, fault reactivation and potential
seismicity.

Although cyclic loading is extensively studied, very few studies have been conducted specifically
for underground gas storage, of which most of them are specified on storage in salt caverns. For
example, Voznesenskii et al. [43] studied the strength of rock salts under cyclic loads for the application
of using rock salt as a storagemedium for hydrocarbons and other gasses. It was found that the strength
of the rock salt undergoes a non-monotonous change under the number of cycles loads. Kumar and
Hajibeygi [44] presented a computational framework for cyclic loading with inelastic creep deformation
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to model subsurface energy storage. It was concluded that nonlinear deformation is an important
aspect of seasonal energy storage. Makhmutov et al. [45] modelled complex creep behaviour in salt
caverns used for cyclic storage of H2. After several years creep in salt caverns becomes evident and
could eventually lead to failure of the structural integrity of the cavern. Studies about cyclic loading in
porous media for gas storage are not yet found in literature.

More research on cyclic loading of subsurface energy storage is needed for a better understand-
ing of the complex processes involved in subsurface energy storage. Understanding these complex
processes is essential to guaranty the safety, reliability and feasibility of UHS on the long term [44].

D.5. Thermodynamics
H2 has a critical temperature of -239.97 °C, a critical pressure of 1.297 MPa and is stored in gaseous
phase at typical reservoir conditions. The viscosity of H2 is low compared to CH4 and CO2 in typical
subsurface conditions and is relatively stable under changing pressure and temperature [10].

H2 has a much wider flammability range compared to methane. Furthermore, a H2 flame gives little
sensation of heat, because of a lack of IR radiation, but exposure to an H2 flame can cause severe
burns because of UV radiation [42]. H2 embrittlement, the effect that H2 can have on the mechanical
and physical properties of metals, can be a large concern in the field of underground H2 storage. H2
embrittlement can affect the integrity of the surface and subsurface facilities, and the type of steel must
therefore be carefully selected [46, 47].

It is likely that H2 does not stay fully pure during storage, because it is a highly reactive gas. As
mentioned in the previous sections, additional gasses like H2S can be produced when H2 is stored
in porous media, because of biochemical and geochemical reactions. The thermo-physical properties
of impure H2 differs significantly from pure H2, and therefore mixing with other gases could lead to
operational issues [10]. For example, when the H2 is used in a fuel cell, processing steps are necessary
in order to purify the H2 [48]. This purification process is essential, because impurities in H2 decrease
the efficiency of the fuel cells [49].





E
Capillary Tube Experiment

Microfluidic chips resemble actual subsurface systems much closer than tilted plate techniques or cap-
tive bubble cells, because of the dynamic and micro-channel-based nature of the flow conditions. How-
ever, a wide range of contact angles per channel width is observed. One of the reasons for this wide
range, is the difference in local velocity, pressure and flow regimes at the specific place where the dy-
namic contact angle was measured. Using capillary tubes for measuring dynamic contact angles in a
H2/water/glass system, gives the opportunity to have direct influence on the local velocity, pressure and
flow regime of the measurement. It is therefore expected to result in a smaller range of measurements,
even though they are less representative for actual pore networks.

As part of this master thesis, a capillary tube setup was designed to measure dynamic contact
angles in a H2/water/glass system. However, due to difficulties in imaging, it was chosen to continue
using microfluidic chips. This section describes the knowledge gained on measuring dynamic contact
angles in capillary tubes and processing the images.

E.1. Experimental Apparatus
Figure E.1 provides a schematic overview of the microfluidic apparatus. The camera is a Canon EOS
70D in combination with a Macro Photo Lens MP-E 65 mm. The pump is a Quizix QX6000 cylinder
pump. The valves installed (Swagelok) are 1/8” and transparent tubes are used. A back light is used to
obtain well-lighted images. The experimental apparatus was planned to be calibrated against the data
of Li et al. [22], who measured dynamic contact angles of a water/air system in glass capillary tubes
(ID=100-250 µm).

Figure E.1: Schematic drawing of the experimental apparatus used to measure dynamic contact angles in capillary tubes.
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E.2. Materials
Borosilicate circular capillary tubes with inner diameter (ID) ranging from 50 to 1000 µm and outer
diameter (OD) of 6.2 or 8.0 mm is used. A pure quartz tube is used determine the influence of glass
types on dynamic contact angles. It is chosen to use round capillary tubes to avoid influence of corner
effects. The maximum pressure of the tubes is 100 bar, because of their small ID relative to OD. The
tubes of 250 µm ID and smaller are most important for benchmarking because of the dominancy of
capillary forces.

E.3. Refraction of light creating distorted image
The H2/water interface inside capillary tubes appear distorted as light gets refracted passing due to
different media. Such distortion may cause significant errors on measuring contact angles in capillary
tubes [50]. The refraction effect is visualized in Figure E.2. Point 1, 2 and 3 appear as point 1’,2’ and
3’, so the image appears wider than it actually is. Therefore contact angles are significantly influenced
by this effect.

Figure E.2: Schematic drawing of refraction of light in circular tubes. Top: view parallel to tube; Bottom: view perpendicular to
tube.

To obtain representative results, it is necessary to correct for these effects. Three different methods
were tested against existing of literature of Al-Zaidi and Fan [24] on air/water static contact angles in
capillary tubes using tube ID’s in the range of 50 to 1000 µm.

• Method based on Darzi and Park [50]
Darzi and Park [50] created a method for point-by-point correction for distortion of points based
on the refraction indices of air, glass and water, which is presented in Figure E.3a. The method
requires: 1) a measurement of distance from camera until the middle point of the tube, 2) a scale
within the image which is not distorted (perpendicular to the flow direction), 3) ID and OD of the
tube, 4) refractive indices of the glass, air and water, 5) vertical distance of apparent point to mid-
tube. This method is theoretically very accurate but in practice there is too much error involved
in the measurements to successfully complete this process.

• Method based on Cheong et al. [51] and Lim et al. [52]
Cheong et al. [51] and Lim et al. [52] both developed a method based on the assumption that the
interface can be fit by a circle, like shown in Figure E.3b. In this method, only the capillary height
needs to be measured and from there the contact angle can be calculated. Using this method, it
was possible to match the literature [24] by ±7 °.
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• Squeezing image based on known ID

If we assume that the distortion of the image is linear from the center of the tube towards the wall
of the tube it is possible to squeeze the image until the ID of the tube in picture matches the actual
ID of the tube. In order to do this, a non-distorted scale (for example OD) needs to be used to
squeeze the image to the right size (Figure E.3c). Using this method, it was possible to match
the literature [24] by ±7 °, just like the method of Cheong et al. [51] and Lim et al. [52]

(a) Method proposed by Darzi and Park [50]. (b) Method proposed by
Cheong et al. [51] and Lim
et al. [52].

(c) Method based on known ID.

Figure E.3: Methods used for correction of image distortion.

E.4. Technical Challenge: Sharpness of images

Obtaining sharp images of the H2/water interface for tubes with ID’s smaller than 200 µ was challeng-
ing. In order to get sharper images the lens of the camera used was replaced by a microscope: the
Leica MZ8. The Canon EOS 70D was attached to this microscope by using a C-mount. Using this
microscope, still no sharp images could be obtained.

One of the reasons for these blurred images was the refraction of light on the curved surface. Be-
cause glycerol has a refraction coefficient similar to glass, the sharpness of the image was significantly
improved by putting the tube in a box with glycerol. The light then enters the glycerol on a flat surface
and is therefore not refracted. Due to the similar refraction coefficient of glass and glycerol, light is also
not significantly refracted at the glass/glycerol interface. A test was also done with water, because the
refraction coefficient of water is closer to glass than air, a positive effect on the sharpness of the image
was also observed (Figure E.4).

However, the images in Figure E.4c were still not sharp enough for the MATLAB script as explained
in section 3.4. ImageJ was used to visually fit a tangent line, but this method is very sensitive to the
accuracy of the analyzer and resulted in an inaccuracy of ±10 °.
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(a) Imaging through air

(b) Imaging through water

(c) Imaging through glycerol

Figure E.4: Images of capillary tube setup through air, water and glycerol.

E.5. Future recommendations
The following options can be considered to continue with this experimental setup:

• DFC7000T from the microfluidic setup
This microscope has lenses with bigger magnification and therefore it would be easier to obtain
sharp images. However, this microscope is mainly suitable for 2D imaging, like microchips and
therefore the objects have to be placed very close to the lens.

• Tube in glycerol and usage ImageJ for image analysis
As explained in the section above, placing the tube in glycerol and using ImageJ for image anal-
ysis is possible but leads to high inaccuracy of ±10°.

• Experiments at ambient conditions
If experiments are only performed at ambient conditions, new tubes with a thinner glass wall
(smaller OD) could be purchased. Tubes with a thinner glass wall allow for less light refraction.
However, these tubes are also not able to withstand high pressures due to their thin walls.

• Microchips with single channels
The microchip setup in Figure 3.2 gives reliable results with channel widths between 50 to 130
µm. Therefore, it is an option to use microchips with straight channels. However, microchips are
manufactured with square instead of circular channels and for this reason the corner effects need
to be accepted.



F
Detailed experimental procedure

The general experimental procedure is described in Section 3.3 and the experimental apparatus is
shown in Figure 3.2. This section lists all the steps of the experimental procedure in detail. First the
steps of the cleaning procedure are listed, followed by the procedure for drainage tests and lastly, the
steps for the procedure of the imbibition tests are described.

Cleaning procedure:

• Rinse Quizix pump – Completely extending both cylinders of the Quizix (10 ml/min) pump using
the outlet directly at the quizix pump;

• Set valve 2 to outlet and rinse chip with water for 5 min (0.6 ml/min) using the Quizix pump;

• Connect outlet of valve 2 to the ethanol flask;

• Set valve 5 towards the outlet;

• Rinse chip with 5 mL of filtered ethanol;

• Remove the ethanol flask from the outlet of valve 2;

• Connect the N2 network line to the outlet of valve 2 and dry the chip by flushing extensively with
filtered N2;

• Set valve 2 toward the H2 cylinder and flush the dried chip with H2 to remove N2.

Directions of valves before starting an experiment:

• Valve 1 is closed;

• Valve 2 is set towards the H2 cylinder;

• Valve 5 is set towards the pumps;

• Valve 6 is open.

Drainage procedure (measurement of receding contact angle):

• Switch valve 2 towards the outlet and flush the chip using the Quizix pumpwith water until (almost)
no H2 is visible in the chip;

• Switch valve 2 towards the H2 cylinder;

• Set the pressure regulator of the cylinder at required pressure and open valve 1 to pressurize the
system;

• Use the Quizix pump to retract water at the flow rate of 0.1 mL/min until a moving interface is
observed in the line between connection point 2 and 3;
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• Stop the Quizix pump and close valve 6. Check if the interface is stable. A moving interface
indicates a leak in the system;

• Retract water with the syringe pump until H2 reaches the chip. When the interface reaches point
3, use a flow rate of 0.001 mL/min;

• Use the 1.25 x lens on the microscope to observe when H2 enters the chip. When H2 movement
is observed in the chip, directly set the required flow rate of 0.1µL/min, switch to the 10 x lens of
the microscope and start a video.

Imbibition procedure:

• Flush the chip with water using the Quizix pump until (almost) no H2 is visible in the chip by setting
valve 2 to outlet and valve 5 towards the chip;

• Switch valve 2 towards the chip and set valve 5 towards outlet;

• Flush H2 through the chip, until the water inlet of the chip is dry enough;

• Switch valve 5 towards the pumps, set the pressure regulator of cylinder at the required pressure
and open valve 1;

• Use the Quizix pump to inject water at the flow rate of 0.1 mL/min until a moving interface is
observed in the line between connection point 4 and 5;

• Stop the Quizix pump and close valve 6. Check if the interface is stable. A moving interface
indicates a leak in the system;

• Inject water using the syringe pump until the H2/water interface reaches the chip. When the
interface reaches point 4, use a flow rate of 0.001 mL/min;

• Use the 1.25 x lens on the microscope to observe when water enters the chip. When water
movement is observed in the chip, directly set the required flow rate of 0.1µL/min, switch to the
10 x lens of the microscope and start a video.
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