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Hypothesis: Surface wettability is a critical factor in multi-phase flow within porous media, a processes essential
in various applications e.g. in the energy sector. Traditional methods for assessing wettability of porous media
by contact angle measurements, such as sessile droplet and micro-CT techniques, are limited by interface
pinning, sample size or resolution impacting precision and accuracy. We hypothesized that using smaller and
unconstrained probes, specifically gas molecules, to retrieve interactions along a representative sample size via
inverse gas chromatography (IGC) could provide a more accurate determination of contact angles.

Method: We propose a procedure to relate IGC results with macro-scale wettability descriptions, such as the Young
equation. To test the effectiveness of IGC method, glass bead samples with varying wettability, modified through
a silanization process, were prepared. Contact angles for a distilled water-air-sample system were measured using
the sessile droplet method and micro-CT for comparative analysis. IGC was employed to determine the surface
energy components of these samples, which were then used in the extended Young-Dupré equation to calculate
the contact angles.

Findings: The contact angle ranges determined by IGC and micro-CT for untreated glass beads, the most
hydrophilic samples, showed great alignment. This consistency is attributed to the chemical amorphous nature
of the untreated beads reflected in the assumption that dispersive and specific energetic components of surface
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sites are uncorrelated, on which the proposed analysis is based. For treated samples, where the silanization
process creates correlations between surface energetic components, the alignment between IGC and micro-CT
results was less precise. This study successfully demonstrated that IGC, a molecular-scale probe-based technique,
can effectively determine the contact angle range, a macroscopic property, for amorphous samples. Future work
should incorporate correlations between energetic components of surface detected by IGC to extend this method’s
applicability to a wider material range.

1. Introduction

Multiphase flow and reactive transport in porous media play a cen-
tral role in many processes that are critical to the energy transition, such
as subsurface carbon dioxide and hydrogen storage, and efficient fuel
cells [1-3]. These phenomena are strongly affected by the porous medi-
um’s wettability, which describes the relative tendency of a solid to be
in contact with one fluid over another [4]. Fluid displacement patterns
in porous media, along with other factors such as the ratio of fluid vis-
cosities, capillary number, and geometry of void space, are also strongly
influenced by capillary forces, which are governed by the medium’s wet-
tability [4-7]. In reactive flow scenarios, the preferential affinity of the
solid phase for one fluid can alter the reactivity of the porous media by
covering active sites for the reactant fluid. This is exemplified by the ad-
hesion of bubbles on electrodes during water electrolysis, which hinders
the liquid phase’s access to the electrodes, leading to a significant ohmic
voltage drop and reduced process efficiency [8]. Therefore, accurately
determining the wettability of porous media is essential for developing
new materials and accurately predicting multi-phase and reactive flow
in porous media.

The wettability of porous media is typically quantified on a local
scale by the contact angle measured at the three-phase contact line [9].
Techniques commonly used for determining contact angles, such as ses-
sile droplet and micro X-Ray computed tomography (micro-CT), have
been shown to produce considerable variability in measured values at
thermodynamic equilibrium for the same materials [10-13]. A primary
factor contributing to this variability is the inherent resolution limita-
tion of these imaging-based techniques, which hinders their ability to
accurately and precisely identify the contact line at the three-phase con-
tact point. This challenge is particularly pronounced when the surface
roughness features are below the resolution threshold of the techniques
used [14-18].

Furthermore, the surface of porous media, which frequently exhibits
roughness from the nano-scale upwards, is often composed of various
chemical constituents and/or contains impurities, resulting in a range
of contact angles across the porous medium’s surface [4,19]. The afore-
mentioned techniques are limited to determining the contact angle at
specific locations where the fluids’ interfaces are located. Hence, the
measured values solely reflect a fraction of surface and fail to capture
the overall surface wettability.

To address the resolution and localized measurements, employing
smaller and unconstrained probes, such as gas molecules, can be benefi-
cial. Inverse gas chromatography (IGC), a well-established technique,
exploits gas probes to characterize the physiochemical properties of
porous material. This method involves injecting various concentrations
of different gas probes into a column packed with the porous media
under investigation. The intensity and extent of interactions between
probes and porous media, measured at the column’s outlet, are used
for determining surface properties of the solid, such as surface energy
[20-22]. Notably, in addition to the surface tension of fluids, surface en-
ergy of the solid is a key parameter that correlates the contact angle with
wettability, as described by the Young equation [10]. Another advan-
tage of this technique is its capability to precisely control the amount of
gas probes injected into the column [21]. The use of small concentration
of gas probes, known as infinite dilution or zero coverage condition, en-
ables the selective analysis of high energy sites [23], which are potential
pinning points of contact angles [24,25]. By increasing the concentra-

99

tion of injected probe molecules, the evaluation can be extended to
lower-energy sites, until the probe-probe interactions overshadow the
probe-solid interactions. Through these controlled variations in probe
concentrations, this methodology thereby allows determining the en-
ergy heterogeneity of porous media [26,27].

IGC has been previously utilized alongside other surface characteri-
zation techniques, such as sessile droplet, in numerous studies [28-35]
to assess the wettability of porous media and determine surface energy
values. However, its application has primarily been limited to compar-
ing surface energy values derived under the infinite dilution mode of
IGC, using very small concentrations of gas probe, with those obtained
from other methodologies. The potential of IGC to measure the energy
heterogeneity of porous media, which can then be utilized to calculate
a range of contact angles using known fluids surface tensions and theo-
retical frameworks such as the Young equation, remains unexplored, to
the best of the authors’ knowledge. A major advantage of IGC method is
its ability to assess surface energy heterogeneity of porous media with-
out dependency on the fluids types, thereby enabling the prediction of
contact angle ranges for any fluids-porous medium combination.

In this study, we aim to evaluate the feasibility of directly determin-
ing contact angles from IGC measurements. Glass beads are selected as
test samples due to their common use in studies of multiphase flow in
porous media [11]. To minimize the complexities and variability associ-
ated with the internal porosity of typical porous materials, non-porous
glass beads are selected to enable a more accurate evaluation of the
IGC method’s performance. Furthermore, to assess the method’s per-
formance across a range of wettabilities, the glass beads, which are
standardly hydrophilic, are treated with a silanization process to induce
varying levels of hydrophobicity. For a comprehensive evaluation of the
new method’s performance, the contact angles derived from IGC mea-
surements will be compared with values obtained using micro-CT and
the sessile droplet techniques. The use of non-porous glass beads, which
form a macro-porous structure when packed, mitigates the additional
complexities that porous materials introduce during the interpretation
of micro-CT data [36,37]. This approach facilitates a more straight-
forward and reliable comparison between the micro-CT and IGC-based
methods.

2. Methodology
2.1. Sample preparation

In this study, samples were prepared according to the procedure out-
lined in [11]. Non-porous soda lime glass beads, with average diameters
of 1 mm and 2 mm, purchased from Karl Hecht Assistent, were first
cleaned using a sequential rinsing procedure with toluene, methanol,
and acetone, all sourced from VWR Chemicals. Each solvent rinse lasted
at least 30 seconds. The composition of the cleaned glass beads was
assessed using electron probe microanalysis, which confirmed that the
beads can be characterized as soda lime glass. The exact composition
values are detailed in [11].

Following the cleaning process, two reference sample packs were
left untreated, while two additional packs were treated with different
concentrations of Surfasil, a silanizing reagent, purchased from Thermo
Scientific. Specifically, these packs were treated with 0.001 and 0.01
volume ratios (VR) of Surfasil to n-heptane (solvent) mixtures at room
temperature. The glass beads were submerged in these solutions for 180
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seconds using a sieve, which was then used to remove them from the so-
lutions. To stop the silanization reaction and prevent further interaction
with water, the beads were immediately rinsed with pure n-heptane fol-
lowed by methanol. Finally, the treated samples were placed in an oven
at 80 °C for 2 hours to evaporate the solvents.

2.2. Inverse gas chromatography

2.2.1. Basic theoretical aspects of IGC

IGC is a gas-solid analytical technique widely utilized to determine
the physicochemical properties of solids, fibers, and films [20,22]. One
of its most common applications is measuring the surface free energy of
solids. Regarding the principles of IGC measurements, the primary data
obtained from this technique is the retention time. The retention time is
defined as the time required for a specific quantity of probe molecules
to elute through a packed column containing the sample under inves-
tigation. This time reflects the strength of the interaction between the
probe and the surface. To account for factors influencing retention time,
such as flow rate and temperature, the net retention volume is derived
from the retention time using:

J
v, Z'F'(t" —1) @

T
273.15
where T is the column temperature in Kelvin (K), F is the carrier gas
flow rate leaving the column (mL/min), m is the mass of the sample
in the packed column, j is the James-Martin correction factor (which
adjusts for pressure drop along the column), 7 is the retention time
of the injected probe, and 7, (or dead time) is the time required for
probe molecules to pass through the column without interaction, typ-
ically measured by injecting methane. The net retention volume can
then be related to the standard molar Gibbs free energy change associ-
ated with the isothermal sorption of the probe (AG?), and the work of
adhesion of the probe to the surface (W,), as given by [38,39]:

AG) =-AGY =RTIn(V,)+C=N,.a,. W,

(2)

Where N, is the Avogadro number, a,, is the cross-section area of
the single adsorbed molecule of the probe, R is the gas constant, and C is
a constant dependent on the chosen reference state [38]. The Gibbs free
energy of sorption can be described as the sum of the contributions from
both dispersive (D) and specific interactions (SP) between the probe and
the surface, as shown below:

3

The work of adhesion between the probe and the solid surface can
be expressed in terms of the surface energy components of each phase
using the approach developed by Van Oss et al. [40]:

ro_ D SP
AG!,=AGD +AGS;

Wi =2.(VubrH+ Vb rs) +Voprd) @

Where yp and y¢ denote the surface energy of the probe and solid, re-
spectively, and the superscripts d, +, and - represent the dispersive com-
ponent, electron-donor, and electron-acceptor parameters of the specific
component of surface energy. Owens and Wendt [41] proposed a short-
ened form of Eq. (4), in which the electron-donor and electron-acceptor
parameters are combined into a single specific component (yg Py, as fol-

lows:
\Vrsre ®

Dispersive component of surface energy: The dispersive component
of surface energy (7/;) can be assessed using non-polar probes, which
interact solely via dispersive forces with the surface (with y; =yp= 0).
Schultz et al. [38] demonstrated that by injecting a series of n-alkanes
and plotting RT In(V,,) versus N A.am.(y;’,)o‘s, the dispersive component
of surface energy can be derived from the slope of the resulting linear
relationship, as shown in Fig. 1.

W, =2. (\/Zyﬁ.yg) + \/Zy;,vp,y:gp)) where ygp =
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Fig. 1. Schematic representation of the determination of dispersive component
of surface energy (y2) by Schultz method.

Specific components of surface energy: The specific component of sur-
face energy can be quantified using polar probe (y;? P £0). In this case,
the total work of adhesion encompasses both dispersive and specific in-
teractions [42,43]. Knowing the cross section area (a,,) and dispersive
component of surface tension (yll,) ) of polar probe enables the calcula-
tion of specific component of surface energy of solid using Equations
(2) and (5). To exclusively determining the electron-donor or electron-
acceptor of surface (often referred to in literature as acidity and basicity,
respectively), mono-polar probes, where either y, =0 or y;; =0, can be
employed as polar probes (using Equations (2) and (4). In this approach,
it is assumed that the dispersive components of surface sites, as used in
these equations, are consistent with those calculated from interactions of
dispersive probes (n-alkanes) with the surface. This assumption implies
that polar probes interact with the same surface sites as those probed
by dispersive probes.

Surface energy distribution: As previously discussed, injected probe
molecules initially interact with the highest energetically accessible sites
on the surface. Once these high-energy sites are occupied, subsequent
probe molecules interact with lower-energy sites [44,45]. Thus, the re-
tention time of injected probe molecules provides an average measure
of the injected probe molecules interactions with these various sites
[46]. By increasing the concentration of injected probe molecules, one
can extend the analysis of surface energy components from focusing
solely on the highest-energy sites to averaging across a broader spec-
trum of energetic sites, from highest to lower-energy sites. However,
as the number of injected probe molecules increases, interactions be-
tween additional probe molecules and lower-energy sites can become
comparable to probe-probe interactions. At this stage, the adsorption
process may enter a multilayer regime, where probe-probe interactions
start to affect the retention time, thereby potentially compromising the
accuracy of surface energy determination based on retention time. As
a result, this method may not effectively characterize the surface sites
with energy levels lower than the surface tension of the probes used in
the IGC measurements.

Thielmann et al. [23,47] developed a methodology for quantify-
ing surface energy heterogeneity by employing varying concentrations
of probes. This technique involves multiple injections with progres-
sively increasing concentrations of both dispersive (n-alkanes) and polar
probes. Following these injections, the retention volume of each probe is
correlated with the corresponding surface coverage, which indicates the
proportion of the surface area occupied by the adsorbed probes.! Once
the relationship between retention time and surface coverage is estab-
lished, the dispersive and specific components of surface energy can be

1 For detailed steps on calculating surface coverage and other methodological
specifics, please refer to the main article [47].



M.H. Khoeini, T. Vukovic, A. van der Net et al.

calculated for each level of surface coverage. It is important to note
that the developed methodology relies on the same underlying assump-
tion for determining specific surface energy as outlined in section 2.2.1.
Specifically, it assumes that polar probes interact with the same sur-
face sites as those probed by dispersive probes. When this assumption
is extended to increasing concentrations of probes, it implies that po-
lar probes interact with the same surface sites in the same sequence,
ranging from highest to lowest energy levels, as dispersive probes.

2.2.2. Experimental procedure using IGC

IGC measurements on the untreated and two treated samples, 0.001
VR and 0.01 VR (as described in section 2.1, were conducted using the
IGC-SEA system from Surface Measurement Systems Ltd., London, UK.
The glass bead samples (1 mm) were packed into silanized standard
columns with dimensions of 3 mm inner diameter and 30 cm length,
and were secured using silanized glass wool. Prior to measurement, the
columns were conditioned for 3 hours at 60 °C to purge any physisorbed
impurities. All IGC injections were performed at 30 °C with a flow rate
of 10 mL /min. Methane and nitrogen were employed as non-interacting
probe, for determination of the column dead time, and as carrier gas,
respectively.

The dispersive component of the samples’ surface energy at each
surface coverage was quantified using a series of n-alkanes (n-octane,
n-nonane, n-decane). The basic and acidic parameters of the samples’
surface energy were assessed using ethyl acetate and dichloromethane
as monopolar probes, respectively. These parameters were subsequently
used to calculate the specific component of surface energy using Equa-
tion (5). All chemicals were of HPLC grade and sourced from Sigma-
Aldrich. The retention time for each injection was determined from the
center of mass of the corresponding chromatographic peak. To investi-
gate potential procedural errors, three replicate columns of untreated
glass bead samples were prepared.

2.3. Micro-CT and Sessile droplet reference data

The experimental procedures and results for contact angle measure-
ments using the Sessile droplet and micro-CT techniques have been com-
prehensively detailed in a prior publication [11]. It should be noted that
the selected sample size allowed for direct contact angle measurements
using these techniques without acquiring higher resolution imaging or
requiring additional processing steps. Such processing, like compacting
or adhering, is typically required to enable contact angle measurements
for smaller sample sizes, e.g. for powders [48]. However, these steps can
alter the inherent surface properties of the sample, thereby compromis-
ing the accuracy and reliability of comparisons with the IGC data.

Contact angle measurement using the sessile droplet technique Contact an-
gle measurements for the distilled water-air-glass bead system were con-
ducted using a Kruss DSA100S drop shape analyzer at ambient tempera-
ture (23 °C). This apparatus comprises a high-intensity monochromatic
LED light source, a camera with a resolution of pm, and a software-
controlled syringe system capable of dispensing liquid with a precision
of 0.1 plL.

The procedure for measuring contact angles was as follows: A droplet
of distilled water was first deposited onto a glass plate. A glass bead,
with a diameter of 2 mm, was then carefully positioned in the center of
the droplet using tweezers. The camera system captured high-resolution
images of the bead in the water droplet throughout the evaporation pro-
cess. Imaging continued until the water had fully evaporated, leaving
only the glass bead on the glass plate.

Post-processing of the images was performed using ImageJ software.
To determine the contact angle, the final image, which depicted the bead
remaining on the dry surface, was overlaid with the initial image taken
when the bead was in the water droplet. This image overlay allowed
for the identification of the three-phase contact line and enabled the
measurement of the contact angle.

101

Journal of Colloid And Interface Science 680 (2025) 98-106

Contact angle measurement using the micro-CT technique To determine
the contact angles using the micro-CT technique, 2 mm glass beads were
packed into a cylindrical container with dimensions of 3.5 cm in height
and 1.4 cm in diameter. The beads were secured within the container
using screw-on caps at both ends. Prior to introducing the distilled wa-
ter, a dry scan of the packed beads was conducted to create a baseline
image for use in segmentation during image processing.

Distilled water, enhanced with 1.4 M cesium chloride (CsCl) for con-
trast, was then gently injected into the container from the top using a
syringe. To ensure that equilibrium contact angles were accurately cap-
tured, the sample was rotated in the scanner beforehand to minimize
movement of the interfaces and beads during scanning. This rotation
was applied for approximately 18 minutes, matching the duration of
the final scan.

The sample was scanned using a Nikon XT H 225 CT scanner with the
following parameters: an imaging resolution of 12 um, a source voltage
of 160 kV', a source current of 75 pA, and an exposure time of 117
ms. Image segmentation was performed using ORS Dragonfly software,
applying pixel thresholding based on the method proposed by Otsu [49].
This method facilitated the identification of the three phases (water, air,
and solid) in the segmented images. Contact angles were subsequently
measured from the segmented images following the approach detailed
by AlRatrout et al. [50]. Further details on image processing and results
are available in [11].

3. Theoretical basis for contact angle calculations from surface
energy distributions measured with IGC

3.1. From Young Equation to the characterization of solid surface energies

The wettability involves three interfaces from three media interact-
ing along a single line of contact. The balance among these interfaces
and the position of the contact line are governed by the surface en-
ergetics of the system. Over 200 years ago, Thomas Young provided a
quantitative framework for describing the energetic balance between in-
terfaces. The Young’s Equation relates the equilibrium contact angle to
the interfacial free energies of the liquid-solid (y; g) interface, the sur-
face energy of solid-vapor (ygy,), and the surface tension of liquid-vapor
(rov):

(6)

Here, surface free energy (or surface tension) represents the attrac-
tive intermolecular forces between the surface molecules of different
phases at the interface [43]. In principle, the interactions between
phases arise from the excess energy of surface molecules compared to
those in the bulk, which drives the surface molecules to interact with
other phases to achieve energetic compensation. The total surface free
energy of a material comprises several types of physical forces, which
can be categorized into distinct components. Materials always inter-
act through Lifshitz van der Waals, and depending on the availability
of corresponding sites on the surface, may also interact through other
forces such as hydrogen-bonding, acid-base interactions. Consequently,
surface free energy is often divided into two main components: the
dispersive component (yf ), which accounts for Lifshitz van der Waals
forces, and the specific component (y;g Py, which includes all other types
of intermolecular interactions:

Ysy =Yry-cos® + ygp

)

To connect the theoretical description of surface free energy compo-
nents with practical measurements, such as contact angle, the Owens,
Wendt, Rabel, and Kaelble model (OWRK) [41,51] provides a useful
framework. It proposes that the interfacial free energy of the liquid-
solid interface (y;¢) can be represented as the sum of the geometric
mean of the dispersive and specific components of the solid’s surface

to_.d SP
Ysy =Ysy tVsp
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energy. When combined with Young’s Equation, this model leads to the
following relationship [52]:

Yiy-(1+c0s©) =2.(V G, 74 ) + VL yShy) ®

Van Oss et al. [40] further refined this approach by subdividing the
specific component of surface energy into electron-acceptor (y*) and
electron-donor (y~) components. This approach is based on the concept
that the specific component of surface energy depends on the availability
of sites capable of undergoing specific types of interactions. When inte-
grated with Young’s Equation, this approach provides a more detailed
framework for understanding the interfacial free energy, as describe by:

Yiv-(+cos®) =2. (Vi v ) + Vv, rs) + Vg, 75, @

3.2. Contact angle determination from surface energy distribution

From a theoretical standpoint, assessing surface energy through va-
por adsorption techniques such as IGC is conceptually equivalent to
using liquid interaction methods like contact angle measurements [45].
Contact angle measurements are generally believed to reflect the mean
surface energy of the sites covered by the liquid [32]. To accurately
capture the wettability of the solid, contact angle measurements should
ideally employ very small liquid droplets, typically in the range of 5-
10 pm [17]. This small droplet size minimizes the impact of droplet
size on the measurement, but it necessitates performing numerous mea-
surements to achieve a comprehensive evaluation of the entire surface.
Additionally, surface roughness and chemical heterogeneity may cause
barriers to the motion of the contact line, resulting in variability in the
measured contact angle and surface energy values.

In contrast, IGC offers advantages over these conventional liquid/op-
tical methods by circumventing issues arising from surface roughness
and morphology [32]. Moreover, the surface energy distribution ob-
tained from IGC not only provides comparable and potentially more
precise information than contact angle measurements but also offers in-
sights into factors affecting contact angle measurements, such as the
pinning effect. At low surface coverage, IGC reveals the surface energy of
sites that are most likely to influence contact angle pinning. On the other
hand, at high surface coverage, the surface energy value obtained should
approximate the value derived from contact angle measurements. How-
ever, since probe molecules interact with the entire surface in IGC, this
value should align with the average contact angle reported if measure-
ments were conducted over the entire surface.

Furthermore, the surface energy components profiles obtained from
IGC provide a range of values that any user-selected probing liquid
would encounter when placed on different areas of the surface. In other
words, the interaction between the liquid and the surface would be
determined by these surface energy values, depending on the liquid’s
chemical nature. As a result, by applying different combinations of val-
ues from these profiles within appropriate theoretical frameworks, such
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as the modified Young equation for relatively smooth samples, it is
possible to estimate the range of contact angles for any chosen liquid,
provided its surface tension is known. In other terms, IGC quantifies the
surface energy of solids, allowing for the determination of contact an-
gles for various fluids without direct interaction between the fluid and
the solid.

In this study, the upper and lower bounds of the surface energy range
for each component were determined by fitting an exponential decay
function to the experimental data (see Fig. 2.a). Subsequently, all possi-
ble combinations of surface energy values were derived by dividing the
energy ranges of each surface energy component (Fig. 2.b). Since the
glass beads are relatively smooth, the use of the modified Young equa-
tion, which is formulated based on surface energy components (equation
(8)), is considered appropriate (Fig. 2.c). The dispersive and specific
components of the surface tension of distilled water at 23 °C are 51.3,
and 21.1 mJ /m?, respectively [53,54]. By applying all combinations of
surface energy components along with the surface tension components
of distilled water (the probing liquid) in equation (8), a histogram of the
contact angle range can be generated (Fig. 2.d).

4. Results and discussion

In this study, to assess the effectiveness of IGC in determining the
contact angle range, we prepared three glass bead samples with vary-
ing wettability (as detailed in subsection 2.1). To provide a comparative
analysis between IGC and other established methodologies, the contact
angle for distilled water-air-sample system were determined using ses-
sile droplet and micro-CT methods, as described in subsection 2.3, with
results already reported in [11]. In the following subsections, we will
first discuss the results for untreated glass beads and then present the
findings for treated samples.

4.1. Match between surface energies and macroscopic contact angle
distribution for untreated glass beads

The surface energy components and contact angle ranges determined
by IGC from three separate replicate columns of untreated glass beads
are shown in Fig. 3. The observed decreasing trend in the specific com-
ponent of surface energy for the replicate samples falls within a margin
of +2mJ /m?. However, the larger variation for the dispersive compo-
nent, at +4mJ /m?, is observed. Despite potential influences such as
human error, non-homogeneity in column packing, data acquisition and
processing errors [21,55], and the relatively small surface area of the
glass beads compared to typical materials used in IGC measurements
[56], the error margins for both the dispersive and specific components
are considered reasonable. The average contact angles for these repli-
cated samples are 33.6°, 28.8°, and 27.7°, respectively. Although small
variation in surface energy values can lead to notable variations in the
contact angle according to the modified Young’s equation, the contact
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Fig. 4. Histograms illustrating the contact angle range for the distilled water-air-untreated glass bead system: Panel (A) shows contact angles derived from the average
surface energy components of three replicate samples measured by IGC. Panel (B) presents contact angles obtained from micro-CT, with additional sessile droplet

measurements shown as a line with error bars.

angle ranges obtained from the replicate columns remain within the
within reasonable limits.

The sessile droplet method yielded an average contact angle of
23.95 + 1.25° for untreated glass bead sample. The contact angle ranges
determined by IGC, based on the average surface energy components of
three replicated samples, as well as by micro-CT and sessile droplet mea-
surements, are shown in Fig. 4. The results from both IGC and micro-CT
methods show remarkable alignment with contact angles ranging be-
tween 0° - 55° and a peak at 31.57° and 29.93°, respectively. Both
methods exhibited non-Gaussian distributions, with a slight bias toward
higher contact angles. The combination of average values and contact
angle ranges offers a practical basis for comparing the methods.

The observed results were surprising given the anticipated limita-
tions of each technique. Micro-CT was expected to lack necessary reso-
lution to resolve detailed surface features. Furthermore, it only provides
contact angle distributions along the three-phase contact line, rather
than over the entire surface as IGC does. Conversely, IGC was presumed
to not be capable of providing sufficient information to recover dynamic
(advancing and receding) contact angle. The remarkable consistency be-
tween these techniques may be attributed to the specific characteristics
of the chosen sample: the amorphous chemical nature and relatively
smooth texture of the surface of untreated glass beads.

The smoothness of the beads supports the validity of applying the
Young equation to calculate contact angles from surface energy com-
ponents. Furthermore, the amorphous (non-crystalline and irregular)
nature of the glass bead surface implies that no systematic relationship
between the specific and dispersive components of surface energy at in-
dividual sites can be established. In such samples, a probabilistic model
of molecular interactions based on IGC appears to effectively charac-
terize the energy landscape of the surface, thereby allowing for precise
determination of the contact angle range, including dynamic angles, us-
ing the developed method.

103

4.2. Monitoring wetting alteration using IGC for surfasil-treated glass beads

The IGC measurements on the two altered glass beads reveal a shift
towards greater water repellency.? For the less modified sample (0.001
VR), contact angles ranged from 34.8° to 99.2°, with an average of
60.82°. The more modified sample (0.01 VR) exhibited a range of 49.3°
to 100.8°, averaging 69.2°. These results are illustrated in Fig. 5 pan-
els A and B, respectively. Similarly, the Sessile droplet method reported
contact angles of 64.2 + 2.04° for 0.001 VR sample, and 88.9 + 2.48°
for the 0.01 VR sample. These findings are consistent with the micro-CT
measurements shown in Fig. 5 panels B and D, respectively, and confirm
a significant alteration in the wettability of the treated glass beads.

However, the average contact angle range determined by micro-CT
is 17.2° higher for the lesser modified sample and 25° higher for the
more modified sample compared to the IGC measurements. Addition-
ally, the range of contact angles from micro-CT is broader in both cases.
Although micro-CT results may be influenced by pinning effects and res-
olution limitations, the smoothness of the glass beads is unlikely to have
been significantly altered by the thin layer of silanizing agent. Conse-
quently, the observed discrepancies between the contact angle ranges
obtained from IGC and micro-CT are more plausibly attributed to the
inadequacy of the assumptions underlying the IGC data analysis. Specifi-
cally, the silanizing agent introduces regions with non-specific energetic
properties (solely dispersive), thereby challenging the IGC assumption
that polar probes interact with the same sequence of surface sites as
dispersive probes, as explained in subsubsection 2.2.1.

To address the limitations observed in IGC data analysis, one promis-
ing approach is to perform experiments at controlled relative humidity.
Conditioning the IGC column at different humidity levels allows for

2 The results of the surface energy components of treated samples are provided
in the Appendix A.
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Fig. 5. Histograms depicting the contact angle range for the 0.001 VR treated sample, as determined by IGC (A) and micro-CT (B), and for the 0.01 VR treated

sample, as determined by IGC (C) and micro-CT (D).

the progressive coverage of the surface’s functional groups with water
through condensation [57]. This method is advantageous because dis-
persive probes, such as n-alkanes, will primarily interact with the surface
areas that are not covered by water [56]. By obtaining surface energy
components at various relative humidity levels, it becomes possible to
explore the correlations between different surface energy components
more comprehensively. However, for this approach to be fully effective,
future research must account for the competitive adsorption of polar
probes with water, as well as the adsorption of polar probes onto the
water-covered surface.

5. Conclusions

This study represents a pioneering effort in introducing a novel ap-
proach for directly determining contact angle ranges from IGC mea-
surements. In contrast to previous studies [28-35], which primarily
compared surface energy values obtained from contact angle measure-
ments with those derived from IGC, our work is the first to utilize surface
energy distributions obtained from IGC to calculate a range of contact
angles through a newly developed approach. This methodology not only
extends the application of IGC but also addresses the inherent limitations
of image-based techniques such as micro-CT and sessile droplet meth-
ods, which are often constrained by issues of resolution and localized
measurements.

To evaluate the effectiveness of the IGC method across a range of
wettabilities, glass beads, which are commonly used in multiphase flow
studies in porous media, were selected as test samples and modified
through a silanization process. Non-porous glass beads were specifi-
cally chosen to avoid complications and additional variables that could
arise from porosity, thereby providing a clearer assessment of the IGC
method’s performance and its comparison with other methods such as
micro-CT and sessile droplet. The results indicate that IGC is a robust
technique for characterizing wettability in porous media, as demon-
strated by the strong correlation between the contact angle ranges de-
rived from IGC and those determined by micro-CT measurements for
unmodified glass beads, both in terms of average values and their dis-
tribution. This consistency supports the hypothesis that molecular in-
teractions experienced by the probe molecules in porous media can be
correlated with macroscopic wettability, validating the broader applica-
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bility of IGC in material characterization. This relationship is expected to
impact applications relying on molecular modeling-based designed ma-
terials, particularly direct air capture [58], catalysis [59], and fuel cells
[60]. A clear advantage of the versatility of IGC over micro-CT is its ca-
pability to analyze samples with more confined porosity over relevant
sample sizes, making it particularly suitable for studying wettability in
materials with specific pore structures.

For silanized glass beads, IGC effectively detected changes in wet-
tability induced by the silanization process, although it exhibited a
smaller shift toward increased hydrophobicity compared to micro-CT.
This discrepancy underscores the limitations of IGC data interpreta-
tion, particularly in the context of chemically heterogeneous surfaces.
Future research should focus on refining the IGC data analysis method-
ology, particularly in establishing a more accurate relationship between
the specific and dispersive components of surface energy to better ac-
count for chemically heterogeneous surfaces. Additionally, further stud-
ies should explore the application of IGC to porous samples, as pore size
can influence contact angle measurements. This will involve applying
theories such as Wenzel or Cassie-Baxter to accurately describe macro-
scale contact angles and adapting IGC data analysis techniques to ensure
that material porosity is adequately considered. These advancements
will help extend the applicability and precision of IGC in characterizing
wettability across a broader range of materials.

In conclusion, this study highlights the potential of IGC as a versatile
tool for wettability assessment. However, continued refinement of this
method will be essential for extending its applicability to more chemi-
cally complex and heterogeneous materials, as well as to porous samples
where pore size can influence contact angle measurements. Addressing
these aspects will improve the accuracy and reliability of wettability
characterization across a diverse range of materials.
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