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ABSTRACT: Understanding the wetting properties of shale reservoirs can benefit their development for energy-related purposes
and their potential for long-term carbon dioxide injection and storage. Given its potential volumetric abundance and high surface
area, the wetting behavior of kerogen in shale requires assessment. Despite their known limitations, wettability studies are commonly
limited to static contact angle (θ) measurements. In this Article, the conflicting factors related to the analysis and interpretation of
kerogen wetting via static contact angle measurements are discussed. Contact angle data for deionized water, brine (5% NaCl), and
n-dodecane are presented for seven paleomarine type-II kerogens spanning a wide range of thermal maturities (vitrinite reflectance,
Ro: 0.55 to 2.75%) and chemical composition (aromatic carbon content, H/C ratio, O/C ratio). Droplets of n-dodecane
instantaneously absorbed (θ* ≈ 0°) upon contact with all kerogen pellet surfaces, showing the oleophilic nature of kerogen for all
maturities tested. Apparent contact angles of water with kerogen surfaces were positively correlated with H/C ratios and inversely
correlated with aromatic carbon content, while the bulk and surface oxygen concentrations did not strongly correlate with the
measured data. Kerogen exhibited hydrophobic (θwater > 90°) behavior, except at the highest thermal maturities. For example, the
least thermally mature and most thermally mature samples studied presented apparent contact angles for water of 123 ± 15 and 59 ±
10°, respectively. Profilometry analyses showed roughness average values ranging from 0.4 ± 0.1 to 3.9 ± 0.7 μm, with the indication
that sample topology can affect measured contact angles, albeit in second order as compared to sample chemistry in this study. We
recommend caution when associating contact angle data alone with wetting behavior, as data obtained through sessile droplet
analysis are subject to known but not always considered, caveats.

1. INTRODUCTION

Solid, insoluble organic matter (kerogen) dispersed in organic-
rich mudrocks can host significant porosity and impact fluid
flow in shale during fracturing and production.1−3 Kerogen-
fluid surface interactions can, therefore, impact petroleum
production and water flowback in unconventional resource
development, as well as the potential for geological CO2
storage in organic-rich mudrocks (hereafter referred to as
shale).4,5 The complex composition and textural properties of
shale, however, complicate efforts to quantify solid−fluid
surface interactions, including kerogen wettability.6

Wettability is generally perceived as the tendency of a liquid
to spread over a solid surface via adhesive and cohesive forces
or to spontaneously imbibe via capillary forces.7 Materials are
classified as either wetting (-philic) or repelling (-phobic) with
regards to a probe fluid.8 In the context of oilfield reservoirs,
wettability describes whether solid surfaces are preferentially in
contact with water or petroleum or in some intermediate state
(mixed-wet). The wetting state of conventional reservoir rocks
applies only to surface interactions between liquid (water and/
or oil) and minerals because the latter comprise the entire solid
volume of the formation.9,10 The wetting state of unconven-
tional resources necessarily requires understanding the wetting
properties of kerogen surfaces because of its volumetric
importance in economic shale resources.11,12

Contact angle (θ) measurements are widely used for
inferring surface wetting properties of solids, with applications
in characterizing metal alloys, polymers, surface coatings, and
membranes, as well as soils and sediments.8,13−17 The sessile

droplet method, while a convenient laboratory technique for
measuring the contact angles, poses known challenges that can
misguide the interpretation of solid surface wettability.18 The
observed contact angles may differ from the intrinsic contact
angles and can be affected by testing conditions (e.g.,
temperature, droplet size, liquid evaporation), and surface
conditions (e.g., contamination, roughness, porosity).18−22

Several studies have examined the wetting properties of bulk
shales.4,23−29 General trends (e.g., versus total organic carbon
[TOC] content, thermal maturity, liquid−gas composition of
the sample), as well as inconsistencies (e.g., testing
conditions), have been reviewed and discussed.30,31 Generally,
increasing oil imbibition in bulk shale with increasing organic
matter content and thermal maturity suggests that kerogen is
oil-wetting.25,32 However, the wetting properties of kerogen in
bulk rocks are confounded by the presence of minerals, which
may exhibit different wetting behaviors with respect to the
organic matter.
Despite the importance of kerogen in unconventional

resources, there have been a limited number of contact angle
studies of isolated kerogen. Yi and Lee recently presented
contact angle data for aqueous solutions on isolated kerogen
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surfaces. However, their study focused on the alteration of
wetting characteristics of kerogen induced by interaction and
possible oxidation by hydraulic fracturing additives, and not on
the wetting characteristics of pristine kerogen as addressed in
the present study.33 Jagadisan and Heidari reported contact
angle data for isolated kerogen in air/water and air/oil,
concluding that kerogen is “strongly hydrocarbon-wet at high
thermal maturities and water-wet at low thermal maturities.”34

Their study of just two kerogen isolates was not referenced to
the benchmark thermal maturity scale (i.e., vitrinite reflectance
Ro, %) and relied on laboratory-simulated thermal proxies in
assessing wettability trends. The primary mechanistic explan-
ation for varying water-wetting behavior (i.e., abundance of
polar versus nonpolar functionalities) does not adequately
represent the trends demonstrated for the samples. For
example, the kerogen sample with the highest O/C ratio did
not exhibit the lowest contact angle, and the kerogen sample
with similar aromatic contents exhibited very different contact
angles. These results may indicate that a complex interplay of
multiple variables determines the measured contact angles.
The wetting properties of kerogen were also investigated via

molecular dynamics (MD) simulations. Hu et al., studied
kerogen wettability with simulations of the idealized system of
water or octane interacting with graphene sheets of varying
contents of surface polar oxygen functionalities.35 For such
idealized surfaces, the contact angles of water on “kerogen”
decreased with an increase in polar moieties (θwater = 120° at
O/C = 0.05; θwater = 0° at O/C = 0.2). These results suggest
that polar functional groups promote wettability. Other MD
simulations have used more complex molecular models to
represent kerogen, such as those developed by Ungerer et al.36

Ho and Wang reported a simulated water contact angle of 43°
on the surface of overmature type-II kerogen (Ungerer kerogen
II-D model) in the CO2/water/kerogen system at standard
pressure.37 Li et al., reported θwater = 40 and 46° for the same
kerogen II-D model.38 These results are consistent with the
experimental data obtained by Prydatko et al., who reported
θwater = 42° on graphene surfaces.

39 In contrast, Jagadisan and
Heidari reported, for the same kerogen II-D model, θwater = 76
and 89° in systems with air/water/kerogen and CO2/water/
kerogen, respectively.40 Thus, ambiguity persists in our
understanding of the wetting behavior of kerogen (and
molecular proxies for kerogen).
In this study, we report water, brine, and n-dodecane contact

angle measurements on surfaces of well-characterized kerogen
isolates and addresses inconsistent results in previous studies.
Our kerogens are diversely representative of paleomarine (type
II) sedimentary organic matter and span across a wide range of
thermal maturity from immature (Ro ∼ 0.6%) to dry-gas stage
(Ro ∼ 2.8%). Noting that contact angle measurements can be
impacted by compositional heterogeneity and surface rough-
ness,19,20,22 our contact angle data are evaluated against their

wide range of chemical compositions and surface topography.
Despite the limitation of the sessile-drop technique, our
contact angle data provide the most direct evidence to date
that kerogen is preferentially oil-wetting throughout the
relevant range of thermal maturity.
1.1. Wettability Theory. Experimentally, contact angles

(θ) under atmospheric conditions (room temperature and 1
atm pressure) are determined based on the tangential angle
formed at the triphasic (gas−liquid−solid) interface.16,41

Conventionally, contact angles for wetting fluids are <90°,
whereas for nonwetting fluids ≥90°.42,43 Regardless of its
convenience, the outputs of static or advancing contact angle
measurements should be considered cautiously since the
observed behavior may be influenced by surface chemical
heterogeneity, physical heterogeneity (e.g., topography),
contamination (impurities), and testing conditions (e.g.,
pressure, temperature, droplet size, evaporation), among
other factors.20,44

For ideal surfaces (i.e., topographically smooth, chemically
homogeneous, and nonreactive), the Young’s relation asso-
ciates the measured contact angle (θ) at an equilibrium state
with the interfacial tensions (or energies) at the solid−gas
(γSG), solid−liquid (γSL), and liquid−gas (γLG) interfaces eq
1.41,45

cos
SG SL

LG

=

(1)

Under realistic conditions, most materials present certain
surface roughness, affecting the interfacial contact area
between the three phases, which limits the application of the
Young’s relation.41 Ultimately, the wetting properties of a solid
become a function of the surface chemistry and topography. In
this case, the Wenzel and Cassie−Baxter relations can be used
to account for these factors. In the Wenzel state of wettability,
the liquid fully permeates the surface roughness, which
enhances the wetting behavior in comparison to a smooth
counterpart eq 2.46

rcos cos* = (2)

Here, the apparent contact angle (θ*) for a liquid in the
Wenzel wetting state is a function of the intrinsic contact angle
(θ) and a surface roughness (r), characteristic of the ratio
between the actual and projected surface areas (Figure 1).46

Rough surfaces may also induce a wetting condition known as
the Cassie−Baxter state of wettability.47 In this state, air
pockets are trapped between the liquid and the rough solid
surface.47,48 Accordingly, the apparent contact angle will be
influenced by the fractional areas of the solid−liquid ( f SL) and
liquid−gas ( f LG) interfaces, as expressed in eq 3.

47

f fcos cos
SL LG

* = (3)

Figure 1. Schematic representation of the Young’s, Wenzel, and Cassie−Baxter wetting states.

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.3c03175
Energy Fuels 2024, 38, 1864−1872

1865

https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03175?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03175?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03175?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03175?fig=fig1&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.3c03175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


A liquid in the Cassie−Baxter state can exhibit θ* > 90°
even for θ < 90°. In practice, it is challenging to distinguish a
liquid in the Wenzel state versus the Cassie−Baxter state.
Figure 1 illustrates the above-described wetting states.16,18,41

2. EXPERIMENTAL SECTION

2.1. Kerogen Samples. The samples used in this study are seven
type-II kerogen isolates obtained from paleomarine Bakken,
Marcellus, Woodford, and Vaca Muerta Formations, described in
earlier publications.49−51 The kerogens span a wide range of thermal
maturity from immature to dry-gas stage, as referenced by their
vitrinite reflectance Ro values (0.55−2.75%).

49−51 The kerogens were
isolated from bulk rock samples according to the best-practice
conservative closed-system procedure, described elsewhere.52,53 The
kerogen isolates have been extensively analyzed for their bulk
chemistry (elemental analysis), surface chemistry (X-ray photo-
electron spectroscopy), molecular structure (solid-state 13C nuclear
magnetic resonance), and physical properties (grain density from gas
pycnometry; pore surface area and pore volume from nitrogen
physisorption), as recently compiled in Suekuni et al.,54 and reported
in Supporting Information, Table S1.
2.2. Particle Size Distribution. The particle size distributions of

kerogen powders were measured via laser diffraction by using a
Malvern Mastersizer 2000 in a range of 0.02 to 2000 μm according to
ISO 13320:2020.55 Samples were first wetted with isopropyl alcohol
and mixed with 10 mL of a dilute (<0.1%) solution of sodium lauryl
ether sulfate. Aliquots of the kerogen suspensions were pipetted into a
disperser containing 150 mL of deionized water. The liquid media
with suspended kerogen was continuously recirculated in the closed-
loop system with simultaneous sonication for 20 s. The measurements
assumed a refractive index of 1.60 + i0.012 at the helium−neon
(HeNe) wavelength of 633 nm.56

2.3. Pellet Preparation. Approximately 350 mg of kerogen
powder was gently ground by hand using a mortar and pestle to

ensure the dispersion of particle aggregates. These powders were
pressed into a pellet of diameter 24 mm and thickness 2 mm using a
Wabash Hydraulic Press 12−10S at a pressure of 4000 psi for
approximately 1 min (Figure S1).
2.4. Optical Profilometry. The surface roughness of the kerogen

pellets was measured using a Veeco Wyko NT1100 Optical Profiler
with a 10× objective lens in vertical scanning interferometry mode.
Scans were collected over a rectangular area of approximately 450 μm
× 600 μm (x and y directions, respectively) with a resolution of 0.9
μm in the transverse (x−y) plane and a vertical resolution of ∼1 Å,
according to the equipment manufacturer. Uncertainty is reported as
the standard deviation of 3−5 measurements on different regions of
the pellet surface.
2.5. Contact Angle Measurements. The collection and

interpretation of contact angle data by the sessile droplet technique
have been discussed elsewhere.16,18,41 Here, static contact angle
measurements of three liquids, i.e., deionized (DI) water, brine (5%
NaCl), and n-dodecane, on kerogen pellet surfaces were made using
the sessile droplet method in a Rame-́Hart 190-U1 goniometer at
room temperature (22 °C). Before contact angle measurements, all
pellets were vacuum-dried at (<77 Torr) 60 °C for 6 h to remove
moisture and contaminants while avoiding surface oxidation at higher
temperatures.57 Contact angles were measured 5 s after placing a 4 μL
volume liquid drop on the pellet surface. Generally, triplicate
measurements were carried out on different regions of each pellet
surface. The uncertainty is reported as the standard deviation of the
triplicate measurements. The datum reported without error bars was
from a single measurement of brine on the surface of sample Ro =
2.20%. The Supporting Information contains a discussion of the
method and interpretation of dynamic (i.e., advancing and receding)
contact angle data.

3. RESULTS AND DISCUSSION

3.1. Apparent Contact Angles of Liquids on Kerogen
Surfaces. Table 1 summarizes the measured contact angles θ*

Table 1. Surface Roughness, Particle Size, and Contact Angle Data for Type-II Kerogen

apparent contact angle

formation name Ro (%) arithmetic average roughness, Ra (μm) mean particle size, d50 (μm) DI water, θ* brine, θ* n-dodecane, θ*

Jordanian oil shale 0.55 3.9 ± 0.6 91.0 123 ± 15° 123 ± 13° 0°

Eagle Ford 0.65 1.0 ± 0.1 40.7 105 ± 3° 109 ± 6° 0°

Bakken 0.95 0.7 ± 0.2 0.3 96 ± 1° 106 ± 5° 0°

Vaca Muerta (Argentina) 1.28 1.6 ± 0.8 14.5 92 ± 7° 106 ± 6° 0°

Vaca Muerta (Argentina) 1.61 0.4 ± 0.1 9.7 93 ± 1° 87 ± 3° 0°

Marcellus 2.20 2.0 ± 0.4 6.3 54 ± 7° 53° 0°

Woodford 2.75 0.4 ± 0.1 12.7 59 ± 10° 55 ± 5° 0°

Figure 2. Contact angles of water, brine, and n-dodecane as a function of thermal maturity (left) and images of the contact angles of water and
brine (right). The dashed line indicates the conventional hydrophobic wettability threshold (θ* = 90°).
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for DI water, brine (5% NaCl), and n-dodecane on the surfaces
of kerogen pellets. Figure 2 plots these apparent contact angles
versus the thermal maturity (i.e., vitrinite reflectance Ro) of the
kerogens together with static images of DI water and brine
drops on the surface of the pellets. The data clearly support
that kerogen is preferentially oil-wetting over the entire range
of thermal maturities examined (immature to dry gas.)
The n-dodecane droplet nearly instantly wetted the entire

kerogen surface and imbibed into the pellet, yielding contact
angles of approximately zero. Finite (θ* > 0°) contact angles
could not be measured for the liquid hydrocarbon; accordingly,
no static images of n-dodecane on kerogen surfaces are shown
in Figure 2. The Supporting Information contains video files
illustrating the wetting of hydrocarbons and water on kerogen
surfaces. Quantifying finite contact angles for liquids with low
surface tension, including n-dodecane (γLG ∼ 25.4 mN m−1) is
intrinsically challenging and mostly relies on the presence of
repelling chemical or physical traits, such as surface rough-
ness.58−62

Conversely, the examined kerogen surfaces were nearly all
hydrophobic with respect to both DI water and brine,
presenting apparent contact angles θ* ≥ 90° except at the
highest thermal maturities examined (θ* ∼ 55°; Ro ≥ 2.2%).
The contact angles of brine were slightly higher than those
measured for DI water, which is consistent with the higher
surface tension of water in the presence of dissolved salts (γLG
∼ 75 mN m−1 for NaCl-brine versus 72 mN m−1 for DI water,
at room temperature).63 However, we consider this difference
between pure water and brine to be of second-order
importance.
Spontaneous wetting and imbibition of hydrocarbons (e.g.,

n-decane, produced formation oil) have been reported on
surfaces of bulk organic-rich mudrock samples under
atmospheric conditions,23,25,32 supporting our observations.
Similarly, Yang et al. also reported higher contact angles for

water on organic-rich mudrock samples of lower thermal
maturity (θ* ∼ 21−62°; Ro ∼ 1.1−1.6) as compared to
organic-rich mudrock samples of higher thermal maturity (θ*
∼ 3−17°; Ro ∼ 2.2−3.1), further supporting our observa-
tions.23 In these previous studies, however, the presence of
substantial mineral surfaces in bulk samples complicates the
interpretation of the inherent wettability trends of organic
matter.
3.2. Effects of Textural Properties on Contact Angles.

It is critical to determine whether the measured apparent
contact angles θ* are systematically impacted by textural
properties like surface roughness and contact area, in addition
to surface chemistry.24 To the best of our knowledge, such
analysis in consideration of kerogen wettability has not been
performed. Surface topography maps obtained via optical
profilometry show that the kerogen pellets present vertical
heterogeneity within and between the samples, as is practically
expected (Figure 3).
Table 1 summarizes the arithmetic average roughness (Ra)

values of these surfaces, together with the mean particle size
(d50) of the samples obtained from laser diffraction analysis.
The surface roughness Ra is the average of the surface height
differentials from the mean height (baseline) and ranges from
∼0.4 to 3.9 μm. The Ra and d50 values are approximately
positively correlated, suggesting that the solid particle size can
influence the surface roughness. Thus, careful preparation of
kerogen powders with particle size characterization is
recommended for any wetting studies.
The data show a generally positive correlation between the

apparent contact angle θ* of water and brine on hydrophobic
kerogen surfaces and the roughness Ra of that kerogen surface
(Figure 4). The exception is sample Ro = 2.20%, which
expresses a relatively large roughness (Ra = 2.0 μm) but a low
apparent contact angle (θ* ∼ 55°). Li et al., reported this same
phenomenon for hydrophobic (θ*water > 90°) coal (type-III

Figure 3. 3D maps of the kerogen pellet surfaces. The area of each map is approximately 450 μm × 600 μm.
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kerogen), where static θ* of water decreased from ∼115 to
∼97° as surface roughness decreased.22 However, a positive
relationship between θ* and the surface roughness is not
always observed. Li et al., also showed that static θ* of water
increased on the surface of two hydrophilic (θ*water < 90°)
coals from ∼76 to ∼87 and ∼45 to ∼60° as surface their
roughness was decreased.22 Kozbial et al., similarly reported for
graphite (θ*water < 90°) that highly ordered pyrolytic graphite
(Ra ∼ 0.3 to 1.4 nm) presented a higher static θ* compared to

low-quality pyrolytic graphite (Ra ∼ 30 nm).20 Surface
roughness appears to have only a second-order impact on
static water/brine contact angles in our set of kerogen samples
but seems to explain the relatively low contact angle of Ro =
2.20% compared to Ro = 2.75%. Notably, the former has a
higher Ra, implying the nonideal Wenzel state of wetting.
Importantly, surface roughness cannot explain the systematic
and significant first-order difference between hydrocarbon and
water-wetting behaviors on kerogen surfaces. Additional
evaluations of the influence of surface roughness upon contact
angles and contact angle hysteresis are presented in the
Supporting Information.
3.3. Effects of Chemical Properties on Contact

Angles. The wetting behavior of kerogen is now interpreted
with respect to its bulk and surface chemical characteristics
(Table S1). Figure 5 plots the apparent contact angle θ* as a
function of the bulk carbon aromaticity (%Carom, from
quantitative 13C solid-state NMR), bulk atomic H/C ratio,
bulk atomic O/C ratio, and surface oxygen concentration
(O(1s), from X-ray photoelectron spectroscopy, XPS). Note
that H/C and O/C are proxies for the abundance of aliphatic
and oxygenated moieties, respectively.
Hydrocarbon (n-dodecane) instantly wetted kerogen

surfaces (θ* ≈ 0°), independent of kerogen’s wide range of
structural and chemical compositions. Apparent contact angles
of water/brine on kerogen surfaces are positively correlated
with hydrogen and�to a lesser degree, with oxygen content
and inversely correlated with carbon aromaticity. Kerogen is
hydrophobic for most kerogen structures except those nearly
entirely aromatic (i.e., thermally mature kerogen with low H/C
and O/C ratios). Lu et al., similarly described the decreasing
water affinity on bulk shale surfaces (Qianjiang Formation,
China) with increasing aliphatic chain length of organic matter

Figure 4. Apparent contact angle data as a function of the average
surface roughness of kerogen pellets. The red dotted line in each
figure marks the traditional demarcation of wetting/nonwetting
behavior (θ* = 90°).

Figure 5. Contact angles of water, brine, and n-dodecane as a function of kerogen (a) aromatic content, (b) H/C ratios, (c) O/C ratios, and (d)
surface atomic % of oxygen on the surface (XPS, O (1s) region). Note that the dashed lines mark 90°.
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in the samples.26 The water-wetting behavior of kerogen
appears to be controlled by the relative amount of sp2

(aromatic) versus sp3 (aliphatic) carbon. Kerogen shows
some affinity for polar water molecules only when its carbon
structure is nearly entirely composed of polarizable sp2

carbons. As an extreme, graphite and graphene, with their
highly ordered and fully aromatic structures, also exhibit
hydrophilic behavior.20,37−39,44 The affinity of water and
polarizable sp2 carbons has similarly been suggested to explain
the relative wetting behavior of the polymers poly(styrene)
[PS] and poly(ethylene) [PE]. The PS, with a phenyl ring
substituent on the backbone, is more polarizable than PE with
no substituent on the backbone.64 Correspondingly, PS has a
higher solid surface energy and presents a lower contact angle
for water.64−67

Figure 6 overlays literature contact angle data and data
reported here for water on kerogen surfaces versus %Carom and
O/C.34 A recent literature report concluded that kerogen is
oleophobic/hydrophilic at low thermal maturity and hydro-
phobic at high thermal maturity.34 A reinterpretation of this
literature data is warranted with respect to the broader scope of
kerogen data now available, which suggests that the
determinants of kerogen wettability are more complex than
previously described. For example, kerogen’s hydrophobic
behavior was attributed to increasing carbon aromaticity,34 but
the current more complete data set suggests, instead, that
increasing carbon aromaticity results in weak hydrophilic
behavior (Figure 6). This is explained by the higher
polarizability of sp2 (aromatic) carbons compared to sp3

(aliphatic) carbons and is consistent with numerous literature
reports characterizing graphite as hydrophilic.20,39 The
literature report also suggested that kerogen’s hydrophilic
behavior correlated positively with the abundance of polar
oxygen.34 This interpretation is not obviously supported by the
larger set of data available now (Figure 6b). Indeed, the few
kerogens in the literature with exceptionally high oxygen
content (O/C ratios: 0.27−0.29) surprisingly showed hydro-
phobic behavior (θ*water > 90°).

34 We note that such high O/
C ratios are more characteristic of paleoterrestrial type-III
kerogen than of typical paleomarine type-II kerogen,68 which is
acknowledged in the study. Otherwise, oxygen moieties do not
appear to govern the wetting behavior of kerogen in typical
paleomarine shales, most likely because of their low surface
abundance generally (<3 atom %, Table S1).69 Notably, the
homogeneity of surface oxygen spatial distribution in these

naturally occurring samples is not easily controlled and may
contribute to variability in the data sets. Similarly, surface
roughness, which was not reported for samples in the literature
report,34 may confound apparent measured contact angles.
Finally, it was also acknowledged in that study that the removal
of bitumen in synthetically matured samples leads to a decrease
in the water contact angle even below 90°.
3.4. Implications for Wetting States in Shales.

Notwithstanding the challenges and limitations of the sessile
droplet technique for interpreting the wetting properties of
porous geomaterials, some implications for the wettability of
organic-rich mudrocks are presented. The initial wetting state
of bulk shale (i.e., before deep burial and generation of
hydrocarbons from thermal cracking of kerogen69,70) is almost
certainly water-wettable.26,27 Formation water resides within
mineral-hosted pore space, between and possibly within
mineral grains (intergranular and intragranular porosity,
respectively). Thermal cracking of kerogen first generates
liquid hydrocarbons (oil window: Ro ∼ 0.6−1.35%).71 These
liquid hydrocarbons are generated within the so-called organic-
hosted porosity that simultaneously develops within kerogen,
as a direct result of thermal cracking processes. Within this
range of thermal maturity, kerogen is evidently superoleophilic
(θ*oil ∼ 0°) and hydrophobic (θ*water > 90°). Thus, kerogen
pores in liquid-bearing shales (e.g., tight-oil resources) are
almost certainly oil-wetting, whereas the mineral-hosted pores
are water-wetted unless displaced by the generated oil (a
phenomenon not addressed in this study).
Continued thermal cracking of kerogen and of earlier-

formed liquid hydrocarbons subsequently generates gas-phase
hydrocarbons (wet-gas window: Ro ∼ 1.35−2.0%, and dry-gas
window: Ro > 2.0%).71 These gaseous hydrocarbons are
likewise generated within the so-called organic-hosted porosity
but may also be generated within the mineral-hosted porosity if
liquid hydrocarbon has previously been expelled from kerogen
into the mineral matrix. Kerogen remains preferentially oil-
wetting, although liquid hydrocarbons are not necessarily
stable in situ within the shale resource. The weakly hydrophilic
behavior of kerogen (θ*water > 50°) within the dry-gas window
(Ro > 2.0%) implies that, in gas-shale resources, kerogen could
be water-wet or mixed-wet in gas-shale resources, but only if
water can displace low-molecular-weight hydrocarbon gases
from kerogen pore surfaces.
Further interpretation of shale wettability and fluid-flow

dynamics within organic-hosted and mineral-hosted pores in

Figure 6. Water and brine (5% NaCl) apparent contact angles as a function of (a) aromatic content and (b) O/C ratio from this study and from
literature.34
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shale requires additional and integrated measurements and
modeling via, e.g., Washburn capillary rise, dynamic core-
flooding, and captive bubble techniques.25,39,72

4. CONCLUSIONS

Unveiling the controlling factors of mixed-fluid dynamics in
shale resources is beneficial for the efficient extraction of liquid
and gas hydrocarbons as well as for possible injection of CO2
for long-term geological storage. However, experimental
determination of reservoir wetting properties is not straightfor-
ward, and controlling factors and trends are debatable.
Kerogen is evidenced to be consistently and highly oleophilic
for a wide range of thermal maturities (vitrinite reflectance Ro)
and related chemical compositions (e.g., bulk %Carom, atomic
H/C, and atomic O/C) as demonstrated by spontaneous
imbibition of liquid hydrocarbon (n-dodecane) on kerogen
surfaces. Likewise, the kerogens are hydrophobic or are weakly
hydrophilic only for kerogen structures nearly entirely aromatic
in carbon moieties. The latter observation is consistent with
experimental measurements of water contact angles on
graphitic surfaces and molecular dynamics simulations using
in-silico kerogen models. Our study shows that characterizing
shale wettability solely by the sessile droplet method may lead
to incorrect conclusions. Evaluation of surface roughness is
warranted in assessing contact angle data, though in the
present study, surface roughness was of secondary importance
compared to sample composition. Complementary future
research efforts involving the wetting properties of kerogen
or other materials are encouraged to integrate chemical and
textural analysis into data interpretation, and are necessary to
fully understand how differential wetting behavior of organic
(kerogen) and inorganic (mineral) phases in complex
geological formations impacts the flow of fluids within these
reservoirs.
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