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Table 1. Experimental Studies of Contact Angles on Shale Samples at High Pressure and High Temperature Conditions

Operating
ref Sample description TOC System considered conditions Method Wetting state
Kaveh et al.'” Shaly caprock from Not reported Shale/CO,/brine 1—-14 MPa; 318 K;  Static contact angles Strongly to weakly water-wet
North Sea 1 M NaCl brine using captive bubble
method
Iglauer et al'! Caprock shale, Australia 0.08% Shale/CO,/brine 15 MPa; 323 K Advancing and reced- ~ Weakly water-wet
ing angles using tilt-
ing plate method
Roshan et al.'”* Perth Basin shale, Aus- 0.08% Shale/air/brine 0.1-20 MPa; Advancing and reced- Strongly to weakly water-wet
tralia 308—243 K ing angles using tilt-
ing plate method
Arif et al.” Three USA shales and 0.16—23.4 wt % Shale/CO,/brine 0.1-20 MPa; Advancing and reced- ~ Weakly CO,-wet
Wessex Coast shale, 323-343 K ing angles using tilt-
southern England ing plate method
Guiltinan et al.>®  Barnett Shale, USA 3.27—7.88 mass %  Shale/CO,/brine up to 13.79 MPa; X-ray CT scan Strongly water-wet
293-333 K
Mirchi et al.”’ Two shale samples ~1-83 wt % Shale/oil/brine Ambient and 20.6 Captive bubble Strongly water-wet
MPa at 353 K;
0.1-5 M brine
Qin et al.'® Longmaxi Formation, 3.74% Shale/CO,/water 6—18 MPa; Sessile drop method ‘Weakly water-wet to inter-
China 313—-353 K; up to mediate-wet
12 days treatment
Pan et al.*’ Shengli shale, China 3wt % Shale/CO,/brine; 0—20 MPa; Sessile drop method Strongly CO,-wet
Shale/CH,/brine 298-343 K
Pan et al.'%* USA and China shales 1.2-20 wt % Shale/CH,/brine; 0—-25 MPa; 323 K Sessile drop method Strongly oil-wet and strongly
Shale/CO,/n-do- CO,-wet
decane
Yekeen et al.*® Carbonaceous shale from  4.77 wt % Shale/oil/brine; 8—22 MPa; Captive bubble and Shale/oil/brine system was
Malaysia Shale/CO,/brine 353—4353 K; sessile drop method oil-wet; shale/CO,/brine
0—7 wt % system was CO,-wet

“Wettability is classified as follows: 0° =

completely water-wet, 0°—50°

= strongly water-wet, 50°—70° = weakly water-wet, 70°—110° =

intermediate-wet, 110°—~130° = weakly nonwetting, 130°~180° = strongly nonwetting, 180° = completely nonwetting.*>

Specifically, the captive bubble method (Figure 1) utilizes a
flat clean rock sample positioned in a pressure cell. For shale/
oil/brine systems, the equipment utilizes two mechanically
operated pumps (one for the test fluid to dispense a drop, and
another pump for the bulk fluid”). The system pressure is
gradually increased via mechanical adjustment of the bulk-fluid
piston. After stabilization within the brine-filled cell, a droplet of
crude oil is dispensed beneath the rock surface via a needle.*
The droplet forms a contact angle at the three-phase contact line
(the intersection of the rock surface and crude oil and brine
phases). A similar approach has been utilized to measure contact
angles for shale/CO,/brine systems."”

The sessile drop method works in a quasi-opposite way; i.e., a
droplet of brine is dispensed in the presence of a gaseous (or oil)
environment onto the substrate in the pressure cell. Note that a
tilted plate design'®*"°" allows for the synchronized measure-
ment of water advancing and receding angles.*> Addition and
removal of drop volumes™ is another way of measuring
advancing and receding contact angles. Water advancing contact
angles (0,) are measured at the leading edge and just before the
droplet begins to move and water receding contact angles “6,”
are measured at the trailing edge of the droplet (where CO, is
displacing the aqueous phase in a CO,/brine system).
Moreover, the water advancing angle corresponds to the
imbibition mechanism, while the water receding angle
corresponds to the “drainage”, hence the advantage of
measuring advancing and receding contact angles over static
contact angles.”* Characteristically, the advancing contact angle
is higher than receding contact angles due to “hysteresis”, a
phenomenon that arises due to surface roughness, chemical or
structural heterogeneity, or adsorption/desorption of molecules
on “nonideal surfaces”.”>™” Note that if 6, and 6, are not
measured, and instead only one contact angle is measured on a
flat surface, then it is most likely that a metastable drop is
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observed (the contact angle then lies anywhere between 6, and
0.). Figure 1 shows a schematic illustration of the contact angle
measurement method, while Figure 2 shows the high pressure
equipment that can measure shale/oil/brine contact angles.

3. REVIEW OF SHALE WETTABILITY DATA

Several data sets were identified where shale wettability was
measured at high pressure and temperature conditions (Table
1). While there are several other data sets which reported
contact angles of shale at ambient conditions,” these were not
included in this review, albeit included for a comparison purpose
only.

It is clear from Table 1 that shale wettability at high pressure
conditions has only been recently investigated, and the data is
sparse. It is also evident that the key systems investigated are
shale/CQO,/brine systems, shale/oil/brine systems, and shale/
CH,/brine systems.

3.1. Influence of Pressure. The contact angle and thus
wettability of shale surfaces are influenced by the injection
pressure (or generally the prevailing reservoir pressure). This is
particularly true for shale/CO,/brine systems as evident from
Arifetal’s'” study, where advancing and receding contact angles
for several shales were measured, and a notable impact of
pressure on contact angles was found. For instance, when the
CO, injection pressure was increased from ambient to 10 MPa,
0, increased from 88° to 132° and 6, increased from 78° to 123°
at a constant temperature of 323 K for a shale sample with 23.4
wt % TOC (Figure 3). These observations suggest that if this
shale (TOC = 23.4%) were a caprock during CO, storage, the
structural trapping capacities of CO, will be reduced due to a
corresponding reduction in the capillary sealing efficiency of the
caprock (for estimation of structural trapping capacities, the
reader is referred to Arif et al.'” and Iglauerms). On the

https://dx.doi.org/10.1021/acs.energyfuels.0c04120
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® Arif et al. [19], shale/CO,/brine, TOC = 23.4wt%, 323K, advancing
® Arif et al. [19], shale/CO,/brine, TOC = 23.4wt%, 323K, receding
® Arif et al. [19], shale/CO,/brine, TOC = 23.4wt%, 343K, advancing
® Arif et al. [19], shale/CO,/brine, TOC = 23.4wt%, 343K, receding
© Guiltinan et al. [38], shale/CO,/brine, 313K, Barnett TOC = 7.1 mass%
# Guiltinan et al. [38], shale/CO,/brine, 313K, Barnett, TOC = 7.9 mass%
® Pan et al. [39], shale/CO,/brine, 323 K, advancing
@ Pan et al. [39], shale/CO,/brine, 323 K, receding
Pan et al. [39], shale/CO,/brine, 343 K, advancing
M Pan et al. [39], shale/CO,/brine, 343 K, receding
A Pan et al. [39], shale/CH,/brine, 343 K, advancing
A Pan et al. [39], shale/CHa/brine, 343 K, receding
A Yekeen et al. [40], shale/Qil/brine, 353 K, advancing
A Yekeen et al. [40], shale/Qil/brine, 353 K, receding
# Roshan et al. [102], shale/air/brine, 343K, advancing
¢ Roshan et al. [102], shale/air/brine, 343K, receding
@ Qin et al. [103], shale/CO,/water, 2 days
Qin et al. [103], shale/CO,/water, 12 days

Figure 3. Contact angle (through water) measurements on shale surfaces for various fluid combinations as a function of fluid pressure.

contrary, for CO, storage in shale (via adsorption trapping), a
higher CO, wettability of shale may be more suitable; however,
further research is required to confirm this effect.

While Arif et al’s'” observations suggested an influence of
pressure on shale wettability, Guiltinan et al.’'s** measurements
revealed little or no impact of pressure on contact angles of
Barnett Shale samples. Interestingly, here the Barnett Shale
samples remained strongly water-wet throughout all test
conditions (up to 13.79 MPa;*® Figure 3). This discrepancy
may be due to different surface conditions or types of surface
cleaning methods use; note that quartz surfaces cleaned with
different cleaning agents demonstrated remarkably different
contact angle,”” although it is still an open question how shales
containing organics can be cleaned appropriately (see also
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Fauziah et al.107). The subsequent data sets for shale/CO,/brine
systems reported by Qin etal.,'*® Pan et al,,>” and Yekeen et al.*’
demonstrated a clear increase in contact angles with increasing
pressure, and overall wettability remained intermediate-wet to
weakly CO,-wet (Figure 3), consistent with Arif et al.'’
Interestingly, Pan et al.”” found a complete CO,-wetting state
as the observed contact angle reached 180° (Figure 3).

Only a limited amount of studies reported contact angles for
shale/air/brine and shale/methane/brine systems as a function
of pressure. The contact angles on shale/air brine systems were
reported by Roshan et al,,'”” while contact angles for shale/
CH,/brine systems were reported by Pan et al.”’ Notably, the
average values of shale/air/brine and shale/methane/brine
contact angles are much lower than those for shale/CO,/brine

https://dx.doi.org/10.1021/acs.energyfuels.0c04120
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@ Arif et al. [19], shale/CO,/brine, TOC = 11.7wt%, 20 MPa, advancing
@ Arif et al. [19], shale/CO,/brine, TOC = 11.7wt%, 20 MPa, receding
® Arif et al. [19], shale/CO,/brine, TOC = 0.16 wt%, 20 MPa, advancing
@ Arif et al. [19], shale/CO,/brine, TOC = 0.16 wt%, 20 MPa, receding
@ Pan et al. [39], shale/CO,/brine, 20 MPa, advancing

A Pan et al. [39], shale/CO,/brine, 20 MPa, receding

¢ Pan et al. [39], shale/CH4/brine, 20 MPa, advancing

¢ Pan et al. [39], shale/CH4/brine, 20 MPa, receding

@ Yekeen et al. [40], shale/Qil/brine, 10 MPa, advancing

@ Yekeen et al. [40], shale/Qil/brine, 10 MPa, receding

M Roshan et al. [102], shale/air/brine, 20 MPa, advancing

M Roshan et al. [102], shale/air/brine, 20 MPa, receding

@ Qin et al. [103], shale/CO,/water, 2 days treatment

® Qin et al. [103], shale/CO,/water, 8 days treatment

Figure 4. Contact angles (through water) measured on shale surfaces for various fluid combinations as a function of temperature.

(Figure 3). For example, at the same pressure (10 MPa) and
temperature (343 K), the receding angles for shale/CO,/brine,
shale/air/brine, and shale/CH,/brine systems were 122°, 52°,
and 21° respectively (Figure 3), suggesting that a shale/CO,/
brine system is the least nonwetting out of the three systems.
This can be attributed to the high CO, density (CO, density at
10 MPa and 343 K = 248 kg/m?®),°"'**'* although TOC also
plays a key role (see discussion below).

Note that similar effects have also been observed for pure

65,67 110,111

calcite minerals, coal surfaces, organic-acid aged

calcite surfaces,''” and mica surfaces''>'%° or quartz.”'

Furthermore, shale/oil/brine systems, which are relevant to
shale oil reservoirs, have only recently been investigated, and the
trend indicates an increase in oil-wetness of rocks with
increasing pressure.’” Interestingly, the relative effect of pressure
on shale wettability in the presence of oil is much higher than for

93
a comparable carbonate system.
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Thus, in summary, there is a consensus that shale tends to lose
its water wettability at higher pressures and is relatively more
water-wet at lower pressures.

3.2. Influence of Temperature. Wettability of all rock
surfaces is influenced by temperature as agreed by classical * and
recent observations.”” Thus, shale wettability is also expected to
be influenced by changing temperatures. Figure 4 shows the
current literature data sets on wettability of shale as a function of
temperature.

The data are more limited, and scattering is substantial. It is
therefore concluded that the influence of temperature on shale
wettability is not well established.

Specifically, Arif et al.'’ reported advancing and receding
contact angles for four shale samples (with varying TOC). For
medium and high TOC samples, 6, and 6, decreased with the
increase in temperature; for example, for the shale sample with
11.7 wt % TOC, when the system temperature increased from
323 to 343 K at a fixed pressure 20 MPa, 6, decreased from 143°
to 140°, while 6, decreased from 134° to 130°, suggesting a small

https://dx.doi.org/10.1021/acs.energyfuels.0c04120
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