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effective method for wettability alteration. This work explored for Mo g 5
the first time how the structure of organosilanes impacts their Hye —di—cn, H,C~0~$i—0~CH g
ability to modify the wettability of different mineral surfaces, = cHy o g
including pure quartz, pure calcite, sandstone, and limestone. Seven = @
organosilanes were selected with different numbers of hydrolyzable £ g

g g o =
groups, alkyl chain lengths, alkyl chain structures, and number of ¢ - g
silicon atoms. Contact angle measurements, residual fluid «5 . _ 2
saturations, and capillary pressure curves consistently showed that £ \—\_\ e )
more hydrolyzable groups create more hydrophobic surfaces. As the = e i
number of carbon atoms increases in the silane alkyl chain, the &, ¢

hydrophobicity increases. The structure of the alkyl chain does not
have an observable impact on the degree of wettability alteration.
Finally, dipodal silanes with two silicon atoms create a much less hydrophobic surface than a single silicon atom silane. By
understanding organosilane structure—property relationships with sandstone and limestone surfaces, it is possible to design tailored
treatments for specific subsurface applications. Particularly in geosystems engineering, the results presented here can offer insights
into enhanced oil recovery processes such as improving gas well deliverability and addressing injectivity issues during water-
alternating-gas injection, as well as geological carbon sequestration processes such as improving storage capacity and caprock

integrity.

Increasing alkyl chain length —

B INTRODUCTION

Wettability is the tendency of a fluid to spread on a given
surface. It is a characteristic of a surface that allows liquids to

becomes somewhere in between in a state referred to as
mixed-wet or intermediate-wet. The wetting state of a reservoir
influences oil production by dictating the distribution of the

adhere to it. Depending on the application, surfaces are
preferred to be hydrophilic or hydrophobic. Hydrophobic
materials tend to self-clean and not allow contaminants to
adhere strongly to them,' making them ideal for use in the
biomedical field and manufacturing technology where
anticorrosion properties are required.” * Materials that are
hydrophilic and oleophobic are considered eflicient and cost-
effective in oil—water separation processes.” Recent efforts
have even been targeted toward the manufacturing of
composite wettability surfaces to overcome the limitations of
single wettability surfaces.® Flat, nonporous surface wettabilitg
is the subject of ongoing research in many different fields.

Wettability in geological porous media, however, has its own
implications. In two-phase systems, the phase that tends to
adhere more to the surface of the rock is called the wetting
phase, and the other is called the nonwetting phase.” Most
hydrocarbon reservoirs are thought to be originally water-wet,
given that their primary composition includes quartz,
carbonate, and dolomite.” After oil migration and depending
on the composition of the rock as well as the oil, the rock
wettability remains water-wet, shifts toward oil-wet, or
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phases and saturation profiles before and during produc-
tion.'”"! Wettability alteration has been studied as a promising
enhanced oil recovery (EOR) technique since the discovery
that mixed wet core samples exhibit a lower residual oil
saturation after waterflooding compared to water-wet cores.'”
The most common method of wettability alteration in the far
field is the use of surfactants that adsorb on the rock and
change its wetting state. Literature describing the mechanism
of wettability alteration using surfactants in both sandstones
and carbonates is ubiquitous.'*™ "¢

For unconventional reservoirs with very low permeability,
hydraulic fracturing is essential for producing at a rate that is
economically feasible.'” Spontaneous imbibition experiments
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have shown that oil production from tight shale samples can be
increased by changing their wettability to water-wet after
fracturing.18 However, the main contributor to improved
production remains the injection of a slurry of water and
proppants to keep the fractures open and maintain a high-
conductivity channel for fluids to flow through. Typically, these
proppants are designed to have specific physical properties
such as grain size, weight, compressive strength, and
temperature resistance.'” The wettability of proppants has
significant implications on proppant settling, oil flow perform-
ance, as well as fracture fluid clean-up. Work done with small-
diameter oil-wet proppants showed strong particle suspension
in monoethylene glycol solutions. Water-wet proppants of the
same size exhibited substantially better settling behavior.”’
Other low-flow experiments showed that the more hydro-
phobic the proppants are, the lower the drag coefficient.”!
Coreflooding experiments with different proppant beds of
varying wettability were conducted to determine the depend-
ence of hydraulic fracture conductivity on proppant wettability.
The beds that were more oil-wet exhibited more oil retention
as determined by residual oil saturation to a waterflood,
although the impact of prog)pant wettability was diminished at
high permeability values.”> Investigations into the factors
affecting water displacement in propped fractures concluded
that the wettability of the proppant has a more pronounced
effect than either displacement direction relative to gravity or
surface tension. Hydrophobic sand was able to achieve twice as
much water displacement as the hydrophilic sand.”* In another
case, sand was treated with a hydrophobic coating that
increased propped fracture conductivity by 20% below 4000
psi, with added benefits such as increased crush resistance and
dust suppression.”* More recent work compared similar-sized
oil-wet and mixed-wet proppants and showed that both oil
flow efficiency and water blocking inside the proppant pack
were better in the mixed-wet pack.”’

Near the wellbore, injectivity loss is an issue that adversely
affects the performance of water alternating gas (WAG)-based
EOR methods or CO, sequestration.”® Injectivity is defined as
the rate of water injection divided by the pressure difference
between the injector and the producer.”” It can be thought of
as the ease with which fluids may enter the reservoir during
injection in the near wellbore area. Injectivity loss, therefore,
refers to the reduction of the amount of water or gas that can
be injected at a given injection pressure. Since 1990, concerns
have been raised about injectivity loss during WAG
processes,”® and several documented instances exist in the
literature.””~* In brief, injectivity loss can be attributed to
reservoir heterogeneity,”” mechanical damage near the well-
bore,**” and reduction in water mobility due to trapped gas.”’
Most researchers focused their efforts on mitigating injectivity
loss through altering the phase saturation and the interfacial
tension of the injected fluids. However, there is a need for a
more robust solution to the problem of gas blockage near the
wellbore. This led to the investigation of wettability alteration
as a possible mitigation method.”®*” It was only in 2022 that
the first investigation related to the use of silanes on rough
mineral surfaces such as sandstone and limestone was
conducted.” It was shown through contact angle measure-
ments, centrifuge tests, capillary pressure curves, and relative
permeability data from coreflooding experiments that it is
possible to reduce the surface energy of the mineral surfaces to
create a hydrophobic surface. The work presented here builds
on these results and aims to study the structure—property

relationship between different organosilane structures and
mineral surfaces. It focused on the impact of organosilane type
and structure on the wettability of natural rocks and associated
properties such as fluid saturation and capillary pressure, which
has not been found in the literature. It is clear that wettability
alteration is important in many fields, particularly in subsurface
engineering where its applications range from the far field to
the near wellbore area. Specifically, the use of organosilanes for
wettability alteration is prolific in the field of surface
chemistry.* Their use in petroleum engineering was first
reported as a way to generate oil-wet sandstone samples.*”
This investigation is the first in-depth analysis of silylating both
ideal (quartz and calcite) and mineral (sandstone and
limestone) surfaces using organosilanes with different
structures. The parameters of interest are the number of
silicone atoms, the length and type of the alkyl chain, as well as
the number of hydrolyzable groups.

B ORGANOSILANE CHEMISTRY

The general structure of the organosilanes of interest in this
work is presented in Figure 1.

R —5i—(OR") 3.

Figure 1. General structure of an organosilane.

Si is the silicon atom that is bonded to at least one alkyl
group denoted as R and up to three OR’ groups called
hydrolyzable groups. Bond formation proceeds according to
three consecutive reactions. First, the alkoxysilane undergoes a
hydrolysis reaction where the hydrolyzable groups react with
water present in solution or at the surface of the substrate, as
shown in the following reaction

R - Si — (OR), + 3H,0 — R — Si — (OH), + 3ROH

This reaction is relatively fast, typically occurring within
minutes of the silane coming in contact with water.

The resulting silanol then condenses with itself to form a
chain known as a siloxane, shown in Figure 2. The
condensation reaction is relatively much slower, occurring on
the order of several hours.

R R R
| | |
OH- Si -0 - Si - O - Si -OH
| | |
OH OH OH

Figure 2. Hydrolyzed silane condensation into siloxane.

Finally, bond formation occurs with the hydroxyl groups
present on the substrate as shown in Figure 3.

It must be noted that silane bond formation can still proceed
in the absence of water through an anhydrous deposition, as
shown in Figure 4. This process skips the hydrolysis and
condensation reactions and is preferred when monolayer
deposition is desired.

Regardless of the mechanism of silane bond formation with
the surface, the resulting wettability of the surface is primarily
determined by the organofunctional group R. Hydrophobic
alteration is achieved when R is a nonpolar organic group such
as an alkyl chain, while specific surface functionalization can be
achieved when R is a halogen or an amino group.
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Figure 3. Silane bond formation with the hydroxylated surface.
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Figure 4. Anhydrous silane deposition.

B MATERIALS AND PROCEDURES

Organosilanes. To study the structure—property relation-
ship between different silane structures and mineral surfaces,
seven different organosilanes were obtained from Fisher
Scientific and Sigma-Aldrich. These include methyltrimethox-
ysilane (A), trimethylmethoxysilane (B), hexyltrimethoxysilane
(C), trimethoxyphenylsilane (D), decyltrimethoxysilane (E),
hexadecyltrimethoxysilane (F), and 1,2-bis(triethoxysilyl)-
ethane (G). The molecular structure for each organosilane is
given in Figure S.
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Figure S. Molecular structure of selected organosilanes.

Mineral Surface Samples. Pure calcite and quartz
samples were obtained from Ward’s Natural Sciences. They
were cut into 254 mm squares for the contact angle
measurements. The samples were rinsed with iso-propyl
alcohol and deionized water and then placed in an oven at
50 °C to dry for 24 h.

Outcrop Rock Samples. A Berea sandstone rock block
having an average porosity of 16% and permeability of 100 mD

15542

was used to obtain sandstone outcrop samples. FTIR
spectroscopy was used to determine mineralogy and showed
a composition of around 90% quartz, 10% kaolinite, and trace
amounts of montmorillonite and illite. An Austin Chalk rock
block with an average porosity of 27% and a permeability of 10
mD was used to obtain limestone outcrop samples. FTIR
mineralogy showed a composition of 98.25% calcite and 1.75%
montmorillonite. For contact angle measurements, disks of
25.4 mm diameter and 5 mm thickness were cut, while for the
residual fluid saturation and capillary pressure experiments,
plugs with 254 mm diameter and 254 mm length were
obtained. These samples were not rinsed to avoid clay swelling
and were only oven-dried at 100 °C for 24 h.

Organosilane Treatment of Samples. For treating the
mineral and outcrop samples used for contact angle measure-
ment, the samples were submerged in a 0.1 wt % organosilane
solution for 5 h at 50 °C to alter their wettability. These
conditions were chosen because they were shown to be
effective in reducing the surface energy of porous samples.*’
For the plugs used for residual fluid saturation and capillary
pressure experiments, they were placed in a vacuum cell which
was then filled with the organosilane solution and allowed to
soak for S h at 50 °C.

Measurement of Contact Angles. The contact angle
formed by a liquid on a solid can be measured by several
techniques.”’ In this work, the water contact angles formed on
the four mineral surfaces were measured using the sessile drop
method. The water used contained 30,000 ppm sodium
chloride (NaCl) and had a pH of 7. A model 250 goniometer/
tensiometer from rameé-hart was used with a microneedle that
deposited a water drop on the mineral surface, and the image
analysis software Image] was used to measure the static contact
angle. Each measurement was repeated five times to obtain a
representative mean and standard deviation.

Measurement of Residual Fluid Saturation. To
determine the residual fluid saturation in the outcrop plugs,
a Thermo Scientific TX-200 Swinging Bucket Aluminum Rotor
with Round Buckets was used. After recording the dry mass of
the samples, they were placed in a vacuum cell and subjected
to a 24 h vacuum treatment. For the untreated samples, the
vacuum cell was then filled with brine, while the samples to be
treated were filled with the organosilane solution. After soaking
for S h at 50 °C, the treated samples were oven-dried at S0 °C
until their original presoaked mass was reached. The now
unsaturated samples were saturated with brine or dodecane
using the same method. The fully saturated mass of the plugs
was then used to determine the pore volume and porosity of
the samples, as shown in Table 1. The saturated plugs were
weighed and then centrifuged at 5,000 rotations per minute
(RPM) for 1 h, and the residual fluid saturation was
determined using a mass balance. The entire procedure was
repeated three times to obtain an accurate mean and standard
deviation for the measured variables.

https://doi.org/10.1021/acsomega.5c00554
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Table 1. Sandstone and Limestone Plug Porosities

sandstone limestone
sample dry mass (g) pore volume (mL) porosity (%) sample dry mass (g) pore volume (mL) porosity (%)
SU 26.95 2.19 17.0 LU 21.59 3.51 27.3
SA 25.98 2.09 16.2 LA 2243 3.35 26.1
SB 25.44 2.06 16.0 LB 23.46 3.39 26.3
SC 25.63 2.04 15.9 LC 21.78 3.21 24.9
SD 25.88 2.11 16.4 LD 22.73 3.22 25.0
SE 26.08 2.05 15.9 LE 22.70 3.57 27.7
SF 25.79 2.04 15.9 LF 23.08 3.17 24.6
SG 25.53 2.05 15.9 LG 22.65 3.31 25.7
180
[ Silane A  Silane B
160
140 134 131
L 120
s 106
< 100 92 9 94
2 81 - . 5
T ‘ 7 ‘
§ 80 I T !
O *1* = :1: =
g 60 = = = =
§ — — — —
40 | =
20 — = — —
0 — — — —
Quartz Sandstone Calcite Limestone

Figure 6. Contact angles of Silane A and Silane B on different surfaces.

Measurement of Capillary Pressure. The local capillary
pressure can be expressed in terms of the interfacial tension
(0) between the two phases present, the contact angle between
them (), and the pore radius of the material (r) through the
Young—Laplace equation44

_ 20cos 0

C
r

Changing the wettability of a rock can alter the capillary
pressure by changing the measured fluid contact angle ()
while keeping the interfacial tension and pore geometry
constant. Thus, capillary pressure can be used to assess the
effectiveness of organosilanes in altering the wettability of the
sandstone and limestone plugs. The aforementioned centrifuge
method can also be used to construct the capillary pressure
curve for each treated sandstone and limestone sample. This
process involves measuring the mass of the plug samples after
10 min of centrifuging them at a specific RPM ranging from
500 to 5,000 and determining the fluid saturation. Capillary
pressure can be obtained from centrifuge data by relating fluid
densities, rotation speed, and geometric properties through the
following equation

P =050°(p, — p, )5 = 1)

where @ is the rotation speed in RPM, p,, and p,,, are the
wetting and nonwetting phase densities, which are water (1.00
g/cm®) and air (127 X 107 g/cm?), respectively. The
geometric properties are given by r, and r; which are the
distance from the axis of rotation to the bottom of the sample

and the distance from the axis of rotation to the top of the
sample, respectively.

B RESULTS AND DISCUSSION

Measurement of Contact Angles. The measured water
contact angles on all four mineral surfaces are shown in Figure
6. It is noted that the rough surfaces of sandstone and
limestone exhibited substantially larger contact angles than
their smooth ideal analogues—quartz and calcite. This is in
accordance with the Wenzel model of wettability where it was
first shown that the wetting properties of a rough solid are
magnified as compared to a smooth surface.*’ Specifically, a
hydrophilic surface will exhibit more hydrophilicity if
roughened, and a hydrophobic surface will exhibit more
hydrophobicity if roughened. The latter of those effects is of
importance here, given that treatment with both Silane A and
Silane B rendered all four surfaces significantly more
hydrophobic because the initial water contact angle was zero
for all surfaces. Comparing the mineralogy of silica (quartz and
sandstone) and carbonate (calcite and limestone) reveals that
the water contact angles are only marginally higher for the
silica group. Based on the silane bond formation reaction
shown in Figure 3, one would expect the silica group to have
more organosilanes on its surface, given the higher
concentration of hydroxyl groups. However, this was not the
case, indicating that there was indeed still some adsorbed water
on all four surfaces and that it was that water layer that
provided the hydroxyl groups for bond formation. This is also
proven by the fact that the pure calcite exhibited any

https://doi.org/10.1021/acsomega.5c00554
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wettability change at all. Stable silane bonds cannot be formed
on pure carbonate surfaces,*® so it must be the case that there
was some residual adsorbed water on both the calcite and
limestone samples that led to the silane bonds that resulted in a
more hydrophobic surface.

Number of Hydrolyzable Groups (Silane A and Silane B).
The number of hydrolyzable groups and their effect on water
contact angle seems more pronounced on the rough mineral
surfaces than on the pure smooth surfaces. The difference
between Silane A and B in their effect on water contact angle is
less for quartz and calcite than for sandstone and limestone.
Also, the difference is higher for the limestone than for the
sandstone, which can be attributed to that the limestone
samples have fewer hydroxyl groups available to react with the
silanes and that Silane B has fewer hydrolyzable groups.
Looking at the silane condensation reaction in Figure 2, it is
clear that Silane A is able to form a siloxane chain with itself via
two of the three hydrolyzed methyl groups, while Silane B
cannot because of its sole methyl group. Therefore, more of
the bare unreacted surface that is originally water wet is
exposed to the water in the latter case, while a higher density of
surface coverage is achieved with the former. In other words,
surfaces treated with Silane B will have more unreacted
hydroxyl groups available to attract the water molecules
compared to Silane A, leading to a lower measured contact
angle. Although alkyl—alkyl interactions are among the weakest
intermolecular forces, they can still significantly affect material
properties.”’ The intermolecular forces between two adjacent
Silane B atoms prevent hydroxyl groups that are closer
together from reacting with the hydrolyzed methyl group.
Therefore, the apparent reduction in the ability of Silane B to
generate the same hydrophobic surface as Silane A can be
attributed to steric hindrance.

Length of Alkyl Chain (Silane A, Silane C, Silane E, and
Silane F). The four silanes chosen for this comparison have an
alkyl chain length of 1 (Silane A), 6 (Silane C), 10 (Silane E),
and 16 (Silane F). Their contact angle measurements are
shown in Figure 7. The percentage increase in measured water
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Figure 7. Contact angles of Silane A, Silane C, Silane E, and Silane F
on different surfaces.

contact angles for all samples as compared to the water contact
angle of Silane C (alkyl chain length of 6) is shown in Figure 8.
As can be seen from these figures, there is an increase in the
measured water contact angles as the length of the alkyl chain
increases for all tested surfaces. Increasing the alkyl chain
length from 6 (Silane C, orange checkerboard pattern) to 10

(Silane E, brown weave pattern) leads to an average increase of
about 18%, and increasing it further to 16 (Silane F, gray
horizontal dashes) leads to a 22% increase in the measured
contact angle. Thus, it can be concluded that the impact of the
increase in alkyl chain length from 6 to 16 carbons on contact
angle varies significantly with different mineral surfaces (Figure
8).

The observed effect of alkyl chain length can be attributed to
the increased steric hindrance with larger alkyl groups. As was
shown in Figure 3, a silylated surface is shielded, allowing only
the alkyl group to interact with the bulk fluid that it
encounters. In the case of the silanes being compared here,
the alkyl chain interacting with the water molecules is getting
bulkier and bulkier as the number of carbon atoms increases,
which leads to a more hydrophobic surface. This has been
shown to be the case in alcohol-modified fumed silica where
the treatment with t-butoxy alcohol led to a more hydrophobic
product as compared to treatment with the less bulky and less
rigid n-butyl alcohol,* and in another instance where octyl-
functionalized silica nanoparticles were much more hydro-
phobic than methyl-functionalized nanoparticles.” It must be
noted that the measured contact angles with Silane A (green
vertical stripes) that has only one carbon atom on its alkyl
chain are the same or higher than some of the other silanes
with larger alkyl chains. This can also be explained by steric
effects due to the anhydrous deposition of the silanes. For all
the tests conducted in this work, the solvent in which the
silanes were mixed was cyclohexane; therefore, the interaction
with the surfaces will follow the reaction shown in Figure 4,
not in Figure 3. This means that there is no formation of a
condensed siloxane that reacts with the hydroxylated surface;
instead, there are single silane molecules reacting with single
hydroxyl groups on the surface. It can easily be seen, then, how
a larger alkyl chain of a silane molecule reacting with one
hydroxyl group may shield one or more adjacent hydroxyl
groups from reacting with another silane molecule. This then
allows some water molecules to interact with the exposed
hydroxyl group, leading to more spreading and a lower
measured contact angle. This is similar to the results showing
that Silane B (blue horizontal stripes) exhibited lower contact
angles than Silane A (green vertical stripes). Overall, it can be
said that the wettability of surfaces is affected by steric
hindrance that alters the molecular interactions.

Type of Alkyl Chain (Silane C and Silane D). Both Silane C
and Silane D have an alkyl chain containing 6 carbon atoms,
with the difference being the structure of the chain: Silane C
has a straight chain that is fully saturated, while Silane D has a
benzene ring. The water contact angle measurements are given
in Figure 9.

The resulting water contact angles are fairly similar between
Silane C (orange checkerboard pattern) and Silane D (dark-
blue dotted pattern). The average difference is about 5% across
the four surfaces, with some of the standard deviations being
larger than that. This increases the reliability of the conclusion
that the structure of the alkyl chain has no effect on the degree
of induced hydrophobicity. On the molecular level, it has been
shown through reversed-phase thin layer chromatography (RP-
TLC) that increasing the number of unsaturated sites has a
miniscule effect on the hydrophobicity of molecules.”® Despite
this, it is still possible to attribute the measured differences to
the structural differences between hexane and a benzene ring,
Hexane is a linear aliphatic hydrocarbon, while benzene is a
planar cyclic hydrocarbon. Being a straight chain, hexane may
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Limestone

have a small electric dipole moment, unlike benzene which has
a perfectly symmetrical structure in which dipole moments
cancel each other out. This would increase the van der Waals
interactions between hexane and water, leading to a slightly
more hydrophobic outcome. On the other hand, the length of
hexane makes it occupy a larger surface area compared to
benzene which is more compact and leads to a closer
molecular packing. This, along with the delocalized electrons
of the benzene ring, will enhance the dispersion forces of
benzene as compared to hexane.”" It is unclear which of these
factors outweighs the others, which leads to the similar
hydrophobic nature of the treated samples, as shown here by
the comparable water contact angle measurements.

Number of Silicon Atoms (Silane A and Silane G). Silane
G is a dipodal silane having two silicon atoms as opposed to
Silane A, which is a conventional silane with only one silicon
atom. The contact angle results are shown in Figure 10.

The measured contact angles for Silane G (yellow zigzag
pattern) are on average 21% lower than those of Silane A
(green vertical stripes) across the four tested surfaces. This is
not surprising given that the two silicon atoms that are bonded
to the surface are also bonded to each other as opposed to
having a terminal alkyl chain extended out to interact with the
water molecules. In fact, dipodal silanes were designed
specifically to enhance the hydrolytic stability of conventional
silanes, which undergo the hydrolysis reaction shown in Figure
2 and condense to form the siloxane rapidly. This is
undesirable in certain applications as it results in phase
separation and gelation.”” Dipodal silanes also exhibit
increased bond strength because of the five additional Si—O
bonds they can form with the substrate. This means that the
resulting silane coating is much more durable and can
withstand highly acidic and brine conditions for a period of
75 days.”” None of these properties, however, affect the
interaction between the silane and the water molecules,
specifically because Silane G is a “bridged” dipodal silane
(terminal silicon atoms separated by a carbon chain). A
“pendant” dipodal silane with a carbon chain extending out
from one of the silicon atoms will indeed show more
hydrophobic behavior, as it has its alkyl chain that actually
can interact with the water molecules.”® To further confirm the
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importance of having the alkyl chain extending out, Silane G
contact angles were significantly lower than those measured
with Silane C (orange checkerboard pattern), Silane E (brown
weave pattern), or Silane F (gray horizontal dashes), shown in
Figure 7.

Measurement of Residual Fluid Saturation. The aim of
this experiment is to determine the residual fluid saturations in
both the organosilane-treated and untreated (base case) rock
plugs, which is the saturation at which the pore fluid loses
connectivity and can no longer flow. Since this experiment
requires a porous medium, only sandstone and limestone plugs
were tested. Treated and untreated samples were saturated
with either water or dodecane and then centrifuged to
determine the residual saturations. The results for the water-
saturated sandstone and limestone samples are shown in
Figure 11.

The untreated sandstone sample had a residual water
saturation of 32.4% after centrifuging it at 5000 rpm for 1 h. It
is noted that all the silanes tested resulted in residual
saturations well below the untreated case, indicating that all
of them were successful in altering the wettability of the
interior pore space away from water wet. Similar conclusions
can be made about silane treatment of the limestone samples.
As with the sandstone case, it is clear that treatment of the
limestone samples with whichever silane will result in a more
hydrophobic sample than the untreated sample, which resulted
in a 48.8% residual fluid saturation. It is also worth noting that
all residual water saturations are lower in the sandstone case
than they are in the limestone case. This is due to the fact that
sandstones have a much higher number of hydroxyl groups
available to react with the silanes, which leads to a more
uniformly hydrophobic surface and in turn leads to less fluid
retention. The results from contact angle measurements on the
outcrop rocks discussed above implies that the effects of
organosilanes on wettability alteration are relatively smaller
when applied to carbonate reservoirs.

Number of Hydrolyzable Groups (Silane A and Silane B).
The sandstone sample treated with Silane A (green vertical
stripes) that had three hydrolyzable groups resulted in 21.6%
residual water saturation, while the one treated with Silane B
(blue horizontal stripes) that had only one hydrolyzable group
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resulted in 23% residual water saturation. A comparable
difference was found in the limestone samples as well, with
Silane A (green vertical stripes) showing a residual saturation
of 42.3% and Silane B (blue horizontal stripes) showing a
residual saturation of 44.4%. There is more water remaining in
the sandstone sample that was treated with Silane B compared
to Silane A, indicating that the latter is more hydrophobic. This
is consistent with the contact angle results shown in Figure 6
where Silane A showed higher measured contact angles. A
more hydrophobic surface preferentially displaces the resident
water phase that is nonwetting, resulting in a lower residual
water saturation.

Length of Alkyl Chain (Silane A, Silane C, Silane E, and
Silane F). Comparing the silanes of varying alkyl chain length
reveals that there is a decreasing trend in the residual water
saturation as the length of the carbon chain increases for both
treated sandstone and limestone samples (Figure 12).

Looking at Figure 11, Silane A (green vertical stripes) with
one carbon atom has a residual saturation of 21.6%, Silane C
(orange checkerboard pattern) with 6 carbon atoms has a
residual saturation of 20%, Silane E (brown weave pattern)
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with 10 carbon atoms has a residual saturation of 18.5%, and
Silane F (gray horizontal dashes) with the longest alkyl chain
at 16 carbon atoms has a residual saturation of 15.7% in the
sandstone samples. The limestone samples show values of 42.3,
39.4, 37.4, and 33.8% for the silanes of increasing alkyl chain
length, respectively. This trend is also consistent with the
contact angle measurements and shows that even a small
increase in the measured contact angle can lead to a significant
increase in the hydrophobicity.

Type of Alkyl Chain (Silane C and Silane D). Comparing
alkyl chains of the same length (6 carbon atoms) but different
structures, it is clear than both Silane C (orange checkerboard
pattern) and Silane D (dark-blue dotted pattern) have almost
identical residual water saturations at 20 and 20.5%,
respectively, for the sandstone samples and 39.4 and 40.1%,
respectively, for the limestone samples. This further confirms
the previously obtained contact angle measurements that
despite the structural difference in the alkyl chain, the resulting
hydrophobic behavior is the same.

Number of Silicon Atoms (Silane A and Silane G). The
dipodal Silane G (yellow zigzag pattern) with two silicon
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Figure 15. Percent decrease in residual water saturation compared to Silane C residual water saturation.

atoms retained more water than Silane A (green vertical
stripes), with a residual water saturation of 22.9% for the
former and 21.6% for the latter in the sandstone samples and
44% for the former and 42.3% for the latter in the limestone
samples. As with all other results, this is consistent with the
contact angle measurements which showed that the bridged
dipodal silane creates a less hydrophobic surface due to the
lack of an alkyl group extending out to interact with the water
molecules. In the centrifuge test, this is shown by a higher
residual water saturation.

The same experiment was conducted using dodecane to fill
the samples, and the obtained results are shown in Figure 13.

All the residual oil saturation values for both the sandstone
and limestone samples are significantly higher than the residual
water saturation values. This can be attributed to the fact that
when the samples are treated with silane, their surface energies
decrease. As surface energy decreases, the sample transitions
from water wet, oil wet, and finally to gas wet, a state where no
liquid can wet the sample. Based on this notion and the results
from the residual oil saturations, it can be said that treating the
sandstone and limestone samples with the silanes presented
here reduces the surface energy to the point where the samples
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are no longer water-wet, but preferentially oil-wet. This means
that the sample would retain more oil than it otherwise would.
Regardless, the same trends observed in the water case are
observed here as shown in Figure 12: Silane B (blue horizontal
stripes) with one hydrolyzable group resulted in a sample that
has higher surface energy than Silane A (green vertical stripes)
(i.e., more fluid retention), the increasing carbon chain length
of Silane A (green vertical stripes), Silane C (orange
checkerboard pattern), Silane E (brown weave pattern), and
Silane F (gray horizontal dashes) resulted in lower surface
energies (i.e, less fluid retention), the structural difference
between the alkyl chain of Silane C (orange checkerboard
pattern) and Silane D (dark blue dotted pattern) had no effect,
and the dipodal Silane G (yellow zigzag pattern) resulted in
much higher residual oil saturation compared to Silane A
(green vertical stripes).

Measurement of Capillary Pressure. In parallel with the
centrifuge test, the mass of the water-saturated sandstone and
limestone samples was measured at every S00 rpm to allow the
construction of a capillary pressure curve. The resulting
capillary curve from the treated and untreated sandstone
samples is shown in Figure 14.
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Starting with the untreated sandstone sample (blue filled
circle), it can be seen that the water saturation decreases with
increasing pressure. This decrease continues until about 750
psi where the irreducible water saturation is reached, around
33%. All the capillary pressure curves for the treated samples
seem to have nearly the same shape as the untreated sample
but shifted to the left toward lower water saturations. This is an
indication of the homogeneity of the samples and the
repeatability of the results. Additionally, the shift is consistent
with all the data presented so far. Silane B (blue diamond) is
slightly less hydrophobic than Silane A (green square), as
indicated by the higher residual water saturation at each
pressure as well as a higher irreducible water saturation.
Samples treated with Silane C (orange triangle), Silane E
(brown star), and Silane F (gray circle) show a systematic
decrease in residual water saturation in tandem with the
increase in their alkyl chain length. Silane C (orange triangle)
and Silane D (dark blue x) show almost identical behavior,
indicating that the structural difference between their alkyl
chains does not affect wettability alteration. And finally, the
dipodal Silane G (yellow cross) resulted in a less hydrophobic
sample than Silane A (green square), as indicated by higher

water saturations at each pressure, as well as a higher
irreducible water saturation at the end of the experiment.
The variations of residual water saturation with alkyl chain
length for the limestone and sandstone are shown in Figure 18.
As the alkyl chain length increases from 6 (Silane C) to 16
(Silane F), the irreducible water saturation S,, decreases.

It is also interesting to examine the pressure at which the
nonwetting phase (air in this case) first enters the pore space,
as shown in Figure 16.

The pressure at the onset of wetting fluid production from
the sample is referred to as the displacement pressure (Py). As
the sandstone samples become less water-wet, the pressure
needed to displace the resident water becomes lower. Similarly,
for the same displacement pressure, a greater amount of water
can be extracted. Looking at the results, it is clear that the
untreated sample has a higher displacement pressure of about
1S psi. At that same pressure, the residual water saturation for
Silane A (green square) is 99.2%, and for Silane B (blue
diamond), it is 99.4%. For the sample treated with Silane D
(dark blue x), Silane E (brown star), and Silane F (gray circle),
the residual water saturations at 1S5 psi are 98.7, 97.9, and
96.6%, respectively. Silane C (orange triangle) and Silane D
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(dark blue x) have almost the same residual water saturation at
98.6%. Finally, Silane G (yellow cross) had a residual water
saturation of 99.7% at 15 psi. Given the homogeneity of the
samples, it can be said that the lower residual water saturations
at the same pressure of 15 psi are an indication of a higher
degree of hydrophobicity. Conversely, a lower pressure is
required to reach the same residual water saturation in the
more hydrophobic samples. It is clear from Figure 17 that the
residual water saturation S, decreases at the onset of fluid
displacement as the alkyl chain length increases.

The same experiment was conducted using limestone
samples, and the resulting capillary pressure curves are
shown in Figure 18.

As with the sandstone case, the untreated limestone sample
(blue filled circle) showed the highest irreducible water
saturation at around 48.8%, even as the pressure went up to
2000 psi. Similarly, the treated samples showed curves that are
shifted to lower water saturation. This shift means that for the
same pressure, a lower residual water saturation could be
achieved. It also means that the same water saturation could be
achieved at lower pressures. Both indicate that the samples are

moving away from the water-wet state. The same trends that
were observed in the sandstone case are also present here, as
well as the trends seen in the displacement pressures, as shown
in Figure 19.

The residual water saturation at the displacement pressure of
1S psi was 99.9% for the untreated case (filled blue circle). For
the limestone samples treated with Silane A (green square),
the residual water saturation was 98.7%, while the residual
water saturation for the sample treated with Silane B (blue
diamond) was 98.9%, indicating the effect of three versus one
hydrolyzable group. Silane C (orange triangle) with six carbon
atoms on its alkyl chain showed a residual water saturation of
96.7%, the larger Silane E (brown star) with 10 carbon atoms
showed a residual water saturation of 94.3%, while the largest
Silane F (gray circle) with 16 carbon atoms showed a residual
water saturation of 93.6%. These results validate the
conclusions presented earlier that a larger alkyl chain extending
out and interacting with the liquid leads to a more
hydrophobic surface. Silane C (orange triangle) with the
straight chain hexane alkyl group and Silane D (dark blue x)
with the benzene ring both showed the same residual water
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saturation of 96.7%. Finally, the dipodal Silane G (yellow
cross) showed a 99% residual water saturation at the
displacement pressure of 15 psi, slightly higher than Silane A
(green square). The results shown here are in good agreement
with all previously stated explanations regarding the different
structures of the silanes.

B CONCLUSIONS

This work explored the structure—property relationship for
different silanes and mineral surfaces (quartz, calcite, sand-
stone, and limestone). A total of seven organosilanes were
used, with an emphasis on differences in the number of
hydrolyzable groups, alkyl chain length, alkyl chain type, and
number of silicon atoms. Based on the results from the
measurements of contact angle, remaining fluid saturation, and
capillary pressure, it was concluded that the number of
hydrolyzable groups does indeed affect the degree of
wettability alteration as all the experiments showed that silanes
with three hydrolyzable groups generated a more hydrophobic
surface than silanes with one hydrolyzable group. This is
because of the higher density of surface coverage that could be
achieved with siloxane which would not happen if only
hydrolyzable groups exist. In terms of alkyl chain length,
increasing the number of carbon atoms increased the
hydrophobicity of all the surfaces, with the 16-carbon silane
generating the most hydrophobic surface, followed by the 10-
carbon silane, and then the 6-carbon silane. Furthermore, for a
fixed alkyl chain length of 6 carbon atoms, the structure of the
alkyl chain did not have an effect on the wettability of the
surfaces. A straight hexane alkyl chain and a benzene ring alkyl
chain resulted in the same water contact angles, residual fluid
saturations, and capillary pressure curves. Finally, the number
of silicon atoms does have an observable effect on wettability.
The dipodal silane with two silicon atoms does not have its
alkyl chain extending out of the surface and interacting with
the water molecules, which leads to a less hydrophobic surface
than a single silicon atom silane having its alkyl chain
extending out.

The results presented here offer valuable insight into the
mechanism by which wettability alteration could be achieved
using structurally different silanes and allow for the tailoring of
surfaces to the desired degree of hydrophobicity or
oleophilicity. These insights can be applied to tackle subsurface
issues such as injectivity loss and proppant flow back and
extend to industries beyond such as environmental remedia-
tion and corrosion resistance.
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