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INTRODUCTION

Water flooding is widely us<led in the oil industry for its efficiency
and economic feasibility. Advantages such as maintaining

reservoir pressure above the oil's bubble point pressure and
improving viscous flow in porous media make water flooding the
dominating secondary recovery strategy. On the basis ot this
fact, knowing the properties of the reservoir is important to

enhance the efficiency of water flooding technique. One of the

key factors that affects the success of water flooding processes
can be attributed to wettability of porous surfaces within

reservoir rocks.” The common scenario one may encounter in
the oil recovery operation is facing the complexity of the
physical morphology and the chemical composition of the
porous core. The former involves parameters including
permeability, pore connectivity, and pore size distribution in the
reservoir, whereas the latter relates to the molecular interactions

between the different phases crude oil, brine and rock (CBR).
Although studies on the influence of wettability on oil recovery
and waterflood performance have been extensively performed
by various research groups,” = a conclusive and satisfactory
understanding of all the parameters, depending both on the
intrinsic properties of the material composing the reservoir and
on the extrinsic conditions that the reservoir has been subjected
to, has not yet been completely achieved.

Low water wetting behavior of the carbonate reservoir’s rocks
causes unfavorable average oil recovery to less than 30% with a

water flooding technique.' Adjusting the injected water ionic
composition has been shown to impact the CBR wetting
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properties,”” resulting in reservoir wettability inversion toward
more water wet. Furthermore, it has been proven that by
altering the wettability to a slightly water wet scenario,
increasing oil recovery of the carbonate reservoirs can be
realized.'’ The efficiency of wettability inversion depends on
the reservoir’s geological classification,'’ thermodynamic
conditions,"*'® and the crude oil’s acidic and basic
components.l4_16 However, to date, the fundamental chemical
understanding of these interactions remains elusive." Together
with a great variety of reservoirs and crude oil properties
worldwide, the quantitative results from one reservoir are
inapplicable for the other reservoirs. In light of this concern, it
is inadequate to merely perform state of the art experiments in
one specific reservoir environment, as we also have to interpret
the physical science behind the sequential results that enable us
to predict the outcomes of the other reservoirs. Macroscopic
techniques such as static and dynamic contact angle measure-
ments or nuclear magnetic resonance'’™'” fail to provide
information for the wetting behavior within the pore due to the
lack of spatial resolution, hinting higher spatial resolution
measurements are needed. Moreover, the resolution needs to
be comparable to or finer than pore sizes, i.e., submicrometer to
micrometer range. Serving as the indispensable intermediary to
improve the ultimate performance of flooding techniques,
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Figure 1. (a) Illustration for the representation of 2 cleavage planes. (b) Time dependent SCAs for plane 1 and plane 2. (c) AFM phase image for 2

calcite cleavage planes. Scale bar: S00 nm.

nanoscale observations enable researchers to tackle the
challenges with better understanding in pore surface properties.

To simplify the complexity of the system, we start by
investigating an atomically flat surface of mineral composition
representative for carbonate type formation. Calcite (CaCOj) is
the most common carbonate mineral and the most stable
polymorph of calcium carbonate. In the petroleum reservoir,
calcite is present in both shallow sea as limestone or deep water
as chalk. Calcite is extensively used to represent the rock
formation®® due to the fact that it provides an idealized
atomically flat surface that reduces the complex situation of a
reservoir formation from morphology-chemistry coupled
wettability issues to a simple chemistry related question. Due
to the rhombohedric crystallographic structure of calcite, three
cleavage planes can be obtained with different surface
properties, which result in different wettabilities.”' In addition
to the intrinsic properties of the material, the wetting history,
i.e., the calcite being wetted first by water or oil, is also expected
to play an important role in determining the wettability of
calcite. Furthermore, it is known that upon exposure to the
environment, surface wettability undergoes a transition owing
to adsorption of atmospheric contaminants.””** It has already
been shown by Kendall et al.** that freshly cleaved calcite
atomically rearranges the carbonate surface in response to
humid air exposure and they hypothesized in a theoretical way
that the chemical species formed were hydration layers
according to the substrate structure and associated electrostatic
potential. Yet, with abundant literature on calcite surface
properties in hand, wettability of calcite is rarely discussed.

In this work, we employ macroscopic, microscopic and
nanoscopic techniques, i.e., water static contact angle (SCA)
measurement, dynamic atomic force microscopy (AFM) and
Fourier transform infrared spectroscopy (FTIR), to examine
the wettability of different calcite cleavage planes upon
exposure to the atmosphere. Nanoscopic measurements enable
us to observe that the development of heterogeneities on calcite
surface due to surface contamination leads to wettability
transition from superhydrophilic to slightly hydrophobic.
Furthermore, the different growth kinetics of such hetero-
geneities on different calcite cleavage planes contribute to
variations of SCA changing profile in time. We showed the
nanoscale measurements are able to describe macroscale
wettability showing that we can assess the pores wettability
with improved spatial resolution approach.

EXPERIMENTAL SECTION

Calcite Sample Preparation. Calcite samples of Iceland
spar variety were mechanically cleaved along the (1014)
cleavage plane with a small hammer and handled carefully to

avoid contamination from the environment aside for the natural
aging due to aerosol adsorption. Calcite cleaves along the unit
rhombohedron labeled as plane 1 as the perfect cleavage plane.
Plane 2 was determined by comparing the difference in the
inclination with respect to the plane 1 as shown in Figure 1la.

Water Static Contact Angle (SCA) Measurements. The
SCA measurement was obtained with a Kyowa DM-701 contact
angle machine at ambient conditions, and elaborated with
FAMAS (interFAce Measurement & Analyses System), the
software provided by Kyowa. SCAs were measured by
depositing droplets of 0.8 yL on the calcite surface. The
contact angle measurements were taken at different aging times,
starting form 0 h, i.e,, as cleaved, then at 1, 2, 3, 6, 9, 12, 24, 48,
96, and 120 h. Aging was performed by exposing samples to the
ambient conditions with 22 & 2 °C and a water partial pressure
around 1300 Pa, which corresponds to relative humidity (RH)
of 50 &+ 5% throughout the work. For each time step, average
SCA values and standard deviations were calculated with at
least 10 measurements.

Atomic Force Microscope (AFM) Force Spectroscopy
Measurements. The AFM is a versatile instrument that can
be used as an imaging device as well as a force measurement
tool. The calcite sample was scanned with a Cypher AFM from
Asylum Research and standard OLYMPUS cantilevers
(AC160TS) with k ~ 40 N/m, Q ~ 500, and f, ~ 300 kHz
were used. The AFM was operated in amplitude modulation
mode for both image scanning and force measuring. Images
were scanned in 1 X 1 or 2 X 2 ym? area with scan rate of 0.8
Hz. Phase imaging was employed in this work by recording the
phase lag @ of the AFM probe. For the force reconstruction
method, we employed Sader—Jarvis—Katan formalism”**° and
the detail of use is described elsewhere.”””® The observables
amplitude A and phase lag ® were recorded as a function of
tip—sample separation distance d, ie, APD curves. Free
cantilever oscillation amplitudes of 30 nm were used to avoid
bistability.”” Furthermore, because the tip radius R is known to
have a great effect on the interaction force between the tip and
the surface, it has been constantly monitored in situ with critical
amplitude method,” so that there was no change in R during
the experiment. A total of 300 APD curves were collected on
each cleavage plane of calcite as well as different phases on each
plane for statistical analysis.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR
spectroscopy is a useful tool in the molecular characterization
of organic and inorganic species with quick and easy sample
preparation. Calcite samples were placed in a Praying Mantis
Diffuse Reflection accessory and exposed to the ambient
conditions for 24 h. The accessory was mounted in the Bruker
80v FTIR spectrometer front sample compartment. All the



C) 50
( ) Plane 1
§40 3 .
© 20| 7
@ 30 é
%.20 L //”
2 P
N qo} . .6
s /./
0 2 4 6 8 10 12
Time [h]

d) s0
( ) Plane 2
0\1'40-
8 30t
©
<
g-zo-
P

S 1 _e--*"

N T .

2 4 6 8 10 12
Time [h]

Figure 2. Time sequence AFM phase images for plane 1 (a) and plane 2 (b). (c) and (d) show the percentage of 2nd phase growing with time. Scale

bar: 500 nm for (a) and 200 nm for (b).

FTIR spectra were acquired by averaging 200 scans in
absorbance unit in reflective mode and using a freshly cleaved
calcite surface spectrum as the baseline signal.

RESULTS AND DISCUSSION

Anisotropic crystals such as calcite are cleaved more easily and
with fewer cleavage steps along some planes with respect to
others.” Calcite (1014) cleavage plane is confirmed with X-ray
diffraction (XRD) with rotating sample stage to reduce the
preferred-orientation effect. As shown in Figure 1a, a single and
clear peak at ~29.4° shows that the plane 1 we obtained
corresponds to (1014) cleavage plane. Furthermore, because a
single CaCOj crystal was used, judging by the inclination of the
rhombohedral crysta\l,a'2 we could infer plane 1 and plane 2
through their macroscopic characteristic, i.e., the angle of 74.9°
between adjacent plane 1 and plane 2.

Macroscopic measurements to evaluate the wettability of
calcite when exposed to ambient conditions were first carried
out with SCA sessile drop method. As shown in Figure 1b,
freshly cleaved calcite plane 1 exhibited a superhydrophilic
property with SCA smaller than 5° whereas plane 2 showed less
hydrophilic behavior with SCA ~ 189 + 3.7°. To avoid
ambiguity, we defined t = 0 h when calcite was freshly cleaved
for both planes. Upon aging, SCAs of both planes increased and
reached ~73.8 + 8.5° for plane 1 and ~90 + 6.4° for plane 2
after 120 h of cleaving. The wettability transition of these two
planes shared similar trend, yet yielded more hydrophobic for
plane 2, indicating plane 2 has smaller surface energy than plane
1. Furthermore, the appearance of a wettability transition
suggests that the surface properties of these 2 cleavage planes
varied as they were exposed to the environment, either
morphologically or chemically. AFM scanning was carried out
to examine the calcite surfaces and the root-mean-square
(RMS) roughness was calculated. The RMS roughness
difference between as cleaved conditions and after 24 h

exposure is 50 pm for plane 1 and 20 pm for plane 2, showing
the morphological variation is negligible and cannot be
responsible for such wettability alteration. Nonetheless, AFM
phase imaging, which provides information on the surface
chemical composition,™ presented contrasts. Figure 1c shows
the AFM phase images of the 2 cleavage planes at t = 6 h. The
contrast presented in Figure 1c shows that within each plane,
different portions of the surface dissipate energies differently,”*
implying the formation of chemistry heterogeneity on freshly
cleaved calcite as a consequence of exposure to ambient
conditions. Therefore, the wettability of calcite is showed to be
affected by both the intrinsic characteristics, ie., crystallo-
graphic planes, as well as by external conditions such as
exposure time to the environment.

To further study the development of chemistry heterogeneity
when calcite surfaces were exposed to the environment, we
recorded the phase contrasts of the AFM scan with aging time,
ie, from t = 0 h to t = 10 h. As shown in Figure 2ab, no
contrast was present in phase images at ¢ = 0 h in both planes:
we called this state the first phase, which is representative of
pure calcite. With time elapsed, another phase emerged in the
form of lighter color: we called it the second phase. In the
figure, we can see that the second phase evolved differently on
plane 1 and plane 2. In the former case it established from the
surface steps edges and formed more continuous patches over
the scanned area, whereas on plane 2 it appeared randomly
dispersed on the surface and scattered all over the plane. The
kinetics of the second phase development on different planes
were evaluated by quantifying the occupied area and normal-
izing on the whole scanned area. As shown in Figure 2c,d, the
increase in the second phase percentage belongs to zero-order
kinetics; i.e., its surface coverage increases linearly, both with R?
> 0.97 and with slope 3.88 on plane 1 and 1.60 on plane 2. We
observed that both the growth rate and the pattern of the
second phase varied with different calcite cleavage planes, thus
confirming the complexity of the oil reservoirs wettability



investigations. The presence of surface heterogeneity strength-
ens the need for micro- to nanoscale understanding of the
surface properties.

AFM force spectroscopy technique was also performed
aiming to quantify how the calcite surface properties changed
when the second phase appeared. AFM tip—sample force
profiles were reconstructed with either the first phase or the
second phase present on two planes. As shown in Figure 3a,c,
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Figure 3. (a) Force profiles for both phases on plane 1. (b) Histogram
of F,p for the first and second phase one plane 1. (c) Reconstructed
force curves on plane 2. (d) F,p histogram for both phases on plane 2.
Blue and green dots represent for experimental data, and the
continuous lines stand for averaged force curves.

on both planes two distinct profiles were recorded as a function
of the different phase investigated. The absolute values of
minimum force in the force profiles are extracted from the
experimental data and defined as adhesion force (F,p). The
magnitude of F,p depends on the AFM tip radius and sample
surface chemistry, and F,p, can be expressed as™

RyH

2
6a,

Fyp =

(1)

where Ry, is the tip radius, H is the Hamaker constant, and aj is
the intermolecular distance. The difference in the adhesion
force F,p can be clearly seen in Figure 3b,d. Bimodal
distribution is examined by Hartigan’s dip test showing
significance bimodality®® and could be observed in both plots
and the difference of these two populations is meaningful with
statistical analysis.”” Because Ry, was monitored throughout the
experiments ensuring no change occurred, F,p here is then
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solely affected by sample surface properties. In other words, the
two phases present on the calcite surfaces are chemically
different. AFM force measurements are in agreement with AFM
phase images showing that as freshly cleaved calcite is exposed
to the ambient conditions, chemistry heterogeneity develops
and consequently changes the surface properties.

Furthermore, F,, between the AFM probe and the calcite
surface can also be expressed by using the sphere-flat plane
model:*>**

IFypl = 47R ¥ )
where 7 is the surface energy. Together with the second phase
growth rate presented in Figure 2¢,d, we estimated the change
in effective adhesion force F,;, and then we normalized the
change with respect to the F,p, value at t = 0 h to disregard the
uncertainty in evaluating the true value of Ry,. That is, we can
write the effective Fyp as

«_ Fpgl Y
; -

Yo (3)

where Ff stands for normalized effective F,p, at cleavage plane i
and time j. In terms of macroscopic measurements, by recalling
Young—Dupré relation, we have

W =y(1+ cos 6)

IFyp o

4)

where W is the work of adhesion, y; is the surface energy of
water, and 6 is the contact angle. Again we normalized the
change regarding to 1 + cos € value at t = 0 h so that we could
compare the results in macro- and nanoscale. In other words,
the normalized macroscale parameter W can be written as

W (1 + cos 6y)

Wlﬁ‘ — 9
’ Wi (1 + cos 6,) (%)
where Wf]" represents normalized work of adhesion of plane i

and time j. In Figure 4a, by plotting normalized effective F;
together with W, we could see the macroscale and nanoscale
measurements show good agreement in plane 1 with linear
regression test showing that the slopes had no significance
difference. Wi measures macroscopically the strength of the
water contact whereas F;f captures at the nanoscale the surface
properties variation in terms of adhesion forces. Nevertheless,
as Ff is able to depict the surface wettability as Wi, one of the
advantages Ff holds is to study the calcite surface with higher
spatial resolution. In Figure 4b, macro- and nanoscale
measurements share a less similar trend with slopes being
extremely significant. This dissimilarity can be expected because
the randomly distributed second phase development could lead

to higher surface energy variance.
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Figure 4. Macroscopic and nanoscopic measurements trend in plane 1 (a) and plane 2 (b).



FTIR experiments were then performed to investigate the
second phase composition. Newly cleaved calcite plane 1 was
subjected to mid-IR beam and then was left exposed to the
ambient air. The spectrum at t = 0 h was taken as the baseline
signal and the change of the spectra after 24 h of exposure was
evaluated: the increase in spectra peaks intensity will serve as
the proof for surface composition variation. Figure 5 shows the
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Figure S. FTIR spectrum shows the change in peaks intensity of aged
calcite plane 1.

absorbance spectra of plane 1 with the instrument artifact signal
in 2400 cm™', which fluctuated in every measurement
independent of users and samples. It is evident that the only
variance in the spectrum falls in 3200—3600 cm™', which
belongs to O—H stretching signal. On the contrary, the C—O
bending and stretching vibrations of calcite characteristic peak™
in 1420 cm™ show no difference. The increase in O—H
bonding signal could be the result of loosely bound water on
the surface as reported earlier.”* To reach thermodynamic
equilibrium, freshly cleaved calcite adsorbs water from the
humid air forming hydrated CaCOj to stabilize the surface.”*
Furthermore, as mentioned in eq 1, adhesion force F,p is
proportional to the Hamaker constant H and H of calcite—
AFM tip (SizN,) system varies from 1.29 zJ in a vacuum to 0.25
z] in water. On this basis, the hydrated CaCO; could exhibit
smaller F,p, and thus lead to smaller surface energy. This is in
consistent with both macroscale (SCA) and nanoscale (AFM)
measurements: when calcite surfaces are freshly cleaved, no
matter which cleavage plane, they all present more hydrophilic
wetting properties than the exposed surfaces.

Annealing was also carried out to further confirm the
presence of hydrated CaCOj; which causes the variation of
calcite wettability. By heating the samples to 150 °C, we aimed
to restore the initial condition of the calcite surface and remove
the loosely bound water. Figure 6 shows the AFM phase
imaging of both calcite plane 1 and plane 2 surfaces after
subjected to annealing experiments. Contrasts in the images
were removed and only the first phase was seen in the images.

Figure 6. AFM phase image of annealed calcite plane 1 (a) and plane
2 (b) samples. Scale bar: 200 nm.

This further supports our claim that when calcite is exposed to
the environment, hydrated CaCOj; film is formed developin
chemistry heterogeneity on the surface. Furthermore, suc
surface heterogeneity is responsible for calcite wettability
changes with exposure time.

CONCLUSIONS

In conclusion, we have shown that the wettability of calcite
depends on both intrinsic characteristics, i.e., crystallographic
planes, and extrinsic conditions, ie. wetting history, by
combining SCA, AFM imaging and force measurement, and
spectroscopy (FTIR) results. Freshly cleaved calcite undergoes
the wettability transition from superhydrophilic/hydrophilic to
hydrophobic after exposure to ambient conditions for 120 h by
adsorbing water from the environment and forming hydrated
CaCO;. The growth kinetics and patterns of the hydrated

CaCO; film varies as a function of different cleavage planes and
thus contributes to the diverse wettability of calcite. The

presence of hydrated CaCO; film is supported by FTIR spectra
and could be removed by annealing the samples. From the
results reported here, a macroscopic measurement alone, i.e.,
SCA, is insufficient to understand how the wettability of calcite
varies with time and to understand the causes. Corroborating
nanoscale measurements allow us to study calcite surface
properties with finer spatial resolution. We believe our work
presented here establishes a baseline for calcite wettability
investigation and can be applied to future study of the
composition of injected water to enhanced oil recovery.
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