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Enhanced oil recovery (EOR) from carbonates is obtained by injection of controlled ionic strength
brines containing “active ions” (e.g., SO,2~, Mg?*, Ca?*). It is generally believed that this occurs through
the interaction of the active ions at the carbonate-brine interface (e.g., within a thin brine layer
separating the petroleum and the carbonate phases). Here, in-situ observations show how one active
ion, SO,7", alters behavior at the carbonate-petroleum interface. Displacement of petroleum from
initially oil-wet carbonate rocks using brines with variable SO, concentrations systematically changes
oil recovery, in situ contact angles, and connectivity of the oil phase, confirming that the active ion
alters interactions at the oil/brine/carbonate interface, as expected. Measurements of model calcite-
fluid interfaces show that there is no measurable sorption of SO, to carbonate-brine interfaces but
reveals that the carbonate-petroleum interface is altered by previous exposure to SO,-containing
brines. These results suggest that EOR in carbonates is controlled indirectly by active ions. We propose
that this may be due to a reduced oleophilicity of the carbonate caused by chemical complexation
between the active ion and petroleum’s acidic and basic functional groups. This mechanism explains
how both anions and cations act as active ions for EOR in carbonates.

Carbonate reservoirs contain about half of the world’s proven petroleum reserves. Waterflooding is a major
method to extract oil from geological formations, but this process is inefficient due to the oil-wet preference of
carbonate rocks (i.e., with water contact angles>90°) and the complex rock pore structure. Injection of brines
with controlled ionic compositions improves oil displacement efficiency especially for a few “active ions” (i.e.,
SO,*, Mg %, and Ca?") at elevated concentrations!®, known as enhanced oil recovery (EOR). This behavior
is attributed to an increase in water wettability (i.e., hydrophilicity) of the carbonate rocks at increased ion
concentrations®?, suggesting that that these active ions alter the interfacial interactions between the oil/brine/
rock phases*.

Nevertheless, the specific mechanisms underlying this behavior are not well-understood and there are multi-
ple competing conceptual models. A leading explanation is that the improvement of oil displacement efficiency is
driven by adsorption of SO, to the rock/brine interface leading to double-layer expansion of thin water films on
rock surfaces"*. It is also thought that adsorption of SO,* can enhance the co-adsorption of Ca®* and Mg?* at
the carbonate mineral surfaces and disrupt the interactions between carboxylic groups of the petroleum and the
carbonate surface**-%. This cooperative behavior is expected to increase with increasing temperatures, consistent
with known improvements of oil displacement at elevated temperatures®”!°. The sensitivity of oil-rock interac-
tions to the presence of these active ions has been observed using in-situ observations of oil-water-rock contact
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angles observed in recent X-ray tomography studies''2. Notably, injection water with high sulfate concentrations
was seen to alter the wettability of pore surfaces within minutes of exposure'**4,

Here we report systematic experimental observations of petroleum/brine/carbonate interfaces that reveal
a new understanding of the systematic controls of brine composition (specifically SO,*~ concentration) on
petroleum production. First, we confirm that elevated SO,* electrolyte ion concentrations lead to enhanced oil
recovery through operando measurements of core flooding of natural carbonate rocks at elevated temperatures
representative of the subsurface. Second, we perform spontaneous imbibition studies as a function of [SO,] to
reveal significant changes in oil recovery, in-situ observed water contact angles, and measurements of oil-phase
connectivity. These behaviors are correlated and follow sigmoidal responses as a function of [SO,]. Third, we
perform molecular-scale observations of model calcite single crystal surfaces interacting with the brines and
petroleum. These studies reveal that there is no measurable affinity of SO,>~ at the carbonate-brine interface (e.g.,
adsorption, incorporation). Instead, we find that the carbonate-petroleum interface is altered due to previous
exposure to sulfate-containing brines. Together, these results suggest that EOR is controlled by reduced oleo-
philicity in the presence of SO, (i.e., weakening interactions at the carbonate-petroleum interface) rather than
increased hydrophilicity of the carbonate-brine interface.

Results

Operando observations of enhanced oil recovery with SO, brines

Experimental details and procedures are described in the “Materials and Methods” section. Core flooding and
spontaneous imbibition tests were performed using natural carbonate rock samples obtained from a carbonate oil
field. We focus on the effect of SO, ions by using two end-member synthetic brines and their mixtures (Table 1)
to probe the role of SO, concentrations at fixed salinity. Tailored Water 1 (“T'W1”) consists predominantly of Na*
and CI" along with [SO,] =429 ppm and lesser amounts of Mg** and Ca?* at an ionic strength of 0.12 M. Tailored
Water 2 (“TW2”) consists of Na,SO, at the same ionic strength, with [SO,] =3896 ppm.

The core flooding tests were performed with two rock specimens (Samples A and B) that were previously
saturated by petroleum (Fig. 1). The displacement of petroleum from the oil saturated rock was performed at
90 °C and P =2.5 bars, representing the conditions of the subsurface. Operando images by synchrotron CT show
the initially petroleum-saturated rock and after the petroleum was displaced by 10 pore volumes (PV) of TW1.
Both samples were found to have an equivalent oil recovery of 29%. A second core displacement measurement for
Sample A using 10 PV of a 60:40 mixture of TW1:TW2 led to an additional 7% oil recovery, or a net oil recovery
of 36%. In contrast, the second core displacement for Sample B using the TW2 brine had an additional 13% oil
recovery, double that observed for the TW1:TW2 mixture, for a net oil recovery of 42%, directly confirming
that SO, induces EOR.

Systematic controls over enhanced oil recovery by SO,

Insights into the chemical controls over enhanced oil recovery were obtained through systematic in-situ observa-
tions of spontaneous imbibition using separately prepared natural rock samples as a function of [SO,] (Fig. 2).
Aged oil-saturated rock samples were immersed into brines and equilibrated for one day at 90 °C for a range of
sulfate ion concentrations at fixed ionic strength (using the TW1 and TW2 brines, and their mixtures). The fluid
occupancy in the pores of these rock samples were visualized in three-dimensions (3D) using synchrotron X-ray
microtomography (Fig. 2aii). At lower sulfate concentrations, the brine phase preferred to stay in the large pores
due to the lower negative threshold capillary pressure in the pores with larger radius. With increasing [SO,], the
water saturation inside the pores increased and the brine phase invaded the smaller pores that have higher nega-
tive capillary pressures. Averaged over the rock specimens (Fig. 2ai), the water saturation in the carbonate rock
samples showed a significant (> twofold) increase in oil displacement efficiency at the highest [SO,], consistent
with the core flooding observations (Fig. 1), with a sigmoidal shape vs. [SO,].

Simultaneous with the increase of average oil recovery, the water-carbonate contact angle decreases from
132° to 98° showing that the carbonate surfaces change from being oil-wet to neutral-wet with increasing sulfate
concentrations (Fig. 2b). The wettability alteration of the pore surfaces reached a plateau, stabilizing for sulfate ion
concentration above 2500 ppm, consistent with the observed changes in average water saturation. Oil channels
play an important role in the oil displacement. Visualization of the oil channels inside the porous carbonate rock
(Fig. 2bii) shows that the oil occupies the center of the pores at high oil saturation but stayed in the pore corners

Formation water (ppm) | Tailored water 1 (ppm) | Tailored water 2 (ppm)
Sodium 59,491 1830 1865
Calcium 19,040 65 0
Magnesium 2439 211 0
Sulfate 350 429 3896
Chloride 132,060 3220 0
Bicarbonate 354 12 0
TDS 213,734 5767 5761
Tonic strength (Mol/L) 4318 0.115 0.123

Table 1. Compositions and characteristics of synthetic brines.
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Figure 1. Water saturation profiles in core flooding measurements at 90 °C are shown for (a) Sample A after
displacing petroleum with 10 PV of TW1, and after 10 PV of a 60:40 TW1/TW2 mixture, and (b) Sample B after
oil displacement with TW1 then TW2. Cross sectional images of the rock, obtained by XCT, in contact with oil
and after displacement using each of the two brines is shown (inset, scale bars indicate 1 mm). (XCT images are
segmented to show water and oil as blue and red regions, respectively, while the carbonate matrix is shown in

grey).

and formed flow channels in the pores at low oil saturation. The connectivity of these channels was quantified
using the normalized Euler number of the oil phase following the approach in previous works'*~'¢ (Fig. 2c).
Briefly, the Euler number of oil was determined by calculating the differences between isolated oil ganglia and
the oil loops and normalized by the Euler number of the pore space. The normalized Euler number is small at
low sulfate concentrations indicating that there are few oil channels in the porous medium in the absence of
sulfate, and it increased with sulfate concentration indicating that oil channels become more abundant, reaching
a plateau at the highest concentrations (Fig. 2cii).

This observed changes in oil connectivity are strongly correlated with the associated changes in wettability
alteration and water saturation, suggesting that all three behaviors are controlled by interfacial interactions at
the oil/brine/carbonate interfaces. Further evidence for this inference is obtained by plotting a histogram of
fractional oil recovery for all virtual cross sections within the sample (Fig. 3) as a function of brine composi-
tion. This result shows that the histogram of observed oil recovery has a well-defined bell-shaped distribution.
Notably, this distribution is peaked at ~20% for the low-SO, brines and the center of this distribution shifts
to~50% at the highest SO, concentrations with only minimal broadening for intermediate concentrations. This
observation indicates that the increase in water wetness and displacement efficiency occurs nearly uniformly
throughout the rock sample.

Further insight into the role of SO, concentrations in controlling the observed contact angles is shown in
core flooding measurements (Fig. 4), where the same pore region was imaged sequentially after multiple fluid
displacements at 25 °C. After petroleum was displaced by TW1, the pore shows a large contact angle (~ 145°)
(Fig. 4a) that is expected for the oil-wet behavior found in TW1 (Fig. 2b). The image of the same pore after the
TW?2 displaced the TW1 brine (while maintaining the same oil-water contact point) shows that the contact
angle decreased to 125° (Fig. 4b). This change confirms the sensitivity of the contact angle to the choice of brine,
but this value is significantly larger than that observed in spontaneous imbibition studies with TW2 (Fig. 2b).
That is, the impact of SO, on EOR is not solely due to its interaction at the carbonate-brine interface. Finally,
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Figure 2. Systematic changes in oil-water-calcite interactions vs. [SO,] showing changes in (a) average oil
recovery, (b) oil-brine-calcite contact angle, and (c) oil connectivity as a function of brine sulfate concentration
obtained through spontaneous imbibition tests with TW1 and TW2 and their mixtures. (Images in a-ii and

b-ii are segmented XCT images where water and oil are shown as blue and red regions, respectively, while the
carbonate matrix is shown in grey). Each data point is obtained on separately prepared natural samples from
the same core section. The 2nd and 3rd columns provide a visualization of each quantity using TW1 (100:0) and
TW2 (0:100), respectively. Images of oil connectivity (c-ii), the 10 largest oil droplets in the rock specimen are
visualized to illustrate the change in droplet compactness.
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Figure 3. Systematic changes to oil recovery distributions along the mixing line of TW1 and TW2 (during
spontaneous imbibition tests) showing a uniform increase in oil recovery across the sample at increasing [SO,]
(in units of ppm).
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Figure 4. In-situ changes to the oil-brine-calcite contact angles at 25 °C in a single pore during core flooding
(a) after displacement of petroleum by TW1 (with a contact angle of 145°), (b) after the TW1 brine is displaced
by TW2 reducing the contact angle to 125° while the three-phase contact point is unchanged. (c) Re-injection
of petroleum to move the three-phase contact point and leads to a decrease in the contact angle to 81°. (Here,
water and oil are shown as blue and red regions, respectively, while the carbonate matrix is shown in grey).

petroleum oil was re-injected to move the oil-water-carbonate contact point to a position that previously was
directly exposed to TW2, at which point the observed contact angle decreased to 81° (Fig. 4c) consistent with
the observed value obtained during spontaneous imbibition tests (Fig. 2b). This sensitivity of the contact angle
to the location of the three-phase contact point immediately implies that SO,-induced changes to the petroleum-
carbonate interface is a significant contribution to wettability alteration.

Molecular-scale observations of petroleum-brine-calcite interfaces

Mechanistic insights into the role of SO, in mediating the interactions at brine/oil/carbonate interfaces that
govern EOR are obtained through direct molecular-scale observations of flat single crystal calcite surfaces using
in-situ X-ray reflectivity (XR). We first compare the structure of calcite single crystal surfaces in the TW2 brine
with previous observations of calcite in a calcite-saturated aqueous solution'”!® (Fig. 5ai) to probe the spe-
cific affinity of SO, to the carbonate surface since. Sensitivity of XR to adsorbed SO, derives from its ~ fivefold
higher X-ray scattering factor (3; Z;=48) as compared to H,O (3; Z;=10). The XR signals are visibly similar
for these two conditions, as are the laterally averaged density profiles obtained from the best-fit interfacial
models (where the effect of extrinsic factors such as surface roughness and fluid layer thickness are removed).
Both of these calcite-brine interfaces are described by an interfacial water structure with two adsorbed water
layers, and slight distortions to the calcite structure that extends ~ 3 layers below the calcite surface (Fig. 5bi)
as described previously!”!%. (Optimized structural parameters that describe these structures are listed in Sup-
plemental Table 1). These interfacial structural distortions derive from the separate vertical displacements of the
Ca?" and CO5>" ions and changes in the angle of the CO; plane. The lack of any significant enhancements in the
density profile at the calcite-brine interface reveals there is no measurable sorption of SO, to the calcite surface
in the TW2 brine, the brine composition for which wettability alteration is maximized (Fig. 2). This observation
contradicts a key assumption that wettability alteration is driven by the electrostatic attraction of SO,* ions to the
carbonate-water interface"*~. This lack of SO,>~ adsorption in these measurements also is consistent with recent
studies showing that there is little or no net charge at the calcite-water interface (using Rb* as a probe ion)".

Measurements of the calcite-petroleum interface before and after exposure to brines provides additional
insights into these complex interactions. The role of SO, in EOR is revealed by comparing XR results from a
calcite crystal after sequential exposures to petroleum, TW2 and petroleum (Fig. 5bii). The calcite-petroleum
interface is very different from that seen in brines®. The XR signals from the calcite-petroleum interface (red
circles, Fig. 5aii) show a ~50-fold reduction in the XR signal near Q=1.1 A~! with respect to the calcite-water
interface. The derived density profile (red line, Fig. 5bii) reveals that calcite-petroleum interface structure has
significantly larger structural rearrangements than present for the calcite-brine interface, along with the pres-
ence of a high-density layer adsorbed above the calcite surface, and significant surface roughness, all suggesting
strong chemical interactions between calcite and petroleum. (Optimized structural parameters that describe
these structures are listed in Supplemental Table 2).

The calcite-TW2 interface after displacement of petroleum (blue circles, Fig. 5bii) has XR signals that are
broadly similar to the calcite-brine interface (Figs. 5aii) and characterized by small interfacial displacements
(as seen previously?). The calcite-petroleum interface after displacement of the TW2 brine (magenta triangles,
Figs. 5aii) retains many of the general characteristics of the calcite-brine interface rather than adopting the
characteristics of the calcite-petroleum interface (red circles, Fig. 5aii). For instance, the XR signals show only
a~threefold reduction in the mid-zone (i.e., near Q=1.1 A~') with respect to the calcite-water interface (black
circles, Figs. 5ai), as compared to the 50-fold reduction observed in petroleum (Fig. 5aii). This observation is
distinct from previous results that demonstrated that the XR data, and the associated structure of the calcite-
petroleum interface, are not influenced by prior exposure to low-[SO,] brines. For example, XR data of the calcite-
petroleum interface after exposure to a high salinity brine with low SO, content representing formation water
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Figure 5. Molecular Scale Characterization of Carbonate Interfaces (a) XR of calcite single crystals in contact
with (ai) calcite saturated solution (CSS) and the TW2 brine (40 mM Na,SO,), and (aii) a single calcite sample
that was exposed sequentially to natural petroleum oil (red circles), then the TW2 brine (blue squares), and
petroleum (magenta triangle). (b) Derived density profiles for each data set shown in (a). These results show
that the calcite-CSS and calcite-TW?2 interfaces are equivalent, and that the original calcite-petroleum interfacial
structure differs from that observed after the sample was exposed to the TW2 brine.

(grey triangles, Fig. 5aii; previously reported in Ref.?) are indistinguishable from those of the calcite-petroleum
interface without prior exposure to any brine (red circles, Fig. 5aii).

That is, exposure of the carbonate surface to high concentration SO, brines alters the structure of the subse-
quent calcite-petroleum interface. The derived interfacial density profile (magenta line, Fig. 5bii) reveals that the
calcite-petroleum interface after exposure to TW2 brine has much smaller sub-surface interfacial displacements
within the top four Ca-CO; layers (magenta lines, Fig. 5bii) than the calcite-petroleum without prior exposure
to the TW2 brine. We have previously discussed how the magnitude of structural displacements in the calcite
surface can be thought of as a measure to probe the chemical interactions between calcite and a fluid®. Therefore,
the smaller subsurface displacements observed in Fig. 5 indicate that prior exposure to SO,-containing brines
effectively weakens calcite-petroleum interactions.

Discussion

The present results demonstrate that SO, ions dissolved in brines influence oil-carbonate interactions, includ-
ing significant enhancements in observed oil recovery that saturates at [SO4] >2500 ppm. The efficacy of these
behaviors at the conditions of the subsurface reservoir provides a benchmark for target brine concentrations
for oil production. The systematic change in EOR performance is associated with changes to the wettability of
the carbonate rock and associated changes in oil connectivity (as measured by the normalized Euler number)
which is observed as the development of oil channels. The development of continuous oil channels could be
explained by increasing viscoelasticity of oil/brine interfaces and thereby less interfacial pinch-off with increasing
SO, concentrations*'~?. The high consistency of behavior between natural carbonate rock samples and model
calcite interfaces suggests that our observations reflect the intrinsic characteristics of the petroleum-carbonate
interactions and that these observations are not obscured by significant differences in the extrinsic properties of
these systems (e.g., such as surface roughness, curvature, impurities).

The observed changes in oil-brine-carbonate contact angle, 0, with increased [SO,] (Fig. 2) unambiguously
confirms that SO, ions alter the relative interfacial energies (y) of the carbonate-brine (c-b), carbonate-oil (c-0)
and oil-brine (0-b) interfaces as described by the Young’s equation, y._p = Yc.o + Yo-p €08(0). It is widely assumed
that these changes derive primarily from direct SO, adsorption at the calcite-brine interface’**~ (as might
reasonably be expected since SO, is dissolved in brine),

However, the present observations challenge some of the widely accepted mechanisms associated with EOR.
For example, our observations using model calcite surfaces show no measurable surface activity of SO, at this
interface (Fig. 5ai,bi) nor the presence of a thin brine wetting layer (which is needed to mediate the proposed

Scientific Reports |

(2023) 13:16891 | https://doi.org/10.1038/s41598-023-43081-2 nature portfolio



www.nature.com/scientificreports/

SO,-carbonate interactions at the petroleum-carbonate interface). In the absence of any changes at the carbonate-
brine interface associated with increased [SO,], the Young’s equation implies that the petroleum-brine-carbonate
contact angle might be controlled instead by interactions at either the carbonate-petroleum or petroleum brine
interfaces.

The results directly reveal that the interfacial structure of the petroleum-carbonate interface, as seen using
XR with model calcite single crystal surfaces (Fig. 5), is altered due to previous exposure to high [SO,] brines.
Notably, the strong interactions at the petroleum-carbonate interface in the absence of SO, (indicated by its oil-
wet behavior, Fig. 4, and the large structural displacements within the top calcite surface layers, Fig. 5) is reduced
by prior exposure to the SO, brines. This suggests that SO, alters the petroleum-brine-carbonate interactions
and alters the observed wetting behavior by reducing the initially strong petroleum-carbonate interactions (i.e.,
reduced oleophilicity) rather than to increasing the affinity of brines to the carbonate surface (i.e., enhanced
hydrophilicity) as is usually assumed.

It is challenging, given the high complexity of petroleum, to identify a single molecular-scale mechanism that
explains the changes in carbonate wettability and enhancements in oil recovery associated with the presence of
SO,. The present observations and constraints, especially the observation that SO, alters the carbonate-petroleum
interface without the presence of a thin brine wetting layer, suggests that this behavior may be controlled indi-
rectly rather than by simple adsorption of SO, from the brine phase. A hypothesis that is suggested by these results
is that the changes in petroleum wetting may be controlled by chemical complexation between the SO, anion with
positively charged quaternary ammonium basic functional groups within petroleum?*?. This complexation could
inhibit interactions between petroleum with the carbonate surface, similar to what has been observed for studies
of the interaction of model oils (e.g., stearic acid)?**’ thereby weakening the petroleum-carbonate interaction
and relieving the structural interfacial structural strains that we observe at the petroleum-carbonate interactions
in the absence of SO,. This mechanism might act either indirectly (i.e., within the petroleum phase by solution
complexation) or at the carbonate interface (i.e., if the quaternary ammonium basic functional groups from the
petroleum themselves are adsorbed to the calcite surface). Furthermore, it is possible that the incorporation of
partially hydrated SO, ions may enable water molecules to coordinate with the carbonate surface thereby reduc-
ing the strong structural displacements associated with petroleum-carbonate interactions. While these ideas will
need to be tested by additional studies, this proposed mechanism is attractive as it also provides an explanation
for how cations (e.g., Ca** and Mg**) can also act as “active ions” for EOR, even though their interactions with
carbonate surfaces should differ significantly from that of SO, (due to their different size and sign of charge).
Since petroleum has both acidic and basic functional groups, the influence of the interaction of active cations
(e.g., Ca?*, Mg**) with the acidic functional groups in petroleum (e.g., carboxylic acids) might be similar to that
of SO,*~ with the basic functional groups. Since TBN > > TAN (1.1 mg KOH/g vs. 0.085 mg KOH/g) for crude
oil, there is a greater possibility for operability of this mechanism?.

Materials and methods

Fluids

Natural petroleum oil from a carbonate reservoir'® was amended with di-iododecane to provide contrast in the
X-ray CT images with respect to the aqueous phase!*. Synthetic brines (synthesized formation brine, TailoredWa-
terl (TW1), and TailoredWater2 (TW2)) composed of different ions were applied in this study. TW1 and TW2
were mixed at different ratios (e.g., 25:75, 50:50, 75:25) to investigate the impact of ion types and concentrations
on the oil recovery. The brine solutions ion compositions are tabulated in Table 1.

Natural crude oil from a carbonate reservoir was centrifuged at 1000 rpm and filtered with 0.5 um filter to
remove any debris. The crude oil was then doped with 14 wt.% di-iododecane to increase the contrast between
oil and brine phases in the microtomographic images. Total base number (TBN) of crude oil is 1.1 mg KOH/g,
while the total acid number (TAN) is < 0.085 mg KOH/g*.

Rock sample preparation

The detailed method for preparing carbonate rock samples for the core-flooding and spontaneous imbibition
tests was described in a previous manuscript'!. Briefly, carbonate rock samples were selected from carbonate oil
reservoir rocks, cut into plates using a diamond saw, and cleaned with toluene/methanol mixtures at elevated
temperature to restore the water-wetness of the rocks. The pore size distributions show that the rock is heter-
ogenous with respect to pore size distribution (Fig. 1a, inset), with 25% of small pores (r <80 pm), 50% median
sized pores (80 <r< 120 um), and 25% large pores (r > 120 um), but each rock sample had similar pore topologies
as measured by their cumulative pore size distribution. (Fig. 1b, inset).

The rock substrates were then cut into cubical rock samples 2 mm in length vacuumed and saturated with
formation brine, and then saturated in natural petroleum oil by centrifuging with doped crude oil at 1000 rpm
for 20 min and aged at 90 °C for seven days. Samples were then carefully transferred into closed polycarbonate
(PC) cells for measurements. The rock samples were immersed in brine solutions with different ion composition
at 90 °C for one day before being visualized by synchrotron-based X-ray microtomography.

Core-flooding experiments were carried out on two rock specimens to confirm the correlation between
elevated SO, electrolyte ion concentrations and improved oil recovery at 90 °C. The detailed experimental pro-
cedures can be found in the prior studies**°. Furthermore, an additional core sample was utilized to understand
the impact of varying SO,*” concentrations on the contact angles. Subsequent to the core-flooding experiments
described in previous study', oil was re-introduced at the flow rate of 0.02 cc/min for 30 s and then visualized
by X-ray microtomography.
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Methods for CT

Rock samples were visualized in 7-BM and 13-BM using “white” and “pink” X-ray beams with energy ranges
from 10 to 170 keV and 4.5 to 100 keV, respectively and an exposure time of 45 secs at the Advanced Photon
Source. The tomographic data collected from 13-BM were reconstructed in the use station using IDL software.
The tomographic data from 7-BM on the other hand were reconstructed using Tomopy software package and the
Bebop in the Laboratory Computing Resource Center in Argonne National Laboratory to expedite the recon-
struction of the massive amount of data. The centers of rotations were calculated automatically by Tomopy and
evaluated manually after reconstruction processes. The reconstructed tomographic images were transformed to
remove the background. White noise was removed using the non-local means filter to improve the signal/noise
ratio. The edges between oil/brine/rock phases were detected according to the local gradient of the intensity
profiles of the images. The representative regions of different phases were selected according to their intensities
and marked as the seeds. The seeds for different phases were then expanded until they meet at the edges of each
phase. The oil recovery of rock sample of each slice was calculated, and then used for evaluating the oil recovery
distribution along the rock samples.

Calcite surfaces

Natural calcite single crystal surfaces were prepared by cutting a large calcite rhomb (~50 mm across) with a
diamond saw to create calcite rod with ~ 1/2 cm? cross-section, whose axis is perpendicular to the calcite (104)
surface. Calcite crystals approximately 2 mm thick were then cleaved from the rod using a razor blade and the
crystal was promptly placed in solution of interest to equilibrate before being placed in a “thin-film” cell for
X-ray measurements.

Methods for XR of calcite surfaces

X-ray reflectivity measurements were performed at sector 33-BM-C at the Advanced Photon Source at Argonne
National Laboratory. The measurements were performed with a monochromatic photon energy of 21 keV and
abeam flux of ~ 5 x 10" photons/sec, using a “thin film” cell’! in which a calcite sample is held in contact with a
thin fluid layer with a Kapton membrane that holds a>2 pm-thick fluid film in place.

The XR technique®'~** probes interfacial structure through the variation of the specular (i.e., mirror-like)
reflectivity, R(Q) as a function of momentum transfer, Q which is related to the angle of incidence (8, with respect
to the surface plane) through the relation: Q = (41/\)sin(0). The measured XR signal is related directly to the
laterally averaged electron density profile at the solid-liquid interface, p(z), as a function of the height, z, above
and below the interface through the relation:

R(Q) = (4mr,/Auc Q)*| % §(Q) O; exp(iQz) expl-1/2(Qq)’] [

where r,=2.818 x 107> A, and Ay =20.2 A% is the surface unit cell area of the calcite(104) surface. The interfa-
cial structure is obtained through least-squares fitting of the XR data using molecular-scale models that include
the substrate mineral bulk and surface structure, the presence of any adsorbed species from the fluid as defined
by the height, z, occupation, Oj, and root-mean square distribution, o;, for each atom, j, at the interface and the
average surface roughness. The only unknown in the reflectivity signal derives from the structure at the interface,
including the top few calcite surface layers and the near-surface adsorbed layers.

As described previously?, caution is needed in interpreting the optimized structural models. The model
implicitly assumes that the interfacial structure is laterally uniform (i.e., having the same molecular-scale struc-
ture within each surface unit cell) and that it can be described by a unique substrate structural distortion, a
few adsorbed species at the calcite surface, along with a bulk-like fluid above the surface. The composition
of the petroleum oil, unlike simple brine solutions, is highly complex, with hundreds of individual molecular
components, each of which may behave differently. Furthermore, the inferred interfacial structural distortion
is described by large structural changes that are likely to be controlled by the specific interaction with adsorbed
species that may include large molecules and oligomers. Therefore, the actual interfacial structure is likely to be
laterally heterogeneous at the molecular-scale. As such, the derived structural models to describe calcite-petro-
leum interfaces should not be taken literally (i.e., as indicating the actual location of each atom and molecule),
but instead are best interpreted as representing the effective (laterally averaged) interfacial structure.

Data availability

Data from this manuscript will be made available upon requests sent to Paul Fenter (fenter@anl.gov).
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