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ABSTRACT: While it is generally known that aging protocols have an important impact on the interaction between crude oil
(CRO), brines, and mineral surfaces, the microscopic consequences of the various steps of aging have hardly been described. In this
study, we characterize the properties of fluids and carbonate mineral surfaces throughout a series of equilibration steps at 95 °C and
correlate these microscopic observations with macroscopic contact angle measurements. Chemical equilibration of CRO (eqCRO)
and FW (eqFW) leads to transfer of organic molecules from the former to the latter, causing also a pH change in the eqFW.
Confocal Raman microscopy, atomic force microscopy, and infrared spectroscopy are used to reveal how consecutive aging of calcite
in eqFW and eqCRO induces: first, in eqFW, considerable surface reconstruction and precipitation of mineral particles with
colocalized organic species, and second, upon exposure to eqCRO, the formation of a second adlayer primarily composed of
polyaromatic hydrocarbon-rich particles. Our results show how these interconnected microscopic chemical and topographical
surface modifications give rise to more “oil wetting” contact angles after the two-step aging procedure.

■ INTRODUCTION

Carbonate reservoirs hold more than half of the Earth’s oil,1 an
important energy resource for this century. However,
recovering the large amounts of residual oil in carbonate
reservoirs after primary and secondary recoveries, remains a
strong challenge. The difficulty lies in the complex interplay
between geochemical and mineralogical factors such as
inhomogeneous wettability ranging from oil-wet to mixed
wet conditions, intricate microporous structures, and high
fracture densities.2−6 This problem is currently met by
individual or combinative applications of improved oil recovery
(IOR) strategies, encompassing low-salinity brine injection,
chemical flooding, miscible flooding, and thermal flooding.7,8

These technologies have sparked an enormous interest to
identify the mechanism(s) underlying IOR. However, the
fundamental nano- and microscale petrophysical aspects of
carbonate minerals as well as their contributions in
determining wettability alterations and fluid displacement
remain unclear. A detailed understanding of reservoir pertinent
interfaces is an important prerequisite to address the in situ
dynamics of mineral−oil−brine systems and also to enable the
laboratory development and rational deployment at reservoir
scales of IOR strategies.
Processes of oil recovery portray a multiscale structure,

ranging from nanoscale interactions between molecules, ions,
droplets, and crystal sites, to fluid displacement and fine
migration within the microporous structure, to the Darcy scale,
and subsequently to the reservoir scale across kilometers.3,7,9

Within this hierarchy, nano- and microscale interactions
between mineral interfaces and fluidic phases determine
mineral wettability and consequently the success of IOR.

Note that we use the term “wettability” in the sense of physical
chemistry, i.e., as an equivalent of “contact angle” on a flat
surface. For low-salinity IOR in carbonate reservoirs, proposed
microscopic mechanisms include mineral dissolution,10 double
layer expansion,11 contributions of SO4

2− ions from anhydrite
dissolution,12,13 salinity-related changes in the mineral−brine
and oil−brine surface charges14−17 as well as the desorption of
ionic−organic layers from mineral surfaces.18 As a conse-
quence of this multiplicity, the primary mechanism of IOR and
possible contributions from synergistic or secondary mecha-
nisms often remain ambiguous. Any attempt to establish the
relevance of a specific microscopic mechanism, however,
depends on the preparation of a well-defined and representa-
tive initial condition of the mineral and the fluids involved.
Therefore, the surface chemistry and topography of carbonate
minerals are key aspects for understanding IOR.19 In
developing a reservoir relevant model system with analogous
chemical and topographical properties, multiple factors require
attention. First, carbonate minerals are dynamic in nature,
undergoing dissolution, recrystallization, and transformation in
response to ambient fluids as well as temperature and
pressure.20−26 Second, crude oil (CRO) is a heterogeneous
and complex substance, with more than a million components,
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encompassing chemical classes such as n-alkanes (paraffins),
branched alkanes (iso-paraffins), alkenes (olefins), branched
alkenes (iso-olefins), cyclic alkanes (naphthenes), and several
aromatic types.27−29 Although the adsorption of organic
species from CRO to the mineral is generally considered as
the main reason for the “oil-wet” character of reservoirs,
neither the precise nature of these surface active species nor
their organization at mineral−oil−brine interfaces is well
understood.18,19,30 For instance, organic molecules such as
asphaltenes, resins, kerogens, and carbazoles are identified as
adsorbents on mineral surfaces; however, the related
intermolecular interactions and interface structure are unclear.
In addition, certain polar and nonpolar constituents of CRO
can migrate to the aqueous phase,31,32 affecting the
composition and physical properties of brines. The third
aspect is the diagenesis (physical and chemical modifications)
of mineral phases in CRO and native water pools, which
influence the wettability, porosity, and permeability of
reservoirs.
The replication of the chemical diversity and metastable

conditions within reservoirs are important elements of models
at the mineral to pore scales. While simple model systems such
as fatty acids and asphaltenes have shed some light on
adsorption and self-assembly processes,33−35 they miss the
synergistic relations involving diverse organic and ionic
constituents of reservoirs fluids as well as the diagenetic
changes of minerals. On the contrary, full-complexity reservoir
fluids have demonstrated wettability alteration toward more
oil-wet after CRO exposure and, at the same time, pointed to
the relevance of aging conditions such as temperature and fluid
compositions.36,37 The nature of the relevant microscopic
physiochemical processes, however, such as mineral restructu-
ration, deposition of organic molecules, and the structure and
composition of the resulting mineral interfaces have not been
systematically addressed.
The main objective of this work is to identify which

microscopic changes occur during fluid equilibration and the
exposure of calcite to different fluids, under reservoir mimetic
conditions. Additionally, we examine the consequences of
these microscopic changes for the macroscopic wettability. To
the best of our knowledge, the equilibration of CRO and FW31

and surface modification of calcite by reservoir-related
heterogeneous fluids18 have only been independently ad-
dressed. By integrating these approaches, we provide holistic
physical insights into the dynamics of the mineral−oil−brine
systems that subsequently underlay the chemical and topo-
graphical modifications of minerals. Microscopic analyses of
carbonate surfaces by confocal Raman and atomic force
microscopy after each step in the history of their exposure to
equilibrated fluids address the microscopic mechanisms
underlying the macroscopic wettability of minerals.

■ EXPERIMENTAL SECTION
Materials. Mineral samples utilized in the experiments were

freshly cleaved Iceland spar (Ward’s Science) and calcite powders
(Sigma-Aldrich). Batches of dead crude oil (CRO) samples were
obtained from a carbonate reservoir. Summarized in Table 1 are the
characterization of CRO batches, as performed by a certified
laboratory at Saybolt Nederland B.V., and the viscosity, as measured
with a Haake RS600 controlled stress rheometer using a Couette
geometry.
Artificial formation water (referred to as “FW” or “unaged FW”)

was prepared by mixing Sigma-Aldrich reagent grade chemicals
(sodium chloride, magnesium sulfate, calcium chloride, magnesium

chloride, and sodium bicarbonate) with deionized water (18.2 MΩ
cm, Milli-Q), to achieve the ion composition listed in Table S1. The
aqueous suspension was stirred overnight at room temperature and
filtered through a PES filter membrane (0.2 μm).

Formation Water−Crude-Oil Equilibration. To mimic the
equilibration of fluids within reservoirs, equal parts (125 mL each) of
FW and CRO were equilibrated in a sealed glass bottle (500 mL) at
95 °C for a period of 48 h. Prior to equilibration, a few Iceland spar
chips were added to the mixture (to maintain brine pH) and the
calcite−brine−oil mixture was degassed for 20 min in a desiccator. To
facilitate solute transfer between the liquids while avoiding emulsion
formation, only intermittent gentle shaking was applied during the
equilibration. After cooling to room temperature, the equilibrated
brine (“eqFW”) and oil (“eqCRO”) phases were isolated with a
separating funnel and stored in sealed glass containers.

Surface Modification of Calcite. Surface modification of freshly
cleaved Iceland spar crystals was performed in a sequential manner at
95 °C, initially in eqFW for 16 h and then in eqCRO for 7 days. Prior
to each of the high-temperature incubations, the respective fluid with
immersed calcite was briefly degassed in a vacuum desiccator to
prevent air bubbles that inhibit fluid contact during aging. Preceding
surface characterization and wettability studies, the eqFW-aged
crystals were briefly rinsed with DI water to avoid the evaporative
deposition of salt, whereas the eqCRO-aged crystals were gently
cleaned with a toluene stream dispensed from a needle (inner
diameter 1.54 mm) to remove adherent oil residues. Modified in this
manner, the calcite samples were allowed to dry in a fume hood and
were stored in a nitrogen compartment. Similar protocols were used
for calcite powders (Figure S1).

Molecular and Microscopic Characterizations. Absorbance
and fluorescence spectra of equilibrated brines were acquired using a
Shimadzu UV-2401 UV−visible spectrophotometer and a Tecan
infinite M200 pro plate reader, respectively. The surfaces of
(modified) Iceland spar substrates were characterized using a variety
of techniques. X-ray photoelectron spectroscopy (XPS) was
performed with a Quantera SXM from Physical Electronics. Scanning
electron microscopy (SEM) was done with a Zeiss MERLIN HR-
SEM. Prior to SEM, the samples were coated with a thin layer of
chromium by using an Emitech sputter coater. Atomic force
microscopy (AFM) imaging via amplitude modulation was performed
at a rate of 0.5 Hz with resolutions of 512 × 512 in air using NSC36
probes (MikroMasch) and a Bruker Dimension Icon instrument.

Confocal Raman microscopy (CRM) was performed using a
WiTec alpha 300R instrument equipped with a 532 nm laser. A
grating of 600 g/mm provided a spectral resolution of 2.3 cm−1. A
50× objective (Zeiss EC Epiplan, Numerical Aperture = 0.75) and a
CCD camera (1600 × 200 pixels, 16 μm pixel size, Andor Newton)
were used. Spectral data sets were baseline corrected using the Witec
ProjectFIVE software, and subsequently, principal component analysis
(PCA) guided denoising was applied (Figure S2). Raman maps were
generated by integrating the spectral regions of interest for every
pixel: from 1076 to 1095 cm−1 for calcite (ν1, in-plane bending), 1500
to 1650 cm−1 for polyaromatic hydrocarbons (G and D2 bands), and
200 to 225 cm−1 for aragonite (lattice mode). Fourier transform
infrared (FTIR) spectra of calcite powders were obtained with a
Bruker ALPHA spectrometer operated in attenuated total reflection
mode.

Table 1. Physicochemical Characteristics of Crude Oil

viscosity (at 21.5 °C) 18 mPa ·s
acid number 0.2 ± 0.04 mg KOH/g
base number 1.1 ± 0.1 mg KOH/g
asphaltenes 2.6 ± 0.3 mass%
C10+ 91 ± 3.3 mass%
n-heptane 0.9 ± 0.4 mass%
n-octane 1.0 ± 0.2 mass%
n-hexane 0.6 ± 0.5 mass%
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Contact Angle Measurements. Contact angle goniometry was
used to characterize the wettability of (modified) Iceland spar surfaces
in ambient eqFW at room temperature. Contact angles of eqCRO
droplets were estimated by using a goniometer (Dataphysics OCA
20L) via the captive bubble method. The steel needle of the droplet
dispensing module contained eqCRO and was immersed in eqFW in a
glass cuvette (Hellma Analytics). After introducing the substrate in
the ambient brine, a dwell time of 30 min was given for equilibration.
The experiment was started by depositing a 5 μL droplet of eqCRO
on the substrate. After 30 min, the eqCRO droplet was infused at a
rate of 0.015 μL/min to a final volume of 20 μL, during which the
advancing oil contact angle (θoil

adv) was measured. The receding
contact angles (θoil

rec) were systematically much lower and could not be
accurately estimated. The θoil

adv values for several droplets and subtrates
for each surface modification approach are reported and are
representative of about 2−3 droplets for each calcite sample.

■ RESULTS AND DISCUSSION

Toward Reservoir Pertinent Fluids: CRO−FW Equili-
bration. To generate brine and oil compositions representa-
tive of reservoir fluids, FW and CRO were equilibrated at 95
°C. During this process, the transfer of organic molecules from
CRO to the formation brine occurs, as illustrated in Figure 1a.
The mass transfer after 48 h is evident from an increased
absorbance in the near-UV range and from the peaks at 322
and 460 nm in the fluorescence emission spectrum of eqFW
(Figure 1b). The near-UV absorbance of the eqFW indicates
the presence of aromatic hydrocarbons, while the absorbances
from 210 to 450 nm suggest a heterogeneous organic
composition with aromatic and heterocyclic hydrocarbons.31

This is supported by the fluorescence emission peak at about
322 nm, which is characteristic of naphthalenes and their alkyl
modifications.38,39 Formation water and injection brines thus
acquire significant amounts of organic species in native
geological and water flooding conditions, respectively.
Previous studies identified short chain alkanes and aromatic

and heterocyclic hydrocarbons in the water-soluble fractions of
CRO specimens.31,40 However, the existence of these organics
as individual species or coassociated complexes in the
equilibrated aqueous phase remained unresolved. Here, it is
worth mentioning that in another study, the broad peak at 460
nm (similar to Figure 1b) has been associated with
heterocomplexes of naphthalenes with cyclodextrin and
histidine.41,42 Also the solubility enhancement of poorly or
insoluble hydrocarbons by complexation with organic acids has
been reported.43,44 The fluorescence peak at 460 nm thus
suggests the phase transfer of certain organic species from
CRO to brine as heterocomplexes containing otherwise poorly
water-soluble moieties.

To further characterize the chemical functionalities of the
organic species migrating to the brine, FTIR spectroscopy of
oven-dried precipitates obtained from eqFW was performed
(Figure S3; Table S2). The IR spectrum presents bands of
polar functional groups such as alcohols, as well as intense C
C stretching bands (1611 and 1627 cm−1) indicative of alkenes
or aromatic hydrocarbons. Multifunctional brine-soluble CRO
constituents and heterocomplexes are thus involved in the
phase transfer of organic species to the oil−brine interface and
the bulk brine. Factors underlying phase transfer include not
only individual molecular parameters such as partition
coefficient, ionization state, hydrophobicity, and polarity32

but also intermolecular interactions that affect the stability of
heterocomplexes in aqueous and oil environments.
The total organic content of the eqFW is estimated in terms

of humic acid equivalents on account of similarities in their
absorbance spectra (Figure 1b; Figure S4). After 48 h
equilibration with CRO, the eqFW presents a humic acid
equivalent of about 31 mg/L (Figure S4). The near-UV
absorbance and pH of FW are also monitored during the
equilibration (Figure 1c). The absorbance increases over time
and does not present indications of saturation even after 1
week. Meanwhile, the pH depicts a gradual decrease over the
equilibration period beyond 48 h (Figure 1c). These ongoing
changes suggest (1) the slow phase transfer of acids from the
crude oil to the brine phase and their deprotonation as well as
(2) the gradual complexation of organic acids by metal ions as
solute clusters, represented by

RCOOH RCOO Hoil brine brine→ +− +
(1)

2RCOOH M ((RCOO ) M) 2H2
2 aqF+ ++ − +

(2)

Based on the pKa values and partition coefficients of
amphiphilic molecules, the pH development of the aqueous
phase has been modeled by using fatty acids and bases in
simple oil−water systems.32 Additionally, the aqueous
solubility of hydrocarbons such as fatty acids is determined
by molar mass, polarity, and temperature.45 In our case, for
extended periods of FW−CRO equilibration, the accumulation
of microscopic particles in the brine phase is also observed
(Figure S5). Hence the chemical equilibria associated with the
FW−CRO equilibration process should be extended to
incorporate the nucleation and growth of metal−organic
particles, represented as

((RCOO ) M) ((RCOO ) M)2 aq 2 solid→− −
(3)

In consideration of these chemical processes, a hypothetical
steady state would represent the depletion of free metal ions in

Figure 1. (a) Schematic representation of FW and CRO equilibration wherein equal parts of the brine and oil phases are kept in mutual contact at
high temperature. (b) Absorbance (black) and fluorescence (red, excitation wavelength: 260 nm) spectra of FW after 48 h equilibration. (c)
Evolutions of the absorbance (black, integrated from 210 to 450 nm) and pH (red) of FW during equilibration with CRO.
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the brine phase, the depletion of water-soluble constituents in
the CRO phase, or the saturation of the brine phase by water-
soluble CRO constituents. In this regard, the observed lack of
steady state can emerge as a result of the abundance of ionic
species in FW (Table S1) and significant contents of water
miscible organic species in the CRO phase. Moreover, the
gradual decrease in brine pH during CRO−FW equilibration
can influence the ionization states of CRO-derived molecules,
thereby imparting pH dependent phase transfer tendencies. In
this respect, augmented phase transfer of pyridinic nitrogen
functionalities from CRO to brines of low pH has also been
reported.31 Here, it is noteworthy that the organics, having
undergone phase transfer, can exist as either solutes or
particulates, primarily depending on their limits of solubility.
In carbonate reservoirs, the microstructure and composition

of minerals, respectively, produce a high surface to volume
ratio and a buffering capacity involving (bi)carbonate species,
which together might suppress the severe acidification of
connate water and injection fluids during interactions with
CRO.17 Given the lack of steady state concerning the
migration of organic molecules from CRO to FW and the
accumulation of metallo-organic solids in the brine phase on
prolonged equilibration, fluids equilibrated for periods of 48 h
are utilized for further experiments addressing the surface
modifications and wettability of calcite.
Previous studies addressing the wettability alterations of

calcite and rock samples after CRO exposure show that
prolonged aging and high temperature are essential for getting
adequate “oil-wet” responses.36,46 To replicate the related
mineral−fluid interactions, the eqFW and eqCRO are
sequentially applied for the surface modification of Iceland
spar at 95 °C for extended periods. Before and after each step
of fluid treatment, mineral surfaces are analyzed with CRM,
AFM, and FTIR spectroscopy to characterize the emergent
surface chemistry and topography.
Chemical Modifications of Calcite. As shown in Figure

2a, the location-averaged Raman spectrum of bare Iceland spar
presents peaks at 157 and 282 cm−1, corresponding to the
lattice modes of calcite, and peaks at 713 and 1085 cm−1,
representing ν4 (in-plane bending) and ν1 (symmetric) internal
modes of carbonate species, respectively.47 For eqFW- and
eqCRO-aged calcite substrates (Figure 2b), additional peaks
are found at 1355 and 1570 cm−1. These frequency bands
represent graphitic hydrocarbons, with the G band (1570
cm−1) indicative of sp2 C−C stretching vibrations within

aromatic organizations, and the D1 band (1355 cm−1)
indicative of in-plane defects or substitutions, which affect
the vibrational modes of the sp2 C−C bond.48 Studies also
report a D2 vibrational mode present as a shoulder to the G
band, indicative of the edge structure of proximal aromatic
molecules.49 For calcite samples exposed to eqCRO, the
Raman spectra also show a shoulder at ∼1260 cm−1,
representing CH2-related vibrations.50

The D1, G, and D2 modes are typical for reservoir-related
polyaromatic hydrocarbons (PAHs) like asphaltenes and
kerogens.51,52 Asphaltenes encompass a complex family of
PAHs, displaying considerable heterogeneity in terms of
aromatic configurations and contents of oxygen, nitrogen, or
sulfur.53 The presence of PAHs at the mineral interface after
eqFW exposure clearly indicates that organic modifications of
mineral surfaces can occur in CRO-equilibrated brine phases.
Given the solubility of the surface-active species in FW (Figure
1b), some polar moieties could also contribute to the
electrostatic forces involved in acid−base or ion bridging
interactions that underlay the surface modification of minerals.
Subsequent exposure of the Iceland spar to eqCRO leads to

significantly higher intensities of the D1, G, and D2 bands
(Figure 2b). This more prominent deposition of PAHs from
eqCRO can result from multiple factors such as the abundance
of asphaltenes in the CRO (Table 1), the distinct aggregation
states of asphaltenes in CRO,54 and also the preconditioning of
calcite by eqFW treatment. While previous studies demon-
strated the adsorption onto calcite of solvent extracted PAHs
such as asphaltenes,55,56 we show here that the surface
modification by polyaromatic molecules such as asphaltenes
can occur via contact with equilibrated brine and CRO phases.
The latter pathway should correspond more closely to the
processes taking place in the reservoir. We remark here that the
toluene washing applied after the exposure to eqCRO may
have influenced the morphology of organic deposits.
After considering the averaged Raman spectra, we now focus

on the spatial distribution of the different materials on the
calcite substrates. While revealing such information is the key
ability of CRM, an enhanced signal processing is needed. In
case of Iceland spar, not only the instrumental noise but also a
strong fluorescence background (absent for synthetic calcite)
has to be taken into account (Figure S6). This fluorescence
can originate from organic molecules, either occluded in the
mineral structure or as atmosphere-derived carbonaceous
matter.57 The XPS spectra taken of our Iceland spar samples

Figure 2. (a, b) Representative baseline-corrected spectra of bare calcite (black), eqFW (red), and eqFW- and eqCRO-treated (blue) Iceland spar,
with peaks specific to Raman active modes of calcite (gray regions). (b) Peaks corresponding to organic species (cyan regions) represent D1 (1355
cm−1) and G and D2 (1570 cm−1) bands for polyaromatic hydrocarbons.
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indeed show evidence for such organic constituents (Figure
S6). Furthermore, some metal ions occluded within calcite can
induce fluorescence.58 In our data analysis, we not only
corrected for the inherent fluorescence via a baseline
subtraction but also used the thereby generated residuals for
localizing the fluorophores. Besides that, contributions from
instrumental noise were minimized via a principal component
analysis (PCA) guided data denoising algorithm (Figure S2).59

The resulting Raman maps for calcite and PAH, along with
fluorescence and brightfield images, are shown in Figure 3.
At the microscale, the reference and aged Iceland spar

substrates present terraces and macrosteps as topographical
features (top row, Figure 3). These structural markers enable
tracking of the Iceland spar substrate by CRM at consistent
locations after each aging step. Image reconstruction from
spectral data sets is based on intensity variations of the
respective bands of interest in the x−y plane (i.e., parallel to
the calcite−air interface). Considering the distribution maps of
calcite after exposure to eqFW, several asperities and particle
deposits are observed compared to the original substrate
(Figure 3b.2). Given the retrograde solubility of calcite, i.e.,
decrease of mineral solubility with increasing temperature,60

the nucleation and growth of calcite from the synthetic
formation water are anticipated at elevated temperatures. As
shown in Figure 3b (arrows), these sites of reconstruction on
mineral surfaces accumulate polyaromatic and fluorescent
components, indicating an interplay between mineral dis-
solution−precipitation and the surface deposition of organic

molecules. Note that the distributions of fluorescence and
PAH do not strongly correlate, indicative of structural
heterogeneity within the ensemble of polyaromatic adsorbents.
For instance, ring substitutions and size of aromatic
chromophores of PAHs such as asphaltenes can considerably
shift fluorescence emission and absorption maxima.61

For eqCRO-aged Iceland spar substrates, the spatial
distributions of PAH and fluorescence across the calcite
surface are nonuniform, with preferential deposition at the
macrosteps (Figure 3c, arrows). From the literature, it is
known that certain organic and inorganic species can adsorb
on these active sites, suppressing further crystal growth or
undergoing incorporation in the mineral structure.62−64 Such
crystal modification mechanisms are also evident in Figure 3,
where CRO-derived organic molecules are seen to accumulate
at calcite macrosteps. Surface features such as steps and kinks
thus affect the local deposition of organic molecules including
PAHs and fluorophores. Similar processes might lead to the
creation of reservoir rocks with mixed wettability,65 where
grains with high surface defect density recruit more organic
species and are more oil-wet than grains with fewer defect sites.
Note that the deposition of organic molecules is favored at but
not restricted to the macrosteps; it also occurs at relatively flat
crystalline surfaces (Figure S7).
The calcite substrates are further characterized by CRM,

using a depth profiling approach. Large area scans were
performed in the x−z plane (i.e., perpendicular to the calcite−
air interface) to generate the intensity profiles of calcite, PAHs,

Figure 3. Bright field microscopy- (top row) and CRM-derived x−y false color images representing the distributions of calcite, polyaromatic
hydrocarbons (PAH), and fluorescence (FL.) for Iceland spar before aging (reference) and after sequential exposure to eqFW and eqCRO. Boxed
areas (top row) are mapped using a step size of 0.66 μm in x and y directions. Scale bars represent 40 μm (bright field images) and 10 μm
(distribution maps).
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and fluorescence, shown in Figure 4 and Figure S8. The calcite
signals are shown in Figure 4a. For the eqFW-aged Iceland
spar, the intensity profile shows an inflection, which might
represent the deposition of mineral layers during prolonged
aging at 95 °C. Remarkably, for the eqCRO-aged crystals, the
intensities for calcite are significantly lower than for bare
Iceland spar. This is ascribed to an attenuation of light by the
adlayer enriched with polyaromatic molecules and fluoro-
phores (Figure 3).
The intensity profiles in Figures 4b,c show the accumulation

of polyaromatic and fluorescent molecules, respectively. While
the reference Iceland spar presents some intrinsic fluorescence,
the surface deposition of organic species from eqFW and
eqCRO clearly produces augmented fluorescence restricted to
the mineral surfaces. Also, the PAH signal indicates the
material accumulation to be exterior, albeit that in this case, the
eqCRO signal is much stronger than that of eqFW. This
accumulation of organic matter at mineral grain boundaries is
consistent with observations of rock specimens.66 Clearly, the
microscale modifications of minerals surfaces by equilibrated
fluids are both topographical and chemical in nature.
Note that the Raman signal is proportional to not only the

abundance of scattering molecules but also the scattering cross-
section. This introduces a strong sensitivity (intrinsic bias)
toward conjugated molecules,67 thereby potentially obscuring
smaller, e.g., aliphatic, molecules. To examine the presence of
the latter species with higher accuracy, we performed FTIR
spectroscopy on synthetic calcite powders treated with eqFW
and eqCRO at 95 °C (Figure S1). Using this calcite,
contributions of intrinsic fluorescence are avoided as well
(Figure S6). Complementary to Figure 2, the FTIR spectra are
used to identify the chemical functionalities of organic
molecules binding to calcite surfaces (Figures S9 and S10).
Band assignments are performed in accordance with the
literature values68 (as summarized in Tables S4−S6).
For eqFW-aged calcite, the IR spectra exhibit bands

indicative of alkenes as well as polar modifications such as
alcohols or amines. This portrays that the calcite binding
organic molecules in eqFW incorporate several functional
groups, suggestive of either hydrocarbons with oxygen and
nitrogen substitutions or heterocomplexes of hydrocarbons
and polar molecules. In relation, the IR spectra of eqCRO-aged
calcite present distinct aliphatic and aromatic C−H stretching
bands in the range of 2800−3100 cm−1. As summarized in
Table S6, the peak positions correspond to the symmetrical
and asymmetrical stretching of the aromatic and aliphatic
hydrogens, representative of asphaltenic molecules.69 In

summary, the results of Raman and IR spectroscopy show
that multiple organic species such as graphitic hydrocarbons
and polar molecules contribute to the surface modification of
calcite by reservoir pertinent fluids (Table 2).

Additionally, for the FW- and eqFW-aged calcite samples,
the IR spectra present certain hydration bands, which are not
observed for the reference specimen (Figure S9). Since all
analytes undergo heat treatment prior to spectral acquisition,
the persistence of hydration bands is indicative of structural
water typically associated with amorphous carbonate miner-
als.70 In contrast, for eqCRO-aged calcite, the IR spectrum
exhibits weak peaks corresponding to −OH stretching at 3670
and 3710 cm−1, indicative of surface hydroxide species. The
lack of distinct hydration bands suggests the destabilization
(dissolution or crystallization) of amorphous minerals either
on exposure to eqCRO or during solvent cleaning. Such
metastable amorphous carbonate phases might play a role in
the surface modification of minerals by high-salinity brines in
reservoirs.
To further validate this evidence for amorphous mineral

production in formation water, we also performed Raman
spectroscopy on precipitates formed at 95 °C in eqFW without
immersed calcite. Precipitates formed in eqFW are collected by
centrifugation and Raman spectra are acquired in a wet state.

Figure 4. Intensity plots of (a) calcite, (b) PAH, and (c) fluorescence across air−calcite interfaces as a function of depth within the sample, for
reference Iceland spar and after subsequent surface modifications with eqFW and eqCRO. Aging calcite in eqFW produces an inflection in Ical,
indicative of mineral overgrowth (gray boxes).

Table 2. Summary of Peak Positions for Raman and IR
Active Organic Species for eqFW- and eqCRO-Aged Calcite

eqFW-aged eqCRO-aged

Raman spectroscopy
G band (graphitic
hydrocarbons)

1570 cm−1 1570 cm−1

D1 band (graphitic
hydrocarbons)

1355 cm−1 1355 cm−1

CH2 vibrations 1260 cm−1 1260 cm−1

FTIR spectroscopy
alkene 1613;

1626 cm−1

(O−H stretching)/(N−
H stretching)

3215; 3485;
3598 cm−1

hydroxyl (O−H
stretching)

3670; 3710 cm−1

aliphatic (C−H
stretching)

2845; 2853; 2868; 2921; 2951;
2980; 3004 cm−1

alcohol (C−O
stretching)

1013; 1030; 1055 cm−1

hydration 530; 1634;
3360 cm−1
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Shown in Figure 5, the peak at 1082 cm−1 indicates the
presence of amorphous calcium carbonate (ACC) with about

10 mol % MgCO3.
71 Since Mg2+ ions can enhance the stability

of ACC,72 the ionic composition of FW (Table S1) with a high
Mg2+/Ca2+ ratio of about 3 might explain the presence of
amorphous minerals. In addition, the shoulder at 980 cm−1

suggests the coassociation of SO4
2− ions with the ACC

particles, possibly as MgSO4(aq) species.
73 In this respect, the

incorporation of Mg2+ ions in solute clusters and amorphous
precursors during mineralization reactions is reported.74,75

This hints toward the rich dynamics of inorganic species in the
form of ion pairs and metastable mineral precursors
contributing to the surface modification of minerals in
reservoirs. This might have ramifications toward the roles of
ions like Mg2+ and SO4

2− in low-salinity IOR.76

Besides the mentioned contributions toward the chemical
modification of calcite (Figure 3), organic molecules in eqFW
appear to interact with ionic species in brines and modulate
mineralization. For instance, for mineral particles formed in
unaged FW at 95 °C, the Raman peak at 980 cm−1 indicative
of MgSO4(aq) species is absent (Figure 5; Figure S11). The
organic molecules might thus mediate the stabilization of ion
complexes. The same Raman spectrum also shows peaks at 210
and 701 cm−1 indicative of aragonite, a crystalline polymorph
of calcium carbonate (Figure S11). In view of the lack of

aragonite formation after eqFW treatment (Figure 2), the
CRO-derived organic molecules appear to induce a polymorph
selection toward calcite. Further evidence comes from the x−y
distribution maps of Iceland spar aged in FW at 95 °C (Figure
S12), wherein aragonite is indeed present in the form of the
characteristic rod-like crystals. The interactions of organic
species with ion complexes and metastable mineral phases
emerge as an interesting concept for the organic−inorganic
interplay in reservoir conditions and requires further
investigations.

Topographical Transitions of Calcite: Atomic Force
Microscopy. AFM reveals changes of the micro- and
nanoscale topography upon aging in eqFW and eqCRO at
95 °C. As depicted in Figure 6a, the freshly cleaved (10.4)
surface of the Iceland spar presents macrosteps with heights of
10−20 nm, corresponding to bunches of a few tens monatomic
steps (∼3 Å for a monolayer step77). Root-mean-square
(RMS) roughness is estimated at about 3 nm from
representative scan areas, which exclude macrosteps. On
aging in fresh FW, asperities appear on the surface, which
increase the RMS roughness to about 20 nm (Figure 6b). In
contrast, aging in eqFW leads a roughness of merely 6 nm
RMS (Figure 6c). The organic solutes present in eqFW thus
seem to suppress surface reconstruction (including the growth
of asperities) in a similar manner as capping agents during the
synthesis of nanocrystals.
The asperities observed after aging in either FW or eqFW

represent mineral overgrowth layers formed at high temper-
ature due to the retrograde solubility of calcite.60 To estimate
the extent of surface reconstruction (i.e., the average height
difference), we protected calcite substrates partially by a
sacrificial PDMS film during the aging (Figure S13). Upon
removing the protective coating after aging, AFM height maps
show significantly between the protected and unprotected
regions, confirming mineral overgrowth during aging (Figure
S14). Remarkably, significant variations in mineral layer
thickness are observed for replicate experiments (about 0.2−
0.6 μm for FW; 0.8−7 μm for eqFW). We tentatively attribute
these variations to the dependence of local crystal growth and
dissolution rates on the surface distributions of steps, kinks,
and etch pits.78 Nonetheless the enhanced thicknesses of

Figure 5. (a) Schematic depiction of precipitation (green) in the
presence of CRO-derived organic molecules (brown) in eqFW after
16 h at 95 °C. (b) Representative Raman spectrum of precipitates
(green) indicative of amorphous calcium carbonate (1082 cm−1) and
synthetic calcite (black).

Figure 6. AFM height maps of surfaces in air for (a) reference Iceland spar and after aging in (b) fresh FW, (c) eqFW, and also (d) eqFW and
eqCRO at scan areas of 50 μm × 50 μm and 2 μm × 2 μm. Lower panels represent height profiles across the dotted red lines.
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mineral overgrowths in eqFW-aged crystals suggest that
organic species influence the kinetics of mineral growth as
well as contribute to the deposited mass, in agreement with the
CRM-derived depth profiles of PAHs and fluorophores (Figure
4). Surface sorption and coprecipitation of organic species
might thus serve as distinct pathways for the modification of
reservoir minerals.
Although the composition of the mineral overgrowth layer is

predominantly calcite, as shown by CRM (Figure 4), the
heterogeneous constitution of FW (Table S1) can contribute
toward some elemental partitioning between calcite and the
brine.79 For instance, cationic or anionic substitutions might
produce surface properties that deviate considerably from
pristine calcite.80 Further, in view of the increased RMS
roughness values of Iceland spar surfaces after FW or eqFW
treatment, the nanoscale topographical features can play crucial
roles in determining oil−brine−rock wetting behavior, thereby
limiting the suitability of smooth “ideal” mineral surfaces in
reservoir-related investigations.
To further investigate how crude oil alters the topography of

eqFW-preconditioned mineral surfaces, AFM imaging was
applied to eqCRO-aged calcite (Figure 6d). The surface
features present lateral dimensions in the range 10 nm to 5 μm,
wherein the morphology and distribution of adsorbates are
indicative of asphaltenic aggregates.81 This is supported by
chemical signatures of graphitic hydrocarbons in the
corresponding Raman spectra (Figure 2). Nano- and micro-
scale topographies of the surface adlayer for eqCRO-aged
calcite are also evident from SEM micrographs (Figure 7). The
scratch path is suggestive of a multilayer organization and the

surface precipitation of organic molecules. Note that organic
solvents applied during sample preparation can influence the
morphology of organic deposits.81 Overall, the surface
topography and chemistry of calcite undergo distinct
transitions in relation to the applied aging fluids at elevated
temperature. Associated fluid−minerals interactions can have
key roles in determining the composition and structure of
mineral and organic adlayers on reservoir rock surfaces.24

Microscopic Picture of Calcite Surface Modifications.
By combining the above-described observations, we obtain
further insights for mineral−brine−oil interactions in near
reservoir environments. The surface modifications of calcite
resulting from the two-step aging at 95 °C are categorized as
topographical and chemical (Figure 8). Considering the
topographical transitions, exposing the calcite to formation
water (FW or eqFW) causes significant surface reconstruction
on account of the retrograde solubility60 as well as the rich
ionic composition of FW (Table S1). The magnitude of
surface reconstruction is represented by the coverage of the
Iceland spar substrate by nano- and micro-asperities (Figure
6), which appear primarily composed of calcite coassociated
with hydrocarbons and amorphous minerals (Figure 4 and
Figure 5). Preliminary geochemical analysis by using Visual
MINTEQ shows that FW (see Table S1 for ionic composition)
is supersaturated with respect to carbonate minerals, viz.,
calcite, aragonite, dolomite, and vaterite, at 95 °C. Moreover
aragonite precipitation is favored at elevated temperatures and
with high Mg2+ ion contents,82 consistent with our CRM data
of Iceland spar aged in fresh FW (Figure S12). In this respect,
our results show that the reactions of mineral precipitation are
regulated by the organic constituents of eqFW, viz., modulating
ion association, controlling the growth of surface asperities,
and mitigating the formation of aragonite. The topographical
features of calcite crystals that emerge in CRO-equilibrated
brines at elevated temperatures are thus dependent on (i) the
ionic composition of aqueous phases, (ii) the abundance and
chemical nature of organic molecules that undergo phase
transfer from CRO, and (iii) conditions determining the
solubility limit of carbonates (e.g., temperature60). In this
regard, the chemistry of formation water is a key determinant
of the morphologies and surface properties of minerals, also
represented in the diagenetic alterations of minerals.66

On the contrary, the chemical alterations of calcite are
relatively heterogeneous, attributed to characteristic features
such as steps and kinks on the crystalline surface. Local rates of
calcite dissolution or growth are substantial at these high-
energy sites, which supports foreign entities to deposit on or
incorporate within calcite crystals.62−64 This is evident from
the x−y distribution maps of PAHs and fluorophores for
eqCRO-aged Iceland spar (Figure 2). In view of the lateral
dimensions of organic aggregates in the range 10 nm to 5 μm
(Figure 6) and the reported values for surface coverage of
calcite by PAHs (about 2.5−3.0 mg/g),83 a continuous or
multilayer type of sorption is prevalent. Involving poorly
soluble metallo-organic species, mechanisms of the surface
precipitation can contribute to the chemical modification of
carbonate surfaces.84 This is also supported by previous reports
of asphaltenes, which strongly bind to carbonates, presenting
high contents of polar moieties such as carbonyl or carboxylic
groups.85

In this respect, formed during eqFW and eqCRO aging, the
organic layers might represent a new surface phase and consist
of poorly soluble organic and metallo-organic species. Taking

Figure 7. Scanning electron micrographs of eqCRO-aged calcite with
scale bars representing (a) 20 and (b) 5 μm. (a) Scratch path across
the surface (arrows) and the magnified region (box) are indicated.
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into consideration the geothermal gradients for the Earth’s
depth as well as the high dependence of the solubilities of
carbonates60 and metallo-organic salts on temperature and
pressure conditions, the burial diagenesis of carbonate
sediments emerges as a primary determinant of the chemical
and topographical properties of carbonates. Consequences of
these stepwise modifications on the surface wettability of
Iceland spar are further addressed.
Wettability Alteration. Given the chemical and topo-

graphical heterogeneity of our aged calcite surfaces discussed
above, we anticipate considerable contact angle (CA)
hysteresis.65,86 In such cases, advancing (θoil

adv) and receding
(θoil

rec) CAs rather than Young’s angle are the only reliable
measures of surface wettability. In all our experiments, strong
pinning prevented any receding motion of the contact line and
thus any measurement of a meaningful value of θoil

rec.
Measurements of θoil

adv displayed a substantial spread even for
nominally identical conditions, as expected in view of the
surface heterogeneities (Figure 9). Nevertheless, a significant
increase of θoil

adv is observed between freshly cleaved (θoil
adv =

112°−136°) and eqFW-aged (125°−146°) samples. This
variation can arise from two different effects: the deposition
of organic species on the surface and the increase in surface

roughness. From the AFM images, we find that the roughness
parameter R = Atrue/ Aapp, i.e., the ratio between the true
microscopic drop substrate interfacial area Atrue and the
apparent geometric area Aapp, is approximately 1.1. Using
Wenzel’s law, cos θapp = R cos θY, we infer that the roughening
accounts for approximately half of the observed contact angle
variation. The second half must be then caused by adsorbing
polar organic material that renders the surface chemically more
water wet.
For mineral surfaces exposed to eqCRO, a broad

distribution of θoil
adv values from about 51° to 138° is found,

indicating more oil-wet behavior. At the same time, however, a
much stronger hysteresis and a wider spread of θoil

adv is observed.
The organic adlayer formed on exposure of the calcite to
eqCRO is probably the primary determinant of the observed
oil-wet nature. The heterogeneous surface distributions of
aromatic molecules and fluorophores favored at sites of
mineral reconstruction (Figure 2) could also account for the
particularly widespread θoil

adv as well as the large hysteresis. In
comparison to relatively inert silica or clay substrates, the
evolution and distribution of θoil

adv thus show that not only the
deposition of organic molecules from equilibrated brines and
CRO, but also the reconstruction of the mineral surface play
important roles in controlling surface wettability.

■ CONCLUSIONS

Our work provides a clear picture of the microscopic alteration
of calcite surfaces upon exposure to equilibrated fluids at
elevated temperatures, giving rise to distinct modifications of
both surface topography and chemistry. Calcite surfaces
exposed to formation waters undergo reconstruction and
exhibit high coverage by asperities consisting primarily of
inorganic calcite. For samples aged in eqFW, chemical
modifications involving aromatic and polar hydrocarbons are
also evident. The organic material is not only deposited to the
surface but becomes partly embedded in the mineral,
demonstrating that both organic and inorganic species
contribute to the surface reconstruction of carbonates. At the
macroscale, these modifications are rather heterogeneous due
to their sensitivity to local variations of multiple factors
including fluctuations in composition of the ambient fluids, in
substrate quality (high-energy sites, crystal defects) andat
least in oil reservoirsin geothermal gradients.
On contact with eqCRO, surface deposition of organic layers

occurs, presenting morphologies and chemical signatures
consistent with those of asphaltenic particles. Resultant of

Figure 8. Schematic representation of the high-temperature modifications of Iceland spar substrate with either (a) pure FW or (b) sequential
applications of eqFW and eqCRO. In brine environments, surface modification involves the deposition of particles composed of calcite and calcite−
PAH hybrids for aging in FW and eqFW, respectively. Organic molecules in eqFW regulate surface reconstruction events such as asperity growth.
Upon further treatment with eqCRO, surface deposition of particles composed of PAHs such as asphaltenes occurs. Colors represent calcite
(green), polyaromatic hydrocarbons (PAHs, red), and interfacial hydration (blue).

Figure 9. Box chart for distributions of oil side advancing contact
angles (θoil

adv) for crude oil (eqCRO) droplets on Iceland spar
substrate, freshly cleaved (reference, black), eqFW-aged (red), and
eqCRO-aged (blue). Box-splitting horizontal dotted lines represent
the mean values, and box range shows ±1 standard deviation.
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sorption events and surface precipitation, this organic layer
primarily determines the oil-wet behavior of aged calcite. Since
this PAH-enriched layer forms upon prolonged aging at
elevated temperatures, conditions such as ambient fluid
compositions and temperature are essential in controlling
and, hence, also in replicating the properties for petroleum
engineering experiments.36,37 The chemical and topographical
differences of the mineral overgrowth from the freshly cleaved
Iceland spar surface also brings into question the representa-
tiveness of pristine surfaces for studying wettability and
wettability alteration in carbonate reservoirs.
In all, the sequential aging of calcite in reservoir pertinent

fluids at high temperature produces mineral overgrowths and
organic adlayers that isolate the initially pristine crystal surfaces
from the crude oil and thus control the wettability of the
resulting aged surface. Hence, we anticipate that the
responsivity of these mineral and organic adlayers to injection
fluids of variable compositions is crucial to the success of IOR
strategies.
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