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a b s t r a c t

Carbon dioxide injection in porous reservoirs is the basis for carbon capture and storage, enhanced oil and
gas recovery. Injected carbon dioxide is stored at multiple scales in porous media, from the pore-level as a
residual phase to large scales as macroscopic accumulations by the injection site, under the caprock and
at reservoir internal capillary pressure barriers. These carbon dioxide saturation zones create regions
across which the full spectrum of mutual CO2–H2O solubility may occur. Most studies assume that geo-
chemical reaction is restricted to rocks and carbon dioxide-saturated formation waters, but this paradigm
ignores injection of anhydrous carbon dioxide against brine and water-alternating-gas flooding for
enhanced oil recovery.

A series of laboratory experiments was performed to evaluate the reactivity of the common reservoir
mineral dolomite with water-saturated supercritical carbon dioxide. Experiments were conducted at res-
ervoir conditions (55 and 110 �C, 25 MPa) and elevated temperature (220 �C, 25 MPa) for approximately
96 and 164 h (4 and 7 days). Dolomite dissolves and new carbonate mineral precipitates by reaction with
water-saturated supercritical carbon dioxide. Dolomite does not react with anhydrous supercritical car-
bon dioxide. Temperature and reaction time control the composition, morphology, and extent of forma-
tion of new carbonate minerals.

Mineral dissolution and re-precipitation due to reaction with water-saturated carbon dioxide may
affect the contact line between phases, the carbon dioxide contact angle, and the relative permeability
and permeability distribution of the reservoir. These changes influence fundamental properties of hyster-
esis of drainage and imbibition cycles, rock wettability, and capillary pressure. The efficacy of physical
carbon dioxide trapping mechanisms, integrity of caprock, and injectivity of a carbon dioxide storage res-
ervoir as well as the injectivity and production rate of an enhanced oil recovery operation may be
affected.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The importance of Carbon Capture and Storage (CCS) to mitigat-
ing greenhouse emissions is well established [1–9]. Deep saline
formations [1] and depleted oil and gas reservoirs [10–13] are
leading targets for carbon dioxide injection and storage (Fig. 1).
Injection of carbon dioxide is also used to enhance oil or gas recov-
ery (CO2-EOR or CO2-EGR) in hydrocarbon reservoirs (Fig. 2).

Four trapping and storage mechanisms are widely discussed in
the CCS literature: structural, residual (also known as capillary
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trapping), hydrodynamic and mineral trapping [14]. Carbon diox-
ide can become a residual phase in two- and three-phase flow
due to capillary action. As carbon dioxide is injected into a reser-
voir, anhydrous or ‘‘dry’’ carbon dioxide moves through the porous
media and displaces resident fluids as a non-wetting phase. Capil-
lary effects such as snap-off [15] can leave some of the carbon
dioxide behind as disconnected droplets. In addition, internal het-
erogeneities in the formation can trap carbon dioxide at satura-
tions well above its residual value [16,17]. Water drainage and
rewetting (or imbibition) are impacted by the advancing and
receding contact angles, respectively, which contribute to multi-
phase flow hysteresis [18]. This hysteresis plays a very important
role in residual trapping [16–19]. In the absence of significant hys-
teresis, little capillary trapping occurs, but local capillary trapping
offers a mechanism for high saturation of carbon dioxide in the res-
ervoir [16,20].
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Fig. 1. Schematic diagram of CCS scenario in a saline aquifer. Injection of carbon dioxide creates regions across which the full spectrum of mutual CO2–H2O solubility may
occur. Anhydrous supercritical carbon dioxide occurs at the injection well; CO2-saturated and -undersaturated formation waters occur at the displacement front. H2O-
saturated and -undersaturated or ‘‘wet’’ supercritical carbon dioxide can exist between these two extremes, toward the cap rock and at the CO2–H2O front.

Fig. 2. Schematic diagram of CO2 injection and enhance oil recovery (modified from http://www.fe.doe.gov/programs/oilgas/eor/). As described in Fig. 1, injection of carbon
dioxide creates regions across which the full spectrum of mutual CO2–H2O solubility may occur (Figs. 1 and 2). This is only schematic and does not show the mixing zone
between carbon dioxide and water. In reality, gravitational ascension of carbon dioxide and water slumping will take place as the mixing zone between fluids destabilizes.
The successive fluid slugs create multiphase flow hysteresis that traps both water and carbon dioxide, leading to formation of oil banks and enhanced recovery.
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During the injection period in CCS (and similarly in CO2-EOR),
water (or hydrocarbon) displacement is piston-like, mostly con-
trolled by viscous forces. This creates a near-wellbore region, on
the order of several meters [15,21], where dry-out occurs. Deeper
into the formation, or in post-injection scenarios, carbon dioxide
rises due to buoyancy. The saturation distribution of carbon diox-
ide transitions from the desiccation or dryout zones in the near-
wellbore area, a few meters from the injection site, to trapped car-
bon dioxide. Thus, carbon dioxide injection creates regions across
which the full spectrum of mutual CO2–H2O solubility may occur
(Fig. 1). Dry supercritical carbon dioxide exists at the injection-well
nearby area, as a result of dry-out, whereas CO2-saturated and -
undersaturated formation waters exist at the displacement front.
H2O-saturated and -undersaturated or ‘‘wet’’ supercritical carbon
dioxide can exist between these two chemical extremes, toward
the cap rock due to buoyancy forces [15,16] and at the CO2–H2O
front.
Carbon dioxide can act as a wetting fluid [18] potentially lead-
ing to mixed-wettability [22]. In this scenario, different mineral
surfaces are exposed to different fluids, namely either water or
CO2. The reactivity of carbon dioxide with mineral surfaces will de-
pend on its distribution in the pore space. In contrast, most geo-
chemical and reservoir models assume mineral surface reactivity
with carbonic acid [e.g., 23,24]. Experimental laboratory studies
that evaluate fluid–rock and fluid–mineral interactions relevant
to CCS and EOR scenarios traditionally focus on reactions among
minerals and aqueous solutions [e.g., 25–29]. These studies are
performed at conditions corresponding to CO2-saturated and -
undersaturated formation waters at the displacement front. More
recently, experimental studies have begun to evaluate the reactiv-
ity of silicate and hydroxide minerals with wet supercritical carbon
dioxide [30–40]. These studies agree that silicate and hydroxide
minerals react with wet supercritical carbon dioxide and form car-
bonate minerals. Regnault et al. [41] also evaluated the reactivity
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of portlandite and dolomite with wet supercritical carbon dioxide
but only reported results for portlandite. Not surprisingly, portlan-
dite is highly reactive with wet supercritical carbon dioxide.
Clearly it is important to understand the interactions take place be-
tween rocks and wet supercritical carbon dioxide in CCS, CO2-EOR,
and CO2-EGR reservoirs.

In this paper we investigate the reactivity of the mineral dolo-
mite with wet (H2O-saturated) supercritical carbon dioxide in lab-
oratory experiments. We selected dolomite because it is a common
rock-forming mineral in carbonate reservoirs as well as carbonate-
bearing siliciclastic reservoirs targeted for CCS, CO2-EOR, and CO2-
EGR. Laboratory experiments were performed at 55 and 110 �C,
temperatures characteristic of reservoir conditions such as those
found in Southwest Wyoming. We also performed experiments
at 220 �C to accelerate reaction rates and enhance the likelihood
for results at realistic laboratory time scales. Our study qualita-
tively evaluates dolomite reactivity in H2O-saturated carbon diox-
ide; quantitative assessment of reaction mechanisms and kinetics
are beyond the scope of this study. This study demonstrates that
dolomite is reactive in H2O-saturated supercritical carbon dioxide
and explores implications for this reactivity with respect to CCS,
CO2-EOR, and CO2-EGR in carbonate-bearing formations and
hydrocarbon reservoirs.
2. Experimental methods

2.1. Approach and design

Our approach was to conduct experiments that react dolomite
with H2O-saturated supercritical carbon dioxide (Fig. 3). Recent
experimental work demonstrates mineral reactivity with H2O-
undersaturated supercritical carbon dioxide [30–40]; thus dolo-
mite reactivity in H2O-undersaturated supercritical carbon dioxide
presents a potentially fruitful avenue of investigation. However,
evaluating these complexities will require additional experiments
and is beyond the scope of this investigation. Therefore, for this
study, maintaining water saturation was a key aspect. Water is
consumed if, for example, carbonate minerals such as nesqueho-
nite, dypingite, and hydromagnesite precipitate. To ensure water
saturation of supercritical carbon dioxide for the duration of each
experiment we added de-ionized water to the bottom of the reac-
tion chamber in an amount greater than needed for saturation (Ta-
ble 1). The mass of water needed to saturate supercritical carbon
dioxide at the temperature and pressure conditions of each exper-
Fig. 3. Schematic diagram of experimental apparatus and design. The reaction
chamber is a 300-cm3 customized bolted closure reactor manufactured by
Autoclave Engineers. The reaction chamber and its multiple tubing inlets and
outlets are constructed of Hastelloy C-276.
iment was determined using equations of state for carbon dioxide
[42].

The presence of liquid water in the reaction chamber presents
the possibility of dolomite reaction as an artifact of the experimen-
tal procedure. Splashing water onto the dolomite, for example,
could take place while injecting carbon dioxide. Our design and
procedures (Section 2.3) were implemented to ensure that dolo-
mite and bulk water remained physically separated during the
experiment. As one check on our methods, one experiment was re-
peated using an alternative method of introducing water into the
reaction chamber. As a second check on our methods, aqueous
samples were withdrawn from each ongoing experiment and after
terminating each experiment. This method check assumes that the
chemistry of the water sampled from the bottom of the reactor will
change if water splashes onto and drains from the dolomite during
the course of the experiment or if dolomite powders are washed off
of dolomite fragments and into the water reservoir. Thus our de-
sign provides sufficient water in the bottom of the reactor for sam-
pling purposes while simultaneously minimizing the amount of
water to avoid splashing it onto the dolomite.

2.2. Apparatus and materials

The experimental apparatus consists of a pressurized reaction
chamber and furnace (Fig. 3). The experimental design places de-
ionized water in the bottom of the reaction chamber and supercrit-
ical carbon dioxide with a grade of 99.95% in the top. A sample
holder constructed of gold mesh and wire secures the sample
above the water and in the carbon dioxide. The mesh is 99.9% pure
gold and possesses a nominal aperture of 0.25 mm.

Research grade dolomite (CaMg(CO3)2) was purchased from
Ward Scientific (#49V 1557, Selasvann, Norway). The mineral
composition was determined by inductively coupled plasma opti-
cal emission spectrometer (ICP-OES) after digestion with hydro-
chloric acid. The ratio of calcium to magnesium is about 1.3 and
the ratio of magnesium to iron ranges from 4.4 to 4.5 (Fig. 4).
The dolomite is not uniform in composition because it contains
veinlets of calcite. Use of heterogeneous dolomite does not allow
us to determine quantitative reaction parameters for these exper-
iments but does approximate natural field conditions more closely.

Dolomite was prepared for the experiments in two different
ways. In the first method, dolomite fragments were stored in a con-
tainer and permitted to accumulate dolomite powder on mineral
surfaces due to abrasion among the fragments. The advantage of
this method is that dolomite reactive surface area and the resulting
kinetic rates increase, enhancing reactivity at laboratory time
scales. The disadvantages are that we do not have rigorous control
on the distribution of the powders on mineral surfaces and that we
cannot quantify the reactive surface area of the powders. Another
disadvantage is that the mineralogy of the powders varies because,
as described in the previous paragraph, their dolomite source is not
homogeneous. All but one of the experiments was conducted using
dolomite prepared in this manner. In the alternate preparation
method, dolomite was cleansed of all powders. To accomplish this,
dolomite fragments were rinsed with and sonicated in de-ionized
water for 30 min, rinsed with de-ionized water three times, rinsed
with methanol, dried overnight in a hood, and dried overnight in
an oven at 110 �C. This method allows us to evaluate whether
the use of mineral powders induced artifacts into our experiments.
SEM images of dolomite prepared using these methods are pre-
sented in Fig. 5.

2.3. Procedures

De-ionized water was first placed at the bottom of the reaction
vessel (Fig. 3). The gold mesh containing 1 g of dolomite fragments



Table 1
Summary for the experiments performed and major cation analysis of water samples (in millimole/kg).

# T (�C) Information
regarding H2O

Dolomite starting
material

Time
(h)

XH2O in
reactor at
beginning of
experiment

pHa Ca Mn Fe Mg Na Comment

De-ionized H2O – 6.8 0.2155 0.0002 0.0002 0.1198 0.0873 Composition
of H2O added
to reactor

1 110 Anhydrous CO2 Fragments + powder 272 0 – – – – – – Control
experiment

2 55 H2O added before
reactor is sealed
(standard
method)

Fragments + powder 93 0.24 4.9 0.1339 0.0006 0.0064 0.0596 0.1014 –

3 220 H2O added by
standard method

Fragments + powder 94 0.49 4.4 0.5888 0.0129 0.0122 0.0271 0.1048 –

4 220 H2O injected after
reactor is sealed

Fragments + powder 90 0.5 4.2 NAb NA NA NA NA –

5 55 H2O added by
standard method

Fragments + powder 164 0.24 4.7 0.1137 0.0043 0.0154 0.0668 0.0619 –

6 220 H2O added by
standard method

Fragments + powder 162 0.44 4.7 0.0097 0.0009 <0.00013 <0.00052 <0.00147 –

7 220 H2O added by
standard method

Fragments, no
powder

94 0.48 4.6 0.067 0.0043 0.0012 <0.00157 0.2103 Sonicate
dolomite
30 min

a pH measured on samples cooled to 25 �C and depressurized to 0.1 MPa.
b Not available, sample container leaked.

Fig. 4. Ternary diagram illustrating composition of dolomite (in mole%) used in the
experiments.
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(approximately 3 mm in diameter) was emplaced and the reactor
sealed. To avoid generating steam that could have reacted with
Fig. 5. Secondary electron SEM micrographs of unreacted dolomite. (a) Dolomite fragm
mineral powders.
dolomite, the reactor was pressurized to about 5 MPa before heat-
ing. Pressurization was accomplished by injecting carbon dioxide
through the port at the top of the reactor (Fig. 3) using a syringe
pump at a low flow rate (5 ml/min). The reactor was subsequently
heated to the predetermined temperature of the experiment. Car-
bon dioxide was again injected until the final pressure of 25 MPa
was reached.

To evaluate our procedures, one experiment was performed
using a different method of adding water into the reaction cham-
ber. In this experiment (Experiment #4 Table 1), dolomite was
sealed in the reactor without water. Carbon dioxide was injected
to a pressure of 5 MPa, then water was injected at a flow rate of
5 ml/min into the bottom of the reactor through the sampling tube
(Fig. 3). The furnace was subsequently heated to 220 �C. Additional
carbon dioxide was then injected until the pressure reached
25 MPa.

The mass of water placed in the reactor at the beginning of each
experiment ranged from 23 to 37 g. The mole fraction of water rel-
ative to carbon dioxide in the reactor at the beginning of the exper-
iment was equal to or less than 0.5 (Table 1). The temperature of
ents containing dolomite powder on mineral surfaces. (b) Dolomite cleansed of
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each experiment was maintained to within 0.2 �C and the pressure
to within 0.7 MPa.

Aqueous samples were withdrawn from ongoing experiments
using the sampling tube that extends to the deepest portion of
the reactor (Fig. 3). About 1 ml of solution was first collected and
discarded to rinse the sampling tube and fill it with fresh fluid.
The pH was subsequently determined on samples cooled to 25 �C
and depressurized to 0.1 MPa using a Thermo Scientific Orion 4
Star pH meter and Ross micro electrode. Samples for cation analy-
sis were filtered using a 0.45 lm filter and diluted 10�. To prevent
mineral precipitation, the samples for cation analysis were acidi-
fied to pH 2 using trace metal grade nitric acid and stored at about
5 �C prior to analysis. Cations were analyzed with an ARL 3410+
ICP-OES. Mineral precipitants were not observed in any of the fluid
samples. At the conclusion of each experiment the reacted dolo-
mite was recovered, weighed, and dried in air prior to analysis.
Recovered minerals were analyzed using optical microscopy, scan-
ning electron microscopy (SEM), and energy dispersive spectra
(EDS). Mineral growth in the experiments was insufficient for anal-
ysis by X-ray diffraction (XRD) or electron probe microanalysis
(EPMA).

3. Results

Experiments reacting dolomite with H2O-saturated supercriti-
cal carbon dioxide were performed at 25 MPa, 55 �C and 220 �C
for approximately 96 and 164 h (approximately 4 and 7 days) (Ta-
ble 1). A control experiment that reacted dolomite with anhydrous
supercritical carbon dioxide for 272 h (Experiment #1) was per-
formed at an intermediate temperature of 110 �C. Dolomite frag-
ments containing dolomite powder on mineral surfaces were
used in this experiment. No evidence of dolomite dissolution or
mineral growth was observed in this experiment (Fig. 6).

SEM and EDS analysis of dolomite reacted with H2O-saturated
supercritical carbon dioxide at 55 �C for 93 and 164 h (Experiments
#2 and #5, respectively) are shown in Fig. 7. Dolomite fragments
containing dolomite powder on mineral surfaces were used in
these two experiments. At the conclusion of both experiments,
dolomite fragments exhibit edges of cleavage planes that are no
longer straight and smooth but are rounded and rough due to dis-
solution. Dolomite powders are no longer present on mineral sur-
faces. A new carbonate mineral exhibiting irregular morphology
precipitated on dolomite surfaces. Crystals of this morphology
are not present on unreacted dolomite (Fig. 5a) or on the dolomite
reacted with anhydrous supercritical carbon dioxide (Fig. 6a). EDS
spectra suggest that this carbonate mineral contains magnesium,
calcium, and iron in relative proportions consistent with dolomite.
Fig. 6. Secondary electron SEM micrographs of (a) dolomite after reaction with anhydrou
growth was observed in this experiment. (b) Unreacted dolomite.
Iron may be more abundant compared to the unreacted dolomite,
however, the EDS spectra are not conclusive. New mineral growth
covers a larger area of the dolomite in the 164-h experiment com-
pared to the 93-h experiment. The absence of quench morphology
of the new crystals and the greater extent of mineral growth as a
function of reaction time suggest that mineral growth took place
during the experiment and is not an artifact of the quenching
process.

The results of SEM and EDS analysis of dolomite reacted with
H2O-saturated supercritical carbon dioxide at 220 �C for 94 and
162 h (Experiments #3 and #6, respectively) are shown in Fig. 8.
Dolomite fragments containing dolomite powder on mineral sur-
faces were also used in these two experiments. Dolomite powders
are no longer present on mineral surfaces at the conclusion of both
experiments. Two new minerals grew on dolomite surfaces, one
exhibiting platelet morphology and a second of rhombohedral car-
bonate crystals (Fig. 8). Crystals exhibiting these morphologies are
not present on unreacted dolomite (Fig. 5a) or on the dolomite re-
acted with anhydrous supercritical carbon dioxide (Fig. 6a). The
rhombohedral carbonates are euhedral crystals ranging in size
from 1 to 5 or more microns. EDS spectra suggest that these rhom-
bohedral carbonate minerals contain magnesium, calcium, and
iron in relative proportions consistent with dolomite. Iron may
again be more abundant compared to the original dolomite, how-
ever the EDS spectra are not conclusive.

An additional experiment reacted dolomite with H2O-saturated
supercritical carbon dioxide at 220 �C for 90 h (Experiment #4).
This is the experiment in which water was introduced into the
reaction chamber by an alternate method (Section 2.3). Dolomite
fragments containing dolomite powder on mineral surfaces were
also used in this experiment. Dolomite powders are no longer pres-
ent on mineral surfaces at the conclusion of both experiments. Two
new minerals grew on dolomite surfaces, one exhibiting platelet
morphology and a second of rhombohedral carbonate crystals.
These are the same morphologies as observed in experiments per-
formed at 220 �C with water sealed in the bottom of the reaction
chamber at the beginning of the experiment (Experiments #3
and #6, compare Fig. 8a–c and g–i). The growth of crystals with
similar morphology in these experiments provides confidence that
the liquid water reservoir remains physically separated from the
dolomite during the experiment.

Dolomite fragments cleansed of mineral powders (Section 2.1)
reacted with H2O-saturated supercritical carbon dioxide at 220 �C
in one experiment (Experiment #7). Cleavage planes became more
abundant and prominent in dolomite fragments (compare Fig. 5a
and b). Two new minerals grew on dolomite surfaces. Newly-
formed rhombohedral carbonate crystals range from a submicron
s carbon dioxide at 110 �C and 272 h. No evidence of dolomite dissolution or mineral



Fig. 7. Secondary electron SEM micrographs and EDS spectra of dolomite reacted with H2O-saturated supercritical carbon dioxide at 55 �C. Dolomite used in these
experiments contained powder on mineral surfaces. (a–c) Reaction for 93 h (Experiment #2 in Table 1). (d–f) Reaction for 164 h (Experiment #5 in Table 1). New mineral
growth exhibiting irregular morphology is observed. EDS spectra are consistent with this mineral being recrystallized dolomite. New mineral growth covers a larger area of
the dolomite in the 164-h experiment compared to the 93-h experiment.
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scale to 1–3 lm in size (Fig. 10). Submicron platelets of new crystal
growth are also evident (Fig. 9a and b), but the crystals could not
be identified by morphology or by EDS spectra. Neither morphol-
ogy is present on unreacted dolomite (Figs. 5b) or on the dolomite
reacted with anhydrous supercritical carbon dioxide (Fig. 6a). New
crystal growth covers a much larger proportion of mineral surfaces
compared to experiments that reacted dolomite fragments con-
taining dolomite powder on mineral surfaces. EDS spectra col-
lected from the large rhombohedral carbonates suggests that
these crystals may contain more iron compared to the unreacted
dolomite.

The analytical results reported in Table 1 are for aqueous sam-
ples collected immediately prior to terminating each experiment.
We do not report bicarbonate analyses because the immiscible
supercritical carbon dioxide present throughout the experiment
maintains carbon dioxide saturation in the water. Except for pH,
the de-ionized water analysis and the analysis of the water sam-
ples collected from each experiment are similar. These relation-
ships suggest that dolomite and bulk water did not directly
interact with each other and that dolomite powder was not
washed off of dolomite fragments during the experiments. In fact,
several experiments were rejected because water sampled from
these experiments contained elevated cation concentrations rela-
tive to the de-ionized water used in the reaction chamber, indicat-
ing that dolomite and water had interacted with each other.
4. Discussion

Computer simulations of carbon dioxide storage in deep saline
aquifers focus on trapping mechanisms and processes involving
the reservoir and CO2-saturated formation waters [e.g.,
15–17,21]. Studies such as these implicitly assume that all reac-
tions take place in the water–rock environment or conclude that
injected carbon dioxide does not react directly with minerals.
Our results demonstrate that chemical reaction takes place be-
tween dolomite and H2O-saturated supercritical carbon dioxide.
Dolomite fragments exhibit dissolution textures and dolomite
powders are no longer present on mineral surfaces. A new carbon-
ate mineral precipitated in the experiments performed at reservoir
temperatures (55–110 �C); this mineral growth covers a larger area
in a longer-running experiment. Experiments performed at higher
temperatures of 220 �C produced both platelets and rhombohedral
carbonates. New crystal growth covered an even larger proportion
of mineral surfaces of dolomite cleansed of powders, likely due to
relaxation of the lattice strain produced by the cleaning process. No
net mineralization occurred in these experiments because cations
provided for carbonate precipitation can only be derived from dis-
solution of the original dolomite. However, the fact that reaction
even takes place between dolomite and carbon dioxide suggests
that regions within CCS, CO2-EOR, and CO2-EGR reservoirs that
are believed to be non-reactive are in fact susceptible to chemical
reaction.

Our findings are consistent with recent studies that have deter-
mined that silicate and hydroxide minerals react with wet super-
critical carbon dioxide [30–40]. A thin film of water (a few
nanometer thick) develops on the surface of minerals in contact
with H2O-undersaturated as well as H2O-saturated supercritical
carbon dioxide [33,35]. In addition, dolomite has been found to ex-
hibit hydrophilic surfaces [43] under mixed [44] or oil wet [45]
conditions. Water composition [46,47] and temperature [45] can
turn oil-wet carbonate into a more hydrophilic surface. Oil wetta-
bility is usually associated with the presence of organic material in
the depositional environment [44]. Despite the overall neutral or
oil wet condition, dolomite often contains water-wet surfaces.
Hydrophilic surfaces always develop a precursor nanoscale wetting
film ahead of the contact line. Surface roughness offers capillary
traps that enhance the formation of liquid films that can be at equi-



Fig. 8. Secondary electron SEM micrographs and EDS spectra of dolomite reacted with H2O-saturated supercritical carbon dioxide at 220 �C. Dolomite used in these
experiments contained powder on mineral surfaces. (a–c) Reaction for 94 h, standard method of adding de-ionized water to the bottom of the reaction chamber before sealing
the reactor was employed (Experiment #3 in Table 1). (d–f) Reaction for 162 h, de-ionized water added by standard method (Experiment #6 in Table 1). (g–i) Reaction for
90 h, de-ionized water added to bottom of reactor after sealing the reactor (Experiment #4 in Table 1). Two types of new mineral growth are observed, one exhibiting platelet
morphology and a second of rhombohedral carbonate crystals. EDS spectra of rhombohedral carbonate minerals are consistent with recrystallized dolomite. Iron may be more
abundant compared to unreacted dolomite, however the EDS spectra are not conclusive. Rhombohedral carbonate crystals depicted in (g) and (h) are out of the field of view in
(a) and (b).
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librium with saturated phases [48]. In this sense, we expected the
existence of water films on dolomite in our experiments. We spec-
ulate that these films can lead to new mineral growth. However,
we currently lack the molecular-scale data needed to conclusively
make this determination.

Our findings are also consistent with recent studies that have
determined the reactivity of minerals with anhydrous supercritical
carbon dioxide. In one study, montmorillinite loses interlayer
water when exposed to anhydrous supercritical carbon dioxide,
depending on the initial hydration state of the clay [39]. In a sec-
ond pair of studies, montmorillinite expands due to carbon dioxide
migration into the interlayer [34,38]. In contrast, anhydrous super-
critical carbon dioxide does not react with minerals that lack the
expandable/collapsible interlayer spacing of swelling clays, includ-
ing forsterite [32,33,35], kaolinite [34], brucite [36,40], and, as we
demonstrate, dolomite.

The reaction of minerals and wet supercritical carbon dioxide
potentially holds several implications for CCS, CO2-EOR, and
CO2-EGR fluid–rock systems. Mineral dissolution and re-precipita-
tion may redistribute the porous matrix of the reservoir. This pro-
cess can impact multi-phase flow of the reservoir by changing the
dynamics of the contact line between phases and, therefore, chang-
ing hysteresis of drainage and imbibition cycles. Previous modeling
results show weak hysteresis effects or changes of relative perme-
ability [49]. However, the experimental conditions that were sim-
ulated neglect the impact of wet carbon dioxide reacting with
mineral surfaces. Since the carbon dioxide saturation distribution
arises from multiscale phenomena and a multitude of reactive con-
ditions, wettability alteration as well as surface roughness may
vary significantly between surfaces reacted with CO2-saturated
formation waters and those reacted with wet carbon dioxide.
New growth on mineral surfaces may also change the carbon diox-
ide contact angle, consequently altering wettability of rock and
capillary pressure, which in turn can affect physical carbon dioxide
trapping mechanisms. Wettability alteration, leading to lower
water wettability in clastic rocks, has been demonstrated through



Fig. 9. Secondary electron SEM micrographs and EDS spectra of dolomite reacted with H2O-saturated supercritical carbon dioxide at 220 �C. Dolomite used in this experiment
was cleansed of mineral powders. Two types of new mineral growth are observed, submicron scale platelets (a and b) and submicron scale rhombohedral carbonate crystals
(not pictured). New crystal growth in this experiment covers a much larger proportion of mineral surfaces compared to experiments that reacted dolomite containing
dolomite powder on mineral surfaces.

Fig. 10. Secondary electron SEM micrographs and EDS spectra of dolomite reacted with H2O-saturated supercritical carbon dioxide at 220 �C. Dolomite used in this
experiment was cleansed of mineral powders. (a) Dolomite rhombohedrons. (b) EDS spectra of point 1 in (a) is consistent with this mineral being recrystallized dolomite.

X. Wang et al. / Energy Conversion and Management 65 (2013) 564–573 571
contact angle measurements [50,51]. This process is particularly
important for the ability of the caprock to act as barrier against car-
bon dioxide migration.

In CO2-EOR and CO2-EGR, reaction of carbonate rock with wet
supercritical carbon dioxide may affect the three-phase mixing
zone and the efficiency of the recovery process. This may occur
by modifying phase mobility through changes in relative perme-
ability [52]. Reaction of carbonate rock with wet supercritical car-
bon dioxide may possibly change the permeability of the reservoir
by redistributing minerals, if precipitation–dissolution events oc-
cur at pore throats. These events will be regulated by the state of
saturation of carbon dioxide as it displaces brine or in regions
highly saturated with carbon dioxide, as well as by the mutual sol-
ubility of phases and capillary pressure. Since carbon dioxide acts
as a good solvent for crude oil, regions of very low oil saturation
are possible and the interplay of wettability alteration and multi-
phase flow hysteresis can lead to regions of high carbon dioxide
saturation, even in cases of three-phase flow displacement. We
speculate that mixed wettability can be significantly affected by
drying of water-wet films and direct contact of surfaces by
water-loaded carbon dioxide. The change of permeability, as well
as capillary pressure and relative permeability, will affect the injec-
tion rate (injectivity) and oil production rate during CO2-EOR. Car-
bon dioxide can also become more mobile in a CCS reservoir as the
result of wettability alteration, thus affecting carbon dioxide stor-
age capacity in these reservoirs.

Reaction with wet supercritical carbon dioxide may also affect
the caprocks that seal CCS, CO2-EOR, and CO2-EGR reservoirs. Min-
eral reactions in the caprock that produce negative volume
changes may yield zone of higher permeability and subsequent re-
lease of carbon dioxide. Alternatively, mineral reactions producing
positive volume changes may lead to reduced porosity and perme-
ability and enhance the sealing characteristics of the caprock. Both
of these scenarios illustrate the richness of geochemical complex-
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ity previously unexamined. Secure storage of carbon dioxide in a
CCS, CO2-EOR, or CO2-EGR scenario must account for these poten-
tial reactions.
5. Conclusions

The reactivity of dolomite with H2O-saturated supercritical car-
bon dioxide was studied at reservoir conditions (55–110 �C,
25 MPa) and elevated temperature (220 �C, 25 MPa) for reaction
times of approximately 96 and 164 h (approximately 4 days and
7 days). Dolomite does not react with anhydrous supercritical car-
bon dioxide. Dolomite dissolves and carbonate minerals precipi-
tate by reaction with H2O-saturated supercritical carbon dioxide.
Temperature and reaction time control the composition, morphol-
ogy, and extent of formation of new carbonate minerals. Crystals
with irregular morphology precipitate at 55 �C; crystal platelets
and rhombohedral dolomite precipitate at 220 �C.

Mineral dissolution and re-precipitation due to reaction with
H2O-saturated supercritical carbon dioxide may affect the dynam-
ics of the contact line between phases, the carbon dioxide contact
angle, and the relative permeability and permeability distribution
of the reservoir. Changes to these fundamental properties may in
turn influence hysteresis of drainage and imbibition cycles, wetta-
bility of rock, and capillary pressure. On a larger scale, the efficacy
of physical carbon dioxide trapping mechanisms, integrity of cap-
rock, and injectivity of a carbon dioxide storage reservoir as well
as the injectivity and oil production rate of an EOR operation
may be affected.
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