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ARTICLE INFO ABSTRACT

Editor: Dr. Oleg Pokrovsky Geological carbon storage (GCS) in deep underground formations presents a significant opportunity to mitigate
anthropogenic emissions of carbon dioxide in the context of climate change. The injected carbon dioxide may
acidify the formation brine and dissolve carbonate minerals in the storage formations. Understanding the dy-
namics of carbonate dissolution at reservoir conditions is crucial for assessing the integrity and stability of

reservoir rocks. Using carbonate-functionalized micromodels we investigate the pore-scale dynamics of car-
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Mineralization . . . . . X
Surface reactive area bonate dissolution and shed light on the interplay between surface reactions and mass transfer with relevance for
Hydrodynamics geological carbon storage. Our experimental observations reveal the complex interplay between carbon dioxide

GCS exsolution/mineralization and mineral dissolution/precipitation during injection. Local chemical reactions and
hydrodynamics impact the dissolution rate, whereas the presence of a free carbon dioxide phase can impede
carbonate dissolution. Hence, we provide new experimental data that enhance our fundamental understanding of
coupled geochemical GCS reactions that can augment the development of accurate and reliable constitutive
models that assess leakage risks and the stability of mitigation techniques such as microbial-induced carbonate

precipitation.

1. Introduction

Geological carbon storage (GCS) may mitigate anthropogenic carbon
dioxide (CO,) emissions and contribute to achieve Net-Zero Carbon
emissions by 2050 (Pachauri and Reisinger, 2007). Captured carbon
dioxide is injected into deep subsurface geological storage sites, such as
saline aquifers and depleted hydrocarbon reservoirs, where the CO, is
permanently stored through a range of trapping mechanisms acting at
different length and time scales. Dissolution trapping occurs when the
injected CO, partly dissolves into the aqueous phase, and the dissolution
rate is influenced by the reservoir temperature, pressure and brine
salinity (Chang et al., 2017). The aqueous phase acidity increases during
the dissolution process (Morais et al., 2016), and the purity of the
injected CO5 stream determines the pH of carbonated formation brine,
which can reach highly acidic levels as low as 1 in the presence of NO3
and SO, (Ellis et al., 2010). Consequently, geochemical interactions
occur between the acidic aqueous phase and carbonate minerals within
the storage formation, potentially inducing mineral dissolution that
could affect CO, plume migration and increase the risk of leakage (Deng
et al., 2013; Deng et al., 2015).
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To mitigate such risks, microbial-induced calcium carbonate pre-
cipitation (MICP) has been suggested as a mitigating technology that
forms hydraulic barriers in pre-existing or new CO5 leakage pathways
(Cunningham et al., 2014; Phillips et al., 2013). However, the intro-
duction of CO3 into the system could significantly lead to the abrasion of
calcite crystals (Mitchell et al., 2013). To estimate the MICP sealing
integrity, kinetic studies of carbonate mineral dissolution at reservoir
conditions are essential (Mitchell et al., 2013). Moreover, these studies
should be performed at timescales where the CO, is mobile (Cunning-
ham et al., 2011). Numerous studies have been performed to understand
CaCOs dissolution rates pertaining to CO, geological storage under
various conditions of temperature, pressure, pH and salinity (Kaufmann
and Dreybrodt, 2007; Liu and Dreybrod, 1997; Morse, 2018; Yoon et al.,
2019). The intricate mass transfer dynamics within porous media play a
pivotal role in influencing the thickness of the diffusion boundary layer
at the liquid-solid interface (Liu and Dreybrod, 1997). Notably, during
instances of low injection velocities, the weak shear forces from the flow
result in diminished acid mass transfer at the interface. This, in turn,
leads to mass transfer regimes taking precedence over the dissolution
process due to lower mass transfer rates compared to reaction rates.
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Furthermore, the wettability of CaCO3 determines the thickness of the
water film present on the solid surface, and the dissolution rates have
been validated to be linearly dependent on this thickness (Buhmann and
Dreybrodt, 1985). Consequently, the kinetics of CaCO3 dissolution in
porous media was governed by a plethora of parameters including pH,
porous media characteristics, flow velocity, and the intrinsic properties
of CaCOg precipitates (Molins et al., 2014).

However, the underpinning physics and geochemical interactions
that form the basis for current understanding of the interplay between
PH, flow velocity, and porous media have not been sufficiently validated
against experimental data. Micromodels are commonly employed to
acquire fundamental insights into physical behaviors, thereby facili-
tating the development of more precise and robust upscaled constitutive
models designed for the continuum scale (Morse et al., 2007). However,
conventional micromodels fashioned from materials like glass, silicon,
or polymeric, often lack the capacity to faithfully represent real rock
mineralogy, and thus are limited in their description of reactive trans-
port (Yoon et al., 2019; Yoon et al., 2012). The functionalization of
micromodels for desired chemical and surface characteristics has
emerged as an appealing avenue for investigating reactive transport and
interfacial phenomena using microfluidics (Haugen et al., 2023b; Xu and
Balhoff, 2022).

Within this investigation, we employed carbonate-functionalized
micromodels wherein in situ CaCOs precipitates were generated
through the utilization of MICP technology (Liu et al., 2023). This
approach allowed us to scrutinize the intricate mechanisms of CaCOs3
dissolution within porous media, accentuating the interplay between
surface reactions and mass transfer. Our study aims to bridge the gap
between simulation and experiment, enabling a more accurate under-
standing of the complex processes involved in carbonate dissolution
within the GCS context. We focus our analysis at the pore-scale, and
highlight the importance of local hydrodynamics on reactive transport.
New experimental data was provided that shed light on the coupled
kinetics of carbonate precipitation and dissolution during CO5 injection.
Our mechanistic approach enables validation and development of more
precise and robust constitutive models for the continuum scale studies of
MICP as a GCS leakage mitigation technology.

2. Experimental section
2.1. Fluids

To reduce the CaCOs reactivity within the water phase before COy
injection, a low salinity brine (1.12 mmol/L Ca®") was used instead of
pure water. The concentration of Ca>" was calculated based on the
solubility of CaCO3 in pure water at test conditions (100 bar, 35 °C)
(Coto et al., 2012). Buffer solutions with equal concentrations of phos-
phoric, acetic and boric acids (see Table 1) were titrated with sodium

Table 1
Summary of fluid properties.

Solutions Composition Concentration  pH
[mM]
Brine Calcium chloride (CaCl,-H,0, 1.12 6.78
31,306, Sigma-Aldrich)
Buffer Phosphoric, acetic and boric acid 40 3,4,5,
solutions (Sigma-Aldrich) 6,7
Sodium hydroxide (NaOH, > 98% -
pellets, Sigma-Aldrich)
COy-saturated Carbon dioxide gas (CO,, >99.99 1340 ° 3.11
water mol%)
Distilled water -
‘Weak’ acid Hydrochloric acid (HCl, ACS 27.54 1.56
reagent, 37%, Sigma-Aldrich)
‘Strong” acid Hydrochloric acid (HCI, ACS 138.04 0.86

reagent, 37%, Sigma-Aldrich)

# calculated based on CO, solubility.
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hydroxide to adjust the pH between 3.0 and 7.0. Carbonated water (CO»-
saturated water) was made by mixing COy with distilled water at
elevated pressure (20 barg above test pressure) and room temperature.
The carbonated water was equilibrated using a PEEK accumulator for
seven days. The pH of carbonated water was calculated to 3.11 based on
the CO5 solubility in water from an improved model (Duan and Sun,
2003). A ‘strong’ and a ‘weak’ acid solution (see Table 1) containing
different concentrations of HCl acid were used to evaluate the effect of
pH on dissolution rate.

2.2. Micromodel and experimental setup

Pore-scale dissolution and precipitation kinetics were studied using a
high-pressure microfluidic device with a realistic pore network based on
a thin section from a natural sandstone (Liu et al., 2023). The pore
network contains 36 (4 columns x 9 rows) repetitions of a unique pore
pattern, with an overall porosity of 0.61 and permeability of 2.97 Darcy.
The microfluidics has four injection ports and two distribution channels
(connecting port 1 to 2, and port 3 to 4) allowing fluid injection and/or
production through the pore network (Fig. 1). Dynamic pore-scale
processes were captured with a Zeiss fluorescent microscope (Axio
Zoom. V16, Zeiss) with a motorized scanning stage. Pore pressure was
controlled by a high precision plunger pump (Quizix Q5000-10 K), and
a back pressure regulator (EB1ZF1 Equilibar Zero Flow) connected to a
pressurized 1 L nitrogen cylinder at 100 bar. Temperature was kept
constant at 35 + 0.5 °C by circulating warm water through internal
copper tubes in the chip holder. A more detailed description of the
experimental setup is found elsewhere (Benali et al., 2022; Haugen
et al., 2023a).

2.3. Fluorescence imaging

The aqueous phase pH changes during scCO, drainage were visual-
ized and quantified using a fluorescent pH indicator (pHrodo™ Red,
ThermoFisher). The fluorescent intensity has an inverse functional
relationship with pH; low intensity at alkaline conditions, and increases
as the pH decreases (Scientific, 2022). The fluorescence intensity was
calibrated to visualize and quantify CO5 mass transfer at the pore scale
(Fig. 2). For calibration, each buffer solution mixing with 8 pmol/L dye
was injected into the micromodel at experimental conditions (100 barg
and 35 °C) for >50PVs. Continuous scans were taken for 24 h with in-
tervals of 20 min and the average fluorescent intensity was calculated.
During imaging, both light intensity and exposure time were kept con-
stant. The plot of pH and intensity shows the calibration relationship fits
the following equation with adjusted r-squared (R2) of 0.998, consistent
with previous measurements (Chang et al., 2016; Chang et al., 2017).
Therefore, the pH value of the aqueous phase was quantified from the
fluorescence images with a maximum uncertainty of +£0.75. Note that
the fluorescence-pH relationship is only calibrated for pH range 3.0 to
7.0, and cannot accurately represent aqueous phase pH outside this
range.

Fluorescence intensity = 624.52 — 268.75pH + 55.06pH* — 3.82pH> (€8]

2.4. Image analysis

Pore network images were captured using a microscope equipped
with both brightfield and fluorescence channels. The whole pore
network, comprising a total of 121 distinct images, was acquired in 277
s. These images, depicting the pore network in both fluorescence and
brightfield channels, were continuously recorded during the injection of
CO; and acid solutions. For enhanced analysis, translucent crystals were
manually assigned a red colour. Extraction of the red-colored crystals
was accomplished using a Python script employing the HSV colour
thresholder in OpenCV. The size of crystals was calculated by multi-
plying the number of pixels containing crystals with the pixel area
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Fig. 1. Pore network and experimental setup. Top row: The pore network of
micromodel was constructed based on a thin section obtained from an authentic
sandstone rock sample. The porous pattern constitutes 36 repetitions (arranged
in a 4 x 9 configuration) of a smaller unique pattern, which was split into 16
columns and 18 rows for measurement of local crystal/gas saturation and
porosity. The pore network was divided into 288 units (18 rows x 16 columns).
Three areas of interest (AOIs) were defined: inlet, middle and outlet. Each AOI
contained 12 units (3 rows x 4 columns), with comparable pore structure and
porosity (inlet: 0.628; middle: 0.641; outlet: 0.623). Middle row: A simulation
was performed to visualize the magnitude of steady-state flow velocity within
the small unique pattern, excluding the presence of crystals (confer to
https://daavid00.github.io/pymm/examples.html#image for details on the
simulation setup). Bottom row: A simplified schematic of the experimental
setup illustrates the intended flow into the pore network.

resolution (19.18 pm?/pixel).

Crystal saturation (S.) was quantified by dividing the crystal size by
the pore space. We assume that crystals occupy the entire pore depth and
possess a horizontal area as depicted in the 2D segmented images,
causing an overestimation of crystal size. For the fluorescence channel
image, a two-class separation was performed using the Multi-Otsu al-
gorithm from the scikit-image library (Van der Walt et al., 2014): the
grains/CO, phase and the water phase (fluorescent tracer). CO3 satu-
ration (Sg) was then computed as the ratio of the pore space minus the
water phase and crystals to the total pore space.
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2.5. Experimental procedure

The experimental procedure consists of the following four main
steps:

1. Microbial induced carbonate precipitation (MICP): CaCOs3 crystals
were formed in the pore network via the uratolytic pathway —
Sporosarcina pasteurii stains produce urease enzymes for hydrolysis of
urea, promoting the chemical precipitation of CaCOs. The experi-
mental procedure is detailed in our previous work (Haugen et al.,
2023b; Liu et al., 2023; Song et al., 2018).

2. Enabling flow through the pore network: Subsequent to the MICP
process, the microfluidic device was disconnected from the setup and
placed in a weak acid to open clogged injection and production ports.
The pore network remained undisturbed and partly filled with
CaCOg3 precipitates from step 1 above. Once reconnected, approxi-
mately 10 pore volumes (PVs) of brine were injected from port 1 to 2,
and port 3 to 4 to remove residual weak acid and bacterial solutions
in the ports, near-port pores and channels.

3. Pressurization: The brine saturated pore network was pressurized to
operating pressure (100 barg) with brine injection (50 pL/min)
through bypass lines against a back pressure regulator. The pressure
was controlled by the back pressure regulator at the outlet.

4. Drainage process: Key parameters for six drainage experiments are
summarized below (see Table 2) and may be divided into two cate-
gories: dissolution mechanisms (Exp M1) and dissolution kinetics
(Exp K1-K4). Carbonate dissolution mechanisms were studied during
primary drainage with supercritical CO2 (scCO2) over a period of 67
h. Kinetic studies (K1-K4) used CO,-saturated acid solutions (satu-
rated at 120 barg), and injection was maintained until all the crystals
in the pore network were dissolved.

The flow and reaction dynamics in the pore network were visualized
by the high-resolution fluorescent microscope system, described below.

3. Results and discussions

3.1. Mechanistic study of carbonate dissolution and precipitation during
scCO; injection

3.1.1. Dynamic reaction-induced carbonate crystal dissolution in a single
pore

Reaction-induced carbonate dissolution was studied in single pore
initially filled with brine (Fig. 3). The aqueous phase pH decreased
during primary drainage with increasing gas saturation (Sg), and the
acidic brine reacted with the carbonate crystal to initiate the dissolution
process; the formation of bicarbonate ions (HCO3) increased the local
aqueous phase pH and restricted further dissolution. The aqueous phase
pH reached its minimum (3.52) after 9 h, coinciding with the maximum
(554 pm?/h) crystal dissolution rate. As the crystal size decreased due to
the dissolution process, the pH increased from its minimum and
regained initial pH values — with a corresponding reduction in the
dissolution rate. The pH of brine was inversely correlated with Sy and
increased due to the reaction of carbonate dissolution, which produced
HCO3 and CO3 ™. The dissolution rate scaled linearly with the aqueous
phase pH.

The CO; mass transfer was dominated by scCO; dissolution in the
brine and convection of dissolved CO2 (dsCO,) in the pore network
(Chang et al., 2016). The scCO4 dissolution is determined by the CO4
partial pressure and system temperature (Kordac and Linek, 2008),
whereas convection of dsCOy was strongly influenced by local hydro-
dynamics and carbonate dissolution (Dhar et al., 2022). The solubility of
scCO; in brine was 0.2 M, corresponding to an aqueous phase pH of 3.5
(Duan and Sun, 2003). The interfacial area dominated the propagation
of CO3 in the pore network at early times (< 8 h), and the pore network
tortuosity (Grogan et al., 1988; Rezk et al., 2022) increased the diffusive
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Fig. 2. Calibration between pH and fluorescent intensity for the pHrodo™ Red dye at concentration of 8 pmol/L. Top row: Raw fluorescence images showing the
reduction in fluorescence intensity with increasing pH between 3.0 and 7.0. Bottom row: Converted pH images using the pH-fluorescence intensity calibration.
Bottom graph: The calibration between fluorescence intensity and pH plotted using the Plasma colormap that scale linearly with fluorescence intensity and pH values
calculated from Eq. (1). Error bars represent standard deviations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 2
Summary of all drainage experiments. All injection test used the same flow ve-
locity (2.03 mm/min), pore pressure (100 barg) and constant temperature
(35°Q).

Exp. # Serystal, Injection fluid (aqueous phase pH) Figures
initalh
m1° 8.9 1072 5cCO, (3.50) Figs. 2-5
K1 0.93 1072 COy-saturated ‘strong’ acid (0.86) Figs. 6,7
K2 1.6 01072 5¢CO; (3.50) + COy-saturated ‘strong’ acid Figs. 6,7
(0.86)

K3 1.0 #1072 CO,-saturated ‘weak’ acid (1.56) Fig. 6
K4 1.1 1072 CO,-saturated deionized water (3.11) Fig. 8

a
b

capillary number [log C,]: —3.65.
initial crystal saturation [fraction of pore volume].

loss; unsaturated CO,-brine was observed in the field of view (FOV). The
interfacial area increased with increasing Sg, and the minimum aqueous
phase pH (pH = 3.52) coincided with the highest dissolution rate (see
Fig. 3). The reduction of dsCO, during carbonate dissolution (because
dissolution uses H' from the reaction dsCO, + H,0 = HCO3 + H™)
perturbated the solubility equilibrium, enabling further diffusive COy

mass transfer from the surrounding gas phase into the brine. A tempo-
rary reduction of S was observed (5.6 percentage points between 10 and
11 h), corroborating that carbonate dissolution increases pH and re-
duces Sy. The changes in brine composition and ionic strength (i.e.
increasing Ca®* and HCOs3 ions) also influenced the CO displacement
with brine in the pore network (Cao et al., 2015). The flow of CO, was
preferentially through high permeable areas with less flow resistance,
consistent with previous work (Kazemifar et al., 2016; Zhang et al.,
2011).

Understanding the mechanisms of mineral dissolution-precipitation
caused by CO» injection is of key importance to accurately model fluid
flow and forecast GCS security (Lu et al., 2013). The injection of CO,
perturbates the natural geochemical equilibrium by increasing the CO,
partial pressures and reducing the pH of formation water, and thereby
initiating the dissolution of carbonate minerals in the near wellbore
region. Formation of bicarbonate can also increase the aqueous phase
pH downstream to trigger secondary carbonate precipitation (Oelkers
et al., 2008). The dissolution and precipitation of minerals influence
multiphase flow properties during carbon storage by changing the
morphology, porosity, and permeability of the porous rock medium. Our
pore-scale observations (Fig. 4) show that the size reduction followed
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Fig. 3. Dynamic reaction-induced carbonate crystal dissolution in a single pore during primary drainage scCO injection. Top row: Plots of gas saturation (Sg),
aqueous phase pH and crystal size. Middle row: Temporal crystal dissolution rate, pH-Sq relationship and the dissolution rate versus aqueous phase pH. T = 0 h aligns
with initial CO, invasion of the entire pore network (not FOV) during primary drainage scCO- injection. Each side of the squared FOV is 500 pixels from the crystal
center, and the aqueous phase pH was calculated (+ 0.03) using the average FOV fluorescence intensity. Bottom row: Visualization of the pore-level gas mass transfer
and carbonate dissolution during primary drainage scCO., injection using calibrated fluorescence images (aqueous phase pH 3.5 and 5.5). Simulated steady-state FOV
flow velocity field (Liu et al., 2023), where the red lines indicate the migration of scCO, during drainage coinciding the high velocity regions. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

the aqueous phase pH towards its minimum (3.8) over the first 10 to 15
h. The dissolution reaction consequently buffered the aqueous phase pH,
reducing the carbonate dissolution rate and stabilizing the carbonate
crystal size after approximately 40 h. Secondary precipitation was then
observed (increasing crystal size) until 50 h, coinciding with a reducing
of aqueous phase pH (from >6.9 to 6.5) caused by the invasion of scCO2
in FOV or by increased precipitation of secondary carbonate phases with
time.

Carbonate dissolution and precipitation were strongly coupled in the
pore, with an inverse relationship between pH and carbonate crystal
size; dissolution occurred in a low pH environment, whereas precipita-
tion was associated with an elevated pH. The invasion of scCO; triggered
secondary carbonate precipitation in the pore, explained by the
following aspects: the elevated concentration of dsCO2 in brine

promoted hydrolysis of HyCOs, increasing CO3~ and H" ions in the so-
lution; the dissolution of carbonate increased the concentration of Ca%*
and CO%™ ions in the aqueous phase and increased the pH - which in turn
facilitated the CaCOj3 precipitation; the solubility of CaCO3 decreased as
the salinity and ion strength changed during dissolution, resulting in a
high supersaturation; continuous scCO- injection induced water evap-
oration from the brine in the vicinity of the carbonate crystal, leading to
salt precipitation (Miri and Hellevang, 2016). Hence, secondary car-
bonate precipitation was controlled by the local aqueous phase pH,
carbonate species concentrations and supersaturation state, consistent

with previous work (Hellevang et al., 2019; Lu et al., 2013; Zhu and Lu,
2009).
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Fig. 4. Carbonate dissolution and secondary precipitation processes during primary drainage scCO; injection. Top: The relationship between local pH and crystal
size. Bottom row: Calibrated fluorescence intensity images show the development in crystal size during the dissolution-precipitation processes for three pH values; at
pH 3.9 (after 10 h, initial crystal size indicated with red, dotted line); at pH 6.8 (after 40 h); at pH 6.5 (45 h, crystal size at 40 h indicated with green line). Hence, the
size of the carbonate crystal initially decreased (up to 40%) due to dissolution, then increased due to secondary precipitation process as a result of pore-level
perturbation of the surrounding aqueous solution that deposited carbonate material onto the crystal surface. Note: From 35 h, the pH measurement was out of
calibration range (i.e., pH > 7), underestimating the pH value. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
3.2. The presence of CO exsolution and mineralization

The injected CO, may, under certain conditions, change its state in
the subsurface through two main transformation pathways: CO, exso-
lution refers to evaporation of gaseous CO5 from a liquid solution, with
the associated bubbles or gas pockets forming in a liquid (Al-Amshawee
et al., 2021; Allison et al., 2021); whereas CO, mineralization refers to
the process when the COy phase converts into stable carbonate com-
pounds (Gadikota, 2021). At the pore-scale (Fig. 5) we observed that
both CO, exclusion and mineralization may co-occur in porous media.
Exsolution was observed when the dsCO, concentration exceeded the
CO3 solubility limit, and a free CO5 phase exsolved from the supersat-
urated aqueous phase. COy bubbles nucleated at the carbonate crystal
surfaces in regions with low (< 4.0) pH, explained by the following
aspects: i. the low pH environment initiated carbonate dissolution and
reduced local CO; solubility; ii. the increased concentrations of HCO3
and CO%™ shifted the equilibrium of H,CO3 hydrolysis via Le Chatelier's
principle (Le Chatelier, 1884), leading to supersaturation due to
increased dsCOs at the interface between the crystal and surrounding
brine; iii. the rough carbonate crystal surfaces provided ideal nucleation
sites for the CO5 exsolution process.

Isolated injected CO, bubbles were encapsulated with carbonate
minerals when they reacted with calcium cations in the water film
covering the crystal (Fig. 5). This phenomenon, known as ‘CO3 mineral
trapping’ (Bachu et al., 1994), has significant potential for GCS appli-
cations as it can effectively immobilize CO, for long periods of time. The
precipitation process was sustained by upstream carbonate dissolution,
creating neutral or even alkaline environments and availability of cal-
cium cations in the solution around the bubble (refer to the images
located in the bottom row of Fig. 5).

Overall, these findings provide valuable insights into the mecha-
nisms underlying CO, mineral trapping and suggest potential pathways
for enhancing the effectiveness of geological carbon storage strategies.
The CO, transformation processes occur in the pore during CO» injec-
tion, affecting reservoir properties such as porosity and permeability,
and ultimately influencing the transport and mobility of CO; in the
porous media (Xu et al., 2017). The transformation of the injected CO3 in
GCS reservoirs could strongly influence the permeability of the rock and
fluid paths and a better understanding of transform mechanisms will
improve predictions of the long-term CO; storage safety.
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7) after 10 h and local pH values were therefore not achievable for the mineralization process. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

3.3. Porosity changes by dissolution and secondary precipitation

Geochemical reactions that cause carbonate dissolution/precipita-
tion can occur during CO; injection, leading to temporal changes in the
pore morphology, local flow velocities and porosity. Carbonate disso-
lution was initially observed in the entire pore network (Fig. 6) due to
low pH of the aqueous phase. Initially, the injection of COy caused a
decrease in the pH of the aqueous phase, initiating the dissolution of
carbonate crystals. After 10 h of injection, approximately 12.5% of the
carbonates underwent dissolution primarily at the inlet, leading to an
increase in porosity and S,. After 40 h, secondary precipitation and CO2
mineralization enhanced the overall carbonate saturation (S.). Isolated
CO4 bubbles reacted with calcium cations and formed new minerals,
causing a reduction in Sg. The newly formed minerals, however, were
susceptible to dissolution or detachment from the pores due to the flow
of CO,. The carbonate dissolution increased local porosity (and
permeability), enhancing CO, mobility during injection and acceler-
ating further geochemical reactions. The dissolution reactions increased
the aqueous phase pH locally, leading to secondary CaCO3 precipitation
that reduced porosity (and permeability). The relationship between
crystal saturation (S;) and gas saturation (Sg) for the entire pore
network, as depicted in the bottom images presented in Fig. 6 shows
reduced S. (up to 25%) in the inlet region that lowered the capillary
pressure (changed pore morphology) and increased Sy. Secondary car-
bonate precipitation and CO, mineralization in the outlet regions lead to

the increase of S. (45 h). After 67 h, crystals located near the inlet (port
1) and outlet (port 4) underwent either dissolution or detachment from
the pore due to the injection of CO,. The results were comparable to
single pore observations (see Fig. 3): the injection of COy caused the
reduction of the aqueous phase pH and initiated carbonate crystal
dissolution; the dissolution reaction in the inlet enlarged the pore
throats and increased porosity locally; over time, secondary precipita-
tion and CO, mineralization became the dominating geochemical re-
actions (predominantly in the outlet), leading to increasing S.. The
spatial distribution of crystal in the pore network highlights the dy-
namics of COy-water-mineral interactions in porous media, where the
continuous flow of COy could cause changes in the distribution of
crystals, ultimately influencing the porosity, permeability, and fluid
flow, particularly in near wellbore regions.

The comprehensive assessments above shed light on the com-
pounded processes of COy-water-mineral interactions during CO; in-
jection, and their coupling to multiphase flow in subsurface reservoirs in
the context of carbon storage in carbonate-mineral rich formations.
These geochemical reactions, including carbonate dissolution, second-
ary precipitation, CO2 exsolution and mineralization can change the
morphology, porosity, permeability, and wettability of the storage for-
mation and influence storage efficiency, injectivity and safety.
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3.4. Kinetics of carbonate dissolution in the pore network

The CaCOj3 dissolution kinetics in porous media are primary domi-
nated by surface-controlled chemical reactions and mass transfer resis-
tance (Kaufmann and Dreybrodt, 2007; Liu and Dreybrod, 1997; Morse,
2018; Yoon et al., 2019). At the solid-fluid interface, the following
parallel reactions (Plummer et al., 1978) occur:

CaCOs+H* 5 Ca** +HCO; ©)
HCO; + H* & H,C0;5 S dsCO, + H,0 (3)

where the rate coefficient k; (i.e., k;_3) is temperature dependent.
Carbonate dissolution (Reaction 2) is solely influenced by the con-
centration of H' ions (ay) in aqueous phase, and the aqueous phase pH

equals to -log(ay ). On the other hand, hydrolysis of H,CO3 (Reaction 3)
depends on the CO; partial pressure and temperature (Kaufmann and
Dreybrodt, 2007). As k; remained constant in this study, the carbonate
dissolution was primarily influenced by the aqueous phase and the CO4
partial pressure. Determining parameters for the dissolution rate are
directly linked to experimental operating conditions including aqueous
phase pH, flow velocity, interface area, and pore geometry. These con-
ditions allow for a systematic and controlled investigation of porous
media dissolution kinetics (Fig. 7 A).

The average carbonate dissolution rate in the entire pore network
decreased linearly with increasing pH, with a strong correlation between
the rate of dissolution and ay (Fig. 7 B). This suggests that pH plays a
significant role in controlling the (averaged) dissolution rate of the
entire pore network, consistent with our claim that the chemical reac-
tion at the solid-fluid interface (Reaction 2) is the primary mechanism



N. Liu et al.

A

Chemical Geology 641 (2023) 121782

B

8+
382 : — — Dissolutionrate =0.8 + 50 * a .
7 Exp K1 strong acid i M X
P ’ i wi 0 ! R? =0.999 s
6 Exp K2 strong acid with scCO2 P
E Exp K3 weak acid 26+ s
a £
55 Exp K4 carbonated water 3] P
© g -
E 41 < 4 4 > =
é '5 v 4 «
33 23+ -,
a 2 g
21 be5od & Q24 /382
7
7
14 by 113%
0 T T T T T 1 0 T T T T T T T 1
05 10 15 20 25 3.0 35 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
pH ayr
319 Exp K1 strong acid bt
204 Exp K3 weak acid
» Exp K4 carbonated water
£ 25+
g
© 204
5
S 15+ &
[o]
g 1 X
0 104
54
g &
0 & T & ﬁ 332 T g T 1
0.0E+0 3.0E-5 6.0E-5 90E5 12E4 1564  18E-4
Velocity

Fig. 7. Carbonate dissolution rate as a function of aqueous phase pH, H' concentration (aj.) and local flow velocity. Detailed information regarding the experi-
mental conditions is available in Table 2. Plot A: The dissolution rate is reduced with increasing aqueous phase pH, where the lowest pH (0.86, Exp K1) showed the
highest dissolution rate (7.31 pm?/s). The presence of a free scCO, phase (Exp K2) reduced the dissolution rate by 70% relative to the same pH (0.86, Exp K1),
discussed more below. Plot B: The experimentally verified linear relationship between the dissolution rate and ay, in porous media. Plot C: Dissolution rate as a
function of local flow velocity increased linearly for three different aqueous phase pH values. Note that the flow velocity field was simulated without the presence of
carbonate crystals (Landa-Marban, 2023; Liu et al., 2023). The dissolution rate used was the average for the entire pore network for each experiment (K1-K4).

for carbonate dissolution in porous media. Locally in single pores,
however, the miscible displacement of formation water (by the injected
acid solutions) enabled transport of H" ions across the liquid-solid
interface to contact the crystal surface. Hence, local hydrodynamics
plays a crucial role for the mass transfer at the liquid-solid interface (Liu
and Dreybrod, 1997). The local flow velocities strongly affect the shear
stress and transfer of H at the interface (Lv et al., 2021), resulting in
locally varying dissolution rates in the pore network. We observed that
the dissolution rate increased linearly with flow velocity for three
different aqueous phase pH values (Fig. 7 C). Higher velocities induced
higher shear stress and enhanced the mass transfer at the interface to
accelerate the dissolution process. Hence, the mass transfer at the
interface between the liquid and solid phases is essential for the local
(single pore) dissolution process. Furthermore, the crystal surface was
hydrophilic and coated with a water film (depicted in the upper-right
images of Fig. 8), emphasizing the importance of mass transfer at the
interface because hydrophilic surfaces may reduce the transport of H*
ions to the crystal surface.

3.5. Effect of a free CO2 phase on carbonate dissolution

The CO5 phase (either injected or exsolved) determined the local
dissolution rate by effectively blocking the diffusion of H' in the solid-

liquid interface through a protective shield for engulfed crystals (Fig. 8).
The exsolved CO5 bubbles consistently nucleated at the surface of
crystal, merged and engulfed the crystal to reduce the dissolution rate by
almost 90%. The merging of CO5 bubbles eventually led to partial
detachment from the crystal surface, thereby allowing the dissolution
process to resume at a higher rate. The dissolution rate reduction sug-
gested that the presence of COy bubbles also decreased the reactive
surface area and the reaction rate (Song et al., 2018). Comparatively, the
dissolution rate of crystals in the aqueous phase was initially much
higher than that of crystals within the CO, phase, a distinction captured
in the bottom images of Fig. 8. As depicted in the upper-right images of
Fig. 8, the crystals exhibited hydrophilic properties and were covered
with a water film (even when fully engulfed by a CO5 phase). The water
film facilitated the re-establishment of a chemical equilibrium between
H*, H,CO3 and CaCOs contributing to further inhibit dissolution. The
presence of exsolved CO; led to an elevation in both the CO, partial
pressure and the concentration of HCO3 within the solution. In addition,
the ay+ in the isolated water film on engulfed carbonate crystals
decreased with reaction, leading to an increased aqueous phase pH
surrounding the crystal and decreased dissolution rate.
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3.6. Pore geometry affecting the dissolution pattern

Local crystal saturation (and hence, porosity) and reactive surface
area changed during injection of carbonated water (Fig. 9). The pro-
duced reactant ions (i.e., HCO3 and Cca®h) upstream increased the
aqueous phase pH and shifted the chemical equilibrium for downstream
dissolution reactions. With increasing local porosity (due to dissolved
crystals), the injected aqueous phase bypassed the low-permeable re-
gions with remaining CaCOs crystals. Surface reaction (Reaction 2), as
opposite to mass transfer, controlled the dissolution process (t < 200
min) because a separate CO, phase (from exsolution or injection) was
not present; corroborated with the linear decrease in crystal number
(and porosity) in the pore network (Fig. S1). The process became mass
transfer-controlled (¢t > 200 min), with decreased dissolution rate
because the tortuous pore geometry induced mass transfer resistance.

The spatially dependent dissolution rate demonstrated the strong
coupling between reactive surface area and hydrodynamics on the
dissolution process (plots in Fig. 9). Initially, the inlet area dissolution
rate was higher than that in middle and outlet area due to the low pH
value. After 100 min, > 90% of inlet area crystals were dissolved,
associated with increased local porosity and improved water injectivity.
The larger outlet A5 (2.4 times larger than the middle) resulted in a
higher dissolution rate. After 200 min, most crystals in the inlet and
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middle were dissolved, and the dissolution rate approached zero. The
outlet dissolution was low (89% reduction from onset), but nonzero, due
to residual crystals located in low-velocity zones. The upstream disso-
lution increased dissolved species and decreased the aqueous phase pH,
resulting in reduction of the reaction rate in the middle and outlet areas
relative to the inlet. A larger reactive surface area at the outlet promoted
a higher dissolution rate. This observation aligns with previous findings
(Yang et al., 2018; Yoon et al., 2012), highlighting that the dissolution
rate scaled linearly with the available reactive surface area for Reaction
2. Crystals positioned in high-velocity zones dissolved first, whereas
residual crystals predominantly accumulated in low-velocity zones near
the outlet. These findings emphasize the influence of local flow velocity
and available reactive surface area for CaCOj3 dissolution in the presence
of carbonated water.

4. Conclusions

Our experimental pore-scale observations of carbonate dissolution
kinetics show the interplay between CO; exsolution/mineralization and
mineral dissolution/precipitation during CO» injection. These couped
processes directly impact key GCS reservoir properties (e.g., porosity
and permeability), and determine local transport and mobility of CO5 in
a storage formation. Furthermore, we observed that the CaCOs
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dissolution rate was significantly influenced by local chemical reactions
and hydrodynamics. The dissolution rate increased with the reactive
surface area and decreased with the pH of the aqueous phase, and the
mass transfer in the diffusion boundary layer at the solid-liquid interface
was controlled by local hydrodynamics. The presence of a free COy

11

phase (injected or exsolved) impedes the carbonate dissolution by
reducing the reactive surface area and blocking the mass transport in the
interface.

The MICP process as a mitigation technology for GCS leakage is
susceptible to dissolution by COs-acidified brine, influencing its sealing
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integrity near wellbores. The stability of MICP sealing may, however,
improve over time if the carbonate crystals located in the low permeable
area or the crystals become engulfed by CO, gas that inhibit dissolution.
Hence, we argue that the coupled dissolution/precipitation processes,
including the CO, exsolution process (releasing a mobile and buoyant
CO phase), needs to be considered when evaluating GCS leakage risk
scenarios.

Our analysis focuses on hydrophilic carbonate crystals via the ura-
tolytic pathway (using Sporosarcina pasteurii stains), resulting in a high
dissolution rate due to the water film. To gain a more comprehensive
understanding, further investigation is necessary to examine the influ-
ence of surface properties of crystals on the dissolution rate.
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