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Micromodels are widely used to simulate subsurface reservoir
environments for investigating multiphase flow and interactions
within porous media. However, existing models often fail to
accurately replicate the geochemical characteristics of reservoir
minerals due to material limitations. This study presents a
method for fabricating calcite-functionalized micromodels,
wherein calcite crystals are grown in situ through microbial-
induced carbonate precipitation (MICP). The technique enables
precise, site-selective calcite growth, offering control over the
morphology of CaCOs precipitates, as well as the geometry and
porosity of the micromodels. The resulting calcite-functionalized
micromodels more accurately mimic the mineralogical and
physical properties of natural carbonate reservoirs. Utilizing these
micromodels, we achieved real-time visualization of geochemical
and biogeochemical processes within porous media, facilitating
detailed examination of pore-scale microbial-fluid-rock
interactions pertinent to gas storage applications.

Introduction

Microfluidic pore networks, commonly referred to as
micromodels, are artificial, quasi two-dimensional porous
media that enable direct visualization of complex flow
environments in porous media."> In recent years,
have become valuable tools for studying
multiphase fluid flow and gas, rock, and liquid interactions
in subsurface reservoirs.> Advanced fabrication methods, such
as top-down etching or lithographic techniques, have been
employed to accurately replicate the geometric pores of real
rock samples.*® These micromodels can be precisely
engineered to control key porous media properties such as
porosity, permeability, and wettability. Most micromodels
constructed to date, however, use materials such as silicon,”
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glass,® and polymers,® rather than actual rock. Reliance on
non-representative materials limits the parameter space of
investigation, in particular in the bio-geochemical context
and mineral dissolution/precipitation. To avoid limitation of
variables or conditions that are being studied or analyzed,
micromodels should incorporate and accurately replicate the
native chemical, physical, and biological conditions of
subsurface environments.

Of particular interest with respect to carbonate reservoirs
are the effects of carbonate dissolution and precipitation
during biogeochemical interactions.'® Emerging techniques
have enabled the partial or complete conversion of glass and
silicon surfaces to calcite in microfluidic channels or pore
networks by coating,"* photolithographic,'* packing® or 3D
printing'* techniques. A rigorous investigation of the
parameters that affect the polymorphic composition,
morphology, and distribution of CaCO; coating on
functionalized silicon surfaces is, however, not available in
the Additionally,
commonly used during surface coating can
contaminants into the pore network, potentially altering
geochemical reactions, particularly in microbial studies."
Developing a simple and controllable method for fabricating
site-selective, in  situ  grown  calcite-functionalized
micromodels is therefore essential. Such micromodels would
combine the precise engineering capabilities of silicon and
glass substrates with the chemical authenticity of carbonate
materials. Song et al.'® developed a carbonate-functionalized
microfluidic device to investigate calcite dissolution during
CO, injection within a single pore. Building on this, our study
advances the field by introducing kinetic control over the
calcite precipitation process within a complex pore network.
By optimizing geometry, porosity, and distribution of CaCO;
precipitates in the pore network, these micromodels
accurately replicate the physical and chemical properties of
subsurface carbonate reservoirs, enabling the study of
biogeochemical interactions under  reservoir-relevant
conditions while supporting microbial activity.
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Fabrication of calcite-functionalized
micromodels

Achieving controllable in situ CaCO; growth in micromodels
leveraging the microbial-induced carbonate
precipitation process, which mimics the natural carbonate
formation observed in reservoirs.’” The pore network used
here is etched in a silicon wafer (27 mm x 22 mm x 0.03
mm) using 36 (9 x 4) repetitions of a unique pore pattern of
a natural sandstone, yielding a total porosity of 0.62 and pore
volume of 11.1 pL.'®* The manufacturing procedure ensured
strongly hydrophilic grain surfaces (100% pure quartz) with a
100 nm roughness, replicating realistic capillary forces in the
pore network.” The pore network contains pores ranging in
size from a few pm” to 10* um?, with an average size of 3896
um? and grains ranging from a few um” to 10° pm?
averaging 6238 um?>.>°

The bacterium Sporosarcina pasteurii DSM 33 (DSMZ
GmbH) was employed to produce urease, which hydrolyzes
urea into ammonium (NH,") and carbonate (CO;*),
increasing pH and alkalinity to promote CaCOj;
precipitation in the presence of calcium ions.*" Following
a 16 hour incubation in the pore network at 30 °C, 1.5
pore volume of cement solution (0.5 M CaCl, and urea)
was injected to induce CaCO; precipitation. Extracellular
polymeric substances (EPS) and suspended biomass
provided negatively charged functional groups for cation
adsorption, and served as nucleation sites for precipitation
(Fig. 1). Raman spectroscopy confirmed -calcite as the
dominant crystalline phase after 20 hours of crystallization
(Fig. S27). Crystal pore occupancy was determined using a
flow-based fluorescence (1500 ppm sodium fluorescein
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Fig. 1 Design and characterization of calcite-functionalized
micromodels. This schematic illustration depicts the fabrication
process of calcite-functionalized micromodels via microbial-induced
carbonate precipitation. The right column shows microscopy images
of deposited calcite precipitates within the pore network, captured in
bright-field (top) and fluorescence (bottom) channels. Calcite
precipitates are categorized into two types: partial growth that restricts
flow (highlighted by yellow circles) and complete growth that blocks
flow (indicated by red circles).
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solution) approach to evaluate the vertical growth
dimension. Estimates of porosity reduction only consider
precipitates that occupy the entire pore depth (30 pm)
and fully restrict flow. This stringent criterion, which
excludes precipitates with partial vertical coverage, results
in an underestimation of porosity reduction by up to
10%. The details of the image segmentation and porosity
calculation can be found in the ESIf (Fig. S3). To mitigate
unwanted inlet area pore clogging during cement solution
injection (Fig. S41), the microchip was immersed in a
weak acid solution to effectively dissolve the obstructions
while preserving most of the CaCO; precipitates within
the pore network. The MICP process can be repeated to
refine the geometry and porosity of the -calcite-
functionalized micromodel as needed. Further details on
the experimental setup and procedure are provided in the
ESIf (Fig. S1).

Tunable geometry and porosity

The MICP process allows for selective and controllable CaCO;
growth and precipitation within the pore network, enabling
micromodels to better represent the geochemical and
geophysical properties of real carbonate rocks. This method
is essential for precisely adjusting the geometry and porosity
of micromodels, particularly at micrometer pore-length
scales, which is challenging with conventional techniques
(see Fig. S5f). Microbial activity and pore network
hydrodynamics influence the kinetics of CaCO; nucleation
and crystal growth during MICP. By manipulating these
factors, spatial control over the biomineralization process
can be achieved, affecting pore-scale properties of CaCOg,
such as crystal size and polymorphism.>*>® Thus, the
porosity and geometry of the -calcite-functionalized
micromodel can be adjusted by manipulating operational
parameters like pressure and injection cycles (Fig. S67).
While the optimum temperature for the Sporosarcina pasteurii
strain is 30 °C, temperature could also serve as an effective
control parameter but was not included in this study.

The morphologies of the CaCO; forms can be controlled
by adjusting the precipitation time. Initially, amorphous
CaCOj; (ACC, CaCO;-nH,0) formed immediately upon contact
of the two solutions. Over time, ACC dehydrates into
crystalline CaCO; polymorphs, such as vaterite and calcite.**
After one day, most of the precipitates transform into calcite
(the most stable form). The wettability of the precipitated
calcite is inherently hydrophilic (¢f Fig. S71), as freshly
formed calcite crystals exhibit natural hydrophilic
properties.>® During MICP, EPS and biomolecules from
Sporosarcina pasteurii adsorb onto the calcite surface,
enhancing its hydrophilicity through the presence of
functional groups such as hydroxyl, carboxyl, and amine
groups.”” This process closely replicates the natural
wettability characteristics of carbonate reservoirs, where
water preferentially wets the rock surface. Below we describe
the interplay between three operational parameters that
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determine the precipitate size, number and
distribution that influence porosity reduction.

The crystallization process and the supersaturation state
of the solution are strongly influenced by pore pressure -
higher pressures promote larger precipitates at fewer
nucleation sites, whereas lower pressures favour smaller
precipitates. The number of deposited CaCO; precipitates is
tuneable by applying a multi-cycle cement solution injection
protocol.”® Further, the spatial distribution of precipitates
within the pore network is influenced by the local flow
velocity field, where high-velocity regions enhance Ca®"
availability, resulting in growth of larger precipitates
(Fig. 2). For the pressures studied in this work the largest
porosity reduction was observed at 50 barg (Fig. S6af), with
large precipitates distributed in the pore network. A linear
trend was observed for the reduction of porosity as a
function of the number of injection cycles (Fig. S6bf), and
the deposited precipitates altered the hydrodynamics of the
pore space, where shift from high- to low-velocity zones
extended CaCO; growth to other areas of the pore network
over subsequent cycles.

By controlling the operational parameters (ie., pore
pressure, precipitation time, injection cycles), we can create a

spatial

pore network with tuneable geometry, porosity, and
mineralogy. Next we describe one geochemical and one bio-
geochemical application enabled by this calcite-
functionalized micromodel.

Without CaCO, Velocity field

mm/s
10.0

Fig. 2 Effects of crystal growth on the velocity field in the pore
network. The top image shows the velocity field in the pore network
without calcite crystals. The bottom image illustrates the reduced
velocity field, both locally and globally, due to the deposition of calcite
precipitates (white) predominantly in high-velocity zones. The velocity
fields are generated with OpenFOAM.?°
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Example of geochemical processes

Geochemical reactions are particularly prone to occur during
carbon storage in carbonate reservoirs, where the acidic CO,-
saturated brine may dissolve carbonaceous grains and
surfaces. Understanding the mechanisms and dynamics of
carbonate dissolution under reservoir conditions is crucial
for evaluating the integrity and stability of reservoir rocks
during carbon storage.*® Pore-scale observations of carbonate
dissolution kinetics and the interplay between CO,
exsolution/mineralization and mineral dissolution/
precipitation may be studied during supercritical CO, (scCO,)
injection using a calcite-functionalized, high-pressure
micromodel (Fig. 3). The deposited precipitates were
structurally stable for the pressure range applied (80-120
barg) before the dissolution process was initiated during
scCO, injection. The CaCO; dissolution rate was determined
by the reactive surface area, and the presence of a free CO,
phase (injected or exsolved) impeded the dissolution rate by
reducing the reactive surface area and blocking the mass
transport in the interface."®*® To the best of our knowledge,
this study presents the first pore-scale observation of
combined calcite dissolution and precipitation occurring
simultaneously within a functionalized micromodel.

By

Injected CO, gas | 1
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Fig. 3 Flow-induced carbonate dissolution and secondary CaCOs
precipitation in a calcite-functionalized micromodel during scCO,
injection. (a) The left images show microscope views of calcite
dissolution. The right concept image uses brown to represent initial
CaCOs precipitates, blue for after 1 hour, and green for after 1.5 hours
in carbonated water (white) at 100 bar and 32 °C. Complete dissolution
occurred within 2 hours. Time-lapsed images can be found in Fig. S8.F
(b) Experimental observation of CaCOs dissolution and secondary
precipitation during scCO, injection. The experimental procedure is
detailed in the ESILf
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Example of bio-geochemical
interactions

Underground porous media hydrogen storage is emerging as
an option to balance the seasonal fluctuations in renewable
energy supply and demand. However, potential microbial
risks—such as microbial hydrogen consumption, changes in
gas composition, clogging, and corrosion—underscore the
need for effective monitoring and control of microbial activity
in subsurface environments.”*! A key factor for successful
underground hydrogen storage is understanding the
interplay of bio-geochemical reactions occurring between
microbes, fluids, rocks, and hydrogen gas under subsurface
conditions. Here we present the first bio-geochemical
interactions and hydrogen consumption in porous media
(Fig. 4) using live microbial cells (hydrogenotrophic sulfate-
reducing DSM 17464 Oleidesulfovibrio alaskensis) in a high-
pressure, calcite-functionalized micromodel (100 barg). Pore-
scale observations revealed that carbonate minerals do not
react directly with hydrogen gas under a wide pressure range
from 10 to 100 barg. This finding provides important data to
a topic that is still debated in the literature.**** However,

Fig. 4 Bio-geochemical interactions during porous media hydrogen
storage. (a) Microbial hydrogen consumption in a calcite-functionalized
micromodel: inoculated microbial cells utilized hydrogen gas as an
electron source for sulfate reduction. Over the seven-day experiment,
continuous microbial activity led to hydrogen gas consumption, with
no observed changes in CaCOs3 precipitation. (b) Interaction of calcite
with pure hydrogen gas without microbes: the interaction between
hydrogen gas and calcite was studied under pressures ranging from 10
to 100 barg. Under these conditions, both the gas and calcite remained
unchanged over time. The left column shows original microscopy
images, whereas the right column presents conceptual representations
(blue outlines: gas distribution at day O; green: gas distribution at day
7, orange: calcite precipitates; black: grains; white: aqueous phase).
Experimental conditions were P = 30 barg, T = 37.5 + 0.5 °C. Details of
the experimental procedure are provided in the ESL
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carbonate minerals play a significant role in bio-geochemical
interactions by buffering the aqueous phase, which in turn
promotes increased microbial hydrogen consumption.

Conclusions

The MICP-based mineral micromodel fabrication process
allows for tailoring pore geometries and mineral
compositions to suit specific experimental requirements,
providing a customizable approach to studying diverse
subsurface systems. The stability and performance of the
calcite-functionalized micromodel was validated in studies on
scCO, injection induced CaCO; dissolution (up to 120 barg)
and microbial interactions with hydrogen gas. By replicating
natural conditions while maintaining precise experimental
control, calcite-functionalized microfluidic chips bridge the
gap between laboratory studies and field-scale applications.
Beyond these applications, the capability of depositing
other minerals (e.g., sulfate minerals, pyrite) enables the
creation of high-pressure multi-mineral micromodels. This
significantly broadens the technology's potential for studying
a wide range of geological and environmental processes
under realistic reservoir conditions. Given these capabilities
and demonstrated successes, we anticipate that -calcite-
functionalized microfluidic chips will play a transformative
role in advancing research on biogeochemical processes in
subsurface systems, with important implications for
sustainable energy and environmental management.

Data availability

e Simulation data for this article are available at GitHub -
https://github.com/daavid00/pymm: open-source image-based
framework for computational fluid dynamics on
microsystems.

e The data supporting this article have been included as
part of the ESLf
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