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ABSTRACT: Mobility contrasts between oil and water, along with permeability
heterogeneity, lead to fingering instabilities that impede the recovery of hydrocarbons
from the subsurface. Here, we present a novel, improved oil recovery approach, whereby
microbially induced carbonate precipitation (MICP) reduces the local permeability of water-
saturated preferential flow paths to improve the overall sweep of the reservoir. With MICP,
local pore geometry in preferential pathways is altered to divert successive injection fluids to
oil-saturated pores. We demonstrate the feasibility of the approach using a silicon
microfluidic device with etched geometries representative of real rock pores, where a ∼5%
reduction in the local porosity of water-swept regions increased overall oil recovery by ∼28% original oil in place (OOIP). We
performed sensitivity analysis on the injection conditions required to maximize oil recovery and bacterial growth. Overall, we show
that calcium carbonate grains grown using MICP can provide a secure and stable method to control fluid flow in situ and recover
additional hydrocarbons to provide an avenue for cost-effective and environmentally benign hydrocarbon extraction.

1. INTRODUCTION
Crude oil resources supplied more than 50% of the world’s
energy needs in 2021, with demand projected to increase for
the foreseeable future.1 To ensure energy security and to
alleviate negative impacts of hydrocarbon extraction on the
environment, methods to improve oil recovery in environ-
mentally benign (i.e., nontoxic and chemically stable) manners
are needed.2 Current waterflooding approaches (i.e., injection
of brine into the reservoir) are limited to ∼35% recovery of the
original oil in place (OOIP) as a result of complex multiphase
fluids transport through heterogeneous geomaterials3 and leave
much of the available hydrocarbons inaccessible.

One approach to improving overall hydrocarbon recovery
lies in increasing the sweep efficiency of the reservoir (i.e., the
volume of the reservoir contacted by the injected fluid). For
example, cross-linking injected materials such as silica gels,
polyacrylamide and hydrolyzed polyacrylamide, xanthan gum,
and guar gum within preferential flow paths reduces the local
permeability and diverts subsequent injection fluids away into
oil-saturated pores.4 Despite extensive efforts, cross-linked
polymeric cements have proven unstable in harsh geologic
environments with elevated temperature, pH, salinity, multi-
valent ions, and high shear rates during injection.5

Here, we present an in situ biogenic approach that alters the
morphology of preferential flow paths and redirects injection
fluids to recover oil from previously unswept pores. We
leverage naturally occurring carbonate-secreting microbes
found in groundwater systems that promote calcium carbonate
precipitation (i.e., microbially induced carbonate precipitation,
or MICP).6−8 Specifically, Sporosarcina pasteurii, a urease
bacteria, is of interest here because of their low culture cost,

ease of culturing, strong adaptability to harsh environments,
and resistance to aggregation.9 Here, the overall reactions
involved in biogenic calcium carbonate precipitation are10

+ ++CO(NH ) 2H O 2NH CO2 2 2 4 3
2

(1)

+ +CO Ca CaCO3
2 2

3 (2)

During MICP, the bacteria secrete urease to catalyze the
decomposition of urea into carbonate (CO3

2−) and ammonia
(NH4

+) ions (eq 1). Simultaneously, the negatively charged
surface of the bacteria adsorb Ca2+ from the brine, that once in
contact with carbonate ions, precipitates calcium carbonate
(CaCO3(s)).

11 Calcium carbonate precipitation occurs most
frequently in proximity to the microbial colony and hence
reduces the local permeability of bacteria-abundant soils.9

To induce MICP in the subsurface, microbial introduction
and culturing mimicking natural growth processes in the
targeted medium are required. In previous MICP groundwater
remediation efforts, a microbial suspension is injected into the
soil, followed by nutrient delivery to promote in situ bacteria
growth and urease secretion. Following sufficient microbial
growth, MICP is induced by injecting a cementation solution
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of urea and calcium to reduce the local porosity and
permeability of the reservoir.

While both lab- and field-scale studies show that MICP is
affected strongly by injection conditions (e.g., flow rates,
concentrations, etc.), understanding of the controls on the
spatiotemporal changes to flow patterns and sweep efficiency is
lacking.12,13 The injection and transport of bacteria into the
formation are crucial to the success of MICP. Cui et al.
investigated the transport behavior of S. pasteurii in sandstone
and found that the bacteria tend to aggregate and clog at pore
throats at low superficial velocities, limiting the spatial
distribution of microbes and resulting in poor cementation.14

With the help of X-ray computed tomography (CT), Minto et
al. observed heterogeneities in the reduction of porosity and
permeability within the core sample as a result of poor bacteria
transport through the porous medium.15 In addition to
bacteria deposition into rock, the success of an MICP-based
enhancing oil recovery (EOR) approach depends also on the
ability to precipitate calcium carbonate within the porous
medium. Specifically, the rate of MICP and the spatial
distribution of calcium carbonate precipitates are influenced
strongly by geologic and injection conditions, including
reservoir temperature and pH, bacteria density, injection
rate, and injection fluid composition.15 Wang et al. studied the
effects of bacterial density on the growth kinetics of calcium
carbonates and pointed out that MICP is rate-limited by urea
degradation.16 Achal and Pan investigated the performance of
MICP with different calcium carbonate sources and found that
calcium chloride provided the highest urease activity and
calcium carbonate yield.17 The strength of the cementation is
determined by the mass and local distribution of calcium
carbonates within the pore space. Sham et al. applied magnetic
resonance imaging (MRI) during MICP to reveal the spatial
variation in calcium carbonate inside a Bentheimer sandstone
core and studied its effect on the cementation strength.18

Interestingly, bacteria provide a preferential nucleation site for
calcium carbonate precipitation.19 Bulk and core flooding
experiments by Larsen et al. and Miao et al. showed that MCIP
enhances oil recovery by reducing the porosity of the
reservoir,20,21 although mechanistic understanding of the
interactions between the bacteria, reservoir fluids, and mineral
grains remains unresolved. To elucidate the fundamental
processes governing MICP in porous media, spatiotemporal
resolution of the pore-scale processes is required.

Microfluidic platforms, paired with optical microscopy, offer
an opportunity to study the fundamental pore-level inter-
actions between microbes and reservoir fluids in confined rock
environments to understand and control MICP-enabled
hydrocarbon recovery. While microfluidics have been used
previously to investigate the impact of MICP on pore
morphology, these studies rely on the use of artificial porous
media comprised of simple channel geometries (i.e., linear or
cylindrical flow geometries) fabricated using polymeric
materials [e.g., poly(dimethylsiloxane), PDMS] that fail to
replicate the representative pore geometry and surface
chemistry of geologic formations.30−32 Recent developments
in geochemical microfluidics enable the direct visualization of
pore-scale (∼μm) phenomena in real time (∼ms) to resolve
complex multiphase transport dynamics within geomateri-
als.22−29 For example, Song et al. introduced calcite-based and
carbonate-functionalized micromodels to investigate the
reactive transport mechanisms underlying carbonate dissolu-
tion to assess the security of geologic carbon sequestration.23,24

In this study, we investigate the influence of MICP in
enhanced oil recovery (EOR) using a micromodel with
representative pore geometry of a sandstone to elucidate
microbial delivery and local pore morphology alteration during
MICP. Bacteria and cementation solutions were injected into
the micromodel to induce MICP, and the cementation effect
was studied at the pore scale via direct visualization. Notably,
hydrocarbon recovery was improved by ∼28% OOIP following
MICP-induced flow diversion.

2. MATERIALS AND METHODS
2.1. Micromodel Fabrication. Pore-scale visualization of MICP-

based EOR was achieved using a microfluidic platform with a
geometry representative of geologic media (i.e., micromodel).
Specifically, an etched-silicon micromodel (30 mm by 20 mm) was
fabricated using standard photolithography techniques following
previous work.25 In short, a silicon wafer (University Wafer Inc.)
was etched with a depth of 10 μm by using the Bosch process (Plasma
Lab 80+, Oxford Instruments) to achieve the representative pore
geometry of sandstone and to allow for pore-scale flow visualization.
Next, the etched silicon wafer was bonded anodically to Schott
Borofloat 33 glass (University Wafer Inc.) to visualize the reactive
transport dynamics during MICP.
2.2. Bacteria Culture and Viability in Water−Oil Mixture.

The bacterium S. pasteurii (ATCC 11859) was chosen due to its well-
documented ability to grow on solid surfaces and its capacity to
precipitate calcium carbonate minerals under both aerobic and
anaerobic conditions.33 The bacteria were cultivated in a growth
medium before injection into the micromodels. The growth medium
was prepared by dissolving 20 g of yeast extract (CAS-NO: 8013012,
MilliporeSigma) and 10 g of ammonium sulfate (CAS-NO: 7783202,
Sigma-Aldrich) into 1 L of deionized (DI) that was then sterilized for
15 min at 121 °C in an autoclave. Bacteria were inoculated into the
growth medium and incubated at room temperature for 3 days to
encourage growth.

To assess the viability of S. pasteurii growth and urease stability
toward improved oil recovery, we quantified bacterial growth
dynamics in proximity to crude oil. Specifically, 3 mL of crude oil
(Table 1) was added to a bacteria broth (1 vol % bacterial inoculated

with 30 mL of growth medium) in a glass bottle. The oil/microbe
medium was rotated at 100 rpm to prevent microbial settling. The cell
density of the solution, indicated by the optical density at 660 nm
(OD660), was measured every 12 h using a spectrum photometer
(Cary 60 UV−vis, Agilent) to quantify microbial growth rates. The
urease activity of bacterial broth was determined by the Berthlot
method, where one unit of urease activity was defined as 1 mM of
ammonia produced per minute at room temperature.34

2.3. Pore-Scale Visualization. Reservoir fluid displacement,
bacteria transport, and calcium carbonate growth within the
microfluidic system were visualized using a microscope (Nikon
Eclipse Lvdia-N) and camera (Nikon Ds-fi3) (Figure 1). A
micromodel (30 mm by 20 mm) with pore geometry representative
of a sandstone (porosity ∼54%, permeability 800 mD,25 etch depth
∼10 μm) was used to visualize improvements to oil recovery via
MICP. The average size of pore bodies and throats of the microfluidic
network were 58 and 13 μm, respectively. Fluid displacement and
calcium carbonate growth were monitored under bright-field and
polarized light microscopy, respectively. Microbial attachment along

Table 1. Properties of Crude Oil

crude oil properties value

acid number (mg/g) 2.36
base number (mg/g) 6.02
asphaltene content (wt %) 2.69
density (°API) 21
viscosity at 22.8 °C (cP) 105.7

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.3c02027
Energy Fuels 2023, 37, 14666−14673

14667

pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.3c02027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


porous micromodel surfaces was imaged using dark-field microscopy.
Brine (20,000 ppm of NaCl) and crude oil were injected into the
micromodel using a syringe pump (Harvard Apparatus) at a typical
superficial velocity of 0.8 m/day to establish initial reservoir
conditions.35 Brine was then injected into micromodel at 0.8 m/day
to mimic a waterflood, where water breakthrough via the formation of
a preferential water path was achieved after ∼0.1 pore volumes (PV,
∼5 min) of injection. Finally, one PV of 3-day incubated bacteria
broth was injected into the micromodel for 20 min, after which the
system was kept static for 2 h to encourage microbial attachment on
pore surfaces.

MICP-EOR was enabled by injecting a cementation solution
containing Ca2+ and urea into the micromodel. The influence of Ca2+

concentration and injection velocity on the rate and spatial
distribution of calcium carbonate precipitates was assessed by
injecting solutions with concentrations of 1, 0.5, and 0.25 M Ca2+

continuously at superficial velocities of 0.08, 0.16, and 0.32 m/day.
For alternating injection/shut-in conditions, on the other hand, the
impact of microbial growth and solution residence time on carbonate
precipitation was assessed by alternating between constant flow and
no flow conditions such that the cementation solution was injected
continuously for 5 h, followed by 5 h of quiescence. Large (whole
micromodels) micrographs were captured after 4 and 8 pore volumes
(PV) of cementation to visualize the pore- and pore-ensemble
growths of calcium carbonate within the porous medium. Here, we
assume that fluid distributions in the depth of view are constant (i.e.,
the micromodel is a two-dimensional (2D) device) because of the
thin etch depth (∼10 μm). As a result, all calculated quantities are
derived from area measurements, assuming uniformity in the depth

direction. All quantification, including oil recovery, was calculated by
image segmentation using a convolution neural network (CNN)-
based image processing algorithm.36 We measure oil recoveries across
the micromodel and report a single averaged quantity taken from 273
(21 by 13) fields of view. In each field of view, the oil recovery was
calculated as the ratio of the area occupied by oil to the initial area
occupied by oil (i.e., Ao(t)/Ao(t0)). A control experiment was
conducted by injecting 8 PV of a cementation solution containing 1
M CaCl2 and 1 M urea at 0.08 m/day after the water breakthrough
without bacteria. Here, no microbes were present to delineate the
impact of MICP on improving hydrocarbon recovery.

3. RESULTS AND DISCUSSION
3.1. Enhanced Oil Recovery with Flow Diversion.

Using MICP, overall oil recovery increased by ∼28% of the
original oil in place (OOIP, Figure 2). Importantly, direct
visualization of the geochemical micromodel showed signifi-
cant flow diversion from the initial preferential flow paths
following carbonate precipitation.

Prior to MICP-EOR, waterflooding resulted in the develop-
ment of a narrow preferential flow path (Figure 2a) that
limited overall oil recovery to ∼7% OOIP. Microbial injection
and deposition in the preferential flow paths (Figure 2b)
resulted in minor changes in overall increase in oil recovery
(∼5% OOIP, Figure 2b). MICP notably reduced the local
porosity and pore connectivity of the water-swept flow paths
and diverted subsequent fluids into oil-bearing pores that were

Figure 1. Schematic of the microvisualization platform.

Figure 2. Oil recovery during the four stages of MICP-EOR using large images (i.e., 21 × 13 micrographs stitched) of the micromodel. In the
micrographs, the grains, oil, water, and carbonate are denoted by black, green, blue, and red, respectively. (a) Water breakthrough following an
initial waterflood with 20,000 ppm brine recovered ∼7% of the OOIP. (b) Injection of S. pasteurii caused a slight increase in water saturation
because of microbial accumulation and blockage at pore throats. (c) Injection of cementation solution containing 1 M CaCl2 and 1 M urea at 0.08
m per day for 40 h was performed to initiate in situ MICP. Injected fluids were redirected through oil-saturated pores and increased the oil recovery
by an additional ∼28% OOIP. (d) Post-MICP waterflooding recovered an additional ∼5% OOIP.
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previously unswept (Figure 2c). As a result, MICP here
improved the overall oil recovery by an additional ∼28% OOIP
(Figure 2c). Subsequent waterflooding increased oil recovery
by ∼5% OOIP (Figure 2d). We note that in the control
experiment where no microbes were present (i.e., no MICP),
overall oil recovery increased by only ∼5.5% OOIP, suggesting
that the mass transfer between cementation fluids and the oil
phase has a limited effect on improving oil recovery.

A control on the increase in sweep efficiency of MICP-EOR
is the spatial distribution of calcium carbonate grains
precipitated. Here, we leverage the proximity of MICP to
bacterial colonies. Specifically, bacteria were deposited
preferentially in the water-saturated flow paths because of
the low local resistance to flow (i.e., higher local saturation and
relative permeability). Similarly, the transport of cementation
fluids favored the water-saturated channels (Sw ∼ 1) and
resulted in carbonate precipitation within the high water-
saturation flow paths. As a result of the local reduction in
porosity, permeability was decreased within the water-
saturated zones, and subsequent fluids were diverted elsewhere
(i.e., oil-saturated regions of the porous medium).

During cementation, calcium carbonate crystals precipitated
primarily in the water phase. Here, we discretize the
micromodel to representative elementary volumes (REVs,
∼300 μm × 300 μm × 10 μm, ∼10−15 pore bodies) and
quantified local calcium carbonate volumes in each REVs
(Figure 3). Notably, carbonate precipitation occurred only in
the water-swept regions, where microbes were present.
Measurements enabled by image processing show a positive
correlation between local carbonate mineral content and water
saturation (Sw, ratio of the volume of water to the total volume
of fluid) (Figure 3a). In water-swept REVs (Sw ≥ 20%), local
porosity was reduced by 5% (between 0 and up to ∼47%,

Figure 3b). A minimum water saturation required to enable
MICP was found to be Sw ∼ 20%. Some carbonate precipitates
were found in low water-saturation REVs (i.e., oil-filled REVs,
Sw < 0.2), where mobilized oil had been redeposited. In
general, MICP occurred in water-saturated REVs to which
bacteria and Ca2+ could be delivered.
3.2. Pore-Scale Calcium Carbonate Growth. To

understand and control the overall performance of MICP in
porous media, we imaged the pore-scale precipitation of
carbonate minerals within the micromodel in real time (∼ms,
Figure 4). After 2 h of cementation, carbonate crystals were

observed at pore throats where the attached microbes provided
nucleation sites (Figure 4a). Interestingly, once the small
crystals precipitated, subsequent cementation resulted in only
the growth of the existing crystals instead of additional
nucleation on the microbes (Figure 4a).

During cementation (i.e., injection of 1 M CaCl2 and 1 M
urea at a superficial velocity of 0.08 m/day), individual
carbonate grains grew at a rate of ∼174 μm3/h (Figure 4b).
Despite the increase in carbonate surface areas available for
precipitation, the constant rate of MICP suggests that the
overall precipitation reaction was limited by the production
and transport of carbonate ions enabled by bacterial urease to
the reaction surface.
3.3. Bacteria Attachment and Viability in the Porous

Medium. In this study, the rod-like bacteria were immobilized
in the micromodel primarily via surface attachment (Figure 5a)
rather than pore-clogging (Figure 5b). Specifically, S. pasteurii
secrete extracellular polymeric substances (EPS) to enable
attachment on silicate pore surfaces.11 Microbial immobiliza-

Figure 3. Characterization of calcium carbonate growth within the
multiphase porous system. (a) Carbonate saturation (i.e., the ratio of
the volume of calcium carbonate to the initial pore volume) in the
water-swept regions increases with water saturation (i.e., water
volume normalized by total fluid volume) over the 2143 REVs
sampled across the micromodel (each REV comprises a 300 × 300
μm field of view). (b) Porosity of the water-swept REVs decreased
from ∼54 to ∼48% as a result of MICP.

Figure 4. (a) Growth of calcium carbonate in the micromodel as a
result of cementation solution injected at 0.15 m/day. The grain, oil,
and water are denoted by black, green, and blue, respectively. Calcium
carbonate is highlighted in yellow. (b) Average volume of carbonate
grains increases approximately linearly with time and suggests that the
process is limited by the transport of carbonate ions that were
produced by the bacterial urease to the reaction interface. Error bars
show the variation in growth rates from 5 precipitates.
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tion in small pore throats was also observed, albeit less
frequently, where the rod-like bacterial clog the narrow flow
paths (Figure 5b).37

Once attached to the pore surface, the feasibility of using
bacteria to induce calcium carbonate precipitation in situ relies
on their viability under extreme geologic conditions (i.e.,
elevated temperatures, pressures, salinities, presence of crude
oils, etc.).38 Specifically, the influence of elevated temperature
on microbial growth and enzyme activity must be under-
stood.39 In this work, the impact of temperature on bacterial
growth was observed only for temperatures above 50 °C. For
temperatures below 50 °C, both the microbial cell density and
enzyme activity increased continuously over time until the
maximum values (1.25 OD and 2.35 U) were reached after 2
days of culturing (Figure 6, solid lines). Elevated temperatures
(40 °C, Figure 6b,d) increased the growth rate of the bacteria
at early times (i.e., during the first day), but the maximum
value of cell density and enzyme activity remained constant.

The influence of crude oil on the growth and productivity of
S. pasteurii was assessed by measuring the microbial cell density
and enzyme activity upon exposure to crude oil. In comparison
to those measured in the absence of crude oil, the maximum
cell density and enzyme activity of microbes in the proximity of
crude oil decreased by ∼73.1 and 71.6%, respectively (i.e.,. 34
OD and 0.66 U; Figure 6a,c, dashed lines). The inhibition of

crude oil on cell growth and productivity was exacerbated for
elevated temperatures (e.g., at 40 °C). Diffusive partitioning of
toxic crude oil components into the water phase is enhanced at
elevated temperatures, thereby interfering with the microbial
colony productivity (Figure 6b,d, dashed lines).40 Favorably,
the inhibitive effect of crude oils on bacteria growth offers a
unique opportunity for selective carbonate precipitation within
the water-saturated zones (e.g., viscous fingers) as opposed to
traditional approaches that are aspecific to the fluid saturations
within the reservoir.41 Here, the bacteria grow preferentially in
regions of the reservoir with high water saturation (i.e., low oil
saturation) and precipitate calcium carbonate grains locally.
The result, importantly, is that the pore-connectivity within the
initially water-swept regions is reduced, and successive fluids
are diverted to oil-saturated (i.e., unswept) regions of the
reservoir to improve overall recovery.42,43 We note here that
the EPS secreted by S. pasteurii tends to increase the oil
wettability of the local environment and is expected to limit
improvements to oil recovery, in contrast to our observations.
As a result, we deduce that the main mechanism leading to
improved oil recovery here is flow diversion via carbonate
precipitation and increased sweep efficiency of the reservoir.
3.4. Sensitivity Analysis of the Injection Conditions.

The influence of injection conditions (i.e., injection rate,
concentration of cementation fluid, injection patterns) on

Figure 5. Dark-field micrographs of bacteria (a) attached to pore surfaces and (b) clogged in pore throats.

Figure 6. Growth curve and urease activity of S. pasteurii during culture at 20 °C (a, c) and 40 °C (b, d). Dashed and solid lines represent the
cultures of S. pasteurii with and without crude oil, respectively. One unit of urease activity was defined as 1 mM of ammonia produced per minute at
room temperature.
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MICP-EOR was assessed to optimize hydrocarbon recovery
(Figure 7). Data for the full set of experiments are taken from
single experimental runs; however, multiplicates were
performed that show similar trends. We set the base case
scenario by injecting a cementation solution of 1 M CaCl2 and
urea at a superficial velocity of 0.08 m/day. In all cases, the
median carbonate grain size shifted toward larger crystals at

later times (e.g., ∼4680 μm3 after 4 PV and 6750 μm3 after 8
PV of cementation fluid injection for the base case, Figure 7a).
Recall that for a fixed solution concentration and injection rate,
additional injection results in the enlargement of individual
carbonate mineral grains, as opposed to the nucleation of new
crystals. This coarsening in the carbonate grain size
distribution is caused by the preferential growth of CaCO3

Figure 7. Size distribution and saturation of precipitated calcium carbonate grains after various conditions of cementation. The blue and orange
columns represent the occurrence frequency of calcium carbonate grain sizes at 50 and 100% of the cementation period, respectively. The blue and
orange lines represent cumulative calcium carbonate saturation at 50 and 100% of the cementation period, respectively. For the base case (a), a
cementation solution of 1 M CaCl2 and 1 M urea was injected at a superficial velocity of ∼0.08 m/day. Increased injection velocities at 0.16 (b) and
0.32 m/day (c) show that for short residence times associated with high injection velocities, urea cannot be degraded by the bacteria in time to
provide the necessary bicarbonate ions for calcium carbonate precipitation. Diluting the concentration of CaCl2 and urea to 0.5 M (d) and 0.25 M
(e) shows that decreasing the solution concentration shifts the reaction equilibrium and leads to decreases in calcium carbonate precipitate.
Alternating between constant and no flow injections (f) also resulted in less carbonate precipitation due to the loss of bacteria enzyme activity
during the process. The oil recovery was calculated by using changes to oil saturation due to cementation.
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on existing mineral surfaces. Across the micromodel “reservoir”
(2 × 3 cm), the overall porosity of the whole micromodel
(including unswept regions) decreased by ∼0.6% after 8 PV of
precipitation. While this is a small change in the total porosity
of the reservoir, we note that the change in porosity is localized
to water-swept flow paths, where local porosity decreased by
∼5% and resulted in significant flow diversion. Overall,
carbonate precipitation in the water-saturated flow paths
leads to an improved oil recovery of ∼28% OOIP.

We probe the influence of injection rate on porosity
alteration by examining carbonate mineral growth at 2 and 4
times the velocity of the base case scenario (i.e., superficial
velocities of 0.16 and 0.32 m/day, Figure 7b,c). Here, we find
that carbonate precipitation is delayed with increasing injection
velocity (i.e., precipitation is distributed further downstream).
Specifically, overall carbonate precipitation (i.e., calcium
carbonate number and size) decreased with higher injection
rates. Doubling the injection rate resulted in a 6-fold decrease
in carbonate precipitation and decreased the median volume of
carbonate grains from 6750 to 1170 μm3. At 0.32 m/day,
MICP was inhibited, and only 32 calcium carbonate crystals
were observed across the micromodel, suggesting that the
transport of carbonate ions was limited by urea degradation.

The effects of cementation solution concentration on
carbonate precipitation were assessed for 1, 0.5, and 0.25 M
urea and CaCl2 (Figure 7a,d,e). Overall, decreasing the
solution concentration led to decreases in precipitate sizes
(median volumes after 8 PV decreased from 4680 μm3 at 1 M
to 990 μm3 at 0.5 M and 653 μm3 at 0.25 M). The total
number of individual calcium carbonate grains remained
approximately constant, except at very low concentrations
(0.25 M, Figure 7e) where nucleation was limited.

Lastly, the impact of injection processes on carbonate
growth was explored (Figure 7a,f). Specifically, we altered the
injection process by alternating between constant flow and no
flow conditions such that the cementation solution was
injected continuously for 5 h, followed by 5 h of quiescence
(Figure 7f). During this time, only half of the cementation
reagents (i.e., CaCl2 and urea) were supplied to the bacteria
compared with the base case. After 4 PV of cementation, the
overall carbonate saturation was ∼0.16%, less than half of that
in the base case. The increased residence time in proximity to
oil interfaces also increases the inhibition of bacteria enzyme
activity (recall from Figure 6) and hinders the overall CaCO3
precipitation process. During this time, the consumption rate
of calcite ions and urea is low (∼2−3%). One cause of the low
consumption rate is the high Michaelis constant of urea (∼100
mM) for S. pasteurii, 44 which can be decreased significantly
through strain screening or genetic engineering. Overall, the
no-flow period during the injection did not provide any
significant increase in calcium carbonate precipitation.

4. CONCLUSIONS
In this study, we present a novel MICP approach for enhanced
oil recovery. In a microfluidic device with pore geometry and
geochemistry representative of real geologic media, we showed
the viability of injecting a bacteria-laden solution into
preferential flow paths that biogenically induce carbonate
precipitation to alter flow patterns within the subsurface.
Specifically, reductions in the local porosity and pore
connectivity of water-swept pathways (∼5% local reduction
in porosity of water-swept regions) led to flow diversion away
from the initially preferred pathways and into the oil-bearing

regions. The flow diversion caused by MICP-EOR increased
overall oil recovery by an additional ∼28% OOIP. To optimize
the MICP-EOR, we performed a sensitivity analysis on
bacterial growth and carbonate precipitation as well as the
oil recovery as functions of cementation conditions (i.e.,
injection rate, concentration of cementation fluid, injection
patterns) and revealed that the cementation process is limited
by the rate of microbial urea decomposition.
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