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Plugging high-permeability zones within oil reservoirs is a straightforward approach to enhance oil recovery by diverting
waterflooding fluids through the lower-permeability oil-saturated zones and thereby increase hydrocarbon displacement by
improvements in sweep efficiency. Sporosarcina pasteurii (ATCC 11859) is a nitrogen-circulating bacterium capable of
precipitating calcium carbonate given a calcium ion source and urea. This microbially induced carbonate precipitation (MICP)
is able to infill the pore spaces of the porous medium and thus can act as a potential microbial plugging agent for enhancing
sweep efficiency. The following explores the microscopic characteristics of MICP-plugging and its effectiveness in permeability
reduction. We fabricate artificial rock cores composed of Ottawa sand with three separate grain-size fractions which represent
large (40/60 mesh sand), intermediate (60/80 mesh sand), and small (80/120 mesh sand) pore sizes. The results indicate a
significant reduction in permeability after only short periods of MICP treatment. Specifically, after eight cycles of microbial
treatment (about four days), the permeability for the artificial cores representing large, intermediate, and small pore size
maximally drop to 47%, 32%, and 16% of individual initial permeabilities. X-ray diffraction (XRD) indicates that most of the
generated calcium carbonate crystals occur as vaterite with only a small amount of calcite. Imaging by SEM indicates that the
pore wall is coated by a calcium carbonate film with crystals of vaterite and calcite scattered on the pore wall and acting to
effectively plug the pore space. The distribution pattern and morphology of microbially mediated CaCO, indicate that MICP
has a higher efficiency in plugging pores compared with extracellular polymeric substances (EPSs) which are currently the
primary microbial plugging agent used to enhance sweep efficiency.

1. Introduction

Oil has and continues to play a dominant role in global energy
systems with various techniques used to enhance its recovery.
Typically, oil reservoirs are developed through a series of pro-
duction stages involving primary, secondary, and tertiary
recovery techniques [1]. The successive use of primary then
secondary recovery in oil reservoirs may produce only ~20%
to ~50% of the original oil in place [2]. Tertiary recovery, also
termed enhanced oil recovery (EOR), uses sophisticated tech-
niques to recover oil which is locked within the reservoir and
cannot be extracted within the primary and secondary stages
of recovery [3]. The purpose of EOR is not only to restore

formation pressure but also to improve oil displacement or
fluid flow in the reservoir [4]. The four major types of EOR
operations are chemical flooding, gas displacement (miscible
flooding and immiscible flooding), thermal recovery (steam-
flood or in situ combustion), and microbially enhanced oil
recovery [5].

Microbially enhanced oil recovery (MEOR) is a biologi-
cally based technology consisting of manipulating the func-
tion and/or structure of native microbial environments
present in oil reservoirs [6-8]. Specifically, selected microor-
ganisms are capable of metabolizing hydrocarbons producing
organic solvents or secreting microbially mediated products
which can improve the fluidity of the crude oil or selectively
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plug the high-permeability zones of the oil reservoir to
enhance sweep efficiency [9, 10]. Sweep efficiency is a term
used to measure the extent to which the displacing fluid is in
contact with the oil-bearing parts of the reservoir [11] and is
one of the critical indicators affecting oil recovery [12].
Heterogeneous reservoirs impede sweep efficiency, since
waterflooding fluids are preferentially transmitted through the
high-permeability “thief zones” without sweeping through low-
permeability oil-saturated zones. Thus, the plugging of the
high-permeability thief zones necessarily diverts the waterflood
fluids through the lower-permeability oil-saturated zones
within the reservoir [13]. This causes the flow to be equally
divided between high- and low-permeability layers, so that
the waterflood uniformly “sweeps” the reservoir with an
improved “sweep efficiency.” Therefore, simple plugging of
the high-permeability “thief zones” is the most plausible and
also the most straightforward and achievable approach to
enhance “sweep efficiency” and thereby improve oil recovery.

In this work, we investigate the feasibility of a biominer-
alization approach to plug the high-permeability zones of oil
reservoirs. Research in biomineralization indicates that cer-
tain strains of microorganisms are able to induce calcium
carbonate precipitation by enzymatic hydrolysis of urea and
bioavailable calcium ions. This bioprocess is often referred
to as microbially induced carbonate precipitation (MICP)
with Sporosarcina pasteurii most commonly employed in
MICP [14]. This bacterium can secrete highly active urease
in its metabolic process. This enzyme can catalyze the hydro-
lysis of urea into ammonia (NH;) and carbon dioxide (CO,).
These hydrolyzed products then diffuse into the solution
around the cells and promptly hydrolyze to ammonium
(NH,") and carbonate (CO32'). When this hydrolysis reac-
tion occurs in the presence of surrounding dissolved calcium
ions, the carbonate reacts with calcium ions to form calcium
carbonate (CaCO,) [15-17]. The hydroxide (OH") generated
from the hydrolysis of urea leads to an increase in pH which
provides favorable conditions for calcium carbonate precipi-
tation. As the concentration of calcium carbonate around the
bacteria exceeds its saturation point, supersaturated calcium
carbonate first transforms into an amorphous precipitate
(CaCO;-H,0) and then spontaneously transforms into vater-
ite or calcite with microorganisms as the nucleation sites
[18]. Sporosarcina pasteurii in the MICP process provides
urease for the hydrolysis of urea and also acts as nucleation
sites for the crystallization of CaCO;. The biochemical
process of microbially induced calcium carbonate precipita-
tion is shown in Figure 1. Unlike chemically synthesized
calcium carbonate, this microbially mediated calcium carbon-
ate exhibits high cohesiveness and mechanical strength and
thus is able to act as a biological clogging agent that reduces
the permeability of the porous medium [19, 20]. In addition,
Sporosarcina pasteurii can endure with strong biological
activity in highly alkaline or acidic conditions and high salin-
ity [21]. Thus, this microbial interaction has the potential for
selective plugging of high-permeability thief zones.

The following explored the microscopic characteristics of
MICP-plugging and its effectiveness in permeability
reduction. Specifically, Sporosarcina pasteurii was used as
the microbial stock for these pore-plugging/occlusion exper-
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iments. The aggregates of Ottawa sand comprise three
separate grain-size fractions representing large (40/60 mesh
sand), intermediate (60/80 mesh sand), and small (80/120
mesh sand) pore sizes to investigate the efficacy and micro-
process of MICP-plugging as a result of different biotreat-
ment periods.

2. Materials and Methods

Aggregates of Ottawa sand conforming to three separate size
fractions (40/60 mesh, 60/80 mesh, and 80/120 mesh) were
used as artificial rock core of variable pore size to examine
the effectiveness of MICP on permeability reduction for
different durations of microbial treatment.

2.1. Bacteria Cultivation. Sporosarcina pasteurii used in this
study was obtained from the American Type Culture Collec-
tion (freeze-dried, ATCC 11859). The growth medium was
the NH4-YE liquid medium (ATCC 1376). The bacterial
cultures were cultured at 30°C in the shaking water bath
(200 r/min) for 36-48 h before harvesting at OD600 = 1.4 —
1.6. ODy, is an abbreviation standing for the optical density
of a sample measured at a wavelength of 600 nm. It is a stan-
dard measurement method for estimating the concentration
of bacterial or other cells in a liquid [22]. The suspended
bacteria solution culture was then centrifuged twice at
4000 g for 30 minutes, removing the supernatant liquor and
supplementing fresh NH4-YE growth media after each cen-
trifugation. After the centrifugation process, the bacteria
solution was stored at 4°C prior to MICP treatments.

2.2. Artificial Core Set Assembly. The Ottawa sand aggregates
were used as the artificial cores to examine the efficacy of
MICP treatment. Ottawa sand is a naturally occurring near-
spherical near-pure quartz sand recovered from Ottawa,
Illinois, and the St. Peter formation [23]. The sand was sieved
into one of the three grain size classifications: 80/120 mesh
(0.180 mm-0.125mm), 60/80 mesh (0.250 mm-0.180 mm),
and 40/60 mesh (0.425 mm-0.250 mm), which were used as
artificial cores reflecting three distinct pore size distributions.
The sieved Ottawa sand was soaked in hydrochloric acid
solution (5mol/L) to remove extraneous mineral matter.
The materials were then washed in deionized water and dried
at 105°C for 24 hours prior to MICP treatment. A cylindrical
PVC tube [1 inch (25 mm) in inner diameter and 12 inches
(300 mm) in length] was used as the experimental core holder
with the sand column 10 inches (250 mm) in length. Each
grain-size distribution was prepared into three identical
columns for different exposure of the microbial treatments.
The initial porosity of the particle aggregate for each size frac-
tion was determined by helium porosimetry. The sample/par-
ticle assembly process for the porosity measurement was the
same as that for the subsequent MICP experiment which
was to cover the sample with a 100 g balance weight and man-
ually vibrate for 1 minute. The measured initial porosity and
permeability of the columns are shown in Table 1.

2.3. Column Bead-Pack Flow Assembly and Experimental
Procedure. The experimental apparatus was illustrated in
Figure 2. The Sporosarcina pasteurii suspension, stationary



Geofluids 3
C02<g)

1]

v Acid-base equilibria

Co,

e

2NH,, +f* 2NH, HCO; CaOH*
H+\Il Tb‘ H* g+ CaHCO;"
WY
Hydrolysis ‘ﬁ/
CO(NH,), + 2H,0 %5 | aNH, +| CO.> +  Ca®* | e CaCO,
CaCO;,
(amorphous)
CaCo,
(vaterite)
CaCo,
(calcite)
Precipitation
FIGURE 1: The biochemical process of MICP [15].
TaBLE 1: Initial permeability and porosity of each core comprising the three grain-size distributions.
40/60 mesh 60/80 mesh 80/120 mesh
Permeability k, (Darcy) #1 #2 #3 #1 #2 #3 #1 #2 #3
1543 14.74 17.17 2.74 2.34 2.42 1.05 1.12 1.23

Porosity 0.391 0.397 0.388
liquid (0.05mol/L CaCl,), and cementation solution After MICP treatment, each column is dissected longitu-

(1.0mol/L CaCl, and 1.0mol/L urea) were sequentially
injected into the sample from the bottom entry of the core
holder by a peristaltic pump. Calcium ions in the stabilizing
solution can enhance the adhesion of bacteria to the surface
of the particles as well as bacterial flocculation [24]. The sand
column has a permeable buffer layer at both fluid inlet and
outlet with the column sandwiched in-between. A standard
injection procedure was as follows:

(a) 60ml of the bacterial suspension was first injected
into the column at a rate of 0.5 mL/min

(b) Each sample was then stood for two hours to allow
the bacteria to attach to the particle surfaces

(c) 10ml of stationary liquid was injected at a rate of
0.50 mL/min

(d) The last step was injecting 100ml of cementation
solution at a rate of 0.50 mL/min

The steps (a-d) constituted a single MICP-cycle. These
sand flow-through columns for all three grain-size distribu-
tion were individually performed 4, 6, and 8 cycles of
injections to represent various biotreatment durations. The
injection was performed continuously, with no interval
between the two subsequent cycles.

dinally into five equal-length segments [2 inches (50 mm) in
length] to measure both permeability and calcium carbonate
content of each section. The permeability is measured for
steady flow based on Darcy’s law [25];

k= % (1)

APA
where k is the permeability, Q is the volumetric flow rate, y is
the dynamic viscosity of the fluid, L is the length of the spec-
imen, AP is the pressure difference, andA is the cross-
sectional area of the segment.

The calcium carbonate (CaCOj;) content is examined by
immersing a small amount of each segment into 5.0 mol/L
hydrochloric acid to fully remove the carbonate and then
measuring mass difference before and after this treatment.
The calcium carbonate content is determined as follows:

_ ]\/Isand+CaCO3 = Mg
M

(2)

W caco,
sand

where Weaco, is the calcium carbonate content, M, +CaCO;

and M_,,; represent the dry weight of the sample before and
after immersing in hydrochloric acid, respectively.
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FIGURE 2: Schematic of the experimental arrangement.

3. Experimental Results

Measured permeabilities are shown in Figure 3. Overall, the
permeabilities of the samples with the three pore size distri-
butions reduce with an increase in the cumulative nutrient
volume injected. Specifically, the permeability of artificial
cores containing large pores (40/60 mesh sand) after four,
six, and eight cycles of MICP-treatment are 11.39~13.49D,
9.17~12.18 D, and 7.40~9.92 D, respectively. The permeabil-
ity of cores containing intermediate-sized pores (60/80 mesh
sand) are 1.83~1.96D, 1.33~1.69D, and 0.81~1.06 D, while
the cores representing the smallest sized pores (80/120 mesh
sand) are 0.74~0.92 D, 0.51~0.66 D, and 0.18~0.33 D.

After the permeability test, the calcium carbonate
(CaCO,;) content of each segment is examined. The corre-
spondence between calcium carbonate content of each seg-
ment and permeability is shown in Figure 4. Overall, CaCO,
mass content in every pore-size sample-type increases with
the number of MICP-treatment cycles. The dimensionless
relative permeability (k/k0) is used to compare the normalized
effectiveness of plugging among these three pore sizes of cores,
where kO represents the initial permeability of the untreated
cores. For lower calcium carbonate contents (fewer cycles),
the normalized reduction in permeability of the samples for
these three pore sizes basically agrees. When calcium carbon-
ate content accumulates to a certain level, the change in per-
meability of the smaller pore-size samples indicates a greater
sensitivity in permeability to an equivalent increase in CaCO,
mass than that for larger pore-size. This is consistent with a
greater reduction in pore throat diameter occurring for the
smaller pore throats.

4. Microscopic Analysis

We determine the mineral types comprising the generated
calcium carbonate by X-ray diffraction (XRD) of powdered
substrates. The microstructure of the deposited calcium
carbonate as well as its distribution within the pore space are
examined by scanning electron microscopy (SEM) to define
microscopic processes of microbially induced plugging.
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4.1. Crystal Structure and Distribution of Microbially Induced
Calcium Carbonate. As shown in Figure 5, the XRD results
indicate that the mineral composition of the biotreated spec-
imens includes quartz, vaterite, and calcite. Quartz is the
mineral component representing the Ottawa sand compris-
ing the artificial core. Vaterite and calcite, representing two
polymorphs of calcium carbonate, are the microbially pro-
duced components. The XRD results also indicate that more
than 90% of the calcium carbonate crystals are vaterite. We
examine the micromorphology of the generated CaCOj, as
well as its distribution within the pore space using scanning
electron microscopy (SEM). As shown in Figure 6, spherical
(vaterite) and cubic (calcite) calcium carbonate crystals are
generated and irregularly distributed on the particle surfaces.
In addition, the particle surfaces are enveloped by a calcium
carbonate film.

4.2. Processes and Mechanisms of Microbially Mediated
Calcium Carbonate Plugging. We characterize the pore-scale
microscopic accumulation of CaCO, by comparison between
SEM images for the 60/80 mesh sand taken after biotreatment
for 4, 6, then 8 cycles (Figures 7(a)-7(c)). Both the number
and size of the near-spherical calcium carbonate crystals
(vaterite) increase significantly with the increasing number
of biotreatment cycles, effectively plugging the pore spaces.
Based on the SEM images, the mechanisms promoting depo-
sition of biogenerated calcium carbonate in the pore space are
described as shown in Figure 8. Microorganisms first adhere
to the surface of the particles and gradually induce the produc-
tion of calcium carbonate with the supply of urea and calcium
ions. As the concentration of calcium carbonate around the
bacteria exceeds chemical saturation, supersaturated calcium
carbonate will transform into amorphous precipitation prod-
ucts which then crystallize with microorganisms as crystal
nuclei and form thin layers of calcium carbonate (the process
from a to b in Figure 8). With microbially derived calcium
carbonate gradually accumulating, some nucleation sites of
calcium carbonate crystals will experience further preferential
growth, resulting in large, dominant crystals (the process from
b to ¢ in Figure 8). As this mass continues to accumulate, the
pore spaces are occluded, resulting in a significant decrease
in the penetrability of the ensemble medium (the process from
c to d in Figure 8).

5. Discussion

In this work, we explored the microscopic characteristics of
MICP-plugging and its effectiveness in permeability reduc-
tion. This precipitated crystal growth pattern, which is
microbially mediated, exhibits a high-efficiency in plugging
pore space. The larger pore voids within the artificial core
are connected by narrower pore throats, whose connectivity
crucially controls the permeability of the ensemble medium.
With microbially derived calcium carbonate crystals irregu-
larly occupying the pore spaces, the connection between
adjacent pores through these pore throats becomes progres-
sively more tortuous—resulting in a decrease in pore connec-
tivity and therefore permeability. Compared to extracellular
polymeric substances (EPSs), which are currently the
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FiGure 3: Continued.
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FIGURE 3: Variation in permeability for the treated artificial cores representing (a) 40-60 mesh aggregates, (b) 60-80 mesh aggregates, and (c)

80-120 mesh aggregates for 4, 6, and 8 cycles of nutrient circulation.
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FIGURE 4: Correlation between calcium carbonate content and change in normalized (relative) permeability.

primary microbial plugging agent used to enhance sweep effi-
ciency, biomediated precipitation of CaCO; is more effective
in plugging in terms of its morphology, size, and growth
characteristics. EPSs are high-molecular-weight polymers
that are composed of sugar residues and are secreted by a
microorganism into the surrounding environment [26].

Although both EPSs and microbially induced carbonate pre-
cipitation (MICP) produce microbially mediated products,
both have significant differences in substance composition
and morphology. EPSs generally maintain a larger surface
area and but of a nanoscale thickness (200-1000 nm) [27,
28] (Figure 9), while the single microbial-CaCO, crystals
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FIGURE 6: Crystal characteristics and distribution of calcium carbonate.

can grow to tens of microns. In terms of the morphology and
form of precipitates between EPSs and MICP, the latter
appears more effective in plugging pore throats. But this does
not necessarily mean that MICP has greater plugging effec-
tiveness than EPSs in practical applications, and many details
of MICP still require to be studied.

When MICP is implemented on an engineering scale, the
volume of the target formation and the difference in perme-
ability between “thief zones” and the lower-permeability oil-
saturated zones should be clarified before implementing
MICP—thereby determining the dosage of bacterium/nutri-
ent, transport distance, and treatment duration, so that the
bacterial solution can completely sweep through the target
area and prevent over-treatment that might transport bacter-

ium/nutrient fluids towards the lower-permeability zones.
Therefore, simulating the MICP-implementation process in
advance to determine the injection strategy and monitoring
the injection flow and pressure during MICP implementation
is necessary to achieve accurate plugging for “thief zones.” In
addition, this study is only a preliminary demonstration of the
potential of MICP as a microbial-plugging agent to enhance
the sweep efficiency and does not fully consider that the target
is a fractured reservoir. Fractured reservoirs and porous
reservoirs are fundamentally different in structure. MICP-
plugging exhibits robust plugging effectiveness in porous
reservoirs but does not necessarily guarantee high-efficiency
plugging in fractured reservoirs. It is clearly necessary to
individually investigate the effectiveness and mechanism of
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(c) 8 cycles of microbial treatment

F1GURE 7: Distribution of CaCO, within pore space of 60/80 mesh Ottawa sand with biotreated 4, 6, and 8 cycles.

(d)

(©

FIGURE 8: Schematic for the cumulative processes of calcium carbonate precipitation within the pore space.

MICP-plugging in fractured reservoirs as a separate topic. The
fracture aperture, tortuosity, and initial permeability should
be investigated for their influences on the MICP-plugging
effectiveness and the microscopic behaviors.

6. Conclusions

Microbially induced carbonate precipitation (MICP) is a bio-
mineralization method for selective plugging of anisotropic
oil reservoirs to enhance oil recovery. The experimental
results indicate that after eight cycles of microbial treatment

(about four days), the permeability for the artificial cores
representing large, intermediate, and small pore size
maximally drop to 47%, 32%, and 16% of individual initial
permeabilities—suggesting MICP to be a robust effective
method for plugging. X-ray diffraction (XRD) indicates that
the generated calcium carbonate crystals mainly occur in
the form of vaterite. The study reveals the mechanism by
which plugging advances. Microorganisms first concentrate
on the pore wall where they gradually generate CaCO,. As
the generated CaCO; continuously increases, the pore wall
is coated by a thin and largely uniform layer of calcium
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FiGure 9: SEM image of methicillin-resistant Staphylococcus
pseudintermedius biofilm formation on 316 L stainless steel orthopedic
bone screws. Dottedline =6 ym. Large aggregates of cocci and
irregularly produced EPSs are apparent [29].

carbonate. This layer is typically augmented with irregularly
distributed crystals of calcium carbonate that act as a plug-
ging agent within the pore space. The connection between
the pore throat is interrupted by the microbially derived
calcium carbonate crystals, thus resulting in a clear decrease
in pore connectivity and ensemble permeability. In terms of
the morphology and size of EPSs and MICP, the latter indi-
cates a stronger effectiveness in plugging.
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