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ABSTRACT: Biocement formed through microbially induced
calcium carbonate precipitation (MICP) is an emerging bio-
technology focused on reducing the environmental impact of
concrete production. In this system, CO2 species are provided via
ureolysis by Sporosarcina pasteurii (S. pasteurii) to carbonate
monocalcium silicate for MICP. This is one of the first studies of
its kind that uses a solid-state calcium source, while prior work has
used highly soluble forms. Our study focuses on microbial
physiological, chemical thermodynamic, and kinetic studies of
MICP. Monocalcium silicate incongruently dissolves to form
soluble calcium, which must be coupled with CO2 release to form
calcium carbonate. Chemical kinetic modeling shows that calcium
solubility is the rate-limiting step, but the addition of organic acids
significantly increases the solubility, enabling extensive carbonation to proceed up to 37 mol %. The microbial urease activity by S.
pasteurii is active up to pH 11, 70 °C, and 1 mol L−1 CaCl2, producing calcite as a means of solidification. Cell-free extracts are also
effective albeit less robust at extreme pH, producing calcite with different physical properties. Together, these data help determine
the chemical, biological, and thermodynamic parameters critical for scaling microbial carbonation of monocalcium silicate to high-
density cement and concrete.

■ INTRODUCTION

Cement and concrete are the most widely used man-made
materials and dramatically shape our built environment.
Unfortunately, the cement industry is one of the largest
industrial sources of pollution. Hydraulic Portland cement
production accounts for 5−7% of global anthropogenic CO2

emissions.1 This is because the synthesis of Portland cement is
energy-intensive, in part due to limestone calcination whereby
limestone (CaCO3) is thermally decomposed at high temper-
atures (∼1450 °C) into lime (CaO), and also because high-
temperature solid-state diffusion is required to form the
hydraulic di- and tricalcium silicates.1,2 Recently, a low-energy
carbonate cement concrete technology was invented by the
Riman research group at the Rutgers University.3−8 The
technology consists of two innovative components. First,
nonhydraulic cement based on monocalcium silicate is used
because it can be synthesized at a temperature that is 250 °C
lower than that for Portland cement and uses significantly less
limestone, which reduces the energy and CO2 emissions by
30%. Second, a process called low-temperature solidification
(LTS) is used to carbonate the cement and aggregate mixture
to form concrete.3−8 LTS relies on infiltrating a particle
network (monocalcium silicate and aggregate) with external
CO2, resulting in a coupled mineral dissolution−precipitation
reaction product that fill concrete pore spaces as a means of

solidification. This results in a densified, carbonate-bonded
material with high compressive strength.
This technology has two technical barriers to overcome.

First, it is not suitable for structures where the thinnest of three
dimensions has greater than 30 cm of infiltration.6 Second, the
quantities of CO2 required for typical projects (e.g., roads) are
hundreds of tons of CO2 per mile, much larger than the
amounts of CO2 available from the CO2 industry within a
typical delivery distance. Both problems will be solved if CO2 is
generated uniformly within the concrete structure. One
approach for homogeneous, in situ CO2 generation utilizes
urea hydrolysis (ureolysis) by the bacterium Sporosarcina
pasteurii (S. pasteurii) through a process called microbially
induced calcium carbonate precipitation (MICP). However,
past ureolysis-based studies utilize fully soluble calcium species
(e.g., calcium chloride) for calcium carbonate precipita-
tion.9−11 In this case, all calcium species are immediately
available, leaving the kinetics of the process solely dependent
on the CO2-based species. In contrast, carbonation of
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monocalcium silicate relies on a heterogeneous reaction
involving incongruent calcium dissolution (ICD), a process
where the acidic aqueous solution extracts calcium ions while
the silica phase remains as a fugitive particle.3−8 A major
advantage of using a solid phase is it allows a higher volume of
calcium delivered per unit volume as well as the use of particle
size to control the release of calcium ions as a means to
regulate the nucleation rate. Thus, kinetic processes involving
the release of either soluble calcium by mineral dissolution or
CO2 species produced by microbial processes can be rate-
limiting.
While a microbial process using monocalcium silicate offers

many advantages, it has many more variables to control
compared to fully soluble forms of calcium. Overall, the
challenges of using biological mechanisms to carbonate
monocalcium silicate include the low rate of ICD,12−14

balancing the rate of microbial CO2 production with ICD,
and passivation of the mineral surface by precipitated calcium
carbonates.12 The first step in the development of such
microbially driven carbonate cement concrete requires a
fundamental understanding of how the kinetics of calcium
carbonate formation is moderated by both ICD and micro-
bially driven CO2 species release. Past work has not reported

any fundamental studies involving a solid phase as a calcium
source, such as monocalcium silicate. Thus, this study focuses
on the feasibility of microbial calcium carbonate crystallization
involving a heterogeneous reaction of monocalcium silicate
and microbially sourced CO2. We chose to use a dilute
suspension (i.e., slurry) to avoid additional complexities caused
by high solid loadings commonly used in cement, mortar, and
concrete systems. The high concentration of monocalcium
silicate and aggregate (e.g., sand and gravel) creates a broad
range of chemical and physical complexities, which will be
covered in a future study. At a high concentration,
monocalcium silicate cement primary particles can form
agglomerates, which then pack densely and aggregate. These
structural components physically change the reaction con-
ditions by confining cells, reactants, and products to create
chemical gradients in pH, dissolved calcium and CO2 species,
and calcium carbonate that would not be observed in a dilute
slurry. Thus, the purpose of this current study is to observe
how microbial species carbonate the calcium emanating from a
dilute concentration of monocalcium silicate and to identify
the complexities, which will be relevant to concrete-forming
systems.

Figure 1. Modeling of ICD and calcium carbonation. (A) Model predictions for the increase in the temperature of slurries (i.e., a solid-to-liquid
ratio of 0−100 wt %) under adiabatic conditions due to the exothermic heat of reaction associated with monocalcium silicate carbonation. (B)
Model predictions for pH and calcium concentration evolution in a 15 wt % monocalcium silicate suspension. Experimental and modeled pH (C)
and soluble calcium concentration (D) with the addition of acetic acid (0, 0.5, and 1 mol L−1) to monocalcium silicate (15 wt %). Experimental
data shown are the averages of replicates ± standard deviation (n = 3).
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Here, we present a microbial cement curing concept
whereby ureolysis by S. pasteurii releases CO2 in situ to
catalyze MICP from calcium ions released from mineral-based
monocalcium silicate, where internally produced microbially
generated CO2 circumvents the diffusion limitations of
externally supplied CO2. We characterized the microbiological
and geochemical processes involved and developed thermody-
namic and chemical kinetic models trained on experimental
data.

■ RESULTS AND DISCUSSION
Kinetic and Thermodynamic Modeling of ICD and

Calcium Carbonation. Thermodynamic and chemical kinetic
models were developed to identify the geochemical conditions
that microbes are subjected to during ICD and carbonation
and to predict rate-limiting geochemical processes. We focused
on modeling a dilute slurry (15 wt %) where experimental
parameters are easily probed and hence provide a basic
understanding of the reaction and crystal growth kinetics and
mechanisms associated with both the cells and inorganic
chemistry. This insight enables us to anticipate problems and
propose design solutions to overcome these limitations. An
adiabatic thermal model was developed to predict the
temperature as a function of reaction conditions and the
carbonation reaction extent (Figure 1A). This model
demonstrates the final temperature increases with the frac-
tional carbonation reaction extent under all solid loading
conditions tested (i.e., a solid-to-liquid ratio of 0−100 wt %).
The results shown in Figure 1A are upper limits that do not
account for the heat loss to the environment. For a low solid
fraction of 15 wt % and complete carbonation of monocalcium
silicate, the temperature reaches a maximum of 55 °C (Figure
1A, green line), which is acceptable for our microbial urease.
However, urease activity can only withstand a temperature not
greater than 70 °C under extended reaction periods. Thus,
unless there is a suitable mechanism for the heat loss, solid
loadings significantly greater than 15 wt % have the capability
to exceed this temperature and negatively impact the microbial
activities.
The chemical kinetic model was used to predict the solution

conditions of the heterogeneous monocalcium silicate slurry
system. In the absence of CO2, a slurry of monocalcium silicate
at 15 wt % results in an equilibrium solution pH of 10.8 and a
soluble calcium concentration of 0.22 mmol L−1 (Figure 1B).
This high pH poses a challenge for microbial carbonation by

significantly lowering the rate of ICD, thus slowing down the
carbonation process. The rate of ICD can be increased
considerably by lowering the solution pH (eq 13). For
example, the rate of ICD at pH 5 (4.90 × 10−13 mol cm−2 s−1)
is nearly an order of magnitude higher than that at pH 10 (6.17
× 10−14 mol cm−2 s−1). In addition, the high pH hinders the
microbial ureolysis rate, which is optimal at pH 9 and is 80%
lower at pH 10.15 Thus, a lower pH caused by the introduction
of acidic species could improve both ICD and CO2 release
rates, both of which contribute to an increased extent of
reaction.

Addition of Organic Acids Enhances Incongruent
Calcium Dissolution. Based on the results from chemical
kinetic modeling, we hypothesized that supplementing cement
slurries with acid will accelerate ICD rates and thus provide a
high reservoir of soluble calcium for MICP11 as well as
enhance microbial ureolysis rates.9,15−17 This approach has
been applied in biocementation studies to enhance the
dissolution of carbonate rocks and has demonstrated strength
improvements in sand columns correlated with microbial
CaCO3 precipitation from CaCl2 solutions.

11,18,19 We aimed to
adopt these approaches in our process wherein ureolytic
microbes, when incubated in acid-treated monocalcium silicate
slurries, increase the extent of CaCO3 precipitation that bonds
unreacted and partially reacted monocalcium silicate particles,
as well as aggregate phases.
Among the different types of inorganic and organic acids, we

chose organic acids because they are biocompatible and
microbially produced at the industrial scale sustainably.20 We
examined the effect of acetic acid addition on ICD at varying
acid concentrations and pH values in a 15 wt % cement slurry
system. Thermodynamic modeling predicted equilibrium pH
values of 8.5, 7.9, and 7.6 for acetic acid systems at
concentrations of 0.1, 0.5, and 1 mol L−1, respectively (Figure
1C). Chemical kinetic modeling predicted that the addition of
acetic acid enhances ICD rates (Figure 1D). However, the
model predicted slower dynamics than experimental observa-
tions (Figure 1C,D). For example, the experimental data reach
the equilibrium pH earlier than model predictions, which
tracks the measured soluble calcium levels (Figure 1C,D). This
discrepancy could be due to uncertainty in model parameters
such as the monocalcium silicate surface area13 and the rate
expression in eq 13. Overall, these results confirm that
lowering the pH increases the ICD rate, which enables higher
microbial carbonation rates and extent of reaction.

Figure 2. Effect of temperature, pH, and calcium salt concentration on urease activity of Sporosarcina pasteurii ATCC 11859. (A) Effect of
temperature and pH on urease activity. (B) Influence of calcium salt (CaCl2) concentration on urease activity and the calcium carbonate (CaCO3)
precipitation rate. Data shown are the averages of biological replicates assayed in triplicate ± standard deviation (n = 3).
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Urease Activity Is Robust under Cement Curing
Conditions. Cement curing could pose a unique challenge
for MICP due to the extreme conditions that microbes/
enzymes are exposed to, including alkaline pH and elevated
temperatures (Figure 1). Previous studies have examined
urease activity under various pH and temperature regimes.16

However, a comprehensive understanding of how both urease
activity and CaCO3 precipitation rates change as functions of
the reaction temperature, pH, and ionic strength has been
lacking. To gain a better understanding of the boundary
conditions for microbial urease activity, we examined the effect
of pH (5−11), temperature (20−90 °C), and soluble calcium
concentration (0−1 mol L−1 CaCl2) on whole-cell urease
activity and the calcium carbonate biomineralization rate by S.
pasteurii. We chose S. pasteurii for our studies due to its high
ureolytic activity relative to other urease-positive bacterial
strains based on a microbial screen that we performed (Figure
S1).
We observed that the S. pasteurii urease activity is strongly

pH- and temperature-dependent (Figure 2A) with an optimum
pH range of 7−9 and a temperature range of 50−70 °C. A
sharp decrease in urease activity is observed at both pH 5 and
11 and temperatures of 20 and 30 °C. The temperature-
dependent increase in ureolysis cannot be explained by the rate
of thermal urea degradation because the rate of this reaction is
far smaller than that of the observed urease activity (Table S1).
Overall, these results show that urease activity is maintained
throughout the ICD process. Lowering the pH to between 7
and 9 further enhances the urease activity, especially at
temperatures above 30 °C.
Finally, our chemical kinetic modeling shows that acetic acid

enhances ICD by increasing the amount of soluble calcium
(Figure 1D). There is a possibility that the high amount of
calcium ions produced from ICD could diminish whole-cell
urease activity, which in turn inhibits carbonation. Addition-
ally, high calcium concentrations leading to abundant CaCO3
precipitation by ureolytic bacteria can also result in cell
encasement,21 which also limits microbial activity. Whether
this results in subsequent microbial inactivation, however, is
unclear.22,23 Here, we examined the effect of calcium ion
concentration on urease activity and the calcium carbonate
biomineralization rate. The urease activity remained the same
up to 1 mol L−1 CaCl2 with a peak occurring at 0.75 mol L−1

CaCl2 (∼1.5 mol L−1 Ca2+ h−1 OD−1) (Figure 2B). Calcium
biomineralization tracks urease activity and is ∼1/2 the rate of
urease activity at each tested CaCl2 concentration (e.g., ∼0.75
mol L−1 Ca2+ h−1 OD−1 at 1 mol L−1 CaCl2) (Figure 2B). A
similar effect on S. pasteurii urease activity was observed with
the addition of calcium nitrate in a previous study.17 Overall,
these studies indicate that the S. pasteurii urease activity can be
maintained during cement carbonation where soluble calcium
concentration is up to 1 mol L−1.
Whole-Cell-Catalyzed Carbonation Is Enhanced by

Acetic Acid Addition. Given that acetic acid enhanced the
rate of ICD (Figure 1D), we hypothesized that the addition of
an acid will increase the microbial CaCO3 precipitation. To
determine if acid pretreatment improves the extent of CaCO3
precipitation, we assayed the microbial activity in dilute slurries
(15 wt %) treated with a range of acetic acid concentrations
(0−1 mol L−1). We chose a dilute slurry system for this study
to assess the microbial activity rates and compare them to
model predictions.

To model the carbonation behavior of the monocalcium
silicate−acetic acid system, kinetic simulations for microbial
ureolysis were performed on a system that had achieved
equilibrium (i.e., end points in Figure 1C,D). The ureolysis
kinetic model predicted that the ammonia production rate
stays the same irrespective of the concentration of the added
acetic acid (Figure 3A). The experimentally determined

ammonia production rates for S. pasteurii were similar across
the acid concentrations in the first 24 h of incubation (∼0.05
mol L−1 NH4

+ h−1) but were lower than model predictions
(Figure 3A). This discrepancy could be attributed to a variety
of factors, including a decrease in microbial urease activity due
to the nonoptimal initial pH of the system (Figure 1C),
decreasing substrate concentration, or high ammonium ion
concentrations.17 The production of ammonia was accom-
panied with an increase in pH, which approached pH 9−9.5
after 40 h toward the equilibrium (Figure 3B). The model
predictions for pH evolution showed a similar trend to the
experimental observations (Figure 3B).
The model was also used to predict the rate of CaCO3

precipitation from the experimentally determined rate of
urease activity (Figure S2). Incubation of monocalcium silicate
with acetic acid (prior to introduction of microbial ureolysis in
the model) results in the buildup of calcium ion concentration

Figure 3. Whole-cell-induced carbonation of acetic acid-treated
monocalcium silicate slurries. Experimental and modeled (A)
ammonia production, (B) pH, (C) soluble calcium concentration,
and (D) calcium carbonate precipitation with the addition of acetic
acid (0, 0.5, and 1 mol L−1) to 15 wt % (i.e., the solid-to-liquid ratio)
monocalcium silicate slurries. Data shown are the averages of
biological replicates assayed in triplicate ± standard deviation (n = 3).
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as noted by the higher initial calcium concentration (Figure
3C). Due to the availability of soluble calcium, the initial
carbonation rate upon introduction of ureolysis is rapid and is
limited by the production of CO2 (46 mmol L−1 h−1) (Figure
S2). Conversely, once the soluble calcium is converted to
CaCO3, the carbonation rate drops to 0.9 mM/h as the rate of
ICD again becomes limited. The model predicts a higher initial
carbonation rate than experimental observations (Figure 3C).
This is primarily due to the model overprediction of the rate of
urease activity (Figure 3A) as it does not account for the
various factors mentioned above that could compromise
microbial activity.
The CaCO3 content in the solids was determined by

calcimetry to confirm biomineralization. This analysis demon-
strated that the carbonate yield stoichiometrically increased
with acetic acid concentration up to 1 mol L−1, equivalent to a
theoretical yield of 37 mol % conversion of CaSiO3 to CaCO3

after 72 h of incubation (Figure 3D; eqs 19 and 20). The
extent of monocalcium silicate carbonation strongly correlates
with the soluble calcium content, demonstrating that organic
acid leaching is an effective means of increasing microbial
carbonation.
The Cell-Free Extract Is an Effective Catalyst for

Monocalcium Silicate Carbonation. Traditionally, in
biocement, whole cells are used for carbonation.24 In the
case of ureolysis, a single enzyme (urease) hydrolyzes urea to
form ammonia and CO2, which elevates the solution pH and
catalyzes CaCO3 precipitation.

24 In this whole-cell scheme, the
bacterial membrane provides a stable microenvironment for
cellular activities, such as buffering intracellular pH and the ion
content. However, utilizing whole cells for cement carbonation
requires that bulky (micrometer scale) cellular biomass is
distributed within a pore size large enough to accommodate
the microbes and the distribution of these pores is uniform,25

which could limit the types of possible concrete micro-
structures. To avoid this concern, we tested a cell-free
approach, where S. pasteurii cell-free extracts containing the
urease enzyme are used as the catalyst to decompose urea for
CaCO3 precipitation. This approach eliminates the need for
cells, enables more even distribution of the reactants in
cement, and accommodates a wider range of cement and
concrete microstructures, all of which could result in better
mechanical properties.26 The feasibility of this approach has
been demonstrated in previous studies where cell-free extracts

were utilized for soil stabilization,27 sand consolidation,26 and
concrete crack repair.28

Our data show that cell-free extracts have effective urease
activity over a wide range of conditions, but the activity
appears not as robust as that of whole cells (Figure 4). In
contrast to whole cells that exhibited the maximum activity at
70 °C, the maximum activity for cell-free extracts was observed
at 50 °C, indicating lower heat stability of cell-free extracts
than that of whole cells (Figure 4A). Similar to whole cells, the
optimum pH for cell-free extracts was 7−9 (Figure 4A).
However, the activity in cell-free extracts is more significantly
hindered at pH 5 and pH 11 (5% and 2% of the maximum
activity, respectively, relative to that at pH 9, 50 °C) than the
whole-cell activity (44% and 34% of the activity, respectively,
relative to that at pH 9, 50 °C). Finally, cell-free extracts
maintain a high soluble calcium salt tolerance, similar to whole
cells, and the CaCO3 precipitation rates remained the same
upon addition of up to 1 mol L−1 CaCl2 (Figure 4B). Our
results indicate a potential limitation to using cell-free extracts:
without the protective cell membrane, the urease enzyme is
more sensitive to environmental conditions with lower
carbonation rates.
To determine if the cell-free extract is active and capable of

catalyzing CaCO3 precipitation, we incubated cell-free extracts
in acetic acid-treated monocalcium silicate (15 wt %) and
monitored the urease enzyme activity, pH, and the calcium
biomineralization rate (Figure 5). We observed high-level
urease activity in monocalcium silicate slurries demonstrated
by ammonia production and the calcium biomineralization rate
(Figure 5A−C). Calcimetry performed on these samples
indicated that CaCO3 precipitation by cell-free extracts is
similar to whole cells at the end of 72 h of incubation (Figure
5D). These data suggest that the urease enzyme in cell-free
extracts is active and can catalyze CaCO3 precipitation.
However, its activity is more susceptible to environmental
conditions, especially at pH values below 7 and above 9
(Figure 4), which could influence its stability during prolonged
incubation under cement conditions.

Whole Cells and Cell-Free Extracts Both Produce
Calcite Minerals but with Different Morphologies. The
availability of nucleation sites is an important factor that
regulates CaCO3 biomineralization. It has been suggested that
the bacterial cell surface, along with organic macromolecules,
plays a role in CaCO3 crystal nucleation.

29,30 However, other
factors such as the presence of inorganic particles (e.g.,

Figure 4. Effect of temperature, pH, and calcium salt concentration on cell-free extract urease activity. (a) Effect of temperature and pH on urease
activity of cell-free extracts. (b) Influence of calcium salt (CaCl2) concentration on urease activity and the calcium uptake rate of cell-free extracts.
Data shown are the averages of biological replicates assayed in triplicate ± standard deviation (n = 3).
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monocalcium silicate) and organic constituents (e.g., acetic
acid, acetate ions, and hydronium ions) could also influence
the physical properties of precipitated CaCO3. To characterize
the mineral phase and morphology of the CaCO3 formed, we
performed scanning electron microscopy (SEM), elemental
mapping, and powder X-ray diffraction (XRD) of incubated
monocalcium silicate slurries amended with acetic acid. This
analysis revealed the presence of CaCO3 crystals in slurries
amended with both whole cells (Figure 6A) and cell-free
extracts (Figure 6B). EDS analysis of the crystalline regions
showed primarily calcium, carbon, and oxygen peaks indicative
of CaCO3 (table insets in Figure 6C,D). Powder X-ray
diffraction (XRD) confirmed the presence of primarily calcite
in both cases and correlated the increasing concentration of
calcite with the increasing concentration of acetic acid (Figure
7). In addition, the calcite crystals covered the surface of
monocalcium silicate particles, serving to connect the particles
together. A distinct difference in the minerology morphology
was observed between whole cells and cell-free extracts (Figure
6C,D). Whole-cell incubations yielded calcite of smaller and
more irregular shape, whereas cell-free extracts led to the
precipitation of larger and more cuboidal-shaped crystals.
These data demonstrate that S. pasteurii urease can facilitate

calcite formation from monocalcium silicate and that the
choice of biocatalyst (whole cells versus cell-free extracts) plays
an important role in the morphology of CaCO3 precipitation.
This study has provided us with numerous guidelines

instructive to the formulation of cements, mortar, and
concrete. First, the solid content of any type of cement
product will always exceed 15 wt %. Thus, the heat output
from the overall process must be controlled to be not warmer
than 70 °C. Second, the high solid loading will also increase
the system pH. While this issue can be managed by the
addition of acetic acid, the cement particles will neutralize a
good portion of the acid added. Thus, time must be taken for
the acid addition so that the solution pH does not drop below
5 but not too slow that the pH goes above 9. Another
precaution associated with acid addition is to avoid the
accumulation of too much soluble calcium, as a concentration
of 3 mol L−1 soluble calcium or higher will inhibit urease
activity. Finally, the use of a cell lysate solution containing the
urease enzyme alleviates the concern regarding accommoda-
tion of the microbes in the cement or cement−aggregate
microstructure. However, this advantage has a trade-off given
the fact that a temperature of 50 °C yields a higher activity
than that of 70 °C, and the calcium carbonate output with the
lysate is far less than that with the intact microbes, which is
likely caused by the diminished activity and stability of the
urease enzyme in the lysate during reaction progression.
Overall, these experiments provide an informative preview of
this system as being highly sensitive to many processing
variables. We can expect to see both differences and similarities
as these experiments are modified for making cement or
concrete.

■ CONCLUSIONS

Our work demonstrates the initial feasibility of using MICP to
catalyze CaCO3 precipitation from monocalcium silicate.
While our experiments were carried out in far more dilute
conditions, using particle dispersions instead of particle
compacts, the complexity of MICP has been revealed. This
study shows every variable, whether solids loading, pH,
dissolved calcium, organic acid concentration, or the use or
absence of cells, is important and must be optimized to ensure
the cells catalyze carbonation of calcium silicate. These
experiments along with the process modeling give an
informative preview of the complexities to expect when
formulating mortar or concrete.

■ METHODS

Bacterial Strains and Culture Conditions. Sporosarcina
pasteurii ATCC 11859, Lysinibacillus sphaericus (L. sphaericus)
ATCC 14577, Bacillus megaterium (B. megaterium) ATCC
14581, and Bacillus saliphilus (B. saliphilus) BAA-957 were
acquired from the ATCC (American Type Culture Collec-
tion). Lyophilized cells were propagated in sterile liquid
growth media (autoclaved at 121 °C for 30 min) and
cultivated according to the ATCC recommendations for each
strain. The cultivation conditions used for each strain were as
follows: S. pasteurii ATCC 11859 (Tris-yeast extract; 0.13 mol
L−1 Tris, pH 9.0, 20 g L−1 yeast extract, 10 g L−1 ammonium
sulfate; 30 °C); L. sphaericus ATCC 14577 (beef extract
adjusted to pH 7.2; 10 g L−1 beef extract, 10 g L−1 yeast
peptone, 10 g L−1 NaCl; 30 °C); B. saliphilus BAA-957 (tryptic
soy broth-NaCl adjusted to pH 9.0; 30 g L−1 CASO, 160 g L−1

Figure 5. Cell-free extract-induced carbonation of acetic acid-treated
monocalcium silicate slurries. Experimentally determined (A)
ammonia production, (B) pH, (C) soluble calcium concentration,
and (D) calcium carbonate precipitation with the addition of acetic
acid (0, 0.5, and 1 mol L−1) to 15 wt % (i.e., the solid-to-liquid ratio)
monocalcium silicate slurries containing cell-free extracts. Data shown
are the averages of biological replicates assayed in triplicate ±
standard deviation (n = 3).
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NaCl; 37 °C); and B. megaterium ATCC 14581 (8 g L−1 BD
234000 Difco Nutrient broth; 30 °C). For all experiments,
cells were cultivated in shaking incubators held at 150 rpm
until they reached the mid-exponential phase of growth. The
biomass concentration was determined by measuring the
optical density (at 600 nm) using a 96-well plate reader
(BioTek, USA). An optical density (OD) of 1.0 was defined as
1 × 109 cells mL−1 based on the conversation factor used by
Lauchnor et al.15

Ammonia Determination. Ammonia concentrations were
determined using the Berthelot reaction procedure using a
standard curve of known concentrations of ammonium
chloride (0−500 μmol L−1).31 Briefly, samples and standards
were diluted in deionized water (Milli-Q water, 18.2 mΩ), and
100 μL of the sample was mixed with 75 μL of a color reagent
(27 mg mL−1 sodium salicylate and 1 mg mL−1 sodium
nitroprusside dehydrate in 0.5 mol L−1 NaOH) and 25 μL of
oxidation solution (3% sodium hypochlorite in 1 mol L−1

NaOH) in a 96-well plate. All reagents were stored at 4 °C and
brought to room temperature before use. Samples were
incubated on an orbital plate shaker (800 rpm) for 5 min at
30 °C, and absorbance was measured (670 nm).
Ureolysis Rates. Pregrown bacterial cultures were

centrifuged at 5000g for 10 min and washed with sterile
0.85% NaCl. Cultures were then resuspended in buffered
ureolysis media, which consisted of 0.66 mol L−1 urea
dissolved in buffer. Standard ureolysis rate experiments for

all strains were carried out in urea-sodium phosphate (0.1 mol
L−1, pH 7) solutions held stationary at 30 °C in sealed
containers. Temperature versus pH experiments were con-
ducted in the following buffers at a concentration of 0.1 mol
L−1: sodium citrate (pH 5), sodium phosphate (pH 7), bicine
(pH 9), and sodium carbonate (pH 11). The starting optical
density used in ureolysis rate experiments was 0.025 unless
otherwise noted. When S. pasteurii cell-free extracts were used,
the urease activity was normalized to whole-cell activity.
Urease activity rates were determined by measuring the
ammonia concentration (via the Berthelot method) every 12
min for 1 h.

Calcium Carbonate Precipitation Rates. For calcium
biomineralization rate experiments, CaCl2 was dissolved in
urea-sodium phosphate (pH 7). For calcium salt inhibition
experiments where up to 1 mol L−1 CaCl2 was used, CaCO3

precipitation and ammonia production rates were determined
by sampling over a 24 h period. The starting optical density
used in experiments was 0.1, and all experiments were carried
out at 30 °C in sealed containers.

Calcium Determination. Soluble calcium was determined
using a colorimetric calcium assay (assay reagent = ethanol-
amine (0.375 mol L−1, pH 10.6), o-cresolphthalein complex-
one (82.0 μmol L−1), 8-hydroxyquinoline (7.16 mmol L−1),
and hydrochloric acid (27.75 mmol L−1)) with comparison to
a standard curve of known concentrations of CaCl2 (0−5
mmol L−1). Samples and standards were diluted in deionized

Figure 6. SEM and EDS analysis of whole-cell- and cell-free extract-induced calcium carbonate precipitation. SEM images of 15 wt % monocalcium
silicate slurries (i.e., the solid-to-liquid ratio) pretreated with 1 mol L−1 acetic acid and amended with either whole cells (A,C) or cell-free extracts
(B,D). Scale bars: 10 (A,B) and 5 μm (C,D). Elemental analysis of crystal regions is indicated by the black box (all elements detected are shown in
table insets in (C) and (D)). Red arrows indicate representative monocalcium silicate particles.
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water, and 5 μL was mixed with 95 μL of the assay reagent in a
96-well plate. All reagents were stored at 4 °C for no longer
than 1 week and brought to room temperature before use.
Samples were incubated on an orbital plate shaker (800 rpm)
for 5 min at 30 °C, and absorbance was measured (570 nm).
Rate measurements were normalized to the initial optical
density.
Cement Bioslurry Composition. Cement slurries were

prepared by suspending 15 wt % NYAD M400 monocalcium
silicate (NYCO Minerals, Inc., USA) in deionized water.
Before bacterial inoculation, slurries were incubated for at least
72 h abiotically at room temperature on a rotating shaker in
sealed containers. Cells were washed at least once and
resuspended in 0.85% NaCl. The starting optical density
used in experiments was 0.1 unless otherwise noted. The pH

was determined using a pH probe. Monocalcium silicate
slurries (15 wt %) were increased in scale to ∼150 g to enable
carbonate content analysis via calcimetry and XRD. These
bioslurries were directly dosed with the requisite amount of
glacial acetic acid (Fisher Scientific, Pittsburgh, Pennsylvania,
USA) to achieve the desired acetic acid concentration (i.e., 0−
1.0 mol L−1). Slurries were also dosed with the requisite
amount of Certified ACS urea (Fisher Scientific, Pittsburgh,
Pennsylvania, USA) to achieve a concentration of 1.5 mol L−1.
After bacterial inoculation, the samples were incubated for 72 h
on an orbital shaker in sealed containers before being
harvested.

Cell Lysis. S. pasteurii cells (20 mL) were cultivated under
standard conditions and centrifuged at 5000g at 4 °C for 15
min and resuspended in 4 mL of chilled 0.1 mol L−1 bicine
buffer (pH 9). Phenylmethylsulfonyl fluoride (PMSF) (1
mmol L−1) was added to resuspended cells before cell lysis.
Bacterial cells were lysed using a French press at 14,000 psi.
Cellular debris was removed by centrifuging samples at
10,000g for 20 min. Aliquots of the supernatant were stored
in 5% glycerol at −80 °C until use.

Geochemical Modeling of Microbial Carbonation of
Monocalcium Silicate. To understand the impact of the
different microbial and chemical processes on the microbial
carbonation of calcium silicate, we developed a simple
numerical model. The model incorporates experimentally
observed pH-dependent microbial ureolysis kinetics along
with both kinetic and equilibrium reactions associated with the
carbon, nitrogen, and calcium-based species. The key reactions
included in the model are listed below:

+ ++ −VNH H O NH OH3 2 4 (1)

++ −VH CO H HCO2 3 3 (2)

+− − +VHCO CO H3 3
2

(3)

++ −VH O H OH2 (4)

+ + ++ +VCaSiO (s) 2H Ca SiO H O3
2

2 2 (5)

++ −VCaCO (s) Ca CO3
2

3
2

(6)

Unless indicated by the subscript (s) to denote solid, all the
species listed in the equations above are in an aqueous phase.
Thus, eight aqueous species concentrations (excluding water as
its concentration is assumed to remain unchanged) need to be
computed to determine the state of the system. Typically,
chemical reactions with solid minerals are slower than
reactions between aqueous species.32 Thus, eqs 1−4 are
always assumed to be at equilibrium. The B-dot activity
coefficient model was used to compute the activities of the
aqueous species33 as it is applicable for solutions with an ionic
strength of about 1−2 M. The expression of the activity
coefficient is shown below:

γ =
−
+

+ ̇Az I
a B I

BIlog
1i

i

i
10

2

(7)

where γi is the activity coefficient of species i; zi is the charge of
species i; A, B, and Ḃ are model-specific parameters; and ai is
the hard core diameter of species i. The values of the different
parameters were obtained from the database in LLNL’s EQ3/6
geochemical modeling software.34 The activities of the solid
phases and water were assumed to be 1.32 This allows us to

Figure 7. XRD analysis of whole-cell- and cell-free extract-induced
calcium carbonate precipitation. X-ray diffraction of 15 wt % (i.e., the
solid-to-liquid ratio) monocalcium silicate slurries amended with
either whole cells (A) or cell-free extracts (B). The top (yellow)
spectrum of each graph shows monocalcium silicate slurries treated
with 1 mol L−1 acetic acid and either whole cells (A) or cell-free
extracts (B). The middle (black) panel shows spectra for abiotic,
untreated monocalcium silicate slurries (negative control). The inset
spectra in the middle panels indicate monocalcium silicate slurries
treated with increasing concentrations of acetic acid (0−1 mol L−1)
and either whole cells (A) and cell-free extracts (B). The calcite peak
is shown to increase with increasing acetic acid concentration.
Reference spectra for monocalcium silicate (Wollastonite 2M, blue)
and calcite (red) are shown in the lower panel of each diagram.
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relate the equilibrium constants for the six reactions listed
above in terms of the concentrations of the aqueous species.
For example, the equilibrium relation associated with eq 1
yields the following:

γ γ

γ
=

[ ] [ ]

[ ]

+ −
+ −

K
NH OH

NH1
NH 4 OH

NH 3

4

3 (8)

To solve for the state of the system, we need eight equations
to determine the concentrations of the eight species. Four
equations are obtained from the equilibrium constraints for
reactions in eqs 1−4. The values of these equilibrium constants
at 20 °C are listed in Table S2.34 Three other equations are
obtained by performing a mass balance on nitrogen, calcium,
and carbon. They are as follows:

[ ] + [ ] = = + Δ ×+
− t rNH NH N Nt t t t3 4 tot, tot, 1 urease (9)

[ ] =

= + Δ × − Δ ×

+

− t r t r

Ca Ca

Ca

t t

t

2
tot,

tot, 1 wollastonite calcite (10)

[ ] + [ ] + [ ] =

= +
−

− Δ ×

− −

−
− t r

CO HCO H C C

C
(N N )

2

t t t t

t
t t

3
2

3 2 tot,

tot, 1
tot, tot, 1

calcite (11)

where Ntot, Catot, and Ctot are the total amounts of nitrogen,
calcium, and carbon in the system; the subscripts t and t − 1
denote the current and previous time; Δt is the length of the
time step; rurease is the rate of urease activity, rwollastonite is the
rate of monocalcium silicate dissolution (ICD), and rcalcite is
the rate of calcite precipitation, all in units of M/h. The final
equation is a charge balance to ensure the electroneutrality of
the solution. This yields the following:

[ ] + [ ] + [ ] − [ ] − [ ]

− [ ] =

+ + + − −

−

2 Ca H NH OH HCO

2 CO 0

2
4 3

3
2

(12)

To solve the system of equations, we need the initial
nitrogen, calcium, and carbon concentrations, which are all 0,
and expressions for rurease, rcalcite, and rwollastonite. rurease is
calculated by interpolating between experimentally determined
values. In the absence of pH-dependent microbial calcite

precipitation rates, we assumed that =r r
calcite 2

urease . This

assumption would be reasonable if the rate of microbial calcite
precipitation is significantly faster than the rate of microbial
generation of CO2 by ureolysis and is supported by the
observations in Figure 2B. If the rate of generation of calcium
ions is slower that the rate of CO2 generation, then calcite will
precipitate at an even slower rate due to the unavailability of
calcium ions. By incorporating rcalcite and rwollastonite, the model
can capture both types of rate limitations: CO2 availability and
Ca2+ availability (as shown in Figure S2).
Finally, rwollastonite was obtained from the data reported by

Schott et al.35
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where av is the available surface area for reaction per unit
volume of the cement slurry. Monocalcium silicate particles of
the NYAD M400 used in this study have a specific surface area
of 2.0 m2/g as measured by a BET surface area analyzer
(Tristar II 3020, Micromeritics, Inc., GA, USA). For a 15 wt %
cement slurry, av = 3.33 × 106 cm2/L. It is assumed that all the
reaction rates reduce to 0 when conditions are no longer
favorable for the reaction to proceed. For example, once all the
urea is consumed, rurease = 0. Similarly, if calcium and carbonate
ion concentrations are not high enough to initiate precip-
itation, i.e., [Ca2+][CO3

2−] < K6, then rcalcite = 0.
To investigate the use of acetic acid incubation to facilitate

ICD prior to microbe/urea addition, extra equations describing
the acid equilibrium and the mass balance of the acid are
included. The acid equilibrium equation is given by the
following:

→ ++ −CH COOH H CH COO3 3 (14)

The mass balance on the amount of the acid added yields
the following:

[ ] + [ ] =−CH COOH CH COO acidt t3 3 tot (15)

It is assumed that the anion CH3COO
− does not participate

in any other reaction and does not precipitate as any solid.
Table S2 tabulates the equilibrium constant for acetic acid.

Thermal Modeling of Carbonation of Monocalcium
Silicate. The overall carbonation of monocalcium silicate is
known to be an exothermic reaction36 and is thus expected to
increase the temperature of the system. To estimate the
expected temperature range during the carbonation of
monocalcium silicate, an energy balance was performed by
assuming adiabatic conditions and constant heat capacities.
The assumption of adiabatic conditions implies that there is no
heat loss to the environment and all the heat generated due to
the reaction is used to increase the temperature of the
unreacted reactants, generated products, and inert compounds
(e.g., water). This assumption will yield an upper limit to the
expected temperature increase. Note that any heat consumed
in dissolving the urea in water is not considered. The
exothermic reaction considered in this model is as follows:

+ → +CaSiO CO CaCO SiO3 2 3 2 (16)

The adiabatic energy balance results in the following
equation:
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where ϕ is the porosity of the initial slurry; V is the volume of
the system; ρi, Mi, and Cp, i are the density, molecular weight,
and specific heat capacity of component i, respectively; Tf is
the final temperature of the system; T0 is the initial
temperature of the system; ξ is the extent of reaction; and
ΔH is the enthalpy of reaction. Subscripts H2O, W, S,and C
indicate water, monocalcium silicate, silica, and calcium
carbonate, respectively. The porosity of the initial slurry, ϕ,
is related to the weight fraction of monocalcium silicate, w, by
the following equation:

ϕ =
+
ρ

ρ ρ
−

w

w w1
W

W H2O (18)

Since the analysis does not include the enthalpy of water
vaporization, the model is invalid at temperatures higher than
100 °C. The parameter values of the constants used in eq 17
are listed in Table S3.
Carbonate Content Determination. The carbonate

content of all monocalcium silicate samples was assessed
using a calcimeter according to the manufacturer’s recom-
mendations (Eijkelkamp Soil & Water, The Netherlands).
Deionized water was utilized as a solvent. Hydrochloric acid (4
mol L−1) was diluted from PlasmaPure 34−37% (concen-
trated) hydrochloric acid (SCP Science, Canada). ACS
reagent-grade (≥99.0%) calcium carbonate (Millipore-Sigma,
USA) was used for column calibration. All samples prior to
calcimetry were harvested via vacuum filtration through Grade
151 Ahlstrom glass microfiber filters (VWR International,
USA), washed with deionized water to remove all soluble
phases, and dried at 70 °C and a 20 in. Hg vacuum pressure
using a VWR 1430M vacuum oven. Sample sizes were adjusted
between 1.0 and 3.0 g such that the generated carbon dioxide
pressure fell within the linear calibration range (20−80 mL).
The carbonate content (g per kg) of the total powder mass was
calculated according to the manufacturer’s recommendation
(Eijkelkamp Soil & Water, The Netherlands). The carbonate
content (molar percent conversion of the original mono-
calcium silicate) was calculated as an extension of the original
carbonate content (g carbonate per kg total powder) with the
following assumptions: (1) the only phases present are CaCO3,
SiO2, and CaSiO3, and (2) CaCO3 and SiO2 are present in
equimolar amounts (i.e., 1:1). The mol % conversion is defined
relative to the starting molar quantity of CaSiO3 according to
the following equations:

+

+ +V

CaSiO (s) 2CH COOH(aq)

Ca(CH COO) (aq) SiO (s) H O(l)
3 3

3 2 2 2 (19)

+ +

+V

Ca(CH COO) (aq) (NH ) CO(aq) 2H O(l)

CaCO (s) 2NH CH COO(aq)
3 2 2 2 2

3 4 3 (20)

Evolution of the Carbonate Phase with Respect to
the Acid Content. Powder X-ray diffraction (XRD) was used
to assess the crystalline phase composition of all samples. XRD
was conducted using a Bruker D8 Discover (Bruker AXS,
USA) with a step size of 0.018° (2θ) with a 0.5 s dwell time.
The instrument was equipped with a Vantec 1 detector, a Cu
Kα source operating at 40 kV and 40 mA (1600 W), and a
horizontal goniometer. Pattern analysis was conducted using
MDI Jade (Materials Data, Inc., USA) equipped with the
International Centre for Diffraction Data 711 database (ICDD,
USA) to determine the identity of the constituent phases. All
samples prior to XRD analysis were processed as described in
the “Carbonate Content Determination” section.

Scanning Electron Microscopy and Elemental Anal-
ysis. After 72 h of incubation, the monocalcium silicate slurries
were centrifuged (5000g for 10 min), rinsed with deionized
water, dried, gold-coated by a sputter, and scanned by SEM at
300×, 1000×, 5000×, and 10,000× magnifications at 5 kV
(Thermo Scientific Apreo 2 SEM, USA). Energy-dispersive X-
ray (EDX) analysis was conducted at 15 kV for elemental
analysis.
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