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To Whom it May Concern:

I am writing this letter in strong support of designating Soap Lake as an Outstanding Resource
Water (ORW).

I am a Professor of Chemical and Biological Engineering at Montana State University. I am
affiliated with the Center for Biofilm Engineering and the Thermal Biology Institute, both
world-renown centers of excellence for the study of extremophilic microorganisms and the
development of biotechnology. My research on biofilms and extremophilic organisms focusing on
biocement as well as algal-biofuel and -bioproduct generation has brought me to places like
Yellowstone National Park and Soap Lake (WA). Soap Lake has proven to be a unique
environment, which has yielded algae and associated microbiomes, which are not only unique but
are also involved in carbon capture. High pH/high alkalinity environments like Soap Lake have
been identified as the most productive ecosystems in the world (Melack 1981), and my group is
studying the unique organisms in the Soap Lake area.

For instance, algal growth can capture carbon dioxide, which in the case of Soap Lake can lead to
net carbon capture because algae are often sinking into the hypolimnion where the
photosynthetically fixed carbon remains for extended periods of time. Not protecting the
meromictic character of Soap Lake could indeed result in a release of large amounts of carbon, and
a significant degradation of the lake's quality.

In specific, my group has published, so far, one paper on the enrichment of unique organisms
enriched from the Soap Lake area with ureolytic capabilities (Skorupa, Akyel et al. 2019).
Ureolysis can contribute to the production of cement-like materials without the need of high
energy, high temperature and thus high carbon intensity production of transitional Portland cement
(Phillips, Gerlach et al. 2013, Heveran, Liang et al. 2019, Feder, Akyel et al. 2020, Akyel, Coburn
et al. 2022).

My group is also currently supported by the US National Science Foundation and the Department of
Energy to study organisms from Soap Lake for algal-biofuel and -bioproduct generation. The high
pH and high alkalinity conditions at Soap Lake have resulted in the enrichment and possibly
evolution of organisms adapted to these conditions (Vadlamani, Viamajala et al. 2017, Vadlamani,
Pendyala et al. 2019, Gao, Pittman et al. 2023). High pH indeed enhances the dissolution of CO2
into water and the high alkalinity provides a pH buffer for stable growth conditions and a large
reservoir of inorganic carbon ("CO2") for fast algal growth (Pendyala, Vadlamani et al. 2017).

We currently have approximately 30 enrichments of photosynthetic cultures from Soap Lake, Lake
Lenore and Alkali Lake, which are being studied for their microbiome and their ability to produce
algal-biofuels and -bioproducts. Soap Lake is expected to continue yielding insights that will further
our ability to develop more sustainable technologies as well as unique organisms that might or
might not yield advances in other areas, such as the production of pharmaceuticals.



Hence, I am urging the Washington DOE to designate Soap Lake as an Outstanding Resource
Water (ORW).

Yours sincerely,

Robin Gerlach (Ph.D.)
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Introduction

Abstract

Aims: Development of biomineralization technologies has largely focused on
microbially induced carbonate precipitation (MICP) via Sporosarcina pasteurii
ureolysis; however, as an obligate aerobe, the general utility of this organism is
limited. Here, facultative and anaerobic haloalkaliphiles capable of ureolysis
were enriched, identified and then compared to S. pasteurii regarding
biomineralization activities.

Methods and Results: Anaerobic and facultative enrichments for
haloalkaliphilic and ureolytic micro-organisms were established from sediment
slurries collected at Soap Lake (WA). Optimal pH, temperature and salinity
were determined for highly ureolytic enrichments, with dominant populations
identified via a combination of high-throughput SSU rRNA gene sequencing,
clone libraries and Sanger sequencing of isolates. The enrichment cultures
consisted primarily of Sporosarcina- and Clostridium-like organisms. Ureolysis
rates and direct cell counts in the enrichment cultures were comparable to the
S. pasteurii (strain ATCC 11859) type strain.

Conclusions: Ureolysis rates from both facultatively and anaerobically
enriched haloalkaliphiles were either not statistically significantly different to,
or statistically significantly higher than, the S. pasteurii (strain ATCC 11859)
rates. Work here concludes that extreme environments can harbour highly
ureolytic active bacteria with potential advantages for large scale applications,
such as environments devoid of oxygen.

Significance and Impact of the Study: The bacterial consortia and isolates
obtained add to the possible suite of organisms available for MICP
implementation, therefore potentially improving the economics and efficiency
of commercial biomineralization.

microbially induced calcium carbonate precipitation
(MICP), where the microbially driven hydrolysis of urea

Biomineralization is the generation of minerals by living
organisms. Mineral precipitation can occur either directly
or indirectly, with indirect synthesis arising when intra-
cellular metabolic activities within a cell result in extracel-
lular supersaturation and mineral precipitation. The best
studied example of indirect mineral production likely is

results in the production of ammonia (NH3) and dis-
solved inorganic carbon (Eqn 1). The reaction increases
pH and carbonate alkalinity (Eqns 2 and 3) and favours
the precipitation of calcium carbonate (CaCO;) when
dissolved calcium is present (Eqn 4; Lauchnor et al
2013).
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Facultative and anaerobic MICP

NH,CONH, + 2H,0 — 2NH; + CO, (1)

2NH; + 2H,0 < 2NH; + OH™ (2)

CO, +20H™ « HCO; + OH™ «+ CO;” + H,O (3)
Ca?" + CO} — CaCOs(s) (4)

The process is applicable to numerous engineered
applications, from carbon sequestration (Mitchell et al.
2010) and groundwater remediation (Achal et al. 2012),
to soil stabilization (Whiffin et al. 2007) and improved
subsurface barriers (Rusu et al. 2011). The most common
organism used in subsurface engineered biomineralization
applications is the ureolytic bacterium Sporosarcina pas-
teurii (Phillips et al. 2013b). By injecting this organism
into the subsurface in combination with a supply of dis-
solved calcium and urea, the precipitation of CaCOj; in
the surrounding environment allows for small leaks in
porous rock formations to be sealed or porous media,
such as soils, to be stabilized. Sporosarcina pasteurii pro-
duces significant amounts of urease (Ferris et al. 1996;
Stocks-Fischer et al. 1999; DeJong et al. 2006) and is
effective at mineralization across a variety of size scales
(e.g. summarized in Phillips et al. 2013a; Phillips et al.
2016). However, the long-term use of tested laboratory
strains under field-relevant conditions and their tolerance
to the pressures, temperatures, salt concentrations and
oxygen conditions observed in the deeper subsurface is a
challenge (Martin ef al. 2012; Martin et al. 2013).

Recent work has shown S. pasteurii to be incapable of
growth in the absence of oxygen (Martin et al. 2012),
indicating that repeated injections of the organism would
be required to maintain long term biomineralization in
anoxic subsurface environments. As well, though S. pas-
teurii is capable of growth in sea water (Mortensen et al.
2011), deep aquifers can contain significantly higher
salinity levels (Bassett and Bentley 1983) potentially
resulting in urease inhibition. Urease activity is also
known to be pH-dependent, with a pH of approximately
7 being described as optimal for known enzymes (Fidaleo
and Lavecchia 2003). This pH dependence could inhibit
the biological activity of organisms like S. pasteurii in the
subsurface because water associated with well cement can
routinely have pH values between 11 and 13 (Bang et al.
2001; Jonkers et al. 2010). These limitations with S. pas-
teurii create a need to isolate alternative micro-organisms
adapted to the extreme conditions potentially encoun-
tered in the deep subsurface.

This study examines the ability of haloalkaliphilic
organisms to perform ureolysis-induced CaCO; precipita-
tion under either (initially) low-oxygen (‘facultative’) or
anaerobic conditions. The primary objectives were (i) to
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enrich  urea-hydrolysing  micro-organisms  naturally
adapted to high salinity, alkaline and anoxic environ-
ments, thus selecting for ureolytic organisms adapted to
conditions likely to be encountered in deep subsurface
rock formations; (ii) identify the dominant microbial
populations and morphologies using DNA sequencing
and microscopy and (iii) compare the ureolytic activity
of haloalkaliphilic enrichment cultures to the current

MICP model organism, S. pasteurii.

Materials and methods

Site description, aqueous chemical analyses and biomass
collection

Sediment slurry samples were collected for microbial
enrichments from three different locations within or adja-
cent to Soap Lake, a meromictic, alkaline, saline lake
located in central Washington, USA. Sampling was con-
ducted in January 2015 at locations identified as SL2
(47-24 340 N, 119-29 412 W), SL3  (47-31 394 N,
119-29 594 W) and SL4 (47-30 770 N, 119-30 006 W).
Biomass was collected by aseptically gathering a soil and/
or sediment slurry and transferring it into a sterile 50 ml
conical tube. Following collection, samples were main-
tained at 4°C until cultures could be established. The
temperature, pH and electrical conductivity of each site
was measured in situ using a combined pH-temperature
probe and meter-compatible electrical conductivity probe
(YSI Incorporated, Yellow Springs, OH).

Aqueous geochemistry was also assessed at sites SL2
and SL3; the sample from site SL4 consisted of solid
material only (top soil from a salt flat) and therefore
no aqueous geochemistry data are available. Briefly, site
water was filter-sterilized (0-22 um) directly into sterile
50 ml conical tubes. Some filtered site water was acidi-
fied in the field with 5% trace metal grade nitric acid
prior to transport and used for total dissolved metals
analysis. Concentrations of total metals were measured
using an Agilent 7500ce ICP-MS by comparing to cer-
tified standards (Environmental Calibration Standard
5183-4688; Agilent Technologies, Santa Clara, CA). Ion
chromatography was used to determine concentrations
of dominant anions. For this, nonacidified filtered sam-
ples were analysed using a Dionex ICS-1100 chro-
matography System (Dionex Corp., Sunnyvale, CA)
equipped with a 25 pl injection loop and an AS22-
4x250 mm anion exchange column, using an eluent
concentration of 4-5 mmol 17" sodium carbonate and
1-4 mmol 1™ sodium bicarbonate flowing at a rate of
1.2 ml min~'. An overview of the aqueous geochem-
istry is given in Table SI; the following were not
detected NO, ™, Br~, PO,>” and dissolved Fe.
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Samples were also collected for total community analy-
sis by filtering 2 I of site water from each sampling loca-
tion through a 0-22 pum filter. The filters were aseptically
transferred into a 50 ml conical vial, immediately placed
on dry ice, and stored at —80°C until DNA extraction.

Enrichment, optimal growth conditions and microbially
induced CaCOj; precipitation activity

Calcium mineralizing medium (CMM) was used to enrich
ureolytic bacteria. The medium consisted of 3 g 1" Difco
Nutrient Broth (BD, Sparks, MD), 333 mmol I urea,
187 mmol I"' NH,Cl and was modified with both
0-077 mmol 1" NiCl, and 50 g1' NaCl. The medium
was prepared either anaerobically (N, headspace) or aerobi-
cally, pH adjusted to 9 with 5 mol I"! NaOH, distributed
into 30 ml Hungate tubes sealed with butyl-rubber stoppers,
and sterilized by autoclaving. Enrichment cultures were
established in triplicate by inoculating Hungate tubes con-
taining 9 ml of autoclaved CMM medium with 1 ml of
environmental sediment slurry (10% (v/v)) and incubation
at 37°C without shaking. Enrichments were screened for
ureolytic activity by monitoring urea concentrations in fil-
tered (0-22 pm filter) subsamples using a modified Jung
assay (Jung et al. 1975; Phillips et al. 2016). Enrichment cul-
tures positive for ureolysis were transferred into fresh med-
ium for continued cultivation.

Subsequent experiments investigating CaCO; precipita-
tion efficacy used CMM medium with the pH adjusted to
6 prior to autoclaving. The medium was amended with
33 mmol 1! sterilized CaCl,-2H,O prior to inoculation
with 10% (v/v) of culture before static incubation at
30°C. Liquid samples were collected every 2 h, passed
through a 0-22 pm filter and analysed for pH and dis-
solved concentrations of urea using a modified Jung assay
(Jung et al. 1975; Phillips 2013a). Dissolved levels of Ca*"
were measured using filtered samples and were deter-
mined via spectrophotometry measurements at 620 nm
using a modified calcium-o-cresolphthalein complexome
method (Kanagasabapathy and Kumari 2000). Alkalinity
was tracked after diluting samples (1 :50) in water
(18-2 MQ.cm) and titrating with HCI (0-1 mol ™) to a
pH of 4-5 using an automatic titrator (HI 902; Hanna
Instruments, Woonsocket, RI). Mineral precipitates were
dried and characterized at the end of the experiment
using a LabRAM HR Evolution Confocal Raman micro-
scope (Horiba Scientific, Piscataway, NJ) at 100-500x
magnification and a 532 nm laser (100 mW). Spectra
were collected over a 100-2000 cm™' range using an
1800 g mm ™' grating and a 1024 x 256 pixel air cooled
CCD detector. Peak identification was supported using
the KnowlItAll Raman spectra library (Bio-Rad, Hercules,
CA).

Facultative and anaerobic MICP

Calcium mineralizing medium was also utilized to
determine the optimal temperature, pH and salt concen-
trations for established ureolytic enrichments. Cultures
were incubated at 20, 25, 30, 37, 40 and 45°C without
shaking to determine the optimal growth temperature.
After determining the optimal growth temperature, the
effects of pH on growth were monitored by poising the
pH at values ranging from 6-0 to 11-0 using either NaOH
or HCL Finally, optimal salt concentrations were deter-
mined by varying NaCl levels between no addition and
4.3 mol 1! using the optimal growth temperature and
pH value. Treatments were monitored for growth by col-
lecting optical density measurements at 600 nm (Unico,
S-1100 VIS spectrophotometer, 1 cm path length). Identi-
cal physiological tests were also conducted on a pure cul-
ture of the model MICP strain S. pasteurii (ATCC 11859)
during growth in brain heart infusion (BHI) medium
(Becton Dickinson).

Urea hydrolysis kinetics of haloalkaliphilic enrichment
cultures were compared to those of the model MICP
strain S. pasteurii (strain ATCC 11859) using CMM con-
taining 333 mmol 1™ urea. CMM was inoculated with a
10% (v/v) culture volume and urea concentrations were
tracked using the modified Jung assay described above.
Changes in total cell numbers were monitored using acri-
dine orange staining and direct cell counting. Briefly,
1-98 ml of sample was mixed with 20 pl acridine orange
(40 mg ml™") and incubated at room temperature for
30 min before rinsing with nanopure water. The stained
sample was filtered onto a black polycarbonate 0-22 um
membrane filter, washed with nanopure water, dried and
mounted on a microscope slide using immersion oil.
Slides were viewed using a transmitted/epifluorescence
light microscope (Nikon Eclipse E800, Nikon Instruments
Inc., Melville, NY) with an Infinity 2 colour camera with
the appropriate filter set. A total of 10-30 microscopy
fields were counted for each sample slide.

DNA extraction, PCR and sequencing

DNA for total community analysis was extracted from
each collected Soap Lake filter using a modified version
of the FastDNA Spin Kit for Soil (MP Biomedicals,
Solon, OH). Frozen filters were aseptically cut in half,
with one half placed in a sterile petri dish for DNA
extraction. Unused sections of the filter were stored at
—80°C. The half filter was further cut into smaller pieces
and aseptically transferred to a Lysing Matrix E tube.
DNA was also extracted from facultative and anaerobic
ureolytic enrichments to identify cultivated species.
Briefly, 30 ml of enrichment culture was harvested by
centrifugation, the pellet re-suspended in the provided
MP Biomedicals phosphate buffer and transferred to a
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Lysing Matrix E tube. The DNA extraction for both the
filters and enrichment sample types then continued
according to the manufacturer’s instructions. Following
extraction, the DNA from the filter and enrichment sam-
ples was cleaned and concentrated using a OneStep™
PCR Inhibitor Removal Kit (Zymo Research, Irvine, CA)
and Qiaquick PCR Purification Kit (Qiagen, Valencia,
CA). DNA extraction from axenic isolates followed the
protocol outlined by Lueders ef al. (2004), and following
extraction all samples were purified using the Qiaquick
kit referenced above.

The V1V2 and V3 regions of the bacterial SSU rRNA
gene were targeted for total community analysis using the
universal bacterial primers 8F (5-AGAGTTTGATCCT
GGCTCAG-3') and 529R (5'-CGCGGCTGCTGGCAC-3').
The forward and reverse primers contained an Illumina
Nextera XT overhang sequence that allowed for addition
of multiplexing indices in a downstream PCR. Each 20 pl
PCR mixture contained approximately 1-5 ng of DNA,
0-001 mmol 17" of each primer, 2 pg of BSA and 10 ul
of KAPA HIFI HotStart ReadyMix (Kapa Biosystems Inc.,
Wilmington, MA). The PCR program was performed
with the following cycling conditions: an initial denatura-
tion at 95°C (3 min), followed by 25 cycles of denatura-
tion at 98°C (20 s), annealing at 58°C (15 s), extension
at 72°C (30 s), followed by a final extension at 72°C for
5 min. Following verification of the amplicon product in
a 1-0% agarose gel, PCR products were cleaned and con-
centrated using the Qiaquick PCR Purification Kit, and
quantified using a Qbit fluorometer (Invitrogen, Carls-
bad, CA). The overhang-ligated amplicon products were
further purified to remove free primers and primer
dimers using the AMPure XP bead kit (Beckman Coulter
Inc., Brea, CA) following the Illumina instructions.
Amplicons were subsequently barcoded using the Illu-
mina Nextera XT index kit (Illumina, San Diego, CA)
and purified a second time using the AMPure XP bead
kit. Purified amplicon libraries were quantified using
PicoGreen dsDNA reagent in 10 mmol 1”' Tris buffer
(pH 8:0) (Thermo Fisher Scientific, Waltham, MA),
pooled in equimolar amounts, spiked with 5% PhiX con-
trol spike-in and sequenced via the paired end platform
(2 x 300 bp) on an Illumina MiSeq® with the v3 reagent
kit. Amplicon sequences are available in the following
GenBank SRA accession SRP127176.

Near full-length amplification of the SSU rRNA gene
sequences was performed for DNA obtained from enrich-
ment cultures and axenic isolates using primers 8F (see
above) and 1492R (5-TACGGYTACCTTGTTACGACTT-
3’) and the following PCR program: initial denaturation
at 94°C (2 min), followed by 25 cycles of denaturation at
94°C (15 s), annealing at 51°C (15 s), extension at 72°C
(100 s) and a final extension at 72°C for 5 min.
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Amplicons were cloned using the CloneJet PCR Cloning
Kit (ThermoFisher Scientific, Waltham, MA) and 25
clones were sequenced at the Molecular Research Core
Facility at Idaho State University in Pocatello, ID, USA.
The near full-length clone sequences are deposited as
GenBank accessions MG682464-MG382488. Along with
enrichment sequencing, pure cultures were obtained from
each enrichment through sequential streaking (>3 times)
for isolation on solid BHI plates with 333 mmol 17" urea
and incubation at 30°C. Following isolations, one pure
culture derived from the facultative and one from the
anaerobic enrichment was targeted for full-length SSU
rRNA gene sequencing using the primers and thermocy-
cler conditions described above. The near full-length
clone sequences can be found as GenBank accessions
MG674285-MG674286.

Pyrosequencing data and statistical analysis

The SSU rRNA gene amplicon sequences for total com-
munity analysis were quality trimmed and refined using
the Mothur pipeline following the Schloss laboratory’s
standard operating procedure for MiSeq datasets
(Kozich ef al. 2013). In brief, the programs make.con-
tigs and screen.seqs (maximum number of ambiguous
bases = 0, maximum length = 550 bp), were used to
identify high quality sequences. Duplicate sequences
were removed to reduce computational times, and
unique sequences were aligned to a reference alignment
using the SILVA 16S rRNA gene sequences from Bacte-
ria. This alignment was customized to the area imme-
diately surrounding the VIV2 and V3 regions. Poorly
aligned as well as chimeric sequences were identified
and removed from the dataset. Next, taxonomic classi-
fications were assigned using classify.seqs, and sequences
identified as derived from either the domain Archaea
chloroplast/mitochondria  organelle  were
removed. To further reduce computation times, groups

or the

with sequences present at less than 0-1% abundance
were removed, thus focusing the analyses on abundant
community members. These sequences were then
binned into operational taxonomic unit (OTUs) using
the programs dist.seqs and cluster, and a representative
sequence from each OTU was selected.

Representative  sequences, near full-length
libraries and SSU rRNA gene sequences from isolated
organisms were identified by comparison with known
sequences in GenBank using BrLaAsTN (http://blast.ncbi.nlm.
nih.gov/Blast.cgi). Representative pyrosequencing reads
were genus-level matches if they were >80% identical
over >80% of the length of the read, whereas full-length
clones were species-level matches if they were >97% iden-
tical over >80% of the length of the sequence.

clone
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Scanning electron microscopy

Facultative and anaerobic enrichments were grown in
CMM medium without NaCl for microscopy. The cells
were prepared for imaging by immobilization on a glass
slide and then mounted and coated with iridium for
imaging (1 kV) with a Zeiss Supra 55 Field Emission
Scanning Electron Microscope at the Image and Chemical
Analysis Laboratory (ICAL) at Montana State University.

Results

Habitat and enrichment

Enrichment cultures for ureolytic micro-organisms were
prepared using sediment slurry samples collected at three
shore-line locations at Soap Lake (site SL2), Alkali Lake
(Site SL3) and Lenore Lake (Site SL4), a series of saline
and alkaline lakes located in central Washington
(Fig. Sla). The pH values ranged between 9-05 and 9-85,
with all water temperatures at 2°C. CMM containing urea
was inoculated in triplicate with sediment slurries and
incubated in the dark at 37°C without shaking. Abiotic
controls without inoculum were also tracked alongside
the enrichment cultures. Significant ureolysis (defined as
>50% decrease in the urea concentration) was detected

Facultative and anaerobic MICP

after 30 days in the facultative and anaerobic enrichments
established from site SL2 sediment slurries (Fig. S1b),
and positive cultures were transferred into fresh medium.
Abiotic controls showed no decrease in urea concentra-
tions after 30 days. In an initial set of experiments, ureol-
ysis efficacy and mineral precipitation were assessed in
both the anaerobic and facultative SL2 enrichments by
tracking urea, Ca®" and alkalinity levels over a 10-h per-
iod. Decreases in urea (Fig. la) and an increase in both
medium pH (Fig. 1b) and alkalinity (Fig. 1d) indicated
that ureolysis occurred in both enrichment cultures and
that carbonate was produced. A roughly 33% reduction
in the starting concentration of urea (333 mmol 1"') was
observed over 10 h. This, combined with the observation
of increased pH and alkalinity, verified that significant
ureolysis occurred, resulting in the alkaline microenviron-
ment necessary for carbonate mineral precipitation. Dis-
solved Ca concentrations were also tracked and used as a
proxy for CaCOj; precipitation (Fig. 1c). Initial Ca con-
centrations were approximately 0-033 mol 1!
CaCl,-2H,0. Ca concentrations decreased below the
detection limit by the end of the 10-h experiment
(Fig. 1c) in Dboth enrichments, indicating that
<125 x 107* mol I"" of the initial Ca concentration
remained. Finally, mineral precipitates were characterized
using Raman Spectromicroscopy, which identified calcite

10
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8 r
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0 2 6 8 10 0 2 4 6 8 10
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333 mmol 1= urea) with 0-033 mol I E L £
CaCl,-2H,0. (a) Urea, (b) pH, (c) dissolved g =2
i - =2 0-02 =
calcium levels and (d) alkalinity were tracked % E
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to assess the potential for abiotic ureolysis 0 2 6 8 10

and precipitation.

Journal of Applied Microbiology 127, 1479-1489 © 2019 The Society for Applied Microbiology 1483



Facultative and anaerobic MICP

(CaCO3) as main mineral phase in all samples (Fig. S2).
The abiotic control samples showed no visible precipi-
tates, and thus were not analysed using Raman Spectro-
Mmicroscopy.

Optimal growth conditions and S. pasteurii tolerance
comparison

Facultative enrichments from site SL2 grew optimally at
30°C but were capable of growth between 20°C and 40°C
(Fig. 2a). Similarly, the pH tolerance for this enrichment
culture appeared to be broad, displaying growth across
the entire pH 6-11 range at 30°C (Fig. 2a). The SL2 fac-
ultative enrichment also grew across a wide range of
salinities (0-100 g 17" NaCl) at 30°C and a pH of 9, with
optimal growth observed at 50 g 1" (Fig. 2d).

In contrast to the wide growth spectrum of the faculta-
tive enrichment, SL2 ureolytic enrichments cultivated
under anaerobic conditions displayed a more restricted
growth range. Limited growth was observed for the

Temperature (°C)

25 30 35 40 45 25

0-8 T

0-8 T T T T T

Temperature (°C)

D.J. Skorupa et al.

anaerobic SL2 enrichment after 24 h across the entire
tested temperature range (Fig. 2b), though a slight prefer-
ence for 30°C was noted. The optimal and pH and salin-
ity ranges were pH 8 at 30°C and 25 g 17! NaCl at 30°C
and pH 8 respectively (Fig. 2b,e).

Additional experiments examined optimal conditions
for S. pasteurii strain ATCC 11859 to determine its
requirements and tolerance for growth under aerobic
conditions. An initial set of experiments revealed that
strain ATCC 11859 was incapable of growth in CMM
medium that did not contain urea. Knowing that the
inclusion of urea would initiate ureolysis, and signifi-
cantly alter the pH of the medium, an alternative cultiva-
tion medium, BHI broth, was employed instead.
Figure 2c shows that strain 11859 grew best at 30°C, with
a growth range of 22-40°C. Sporosarcina pasteurii strain
11859 also appeared to be adapted to alkaline environ-
ments, displaying significant growth at pH values ranging
from 6 to 11 at 30°C (Fig. 2c). Finally, though optimum
growth was achieved in the absence of additional NaCl,
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Figure 2 ODgoonm Measured after 24 h for facultative (a, d) and anaerobic (b, e) SL2 enrichments, as well as Sporosarcina pasteurii strain ATCC
11859 (c, f). Shown are the maximal optical densities for salinity (A), temperature (M) and pH (®) determined as specified in the materials and

methods section.
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S. pasteurii strain 11859 appeared to be halotolerant, with
growth observed in cultures with NaCl concentrations up
to 75 g 17" at 30°C and pH 8 (Fig. 2f).

Community analysis

Initial bacterial community characterizations were per-
formed for site SL2 (Fig. 3) and at sampling locations
SL3 and SL4 (Fig. S3). Operational taxonomic unit rich-
ness (at 97% sequence identity) indicated a large propor-
tion (67%) of the baseline SL2 community were
unclassified genera with predominant identified popula-
tions most closely related to the well-known alkaliphilic
bacterium Microcella (9% abundance), the bacterium Pul-
lulanibacillus (6% abundance) and the cyanobacterium
Synechococcus (6% abundance) (Fig. 3). Shifts in genus-
level relative abundance were apparent in the Illumina
SSU rRNA-based analysis following ureolytic enrich-
ments, where Bacillus was the only genus with an abun-
dance of >1% in the facultative enrichment, whereas the
obligate anaerobic community was comprised of a mix-
ture of Bacillus (39% abundance) and the obligate anaer-
obic genus Clostridium (60% abundance) (Fig. 3). This is
in contrast to the baseline SL2 populations, where the
genus Bacillus was present at approximately 3% abun-
dance and Clostridium populations were below 1% rela-
tive abundance.

Recent work taxonomically reclassified several Bacillus
genera as belonging to the genus Sporosarcina based on
distinct phylogenetic and cellular properties (Yoon et al.
2001). To determine whether short Illumina sequence
reads identified as Bacillus across the V1-V3 rRNA gene

Clone Library

Facultative and anaerobic MICP

region were potentially Sporosarcina members, full-length
SSU rRNA gene clones were used to obtain species-level
identification of enriched populations. All full-length
clones from the facultative ureolytic enrichment were a
close gene sequence match (99% sequence similarity) to
S. pasteurii strain NCCB 48021 (Fig. 3), whereas anaero-
bic SL2 enrichment clones were a mixture of cultivated
relatives of Clostridium sp. MT1 and S. pasteurii strain
NCCB 48021 (Fig. 3). For both enrichment cultures, the
clone sequencing indicated that other potential organisms
were present at abundance levels likely no >4%. Along
with these clone libraries, one isolate from each enrich-
ment was analysed via full-length rRNA gene sequencing.
Results supported the clone library results, where both
the facultative and anaerobic ureolytic isolates were a
close gene sequence match (99% sequence similarity) to
S. pasteurii strain NCCB 48021. SEM images of the
enrichment cultures also support the genus-level identifi-
cation, where numerous rod-shaped morphologies were
detected under both culture conditions (Fig. 4), which
correlates to known morphologies for both S. pasteurii
and Clostridium.

Rates of precipitation

Urea concentrations and direct cell counts were tracked
in SL2 enrichment cultures and the MICP type strain S.
pasteurii ATCC 11859 to determine ureolytic activity on
a per cell basis. Ureolytic activities were calculated by
normalizing the moles of urea hydrolysed per hour by
the cell density. Interestingly, no lag phase in growth was
detected in either of the SL2 enrichments, whereas

lllumina Library

Baseline
Community

7

Anaerobic -

Facultative

0% 25% 50%  75%

100% 0% 25% 50% 75%
Percent of Total

100%

Figure 3 Taxonomic diversity and richness at sampling site SL2 at the time of sample collection (baseline community) and following enrichment
under facultative and anaerobic conditions. The left panel shows species-level diversity and richness in full-length 16S rRNA clone libraries from
the enrichment cultures, whereas the right panel depicts genus-level 16S rRNA genes identified from Illumina-sequenced amplicon libraries. Only
genera with a relative abundance >1% are shown ((lll) Aequorivita; ([) Bacillus, (I) Bordetella; (M) Clostridium; (@) Cytophaga; (M) Gracil-
imonas; (M) Halobacillus; (W) Haloplasma; () Hydrogenophaga; (@) Microcella; () Phycicoccus; () Pontimonas; (J) Rhodobaca; () Rhodo-
luna; (@) Synechococcus; (M) Thioalkalivibrio; (Z1) unassigned; (B) Sporosarcina pasteurii). [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 4 Microbial communities enriched from an aqueous sample collected on the southeast shore of Soap Lake (site SL2). Field-emission scan-
ning electron microscopy (FE-SEM) images of SL2 samples enriched under (a) facultative and (b) anaerobic conditions indicate the presence of

numerous rod-shaped morphologies under both enrichment conditions.

growth of the MICP model strain S. pasteurii ATCC
11859 appeared to be delayed for approximately 2 h fol-
lowing inoculation (Table 1). The obligate anaerobic
enrichment communities from site SL2 displayed the
highest cell-specific urea hydrolysis rates, peaking at
3.05 x 107'° £ 240 x 107" moles of urea hydrol-
ysed'cell_l°h_1 (Table 1). A two-tail Student’s t-test
assuming equal variances determined this activity level
was statistically significant (P < 0-01) when compared to
both the facultative SL2 enrichment as well as S. pasteurii
ATCC 11859. Urea hydrolysis rates for the model MICP
organism and the facultative SL2 enrichment cultures
were comparable and averaged between 1-05 x 10'° to
1:95 x 10'% moles of urea hydrolysed-cell '+h™".

Discussion

One challenge identified in scaling up MICP-based seal-
ing applications to the field lies in the availability of
organisms adapted to the geochemical and geological
conditions present in the deeper subsurface (Phillips
et al. 2013b; Phillips et al. 2016). To date, biomineraliza-
tion sealing studies have largely focused on the use of S.
pasteurii strains, though its long-term persistence under
anaerobic conditions is doubtful (Martin et al. 2012), and

Table 1 Summary of urea hydrolysis rates

Lag
Enrichment/Culture  Rate (moles urea hydrolysed cell™* h~")  time
SL2 facultative 1.05 x 107'° + 1.70 x 107" <2 h
SL2 anaerobic 3.05 x 107'9 + 2.40 x 107" <2h
Sporosarcina 1.94 x 107'° + 820 x 1072 2h
pasteurii

its ability to conduct ureolysis in deep saline aquifers
remains unknown (Mortensen et al. 2011). The work pre-
sented here enriched and identified bacterial populations,
which increase the versatility and potential applicability
of the biomineralization sealing technology beyond the
current range. Using haloalkaliphilic media, either devoid
of or containing minimal oxygen, we enriched for and
identified ureolytically active bacterial populations poten-
tially more suitable for deep subsurface environments.

An emerging need in commercializing biomineraliza-
tion-based technologies is that suitable organisms be able
to reliably precipitate CaCO; in anaerobic subsurface
habitats. This study shows that enrichment of efficient
facultative and anaerobic ureolytic bacteria from an alka-
line soda lake environment may provide good alternatives
to the obligate aerobic bacterium S. pasteurii ATCC
11859 or other reference strains. To date, anaerobic
growth has only been observed using alternative carbon-
ate mineral-forming metabolisms such as denitrification
(van Paassen et al. 2010; Martin et al. 2012; Hamdam
et al. 2016), sulphate reduction (Wright and Wacey 2005)
and iron reduction (Zeng and Tice 2014). Each one of
these alternate metabolisms generally results in slower
growth rates than aerobic respiration, and since mineral
precipitation-inducing reactions for these metabolisms
are growth-dependent, precipitation rates are generally
slower. Urea hydrolysis can be growth-independent, thus
the ability of an organism to promote high rates of ureol-
ysis, whereas growing in the absence of oxygen might be
central to reliably implementing ureolysis-induced min-
eral precipitation strategies in the deep subsurface. Along
with the ability to promote growth and ureolysis anaero-
bically, work here also shows that it can occur across
NaCl concentrations ranging from 0 to 100 g 17", and at
pH values as high as 11 (Fig. 2a,b,d,e). This indicates that
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the anoxic, high-pH and high salinity conditions poten-
tially present in deep saline aquifers could be suitable for
the growth of ureolytic haloalkaliphilic organisms. Inter-
estingly, by examining optimal growth conditions of the
MICP model strain we also better defined the potential
application range of S. pasteurii ATCC 11859 (Fig. 2¢,f),
observing that it can reliably grow across salinities up to
75 g 17!, This range far exceeds previously tested values
which mimicked oceanic seawater (26-7 g 1Y) conditions
(Mortensen et al. 2011) and supports the potential appli-
cability of S. pasteurii to be used in deep (aerobic) saline
aquifers which are a target environment for carbon cap-
ture and storage, as well as enhanced oil recovery.

Enrichment of haloalkaliphilic bacteria capable of
hydrolysing urea was not unexpected given the wide-
spread detection of the ureC functional subunit in sedi-
ment and groundwater environments (Fujita et al. 2010),
as well as the estimate that between 17 and 30% of culti-
vated species from soil habitats are capable of urea
hydrolysis (Lloyd and Sheaffe 1973). Previous work iso-
lating ureolytic bacteria from soil habitats also observed
that >50% of cultivated isolates were members of the
Sporosarcina genus (Burbank et al. 2012), explaining the
likelihood of enriching S. pasteurii-like strains. The inclu-
sion of 333 mmol I”! urea in the enrichment medium
was also likely to result in conditions inhibitory to many
species, due to the accumulation of ammonia and high
pH values, thus potentially selecting for bacteria capable
of constitutive urease expression and tolerance to high
pH values and ammonium concentrations, of which few
have been identified (Burbank et al. 2012).

Previous work demonstrated that S. pasteurii cannot
synthesize urease under anaerobic conditions (Martin
et al. 2012). In studies reported here, we enrich for a
strain of S. pasteurii most closely related to strain NCCB
48021 under both facultative and obligate anaerobic con-
ditions, therefore potentially overcoming known chal-
lenges with the deep subsurface application of the MICP
model strain S. pasteurii ATCC 11859.

Along with S. pasteurii, a Clostridium species was also
enriched in the anaerobic SL2 culture. Isolation of indi-
vidual bacterial organisms was not a priority in the cur-
rent work, as we envision utilizing mixed communities of
biomineralizing micro-organisms suited to specific down-
hole environments for engineered applications. Using
high-throughput SSU rRNA gene amplicon sequencing
and clone libraries, obligate anaerobic ureolytic enrich-
ment communities from site SL2 were observed to con-
tain a mixture of a S. pasteurii strain most closely related
to strain NCCB 48021 and a Clostridium sp. most closely
related to strain MT1 (Fig. 3). The enrichment of an
obligate anaerobe like this Clostridium strain indicates
that conditions in the enrichment culture were indeed

Facultative and anaerobic MICP

anaerobic. While it remains unclear whether enriched
Clostridium populations were actively contributing to
urea hydrolysis, several Clostridium species are known to
be urease positive (Mobley and Hausinger 1989), carrying
their urease structural genes on a plasmid, and only acti-
vating urease gene expression under nitrogen deplete con-
ditions (Dupuy ef al. 1997). Further testing is needed to
determine the potential functional role of Clostridium
spp. in the anaerobic enrichment cultures.

The economic feasibility of MICP-based fracture seal-
ing depends on high ureolytic activity and efficient
CaCOj; precipitation. To develop a bioinventory for field
deployment, micro-organisms must be able to remain
ureolytically active, and ideally grow, under in situ condi-
tions. These properties will help ensure subsurface leakage
pathways are sealed in a reasonable time frame. Results
presented here indicate that the rate of urea removal on a
per-cell basis in the SL2 haloalkaliphilic anaerobic com-
munities was statistically greater (P < 0-01) than the S.
pasteurii  ATCC 11859 strain (Table 1), suggesting
increased urea hydrolysis rates in the anaerobic SL2
enrichment may well be due to higher urease enzyme
activity on a per cell basis. Interestingly, for both SL2
enrichment cultures, ureolysis started within the first 2 h
following inoculation, and once initiated, it took roughly
8 h for >95% of 333 mmol I”' urea to be hydrolysed
(data not shown). Experiments here did not attempt to
optimize either urea or Ca®" concentrations, both of
which are parameters known to influence the CaCO; pre-
cipitation levels (Krajewska 2018), suggesting further
optimization of the MICP process is possible.

In summary, several challenges exist in continuing to
move towards broader field-scale implementations of
MICP-based technologies. These challenges include costs
associated with the injection and growth of MICP organ-
isms on a large scale, variability in conditions commonly
experienced in the subsurface, as well as ensuring proper
biosafety and environmental protections (Krajewska 2018;
Ivanov et al. 2019). Knowing that saline aquifers are a
primary target for CO, sequestration and that subsurface
fractures may serve as CO, leakage routes, micro-organ-
isms used in MICP treatment need to be tailored to
high-salinity and high-temperature environments that are
likely either microaerobic or completely anoxic. These
saline aquifers are also known to vary widely with respect
to pH conditions. MICP has been used at least twice to
seal fractures at relevant depths (310-340 m) using the
model organism S. pasteurii (Phillips et al. 2016, 2018) in
an environment that was moderately acidic (pH 5-5),
brackish (24 g17' NaCl) and likely microaerophilic
(=16 mV ORP). We present evidence here that highly
ureolytically active microbial communities with specific
adaptation to high-pH and high-salinity environments

Journal of Applied Microbiology 127, 1479-1489 © 2019 The Society for Applied Microbiology 1487



Facultative and anaerobic MICP

can be successfully isolated under anaerobic conditions,
and that this consortium of bacteria can add to the possi-
ble suite of organisms available for MICP implementa-
tion. We also show that extreme environments like those
at Soap Lake can harbour microbial community members
which produce large quantities of active urease, making
them potentially useful for engineered biomineralization
technologies. Further research and development efforts
are needed to develop a collection of ureolytically active
organisms suitable for the range of other conditions likely
encountered at subsurface application sites, most notably
increased temperature and pressure.
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Microbially-induced calcium carbonate (CaCOs3) precipitation (MICP) is a widely explored and promising technology for
use in various engineering applications. In this review, CaCO; precipitation induced via urea hydrolysis (ureolysis) is
examined for improving construction materials, cementing porous media, hydraulic control, and remediating environmen-
tal concerns. The control of MICP is explored through the manipulation of three factors: (1) the ureolytic activity
(of microorganisms), (2) the reaction and transport rates of substrates, and (3) the saturation conditions of carbonate
minerals. Many combinations of these factors have been researched to spatially and temporally control precipitation. This
review discusses how optimization of MICP is attempted for different engineering applications in an effort to highlight
the key research and development questions necessary to move MICP technologies toward commercial scale applica-

tions.
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Introduction

Contrary to the commonly known detrimental effects of
biofilms in industrial and medical environments, biofilms
may be used for beneficial engineering applications. In
particular, ureolytic biofilms or microbes which induce
calcium carbonate (CaCOj) precipitation (MICP) have
been studied widely for beneficial use in construction
materials, cementation of porous media, hydraulic
control, and environmental remediation (Figure 1). A pri-
mary research focus has been controlling MICP by
manipulating parameters that influence the saturation
state to achieve specific engineering goals. In many
cases, engineered applications depend on controlling the
rate and distribution of CaCOj precipitation in situ,
which is governed by the spatial and temporal variation
in saturation state.

Several reviews addressing MICP for use in engi-
neering, particularly, construction applications and
cementation of porous media have been prepared previ-
ously. De Muynck, De Belie, et al. (2010) elegantly
reviewed the role of MICP in enhancing and rehabilitat-
ing construction materials. Siddique and Chahal (2011)
also reviewed MICP for use in construction materials,
specifically focusing on concrete. Separately, Ivanov and
Chu (2008) and DeJong et al. (2010, 2011) comprehen-
sively highlighted the role of the biogeochemical MICP
processes in soil and porous media systems. In addition,

Al-Thawadi (2011) reviewed MICP for strengthening
of sand. This review focuses on how the spatial and
temporal control of MICP has been explored to treat
construction materials, consolidate porous media, control
hydraulics and remediate environmental problems.

Microbially-induced CaCOj; precipitation

The involvement of microorganisms in mineral precipita-
tion occurs via different mechanisms (Benzerara et al.
2011; Northup & Lavoie 2001; Fouke 2011). Firstly, bio-
logically-controlled mineralization describes cellular
activities which specifically direct the formation of the
mineral, for example, the cell mediated process of exo-
skeleton, bone or teeth formation, or the formation of
intracellular magnetite crystals by magnetotactic bacteria
(Decho 2010; Benzerara et al. 2011). Secondly, biologi-
cally-influenced mineralization is the process by which
passive mineral precipitation is caused through the pres-
ence of cell surfaces or organic matter such as extracellu-
lar polymeric substances (EPS) associated with biofilm
(Decho 2010; Benzerara et al. 2011). Thirdly, biologi-
cally-induced mineralization is the chemical alteration of
an environment by biological activity that generally
results in supersaturation and precipitation of minerals
(Stocks-Fischer et al. 1999; De Muynck, De Belie, et al.
2010). Often combinations of the three different pro-
cesses are active at the same time in a system. For
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Figure 1. Proposed ureolysis-driven MICP engineering applications. White crystal hatch pattern represents CaCO;. (a) Sealing
subsurface hydraulic fractures (eg during well closure); (b) manipulating subsurface flow paths to improve oil recovery; (c)
strengthening earthen dams or consolidating porous materials; (d) minimizing dust dispersal from surfaces; (e) sealing or remediating
concrete fractures; (f) coating PCB-oil contaminated concrete resulting from leaking equipment; (g) treating or coating limestone or
concrete to minimize acid erosion; (h) sealing ponds or reservoirs; (i) forming subsurface barriers to control salt water or
contaminated groundwater intrusion; (j) remediating the subsurface contaminated with radionuclides or toxic metals (represented by
radioactivity symbols); (k) treating fractures (in cap rocks, well bore cements, or casing/cement/formation interfaces) to mitigate
leakage from geologically sequestered CO, injection sites.
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instance, in the case of microbially-induced calcium car-
bonate precipitation or mineralization (MICP), where the
cellular activity influences chemical conditions (satura-
tion state) to promote mineralization, it is possible that
biologically-influenced mineralization is also occurring
since the cells themselves or their exudates may act as
nucleation sites for CaCOj crystal formation (Stocks-
Fischer et al. 1999).

MICP can occur as a byproduct of urea hydrolysis,
photosynthesis, sulfate reduction, nitrate reduction, or
any other metabolic activity that leads to an increase in
the saturation state of calcium carbonate (DeJong et al.
2010; Benzerara et al. 2011). This review focuses on
urea hydrolysis (ureolysis) to promote CaCO; precipita-
tion. In ureolysis-driven MICP, the cellular or urease
enzyme activity influences chemical conditions (the satu-
ration state) to promote mineralization through four fac-
tors: (1) dissolved inorganic carbon (DIC) concentration,
(2) pH, (3) calcium concentration, and (4) potential
nucleation sites (Hammes & Verstraete 2002). The first
three factors determine the saturation state, because DIC
and pH influence the carbonate ion concentration or
activity {CO;>7}. The fourth factor impacts the critical
saturation state (S.;), which is the saturation state at
which nucleation (ie precipitation) occurs under the
given conditions. Additionally, the species and the con-
centration of microbe(s), their ureolytic activity, the form
of microbial growth (ie biofilm or planktonic), tempera-
ture, salinity, injection strategy (ie flow rate, treatment
times), and reactant concentration (or activity) may
impact the saturation conditions and the efficiency and
extent of CaCO; precipitation (Harkes et al. 2010;
Okwadha & Li 2010; Mortensen et al. 2011; Cuthbert
et al. 2012). Carefully manipulating: (1) the ureolytic
activity of microorganisms, (2) the reaction and transport
rates of substrates, and (3) the saturation state may
greatly influence treatment efficacy.

Ureolytic activity of microorganisms

The urease enzyme can be found in a wide variety of
microorganisms (Mobley & Hausinger 1989; Hammes
et al. 2003) and contributes to the ability of the cell to
utilize urea as a nitrogen source (Ferris et al. 2003;
Burbank et al. 2012). While urease production is quite
common across a wide range of soil organisms and
found in other natural environments, in the laboratory,
many researchers have examined ureolytic MICP using
the common soil organism Sporosarcina pasteurii ATCC
11859, formerly Bacillus pasteurii (Yoon et al. 2001).
S. pasteurii is non-pathogenic, does not readily aggregate
under most growth conditions, and produces large
quantities of active intracellular urease (Ferris et al.
1996; Stocks-Fischer et al. 1999; Delong et al. 2006).
S. pasteurii has been isolated from soil, water, sewage,
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and urinal incrustations (De Muynck, De Belie, et al.
2010).

One disadvantage of studying laboratory strains is the
microbial complexity of real world environments. In the
context of soil stabilization, it was noted that injection of
these organisms may result in non-homogeneous distribu-
tion of the microbes, or the organisms may face challenges
of competition or predation from native organisms (van
Veen et al. 1997; van Elsas et al. 2007; Burbank et al.
2011). As such, to maintain ureolytic populations in sub-
surface applications, it may be advantageous to stimulate
native attached (biofilm) ureolytic populations rather than
augmenting the environment with laboratory strains not
adapted to the treatment environment (Fujita et al. 2010;
DeJong et al. 2011; Tobler et al. 2011; Burbank et al.
2012). Also, when considering the augmentation of the
subsurface with certain organisms, particularly S. paste-
urii, described as a facultative anaerobe (Ferris et al. 1996;
Tobler et al. 2011) and more recently as an obligate acrobe
(Martin et al. 2012), it is important to consider the impact
of electron acceptors (for example, oxygen in the case of
S. pasteurii) on microbial growth. Although ureolytic
activity itself does not depend upon oxygen (Mortensen
et al. 2011), microbial growth and urease production could
be limited by the availability of electron acceptor. It has
been demonstrated that S. pasteurii cannot anaerobically
synthesize de novo urease; therefore the active urease may
be limited to the existing enzyme injected with the aerobi-
cally grown inoculum (Martin et al. 2012). To overcome
challenges associated with growth-coupled urease produc-
tion, stimulation of native populations, injection of elec-
tron-acceptor rich growth medium, or the injection of
urease enzyme might be considered.

Additionally, mineral precipitation around cells can
influence ureolytic activity by either causing cell inactiva-
tion through membrane disruption or by limiting nutrient
transport to the cell (Stocks-Fischer et al. 1999; Parks
2009; Cuthbert et al. 2012). Zamarreno et al. (2009) sug-
gest that precipitation and entombment might be a passive
process, which the organisms cannot help but be involved
in. Alternatively, they suggest that the precipitation pro-
tects cells for a short period of time from detrimental cal-
cium concentrations. In an engineering application, it is
important to consider that entombment may lead to
reduced ureolysis and potentially limit further precipita-
tion. To overcome inactivation and promote additional
CaCOs; precipitation, resuscitation or reinjection of organ-
isms as well as additional treatments may be required to
maintain an active ureolytic population and maximize pre-
cipitation (Tobler et al. 2011; Ebigbo et al. 2012).

Reaction and transport

Chemical reactions. During ureolysis-driven MICP, ure-
ase catalyzes the hydrolysis of one mole of urea to form
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one mole of ammonia and one mole of carbamic acid
(Equation 1), which spontaneously hydrolyses to
carbonic acid and another mole of ammonia (Equation
2). Under circum-neutral conditions, the two moles of
ammonia become protonated by deprotonating water to
form two moles of ammonium (NH,") and two moles of
hydroxide ions (Equation 3). The generated hydroxide
ions shift the equilibrium of DIC species towards bicar-
bonate (HCO;") and carbonate (CO5>") (Equations 4
and 5) (Stocks-Fischer et al. 1999; Dick et al. 2006;
Mitchell et al. 2010).

Urease

CO(NH,), + H,0 =5'NH,COOH + NH; (1)

Spontaneous

NH,COOH + H,0 "™5""NH; + H,CO;  (2)
2NH; + 2H,0 «— 2NH; + 20H" 3)
H,CO; «— HCO; + H* (4)

HCO; + H' +20H «—CO2” +2H,0  (5)

In the presence of sufficient calcium ion activity, sat-
uration conditions become favorable for CaCOj3 precipi-
tation (Equation 6).

Ca®" 4 CO3™ «— CaCO;(s) (6)

Kinetics of reactions. Although urease increases urea ure-
olysis rates 10'* times over uncatalyzed rates (Mitchell
& Ferris 2005), ureolysis is the rate-limiting step in
MICP. The concentration of bacteria, temperature, pH,
saturation conditions, and salinity have been shown to
influence ureolysis kinetics (Ferris et al. 2003; Dupraz,
Parmentier, et al. 2009; Tobler et al. 2011). In general, a
higher concentration of cells producing urease has been
shown to positively impact the rate of ureolysis, as have
elevated (20°C vs 10°C) temperatures (Ferris et al.
2003; Mitchell & Ferris 2005; Tobler et al. 2011).

Several models to predict rates of ureolysis can be
considered. In conditions of excess urea, a zero order
model might be appropriate, where the rate of ureolysis,
Tureas 18 €qual to the rate constant and not influenced by
the urea concentration [urea] (Equation 7):

[urea]

Tyrea = time = _kurca (7)

Most commonly, first order rate models are presented
(Equation 8) (Ferris et al. 2003; Mitchell & Ferris 2005;
Tobler et al. 2011; Cuthbert et al. 2012), where the ureol-
ysis rate is dependent on the urea concentration:

Vurea = _kurea [urea] (8)

Ureolysis rates have also been modeled using
Michaelis—Menten type expressions that include a term
accounting for non-competitive inhibition by ammonium
(Equation 9) (Fidaleo & Lavecchia 2003; Ebigbo et al.
2012). Here vy is the maximum rate of ureolysis, K,
is the half saturation coefficient, [P] is the concentration
of ammonium, and Kp is an inhibition constant for
ammonium:

Vinax [UT€8)]

(K, + [urea]) (1 + %)

Furea =

©)

The rates of ureolysis are dependent on a wide range
of factors and have been extensively studied in MICP
systems, particularly in laboratory batch systems. Simple
batch studies with planktonic cells produce valuable
parameters to be used in MICP models, recognizing that
the same parameters may not be fully transferable when
considering values associated with biofilm. Models can
help develop understanding of more complex environ-
ments not easily studied in the laboratory.

Transport. In fluid systems relevant to MICP, both
advective and diffusive transport occurs, and dominance
of one or the other depends on the system. Advection
refers to movement of a species with fluid flow. Diffu-
sion refers to the movement of species independent from
the bulk fluid movement and driven by concentration or
electrostatic potential gradients. The fluid flow conditions
(such as whether the flow is laminar or turbulent, axial
or radial) and the fluid properties (density and viscosity)
influence the advective and diffusive properties of the
species transport. In MICP application, transport condi-
tions may be complex, particularly in the case of radial
flow where the fluid velocity changes with distance.

Damkohler (Da) number. The dimensionless Da number,
which describes the ratio of reaction rate to transport
rate, may serve as an important design tool in MICP
application. In biogeochemical processes such as MICP,
the reactions (particularly ureolysis) are coupled to the
transport of the reactive species. In general terms, Da
relates the reaction rate of a species to the advective or
diffusive mass transport rate of that species (Equation
10) (Berkowitz & Zhou 1996; Dijk & Berkowitz 1998;
Domenico & Schwartz 1998).

Reaction rate

(10)

Q=—-
Transport rate

More specifically, Da depends on the kinetics of the
reaction and the transport through a specific reactor (or
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natural) system. For example, in a plug flow system
where advective transport dominates, Da represents a
ratio of the reaction rate to the advective mass transport
rate of the species. When Da<1, it does not indicate that
reaction is not occurring; it does, however, imply that
not all the supplied substrate is utilized and may be
transported from the reaction zone. Da values >1 indicate
that the reaction is limited by the transport rate for a
given length scale.

In a pulsed flow system or within stagnant pore
spaces, where diffusive transport is likely to dominate,
Da is the ratio of reaction rate to the effective diffusion
rate of the reactive species. In diffusion dominated
cases, a Da<1 indicates the reaction rate is limited by
reaction kinetics rather than diffusion; however, given
enough time, the reaction may proceed to completion.
Alternatively, Da >1 indicates the reaction rate drives
the establishment of concentration gradients of reactive
species.

Da incorporates many of the factors related to reac-
tion and transport into a single unitless number, for ease
of comparison and design. The systematic analysis of Da
may reveal a functional design tool (for example, pre-
dicting flow rates or pulsed treatment times) for MICP
not previously explored.
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Figure 2. Influence of saturation on precipitation in a cross
section of a groundwater aquifer (precipitates are represented
by white crystal hatch pattern). Saturation states >1 (S>1) and
saturation indices >0 (SI>0) indicate that precipitation is
thermodynamically favored; saturation states <1 (S<1) and
saturation indices <0 (SI<0) indicate that dissolution is favored
if the mineral form is present. The saturation state can vary
spatially and temporally due to reaction and transport rates
which create concentration gradients (Zhang et al. 2010).
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Saturation conditions

CaCOj precipitation is ultimately governed by the satura-
tion state (S or Q) of calcium carbonate where {Ca*"} and
{CO5>"} represent the activities of Ca®" and CO3 ™ ions,
which are approximately equal to concentration for low
ionic strength conditions, and K, is the temperature-
dependent equilibrium solubility constant (Equation 11):

{Ca™ }{COT }

SorQ=
or X

(11)

At §=1, the solution is considered in equilibrium
with the solid phase. If §>1, the solution is considered
supersaturated with respect to CaCO; and CaCO; precip-
itation is thermodynamically favored. If S<1, the solu-
tion is considered undersaturated and dissolution of solid
phase CaCOg, if present, is thermodynamically favorable
(Figure 2) (Stumm & Morgan 1996). The saturation
index (SI) is represented as the log;o of the saturation
state (Equation 12). When SI is positive, then the solu-
tion is supersaturated and vice versa. Further detailed
calculations can be found in several publications of
potential interest to the reader (Ferris et al. 2003; Dup-
raz, Parmentier, et al. 2009; Tobler et al. 2011).

SI = log,,(S) (12)

While the S or SI predicts whether precipitation is
thermodynamically favored, it does not necessarily pre-
dict the saturation state at which precipitation begins
(Scrit)- Serit or Sl are empirical values which reflect
how highly supersaturated a solution must become
before precipitation is observed. This critical supersatu-
ration is related to overcoming the nucleation activation
free energy barrier (Ferris et al. 2003) and is likely
impacted by a variety of system parameters influencing
the activity of Ca®" and CO,>~ ions. Saturation values
in the literature for batch systems have been reported in
the range of S=12—436 (Ferris et al. 2003; Mitchell &
Ferris 2005, 2006a; Dupraz, Parmentier, et al. 2009;
Tobler et al. 2011). S, may depend on many factors,
including the kinetics of ureolysis, the initial cell den-
sity, the presence of nucleation points, and the presence
of organics.

Nucleation. As outlined above, it is quite possible that
combinations of different biomineralization processes are
active at the same time in a system. For instance, while
ureolysis can increase the saturation state of the bulk
environment (biologically-induced mineralization) the
precipitation process itself might be initiated by the
microbes serving as nucleation sites (biologically-influ-
enced mineralization) (Figure 3a and b) (Stocks-Fischer
et al. 1999; De Muynck, De Belie, et al. 2010). Once
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Figure 3. Images of cells associated with minerals. (a) SEM image of tube-like calcium-containing minerals (with similar diameters
to bacterial cells) possibly entombing S. pasteurii shaped cells. Other researchers have noted similar findings via SEM analysis where
rod shaped bacteria-like structures were observed inside and adjacent to CaCO; crystals or as rod shaped impressions in the CaCO;
crystal (Stocks-Fischer et al. 1999; Fujita et al. 2004; Mitchell & Ferris 2005; De Muynck et al. 2008; Dupraz, Parmentier, et al.
2009); (b) CLSM image of bacterial cells (red and green) closely associated with CaCO; precipitates (grey). © Cambridge University

Press. Reprinted with permission. From Schultz et al. (2011).

precipitation has commenced, ureolysis may maintain a
high SI and cells as well as newly precipitated minerals
likely act as additional templates or nucleation sites to
facilitate crystal growth (Stocks-Fischer et al. 1999;
Hammes 2002). While the influence of cell surfaces as
nucleation sites has been widely discussed (Douglas &
Beveridge 1998), Mitchell and Ferris (2006b) observed
an equal S, in solutions with and without bacterial cells
separated by dialysis membranes that allowed for trans-
port of solutes between the two solutions. In addition,
CaCOs; nucleation has been noted in a variety of systems
to be influenced by the presence of certain proteins,
microbial biomolecules, EPS, other available passive
substrates, heterogeneous nucleation on bottle walls or
be solely occurring homogeneously in solution (Mitchell
& Ferris 2006b; Dupraz, Parmentier, et al. 2009; Fouke
2011).

Mineralogy. Three primary polymorphs of CaCOj; exist:
calcite, vaterite, and aragonite. It is well known that sur-
face-attached communities of microorganisms, or bio-
films, secrete EPS rich in polysaccharides and other
organic macromolecules. EPS and organic matter have
been linked to the formation of vaterite which may be
stabilized in the presence of certain organics (Braissant
et al. 2003; Rodriguez-Navarro et al. 2007). Vaterite has
been found as a minor, meta-stable, or transitional phase
in the formation of calcite (Tourney & Ngwenya 2009).
The maturation of CaCOj3 from vaterite to calcite may be
described by the Ostwald Step Rule where metastable
forms nucleate and then are replaced with more stable
forms, a sequential formation in time also known as

paragenesis (Morse & Casey 1988). The mechanisms of
initial nucleation, which may be influenced by the micro-
bial growth conditions, the presence of certain organics,
such as EPS, or the saturation conditions of the fluid, as
well as subsequent maturation are not completely under-
stood (Morse & Casey 1988; Jiménez-Lopez et al. 2001;
Braissant et al. 2003; Zamarreno et al. 2009). Crystal
size may be a factor in the efficacy of an MICP technol-
ogy. CaCOj; crystals precipitated via ureolysis-driven
MICP have been observed to be generally larger and less
soluble than those precipitated under the same abiotic
bulk solution conditions (Mitchell & Ferris 2006b;
Mitchell et al. 2013).

To summarize, CaCOj3 precipitation via ureolysis-dri-
ven MICP is initiated by creating conditions oversaturat-
ed with respect to CaCO;, likely combined with the
increased abundance of cell surfaces as nucleation points
at the point of critical saturation and finally crystal
growth on nuclei (Ferris et al. 2003).

Engineering applications

Construction materials

Biodeposition

Biodeposition refers to the deposition of MICP to protect
the surface of porous materials (such as limestone, con-
crete, or bricks) from water intrusion. MICP treatment
can decrease the ability of a material to absorb water,
restore the surface, and reduce further potential weather-
ing (Figure 1g) (Dick et al. 2006; De Muynck, De Belie,
et al. 2010). For example, in reinforced concrete, pores
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might allow penetration of water and ions, particularly
chloride or acids, leading to deleterious corrosive effects
to the embedded reinforcing steel (Dick et al. 2006;
Achal et al. 2011a; De Muynck et al. 2011). In a MICP
treated surface, CaCO; can clog pores and decrease
water penetration through a protective calcite layer. Since
De Muynck, De Belie, et al. (2010) provided a very
comprehensive review of this topic, this review will dis-
cuss how the experimental conditions, particularly the
promotion of ureolytic activity and application of sub-
strates, influence treatment efficacy.

First, ureolytic Bacillus sphaericus isolates from
calcareous sludge were found to be effective at CaCO;
precipitation on limestone cubes (Dick et al. 2006). The
cubes were immersed in liquid bacterial cultures to
promote biofilms and then immersed in urea and calcium
chloride treatments to promote CaCO; formation. It was
concluded, that isolates with a highly negative zeta
(0)-potential, an indication of electrical surface potential of
cells, would more successfully colonize positive {-poten-
tial limestone. It was also concluded, that the high initial
urea degradation rate and the high surface covering with
CaCOgj; on the biofilm produce the most homogeneous and
coherent CaCOj; coating to provide protection of limestone
from water intrusion (Dick et al. 2006).

De Muynck et al. (2008) performed similar biodepo-
sition tests on concrete cubes treated with urea and cal-
cium chloride or calcium acetate (an alternative to
corrosive chloride) treatment solutions. Their study found
no difference between calcium sources when examining
B. sphaericus ureolysis-driven MICP in terms of weight
gain of the samples due to precipitation or chloride pene-
tration resistance. Additionally, they concluded that the
biofilm may act as a template or primer for initial depo-
sition of CaCO53 (De Muynck et al. 2008). Secondly, De
Muynck, Verbeken, et al. (2010) examined the influence
of urea and calcium concentrations on MICP coating of
limestone. It was reported that increasing urea and cal-
cium concentrations and repeated treatment improved the
resistance of the limestone to water absorption due to
CaCOj; precipitation. It was nevertheless concluded that
the benefits of increased urea and calcium chloride con-
centration should be balanced with the detrimental
impacts such as unwanted ammonium by-product forma-
tion or stone discoloration (De Muynck, Verbeken, et al.
2010). Finally, De Muynck et al. (2011) investigated the
pore structure of French limestone base materials to
determine the impact on the penetration depth and pro-
tective performance of B. sphaericus ureolysis-driven
MICP deposits. More successful bacterial penetration of
larger pores resulted in more deposition in stones with
higher porosity.

Chunxiang et al. (2009) used S. pasteurii-facilitated
MICP to coat cement with CaCOj3 biodeposits to study
corrosion resistance. By altering the order of addition of
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calcium and urea, the researchers increased the effective-
ness of the MICP deposits against water absorption and
acid corrosion of the cement. They concluded that add-
ing calcium before urea to a stationary phase bacterial
culture produced a more compact CaCO; deposit
because calcium influenced ureolysis activity and rates
which may impact the adhesion and thickness of the
CaCO; layer (Chunxiang et al. 2009). Whiffin (2004)
suggested that high calcium nitrate (Ca(NOs),) concen-
trations may inhibit urease activity, although mixed
effects on activity were observed among environmental
isolates or a microbial consortium (Hammes et al. 2003;
Burbank et al. 2011). Therefore, depending on the organ-
isms’ tolerance for calcium concentrations, a balance
might need to be struck between high Ca®" concentra-
tions which may inhibit ureolysis and low Ca®" concen-
tration which may not allow for the formation of
sufficiently protective deposits.

Biocement

Concrete is one of the most commonly used construction
materials, but it is prone to weathering and cracking.
Cracks form in concrete due to aging and/or freeze thaw
cycles which lead to pathways for corrosive fluid intru-
sion (Bang et al. 2010; Jonkers et al. 2010; Achal et al.
2011b; Wiktor & Jonkers 2011). Healing of fractures in
concrete with MICP (Figure le) would be advantageous
since other sealants may degrade over time or are envi-
ronmentally toxic, whereas CaCO; may be a more
benign treatment (Siddique & Chahal 2011). Here, bioce-
ment refers to the use of MICP to produce binder materi-
als to seal fractures or improve strength and durability of
cementitious materials (such as adding microbes to
cement mixtures). Since this topic has been extensively
reviewed by others (De Muynck, De Belie, et al. 2010;
Siddique & Chahal 2011), this section will focus on
investigations related to the control of MICP treatment
for both concrete fracture sealing and improvement of
cementitious material.

Bacteria in or applied to concrete may face chal-
lenges to their activity including small pore sizes as con-
crete cures, which may damage or inhibit the penetration
of organisms, and the high pH, which may inhibit bio-
logical activity. Cement, or rather the water associated
with cement, can have a pH of 11-13 even after it is
completely cured (Bang et al. 2001; Jonkers et al. 2010).
Alkaliphilic spores embedded in concrete were observed
to retain culturability for <4 months presumably due to
cell damage as the cement cured and pore size decreased
(Jonkers et al. 2010). Given small pore sizes and high
pH conditions, research has focused on the use of alkali-
philic organisms and/or methods to protect the organisms
in order to maintain viability and ureolytic activity dur-
ing treatment.
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To protect microbial urease activity from high pH in
cement, S. pasteurii cells were immobilized in polyure-
thane (PU) foam in cement fractures and treated with
urea/calcium solutions. Researchers found urease activity
was maintained and hypothesized that enzyme activity
might be stabilized for longer periods of time when
embedded in a matrix such as PU foam (Bang et al.
2001). Instead of immobilizing cells, Bachmeier et al.
(2002) investigated the use of urease immobilized in PU
foam, since this treatment methodology does not depend
upon maintaining cell viability for ureolysis. Immobi-
lized enzyme treatments showed decreased CaCOj pre-
cipitation rates, possibly due to diffusion limitation of
either calcium or carbonate. However, increased enzyme
stability was observed at elevated temperature compared
to the free enzyme (Bachmeier et al. 2002). More
recently, Bang et al. (2010) immobilized varying concen-
trations of S. pasteurii cells on Siran™ glass beads to
fill into concrete cracks for crack remediation. Once
again immobilization was speculated to have stabilized
cell and urease activity from the adverse effects of the
high pH of the concrete (Bang et al. 2010).

Van Tittelboom et al. (2010) studied the efficacy of
silica gel supplemented with B. sphaericus cells injected
into concrete fractures and treated with calcium chloride,
calcium acetate, calcium nitrate, and urea solutions. The
calcium source did not change the reduction in water
absorption (all sources worked to produce deposits in
fractures) indicating the possibility of using alternative
calcium sources. The necessity for some protection of
cells from the high pH in concrete was suggested as bac-
teria injected without gel failed to precipitate CaCOs;,
although it is also possible that cells injected in the frac-
ture without silica gel may have not attached well and
thus resulted in reduced treatment efficacy (Van Tittel-
boom et al. 2010). Another approach to concrete fracture
remediation is self-healing, where healing agents are
released or activated when fractures form (Wiktor &
Jonkers 2011; Wang et al. 2012). In one unique study,
carrying agents including PU or silica-gel, B. sphaericus,
and urea/calcium nitrate treatments were loaded into
separate glass capillaries and embedded in mortar, which
upon cracking fractured the glass capillaries allowing the
carrying agents, cells, and treatment solutions to mix.
The bacteria retained ureolytic and CaCO; precipitating
activity after immobilization in both PU and silica, but a
more homogeneous distribution of CaCOj crystals was
observed in the silica gel vs the PU foam which was
attributed to the ability of bacteria to distribute more
homogeneously through the less viscous silica sol
(before gelation) than PU pre-polymer (Wang et al.
2012).

Ureolytic MICP can potentially improve the strength
of cement by incorporating cells into the cement mixture,
although high concentrations of cells may reduce the

compressive strength due to interference by the biomass
with the integrity of the mortar (Ramachandran 2001).
When certain cell concentrations of Bacillus sp., isolated
from commercially available cement, were mixed into a
water, cement, sand mixture and cured in urea/CaCl,
treatment, the microbial cement was found to resist water
uptake better and showed improved compressive strength
compared to the control cement (Achal et al. 2011b).
The compressive strength of fly ash or silica fume
amended concrete was also found to be improved by
MICP induced by B. megaterium (Achal, Pan, et al.
2011) and S. pasteurii (Chahal et al. 2012a, 2012b).

In summary, construction materials may be improved
by MICP. It has been shown that increasing the number
of treatment applications, changing the calcium source to
avoid deleterious impacts from chloride, applying treat-
ment to higher porosity materials, promoting biofilm
growth before calcium treatment, and varying the order
in which the constituents are applied (calcium before
urea) can yield improvements in protective CaCOj3 coat-
ings via the MICP process. Also, some promise was
found in using ureolytic MICP to improve the strength
of concrete and remediate concrete fractures, but immo-
bilization of cells or urease enzyme in gels or PU was
required to provide protection from high pH activity
inhibition or damage to cells during cement curing.
Immobilization in turn may lead to diffusion limitations
and potentially reduced precipitation. These studies dem-
onstrate the importance of protecting the urease activity
by either promoting cells to attach to the surface or
immobilizing them.

Cementation of porous media

Ureolysis-driven MICP to alter or improve the mechani-
cal properties of unconsolidated porous media has been
extensively investigated. This method has been proposed
to suppress dust (Figure 1d), reduce permeability in
granular media, improve soils, stabilize slopes (Fig-
ure lc), and strengthen liquefiable soils (Gollapudi et al.
1995; Ferris et al. 1996; Whiffin et al. 2007; Bang et al.
2011; Burbank et al. 2011). CaCO; crystals precipitated
during MICP can bridge gaps between the grains in por-
ous media to bind them together; precipitation can also
reduce the pore throat size, porosity, and permeability,
and increase the stiffness and strength of the porous
media matrix (DeJong et al. 2010). Much of the work to
date has been performed to improve the efficiency of
precipitation, maximize the extent of the treatments, and
balance chemical use to reduce costs for field applica-
tion. In engineering applications such as sand consolida-
tion or soil strengthening, it is preferable to precipitate
CaCO5; homogeneously over distance and use as little
reactant volume as possible for economic reasons
(Harkes et al. 2010; van Paassen et al. 2010). While
preferential plugging may be effective in some engineer-
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ing applications, non-homogeneous bacterial distribution
and non-homogeneous precipitation may have the disad-
vantage of near-injection-point plugging where substrates
are abundant, limiting the spatial extent of the treatment
(Cunningham et al. 2007; Gerlach & Cunningham 2011;
Mortensen et al. 2011). Proposed strategies for control-
ling precipitation include promoting the spatial distribu-
tion of ureolytic activity of cells or biofilm, manipulating
the transport and reaction rates of the reactive species
and promoting favorable saturation conditions in specific
regions.

Sand consolidation

Whiffin et al. (2007) described a sand stabilization treat-
ment method (BioGrout), which followed S. pasteurii
inoculation with a calcium chloride solution to increase
bacterial adhesion to the sand before MICP treatment.
This treatment sequence achieved significant strength
improvement and porosity reduction in sand packed
columns. Although non-uniform precipitation was
observed along the length of the column, it was reasoned
that a more homogeneous distribution could be achieved
by shifting the balance of supply and conversion (ie Da)
by increasing flow rates or lowering conversion rates to
achieve higher reactant infiltration (Whiffin et al.
2007).

Following this initial Biogrout work, Harkes et al.
(2010) altered the ionic strength and flow rates, again
influencing the reaction kinetics and transport rates
related to Da, to study the impact on ureolytic bacterial
distribution in sand to prevent near-injection-point clog-
ging. Bacterial attachment was found to be positively
influenced by increased salinity or ionic strength of the
transporting fluids, which could be due to a decrease in
the electrostatic repulsion forces between the cells and
the porous media surfaces (Scholl et al. 1990; Foppen
& Schijven 2006). However, the increase in ionic
strength might also promote attachment of cells near the
injection point and limit the spatial extent of the treat-
ment. So, by altering the transport rate (increasing flow)
of low ionic strength solutions Harkes et al. (2010)
observed a more homogeneous distribution of bacteria,
but cautioned against the loss of attachment and activity
when low ionic strength solutions are used. Transport of
bacteria through the matrix of a porous medium is a
complex function of the size and surface properties of
the cell, electrical interactions, the flow rate and the
chemistry of the transport fluid as well as the pore size
distribution of the porous medium (Jenneman et al.
1985; Scholl et al. 1990; Bouwer et al. 2000; Mitchell
& Santamarina 2005; Harkes et al. 2010). A balance
between ionic strength and transport could help promote
more homogeneous cell and ultimately ureolytic activity
distribution.
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Figure 4. Image of a cemented sand body from a large scale
Biogrout experiment. Reprinted from van Passen et al. (2010),
with permission from ASCE.

Much of the work presented has been performed on
a smaller scale in a laboratory-controlled environment,
yet in 2010 van Paassen et al. embarked on a scaled-up
demonstration of MICP in 100m> of sand to determine
the ground improvement abilities and the extent of pre-
cipitation. Similar to the injection strategies developed
by Whiffin et al. (2007) and Harkes et al. (2010), the
sand was inoculated with S. pasteurii cells, cementation
solution followed to promote bacterial cell adhesion and
then urea and calcium solutions were injected 10 times
over 16 days. As much as 40 m® of the 100 m® sand reac-
tor were cemented via MICP with a visible wedge shape
between the injection and extraction wells (Figure 4)
(van Paassen et al. 2010).

Ligquefiable soils

Other researchers have also examined scaled-up ureoly-
sis-driven MICP. Burbank et al. (2011) studied field-scale
ureolysis-driven MICP to strengthen liquefiable soils.
Liquefiable soils are loose granular soil deposits gener-
ally found in saturated conditions, which may undergo a
decrease in shear strength when subject to seismic waves
and contribute to man-made structure failure during
earthquakes (Burbank et al. 2011). Soils on the shore of
the Snake River (USA) were subjected to ureolytic bio-
mineralization treatments, which yielded soils cemented
with ~1% by weight CaCO;3 in the near surface and
1.8-2.4% calcite below 90cm (Burbank et al. 2011).
This was less precipitation than observed in laboratory
enriched samples, which was attributed to the lower
technical quality of the calcium source in the field study.
Their findings also suggested higher concentrations of
CaCO; formed away from the injection point rather than
closer to the injection point. Researchers attributed this
to either (1) eluviation where fine-grained materials or
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CaCOj; particles may have been transported downward
with the infiltrating water, or (2) increased ureolysis and
possibly delayed subsequent precipitation occurring in
the deeper soil profile.

Subsurface barriers

In certain coastal areas, salt water intrusion into freshwa-
ter aquifers during groundwater extraction has become a
major problem. The problem is often addressed by creat-
ing underground dams or increasing artificial recharge of
fresh water to prevent migration of salt-laden water into
freshwater aquifers. Subsurface MICP barriers may be an
alternative to these methods (Figure 1i) (Rusu et al.
2011). Due to salt water intrusion into ground water,
MICP must be able to occur in saline conditions to be
applied in these environments. Mortensen et al. (2011)
assessed the influence of various environmental factors
on ureolysis-driven MICP to determine suitable in situ
environments. First, they observed that short term ureo-
lytic activity did not appear to be inhibited by anaerobic
conditions after cells were cultured aerobically, which
agrees with findings by Parks (2009), Tobler et al.
(2011), and Martin et al. (2012). Secondly, they found
full and half-strength seawater enhanced CaCO; precipi-
tation rates, possibly due to increased alkalinity and
cation availability (Mortensen et al. 2011). Finally, the
authors note that manipulating the reaction and transport
rates by inhibiting precipitation with increased ammo-
nium concentrations or by controlling flow rates is
important in achieving homogeneous distribution of
MICP. These results demonstrate the potential of ureoly-
sis-driven MICP for developing subsurface barriers to
prevent salt water intrusion.

Aquaculture: impermeable crusts

One promising engineering application of ureolysis-dri-
ven MICP is the preparation of crusts to control seepage
from aquaculture ponds or reservoirs into underlying
soils or sands (Figure 1h). Stabnikov et al. (2011) used
the halotolerant, alkaliphilic Bacillus sp. VS1 isolate to
seal a sand-lined model pond. Successive percolation
treatments with high concentrations of urea and calcium
solutions resulted in a nearly impermeable crust on the
surface of the sand, which markedly reduced the seepage
rate, taking sand to the same permeability range as well
compacted clay (Figure 5).

Dust suppression

Bang et al. (2011), showed the potential for using ureol-
ysis-driven MICP to suppress dust (Figure 1d). Dust
poses problems to human health and is traditionally sup-
pressed by means of chemical application or watering

Figure 5. Photograph of an ~1 mm thick crust of calcite on a
sand surface. Reprinted from Stabnikov et al. (2011), with
permission from Elsevier.

down which may be difficult to maintain or may use
environmentally problematic chemicals. Ureolysis-driven
MICP is proposed as an alternative to consolidate dust
particles. S. pasteurii cells or urease and urea/calcium
chloride treatment solutions were sprayed over sand sam-
ples, which were then subjected to wind erosion tests.
Bang et al. (2011) found MICP dust control to be very
effective, but its efficiency was subject to the soil type
and grain size distribution, as well as environmental con-
ditions such as humidity and temperature.

In summary, ureolysis-driven MICP has been
explored for several engineered applications involving
porous media, including consolidating sand or soils, cre-
ating subsurface barriers, sealing aquaculture ponds and
suppressing dust. These applications are often controlled
by manipulating the transport and reaction rates to either
promote homogeneous deposition or controlled deposi-
tion in selective areas. In MICP application to porous
media, a complex set of factors, including environmental
conditions may greatly influence the results of the treat-
ment.

Hydraulic control and environmental remediation
Radionuclide and metal remediation

Radionuclide remediation. The US Department of
Energy faces environmental remediation challenges such
as the long-term management of the Hanford site in
Washington, USA, where groundwater is contaminated
with radionuclides (Warren et al. 2001; Fujita et al.
2004, 2008, 2010; Wu et al. 2011). Traditional treatment
methods such as pump and treat have been found inef-
fective at the site to remediate or prevent migration of
mobile radionuclide groundwater contaminants (Fujita
et al. 2008). Therefore, years of research have evolved
methods to stimulate ureolytic subsurface organisms to
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promote CaCOj precipitation which in turn promotes co-
precipitation and solid phase capture of some of these
contaminants, in particular strontium-90, a uranium fis-
sion by-product (Figure 1j). In subsurface environments
saturated with respect to CaCO3 minerals, the co-precipi-
tation forms a long-term immobilization mechanism
while the *°Sr decays (Mitchell & Ferris 2006a; Fujita
et al. 2010; Wu et al. 2011).

Control of strontium co-precipitation in the subsur-
face has been widely researched by studying the rates of
ureolysis and precipitation. Warren et al. (2001) demon-
strated that 95% of total strontium was captured in the
solid phase during batch ureolysis-driven MICP experi-
ments. Further studies demonstrated that S. pasteurii in
artificial groundwater media exhibited higher rates of
ureolysis at slightly elevated temperatures, strontium co-
precipitation increased with increasing CaCOj; precipita-
tion rates, and higher ureolysis rates could reduce the
time to reach critical saturation (S.;) which is important
since the greatest CaCO; precipitation rates were
observed near S (Ferris et al. 2003; Fujita et al. 2004;
Mitchell & Ferris 2005).

Since augmentation of subsurface environments with
microbes may not be ideal or feasible, Fujita et al.
(2008) investigated the potential of enriching native ure-
olytic organisms in sifu in the Eastern Snake River Plain
Aquifer (Idaho, USA) for the purpose of remediating
groundwater by co-precipitating strontium. The authors
suggest that multiple treatments with low concentrations
of a carbon source (molasses) to stimulate the subsurface
community followed by the injection of urea can pro-
mote ureolytic subsurface populations (Fujita et al.
2008). Another microbial enrichment test was performed
with groundwater and sediment samples from wells at
the Hanford site in Washington, USA (Fujita et al.
2010). Urea stimulated sediment samples showed spe-
cific ureolytic activity 2—4 orders of magnitude higher
compared to groundwater samples, leading researchers to
hypothesize that greater activity was associated with
attached (or biofilm) communities compared to plank-
tonic cells (Fujita et al. 2010).

Metal remediation. Toxic metal (eg copper, arsenic, and
chromium) contamination in soil or groundwater has
been attributed to mining and smelting as well as other
industrial activities. Toxic metal contamination is linked
to human health problems and current remediation efforts
can be costly and relatively ineffective. Traditional reme-
diation efforts include phytoremediation, removing, or
covering the soils with clean soil, on-site chemical leach-
ing of contaminants or bioremediation with toxic metal-
tolerant bacterial species (Achal et al. 2012). However,
these treatment methods may not be long-term solutions.
For example, in bioremediation many bacterial species
can decrease the solubility and thus immobilize metals

Biofouling 725

by changing their redox state. However, future changes
in oxidation-reduction potential could lead to remobiliza-
tion; therefore, an alternate remediation method is
CaCOg3-based co-precipitation.

It was previously shown that chromate can be associ-
ated with CaCO; in co-precipitated form (Hua et al.
2007), also Achal et al. (2012) isolated Sporosarcina
ginsengisoli CRS, an arsenic-tolerant, urease-positive
bacterium and researched its MICP potential to remediate
arsenic contaminated soils. Although growth of the
organism was slowed in the presence of arsenic, signifi-
cant arsenic was removed from aqueous solution during
ureolytic MICP (Achal et al. 2012). Another study
focused on remediation of copper via the MICP process
by the copper-tolerant, ureolytic organism, Kocuria flava
CRI1. Copper bioremediation studies were performed with
K. flava in urea and calcium containing batch with copper
concentrations up to 1000mgl~' (Achal, Pan, et al.
2011). The authors reported a positive correlation
between higher urease production and higher copper
removal from aqueous solutions (Achal, Pan, et al. 2011).

In elevated concentrations, metals may be toxic
to organisms involved in remediation. Kurmag¢ (2009)
evaluated the impact of varying concentrations of lead, cad-
mium, chromium, zinc, copper, and nickel to ureolysis-dri-
ven MICP treatment technology in synthetic wastewater
amended with urea and calcium chloride. They found the
impact of metal toxicity on microbial substrate degradation,
as measured by the reduction in biochemical oxygen
demand (BOD), increased in the following order: Cd (II)
> Cu(Il)>Pb(II) > Cr(VI) > Ni(Il) > Zn(I) (Kurmag 2009).
In the application of MICP, metal toxicity may be a limiting
factor in treatment efficacy, but isolation of metal-tolerant
ureolytic organisms from contaminated environments may
improve the treatment potential.

Polychlorinated biphenyl containment

Additional recalcitrant contaminants threatening environ-
mental and human health are polychlorinated biphenyls
(PCBs), which can contaminate concrete surfaces when
PCB-containing oil leaks from equipment. Methods of
removing PCB-contaminated oil include solvent washing,
hydroblasting, or sandblasting followed by encapsulation
in epoxy coating. Epoxy coating may be ineffective due
to resurfacing of the oil over time (Okwadha & Li
2011). An alternative to epoxy coating is the use of
ureolysis-driven MICP to produce a coating to seal
PCB-contaminated concrete (Figure 1f). By applying
S. pasteurii cultures and urea/calcium treatment to the
surface of PCB-coated cement cylinders, surficial PCB-
containing oils were encapsulated. No leaching through
the MICP coating was observed and permeability was
reduced by 1-5 orders of magnitude (Okwadha & Li
2011).
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Table 1. (Continued)

Relevant references

General assessment of success

Range

Control variable

Saturation conditions

Gollapudi et al. (1995), Stocks-Fischer et al. (1999),
Bang et al. (2001), Achal et al. (2009), Chunxiang

pH 8.0; optimal S. pasteurii

Peak enzyme activity

growth

4.5-13

pH

pH 8.5; extreme (low and high) pH

et al. (2009), Dupraz , Menez, et al. (2009), Dupraz,

Parmentier, et al. (2009), Bang et al.

and Li (2010), Tobler et al. (2011)

environments may be detrimental to activity; once
formed CaCO; is resilient to acid attack when

(2010), Okwadha

pH> 1.5 (at certain time scales); pH increases after

ureolysis are followed by pH decrease due to

CaCO; precipitation

Warren et al. (2001), Ferris et al. (2003), De Muynck

et al. (2008), Chunxiang et al. (2009), Dupraz,

ratio may be optimal since

2+

Equimolar urea/Ca

Urea: 6mM-1.5M

Urea/calcium

higher kinetic rates

(but only to a certain point) & to balance reagents

for reaction but to not add extra unwanted

greater reactant concentration

concentration

Parmentier, et al. (2009), De Muynck, Verbeken, et al.

Calcium: 25 uM-1.25M

(2010), Okwadha and Li (2010), Van Tittelboom et al.

chemicals to environment; calcium nitrate or acetate (2010), Burbank et al. (2011), Cunningham et al.

alternatives to calcium chloride

(2011), Mortensen et al. (2011), Stabnikov et al.

(2011), Tobler et al. (2011), Lauchnor et al. (2013)

Ferris et al. (2003), Mitchell and Ferris (2005, 2006b),
Dupraz, Parmentier, et al. (2009), Tobler et al. (2011)

Saturation state and critical saturation state

12436

Saturation state (€2,

influence spatial & temporal precipitation of CaCOj3

S or Scrit)
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Carbon dioxide sequestration

With atmospheric carbon dioxide (CO,) concentrations
on the increase, mitigation strategies are being explored
widely. One proposed mechanism for reducing emissions
is the capture and storage of CO, in deep geologic reser-
voirs, such as deep saline aquifers. The efficacy of this
mitigation method depends on preventing potential CO,
leakage either back to the surface or into overlying aqui-
fers. Possible reasons for leakage may include: (1)
decreased well bore integrity, possibly due to the corro-
sive effect of supercritical CO,, also known as carbon-
ation, or fractures in those well cements; or (2) areas of
increased cap rock permeability (Huerta et al. 2008; Bar-
let-Gouédard et al. 2009; Wigand et al. 2009; Carey
et al. 2010). Traditional well repair methods include the
use of cements (such as fine cement); however, these
may be of higher viscosity than the aqueous solutions
used to promote MICP. Higher viscosity fluids may not
adequately penetrate small pore spaces and potentially
not seal microfractures where low viscosity supercritical
CO, could find leakage pathways. As such, MICP may
be an effective tool to seal fractures or high permeability
leakage zones in the context of CO, sequestration (Fig-
ure 1k), and may also be effective in helping to reliably
abandon wells after fossil fuel extraction (Figure 1a).

Three proposed methods to which ureolysis-driven
MICP have been suggested to contribute to in situ CO,
leakage mitigation are formation trapping, solubility trap-
ping, and mineral trapping (Dupraz, Menez, et al. 2009;
Mitchell et al. 2010). MICP may reduce permeability to
mitigate leakage potential (formation trapping). Also, the
storage of CO, might be enhanced by ureolysis-driven
MICP by increasing the dissolved CO, (as carbonate or
bicarbonate) in the subsurface formation water (solubility
trapping). Finally, ureolysis-driven MICP might enhance
the precipitation of dissolved CO, in carbonate minerals
(mineral trapping) (Mitchell et al. 2010).

Formation trapping. Engineered MICP has been pro-
posed to protect well cements from supercritical CO,,
plug microfractures in the near well environment and
reduce permeability in cap rock (Mitchell et al. 2010;
Phillips et al. 2013). In these applications, the spatial
extent and temporal efficiency of precipitation must be
controlled. Experiments under atmospheric conditions
have led to evolved injection strategies to promote more
uniform spatial distribution of CaCOj3;. Pulse flow, with
brief fluid injection followed by batch biomineralization
periods, rather than continuous flow injections precipi-
tated less CaCOj; near the influent in sand column reac-
tors. Additionally, reducing the SI near the injection
point during periods of active biomineralization reduced
near-injection-point plugging (Cunningham et al. 2009,
2011; Schultz et al. 2011; Ebigbo et al. 2012). Recently,
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these injection strategies have been used to seal hydrau-
lic fractures in 70cm diameter sandstone cores under
ambient (Phillips et al. 2013) and high pressure (Phillips
et al. personal communication) conditions.

Solubility and mineral trapping. Spore and biofilm-form-
ing Bacillus species are resistant to high pressures and
supercritical CO, (Mitchell et al. 2008, 2009).
Accordingly, Mitchell et al. (2010) studied S. pasteurii,
for ureolysis-driven CaCO; precipitation with a range of
initial '*C—CO, head pressures and urea concentration in
artificial groundwater. Precipitated CaCO; was heavily
enriched in 'C-CO, and the fraction of '*C-CO,
increased with increasing headspace pressure and urea
concentrations, suggesting that ureolysis enhanced the
amount of carbonate in the CaCO; derived from
headspace CO, (g) (mineral trapping). Dupraz, Menez,
et al. (2009) also studied S. pasteurii in artificial
groundwater to determine the transformation of CO, into
a solid carbonate phase (mineral trapping) under different
temperature and salinity conditions (relevant to subsur-
face saline aquifer conditions) with different partial pres-
sures of CO,. While no temperature dependence of
CaCO; precipitation rates was found in their studies, it
was observed that increased salinities increased alkinal-
ization and ureolysis rates, but created a delay in time
before CaCOj; precipitation began (Dupraz, Menez, et al.
2009). Finally, Mitchell et al. (2010) also demonstrated
that as pH increases, the DIC increases and headspace
CO; (g) decreases (solubility trapping). It was concluded
that ureolysis-driven MICP in the subsurface can poten-
tially increase the security of long-term CO, storage. On-
going research suggests ureolysis-driven MICP also
occurs at high pressures (>73 bar) and those derived
minerals are relatively stable under the time scales tested
when subjected to supercritical CO, exposure (Mitchell
et al. 2013).

In summary, control of ureolysis-driven MICP for
remediating subsurface environments of strontium con-
taminated groundwater, toxic metal contaminated soils
and groundwater, PCB-contaminated concrete or improv-
ing security of geologically sequestered CO, has been
widely explored. Research has focused on methods to
maintain ureolytic activity and understand the transport
and reaction rates of urea and calcium, which influence
CaCOj; saturation conditions (Table 1). Ureolysis-driven
MICP may effectively treat a wide variety of engineering
challenges, but care should be taken to consider the
maintenance of ureolytic activity (viability of organisms)
under adverse contaminant exposure.

Summary

Much of the literature surrounding ureolysis-driven
MICP focuses on controlling the wide-range of parame-

ters that influence precipitation. The range of variables
and the optimum values determined for specific MICP
applications indicate that there is not one ‘recipe’ for
controlling MICP in engineered applications. The suc-
cess of MICP treatment depends on the ability to precipi-
tate CaCOj; at appropriate locations and times. Ureolysis-
driven MICP is controlled by three main parameters, (1)
the ureolytic activity (of microorganisms), (2) the reac-
tion and transport rates of the substrates, and (3) the sat-
uration conditions of carbonate minerals (Table 1).

First, organisms or enzyme are either injected or
stimulated to provide the catalyst for ureolysis and cells
may act as nucleation sites for precipitation to occur.
Several challenges surround maintaining the ureolytic
activity of microorganisms, such as adverse environmen-
tal conditions (eg high pH or toxic metals), electron
acceptor (eg oxygen) limitations, entombment in calcium
carbonate, and nutrient diffusion limitations causing cell
inactivation after entombment.

Second, the reaction rates and the transport rates of
reactants are manipulated, for example, by changing the
flow conditions (eg velocity) or reagent concentrations.
Factors such as fluid salinity and temperature can influ-
ence the rates of ureolysis and mineral precipitation.
Flow rate and fluid viscosities can influence the transport
conditions. Exploring the dimensionless Da, which is the
ratio of reaction rate to transport rate, as a tool in MICP
design under various conditions may provide valuable
insight for controlling ureolysis and precipitation and
ultimately the success of MICP engineered applications.

Finally, whether calcium carbonate has the thermody-
namic propensity to precipitate is governed by the satura-
tion conditions, and the Ilocation and timing of
precipitation can be influenced by the presence of nucle-
ation sites. The S or SI is determined by the activity of
Ca,” and CO5> and S, or Sl are empirical values
which reflect how highly supersaturated a solution must
become before precipitation is observed. S.; can be
influenced by a variety of factors including but not lim-
ited to ureolysis kinetics and the availability of nucle-
ation sites.

A wide range of factors can impact the saturation
state to promote precipitation of CaCO; in engineered
MICP technologies (Table 1). Since controlling satura-
tion conditions and precipitation in time and space is a
multi-factored reactive transport challenge, modeling has
become an essential tool to optimize injection and treat-
ment strategies. Current models, carefully interpreted and
calibrated, explore promotion of favorable saturation
state and predict treatment efficacy while decreasing the
need for labor-intensive laboratory experiments (Ebigbo
et al. 2010, 2012; Zhang & Klapper 2010; Barkouki
et al. 2011; Fauriel & Laloui 2011).

Improving the economic and environmental feasibil-
ity of ureolysis-driven MICP treatment must be consid-
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ered in the transition from laboratory to field-relevant
scale engineered MICP technologies. There is an eco-
nomic limitation to the use of laboratory grade nutrient
sources in field applications and alternate nutrient
sources such as inexpensive industrial wastewater, lac-
tose mother liquor (dairy industry), and corn steep liquor
(starch industry) may offer a possibility of cheaper nutri-
ent sources (Achal et al. 2009, 2011a; Mitchell et al.
2010). Additionally, large volumes of reactant and the
production of bacterial cultures for injection (if neces-
sary) may make certain engineered applications of MICP
economically challenging compared to traditional treat-
ments. Optimizing treatment strategies may reduce cost
by minimizing unnecessary injection or the excessive use
of amendments. Unwanted by-products from ureolysis
such as NH,", have to be considered and controlled at
least in certain prospective applications. NH," is undesir-
able, since groundwater aquifer health may be harmed,
stone discolored, or subsurface communities changed by
metabolic competition (eg outcompeting bioaugmented
organisms) due to NH," salts or conversion products (De
Muynck, De Belie, et al. 2010; Tobler et al. 2011).
While promising and effective treatment strategies using
MICP have been demonstrated, additional research is
necessary in order to improve economic feasibility,
define optimal treatment strategies and reduce unwanted
by-products.

Outlook

With the wide variety of ureolysis-driven MICP applica-
tions being researched and developed around the world,
there remain a number of technology development chal-
lenges and thus research opportunities. In order to
improve the potential for successful MICP application,
additional strategies have to be developed through fur-
ther research including, but not limited to: (1) investigat-
ing the potential of biofilm-based MICP approaches
compared to suspended cell-based approaches, specifi-
cally differences in ureolysis and mineral precipitation
kinetics, mineralogy, mineral reactivity and stability
between attached and planktonic cultures; (2) determin-
ing the optimal substrate balance (eg urea and calcium)
for various MICP applications with the goal of optimiz-
ing CaCOj; precipitation efficiency, which may increase
economic feasibility and reduce production of unwanted
byproducts; (3) investigating nano- to micro-scale
mineral nucleation processes and determining the effects
on subsequent mineral growth, morphology, and stability
at larger scales; (4) improving mathematical models
describing MICP processes in porous media by develop-
ing quantitative descriptions of fundamental processes at
the micro- and macro-scale (eg ureolysis and growth
kinetics, precipitation kinetics, crystal growth, and
microbe-mineral interactions) as well as integrating these
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process descriptions into Darcy-scale models for large-
scale application design; (5) experimenting at larger
scales, which, together with the developed models, will
allow for the evaluation of the importance of transport
processes in controlling MICP for engineered field appli-
cation; (6) developing in situ monitoring technologies
(such as geophysical methods) that allow assessment
of success in field applications; and (7) evaluating
long-term stability of MICP treatments compared to
conventional (eg cement-based) technologies.

It is evident that the implementation of MICP-based
technologies on a field scale requires the expertise of
many disciplines, and multi-disciplinary research and
development teams will be necessary. This review sum-
marizes the research results across many proposed engi-
neered applications in an effort to inspire researchers to
address the key research and development questions nec-
essary to move MICP technologies toward commercial
scale applications.

In conclusion, ureolysis-driven MICP has been
suggested for a wide variety of engineered treatments
including modification of construction materials, cement-
ing porous media, hydraulic control, and remediating
environmental contaminants (Figure 1). A majority of the
literature focuses on promoting ureolytic activity, under-
standing the reaction and transport conditions, and ulti-
mately manipulating the saturation state to achieve the
desired timing and location of CaCOj precipitation. Many
potential applications of ureolysis-driven MICP exist,
including those discussed in this review and other appli-
cations such as stabilizing building foundations or slopes;
minimizing erosion, stabilizing grounds prior to tunnel-
ing; sealing tunnel seepage; strengthening earthen dams
and dikes; strengthening dunes to protect shorelines or
prevent desertification; as well as removing calcium from
waste streams (Hammes 2002; DeJong et al. 2010, 2011).
A diverse, multi-disciplinary research effort including
field demonstrations, modeling, and elucidation of the
fundamental mechanisms of ureolysis-driven MICP has
and will continue to aid in the effort of transitioning
MICP-based technologies from the laboratory to the field.
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This chapter provides an overview of key applications of biomineralization,
already realized or currently under development, categorized as aboveground,
near-ground, or belowground. Aboveground applications consist of biological build-
ing products with potential to replace energy-intensive materials, such as cement.
Ground-level applications consist of surface and near-surface stabilization applica-
tions which can increase soil stability or treat toxic chemical contamination. Below-
ground applications include enhanced oil recovery as well as the sealing of leakage
pathways around wells. Applications in construction, soil stabilization, and the
sealing of leaky wells have advanced the furthest, and some of them have been
commercialized; other technologies are on the verge to commercialization. Also
described in this chapter are the many metabolic pathways used by microorganisms,
which can result in mineral precipitation, where urea hydrolysis-induced calcium
carbonate precipitation is the technology likely used most frequently in full-scale
applications. Much research and development work remains to be performed in this
field, and additional applications for biomineralization will be developed in the
construction, environmental, biotechnology, and medical fields. This chapter
reviews in some detail existing research and development activities with a focus
on parameters important for engineered biomineralization applications.

1 Introduction

Engineered biomineralization has been researched intensively for approximately two
decades with a significant uptick in the past 10 years. The controlled mineral
formation by microorganisms has enabled technologies which were not available
previously. As a result, numerous research articles and literature reviews have been
written over the past decade, which summarize the research along with established or
potential applications (Bang et al. 2010; Cunningham et al. 2011; El Mountassir
et al. 2018; Krajewska 2018; Phillips et al. 2013a; Phillips et al. 2018; Stocks-
Fischer et al. 1999). The prior chapters of this book mostly focused on fundamental
science and modeling related to understanding mineral formation by microorgan-
isms. This chapter reviews key applications that have been realized or are currently
under development. Key applications are categorized as (1) aboveground, (2) near-
ground, and (3) belowground in this chapter. Aboveground applications consist of
biological building products with potential to reduce energy-intensive materials.
Ground-level applications consist of surface and near-surface stabilization applica-
tions which can increase soil stability or treat toxic chemical contamination. Below-
ground applications include enhanced oil recovery as well as the sealing of leakage
pathways around wells.
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1.1 Chemistry and Pathways

Biomineralization reactions can generally be classified into three categories: biolog-
ically controlled mineralization, biologically induced mineralization, and biologi-
cally influenced mineralization (Dupraz et al. 2009a; Phillips et al. 2013a).
Biologically induced mineralization, the precipitation of minerals as by-products
of microbial metabolism, is the most frequently used approach in application
development; specifically, ureolysis-induced (aka ureolytic) biomineralization of
calcium carbonates (explained in detail below) has been used most frequently in
research and application development.

There are various types of minerals that can be produced by microorganisms, e.g.,
carbonates, iron oxides, silicates, and gypsum (Cecchi et al. 2018; Miot et al.
2009a, b; Skorupa et al. 2019). At this point carbonate minerals, such as calcium
carbonate, appear to be the most frequently used minerals produced for engineered
biomineralization applications. A prerequisite for the formation of minerals is that
saturation for the mineral of interest is exceeded locally and at least temporally, and
microbiological activities can influence saturation and promote mineral precipita-
tion. For calcium carbonate (CaCO3) mineralization, the saturation state (S) depends
on Ca?* and CO32_ concentrations as well as temperature, ionic strength, and other
parameters that affect the solubility “constants” (Kso) (Eq. 1) (Phillips et al. 2013a).
When § is greater than 1, a system is considered supersaturated and precipitation is
thermodynamically favorable (Stumm and Morgan 2013). Supersaturation is
required for precipitation, but supersaturation does not guarantee precipitation
(Connolly and Gerlach 2015) because compounds such as organics (proteins,
organic acids, chelators, etc.) can inhibit precipitation reactions (Aggarwal et al.
2013; Arp et al. 2001; Bentov et al. 2010):

5 {CaZJr [}<S{OCO§ } (1)

Microbially catalyzed reactions that increase alkalinity and thus usually carbonate
and bicarbonate concentrations are summarized in Table 1. Microorganisms can be
responsible for carbonate generation using urea hydrolysis, nitrate reduction, sulfate
reduction, photosynthesis, asparaginase hydrolysis, and iron reduction among other
mechanisms. In the presence of certain cations, such as calcium (Ca2+), this increase
in carbonate alkalinity can induce the precipitation of carbonate minerals such as
calcium carbonate (CaCOj3) (Eq. 2) (Connolly and Gerlach 2015; Phillips et al.
2013a):

Ca’* + CO3~ « CaCOs (2)
For each of the reactions listed in Table 1, microorganisms generate, directly or

indirectly, inorganic carbon in the form of HCO;  or CO;*", thus increasing
alkalinity (Eq. 3). Depending on the prevailing pH, bicarbonate (HCO5 ), and/or
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carbonate (CO5>7) ion concentrations increase while hydroxyl ion (OH™) produc-
tion and proton (H") consumption occurs:

Alkalinity ~ HCOj +2CO3” +OH™ —H* (3)

Calcium carbonate can precipitate in various forms, with calcite, aragonite, and
vaterite being the most common forms observed (Krajewska 2018; Mitchell and
Ferris 2006a). Transition from less crystalline phases, such as vaterite, to more
crystalline phases, such as calcite, occurs through Ostwald ripening during which
more thermodynamically stable mineral phases form from less stable intermediates
(Connolly and Gerlach 2015; Tourney and Ngwenya 2009; Xiao et al. 2010).

There are many metabolic pathways used by microorganisms, which can result in
calcium carbonate formation. Urea hydrolysis is likely the most frequently used
pathway in engineering research and development, followed by nitrate reduction, but
other metabolisms such as sulfate reduction, iron reduction, photosynthesis, and
asparagine hydrolysis are also possible pathways (Connolly and Gerlach 2015;
Phillips et al. 2013a). Ureolytic biomineralization is somewhat unique among
these metabolisms since it can act independently of growth and thus provides
engineers with the opportunity to control mineral formation by adjusting urea and
calcium concentrations and amounts while being able to rely on a fairly easily
controlled catalyst: the enzyme urease. Urease is a ubiquitous enzyme, essential in
nitrogen metabolism, and has functions in nitrogen provision, detoxification, and
organismal defense (Feder et al. 2020; Krajewska 2009a; Lauchnor et al. 2015).
Urease is found in many different organisms, including bacteria, plants, and fungi
(Feder et al. 2020; Krajewska 2009a; Lauchnor et al. 2015).

1.2 Parameters Affecting Mineral Formation by
Microorganisms

Environmental parameters, such as temperature and pH, as well as the chemical
environment influence microbial growth and activity (Mortensen et al. 2011; Qabany
et al. 2012); the same factors can also influence mineral formation. Hence, each
biomineralization application at each location will require a certain level of optimi-
zation to successfully adapt to the existing conditions and control saturation. In this
section we focus on describing the influence of temperature and pH value on
microbial activity, saturation conditions, and thus mineral formation since these
two parameters are some of the most important in the development and application
of engineering applications.

Temperature is important since it affects microbial and enzyme activity; temper-
ature can also affect the saturation state of a solution since solubility “constants’ are
indeed temperature-dependent; temperature can also affect mineralogy and mor-
phology of precipitates (Feder et al. 2020; Ferris et al. 2004; Skorupa et al. 2019). As
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Table 2 Carbonic acid diprotic dissociation and calcium carbonate precipitation

Reaction Equation pKa®
Carbonic acid dissociation H,COs3 + OH™ «~ HCO;5 + H,O 6.3
Bicarbonate dissociation HCO; + OH™ « CO3™ + H,0 10.3
Calcium carbonate precipitation Ca®t + CO%f « CaCOj (biocement) -

*Note that pKa values are also dependent on temperatures and ionic strength; here the pKa values
are provided for ~20 °C and low ionic strength

outlined in Table I, there are several metabolisms that can promote carbonate
mineral precipitation. Some of these reactions are microbial growth-dependent,
while others simply rely on the activity of enzymes produced by microbes but
might not be essential for growth. Microbial growth and enzyme activity usually
increase with temperature until they peak and decrease again with further increasing
temperature because enzymes and other essential cell components become damaged
at higher temperatures. In general, the temperature range for effective microbial
growth is narrower than the temperature range for acceptable enzyme activity. For
example, the ureolytic bacterium, Sporosarcina pasteurii, can grow at temperatures
from >0 °C to around 40 °C, while the enzyme urease produced by S. pasteurii or
derived from plants is capable of hydrolyzing urea at temperatures of up to ~75 °C
for at least several minutes (Feder et al. 2020; Skorupa et al. 2019).

Appropriate pH values are also critical; microbial and enzymatic activities, for
instance, are sensitive to pH since both high and low pH values can inhibit or
permanently denature enzymes, and other essential microbial functions (Dupraz
et al. 2009b; Fidaleo and Lavecchia 2003; Krajewska 2016; Lauchnor et al. 2015;
Qin and Cabral 1994). With regard to calcium carbonate precipitates, pH values
indirectly influence the saturation state since carbonate concentrations are strongly
dependent on pH values with increasing fractions of the dissolved inorganic carbon
being present as carbonate (CO5>") at higher pH values (Table 2).

Negatively charged bacterial surfaces or extracellular polymeric substances
(EPS) can act as nucleation sites for mineral formation by accumulating calcium
or other multivalent cations in close proximity to each other, thus effectively
increasing their local concentrations (Mitchell and Ferris 2006b). In addition, bac-
terial cell wall functional groups such as hydroxyl and phosphate groups can become
negatively charged at high pH values (Phillips et al. 2013a; Rodriguez-Navarro et al.
2003; Sharma et al. 2017). The resulting, increased number of nucleation points
could enable more and/or larger crystal formation events (Rivadeneyra et al. 1996;
Sharma et al. 2017). Indeed, when mineral formation was examined microscopically,
minerals were observed mainly associated with the bacteria initially, and bacteria
were observed inside mineral precipitates later on, indicating that bacteria acted as
nucleation sites (Zambare et al. 2020).
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2 Key Applications

In the remainder of this chapter, current and envisioned biomineralization technol-
ogies are summarized. The most mature technologies can be separated roughly into
three categories: (1) aboveground, building, and construction materials, (2) near
ground-surface and stabilization applications, and (3) subsurface applications
(Fig. 1).

The building and construction materials section covers the possibility of using
biomineralization to create building materials, to remediate existing structures and
the possibility of adding self-healing properties to existing or new building materials.
The stabilization applications section discusses the expanding research and field
demonstrations of utilizing microorganisms and enzymes to stabilize or immobilize
soil, dust, and toxic mine tailings as an alternative to more traditional methods.
Finally, engineering applications related to the deeper subsurface are highlighted.
Biomineralization technologies for deeper subsurface applications, e.g., leaky well
sealing, have been developed over the past decades and have reached commercial
sector application.

Different applications have different requirements with respect to time available
for implementation, desired permeability, strength, toughness, etc. Thus, depending
on the application, implementation strategies are likely to be different. Some appli-
cations may require the relatively rapid formation of strong bonds, e.g., for building
materials (bricks, foundations, etc.), while other applications, like self-healing con-
crete, require long-lasting biomineralization potential that can ramp up rapidly when
needed to fill cracks in a structure once present (Seifan et al. 2016). Hence, it is
important to understand how to control biomineralization to address the require-
ments inherent in these different applications.

Economics are one of the greatest hurdles in enabling the widespread use of
biomineralization as an alternative to materials, such as cement which is well-
established and relatively inexpensive. While biomineralization technologies are at

Building Materials Stabilization Subsurface

{ g T s o | = ! -.
Y sl L
Stalatialnte

Fig. 1 Schematic overview of the most technologically advanced applications of microbial
biomineralization. The remainder of this chapter summarizes the state of the technology as well
as recent research and development activities in these three main topic areas: (a) building and
construction materials, (b) ground stabilization applications, and (¢) subsurface applications
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this point more expensive, they have proven to be competitive due to their success
rate, reliability, and relative ease of implementation. Ureolytic biocementation could
indeed prove to be a greener (i.e., lower carbon emission) alternative since it largely
avoids high-temperature processes with exception of the production of urea, which is
often produced through the combination of the Haber-Bosch process (Haber 1905)
for ammonia production and the Bosch-Meiser process for ammonia to urea con-
version (Bosch and Meiser 1922). Depending on the source of ammonia and CO, for
these processes, a significant amount of energy for heat and pressurization might be
necessary. Other mineralization mechanisms, as outlined above, are also providing
possible strategies, but ureolysis-induced calcium carbonate precipitation is cur-
rently the most commonly used strategy for larger-scale applications.

2.1 Building and Construction Materials

Cement production requires extensive, though well-established, high-temperature
processing and currently contributes 6—7% of the annual anthropogenic carbon
emissions (Abdul-Wahab et al. 2016; Achal et al. 2015). Portland cement is used
to produce concrete, likely the most commonly used building material in the world.
Concrete is a mixture of cement, aggregate (e.g., sand or gravel) and water, and
overall, concrete is a durable, low-cost construction material with more than 10 bil-
lion tons used annually around the globe (Abdul-Wahab et al. 2016; Brown et al.
2014). Concrete is known for its high compressive strength but is characterized by a
relatively low tensile strength. Thus, in many applications steel must be used to
reinforce concrete. Under ideal conditions concrete prevents steel reinforcements
from corrosion. However, cracks can form when concrete structures age or are
mechanically damaged and experience freeze-thaw cycles or other environmental
stresses. The cracking of concrete is a worldwide problem, and, in a 2006 report, it
was estimated that the annual cost for repair, protection, and strengthening of
concrete structures amounts to between $18 and $21 billion in the USA alone
(Emmons and Sordy 2006). Indeed, some large concrete structures such as bridges
could be impractical to replace or will be extremely costly to repair (Gardner et al.
2018). Specifically, cracks in cement can provide pathways for corrosive substances,
such as oxygen and water into the structures, which can lead to corrosion of the steel
reinforcements. These damages can affect mechanical properties and durability of
the concrete structure, consequently reducing the useful life of concrete (Achal et al.
2015).

Biological building materials are considered an alternative to concrete, and
biocementation is considered a viable strategy for maintenance and repair of existing
concrete structures (Khodadadi et al. 2017; Van Tittelboom et al. 2010). These
potentially more environmentally friendly and sustainable technologies do not
require energy-intensive Portland cement production. Instead, biocement requires
two main constituents: (1) microorganisms (or enzymes) to initiate the biomineral-
ization reactions and (2) aqueous solutions that provide the ingredients and proper
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conditions to enable the mineral precipitation. Biocement can be produced in place,
using low-energy methods while using local materials such as existing sand and
gravel; however, a need still exists for somewhat energy-intensive raw materials,
such as CaCl, (ice-melt) and urea (fertilizer) if ureolysis-induced biomineralization
is used. Both urea and CaCl,, productions require energy, and comprehensive life
cycle analyses and techno-economic analyses (LCAs and TEAs) comparing tradi-
tional Portland cement and biocement are, at this point, not available.

2.1.1 Biological Bricks, Grout, and Mortar
2.1.1.1 Biomineralized Bricks

Bricks and precast concrete parts are the most-used building materials in the world
(Brown et al. 2014; Wong et al. 2018). They are part of our everyday world (Fig. 2)
and are designed to have great compressive strength, which is achieved through
extensive manufacturing at temperatures above 1000 °C. The company,
bioMASON, is one of the first to produce biologically produced masonry products.
Their current products can be used for exterior cladding, paving, flooring, and on
walls. These products contain approximately 85% by-product from granite quarry-
ing and 15% calcium carbonate which is produced using ureolysis-induced calcium
carbonate precipitation, thus decreasing the overall energy consumption.
bioMASON’s bioLITH tiles can be manufactured within approximately 72 h and

Fig. 2 Eco-manufactured modular building materials (MBMs) are a new paradigm for sustainable
construction. Bricks (orange), mortar (black lines), and grouts (not shown) can be produced through
biomineralization processes. Biologically produced building materials can potentially overcome
several limitations inherent to conventional cement manufacturing and usage, such as high-energy
manufacturing processes and lack of recyclability
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are reported to require only 3.5% of the manufacturing energy of traditional
engineered stone (bioMASON 2020). bioMASON reports that this energy reduction
is achieved by avoiding the heat treatment necessary for traditional clay brick
manufacturing (bioMASON 2020). bioMASON also reports that their products are
lighter than natural stone, exceed performance in terms of CO, emissions, and
possess higher compressive strength.

In a recent study, Heveran et al. (2020) engineered a living building material
(LBM) using cyanobacteria to make biologically produced bricks. Cyanobacteria
were placed in a sand-gelatin scaffold, and the bacteria increased the stiffness
through photosynthesis-driven biomineralization (cf. Table 1). The resulting prod-
ucts did not only provide strength but also demonstrated the ability to self-heal when
deformed. Self-healing requires long-term viability of microorganisms. This study
suggests that lower temperatures and increased relative humidity (RH) increase cell
survival with approximately 9% and 14% of cells being recoverable after 30 days at
4 °C at 50% and 100% RH; lower recoveries were observed at ambient conditions
(22 °C and 24% RH) where cells were viable until day 7. The long-term viability of
microbes must be improved further so that LBMs can sustain their structural and
biological functions for the lifetime of structures (cf. “Concrete Remediation and
Self-Healing Cement” section).

2.1.1.2 Biological Grout and Mortar

Grout and mortar are other materials commonly used in the construction industry.
Grout and mortar are used for filling gaps between tiles and bricks among other uses.
The difference between grout and mortar is that grout generally is being applied to
fill and seal gaps between, e.g., tiles, but provides minimal structural support. Mortar
is generally applied between bricks or under tiles and provides certain structural
support during and after curing while also acting as a glue. Hence, grout must be able
to penetrate and ultimately seal small gaps, while mortar must be viscous enough to
support not only its own weight but also that of masonry placed above it. Most grouts
and mortar are Portland cement-based, but synthetic grouts, such as acrylamide-,
lignosulfonate-, and polyurethane-based grouts, are also in use; each of these
compounds has its own environmental footprint (Achal and Kawasaki 2016).
Biomineral-based grouts and mortar, which are under development, have potential
to reduce the environmental footprint relative to the traditional grouts and mortars.
Literature regarding the use of biomineralization to produce a biogrout for
building materials, e.g., tiling, is limited at this point. However, biogrouts have
been demonstrated by multiple groups to have potential for concrete repair and self-
healing applications. As mentioned above, grouts must readily fill gaps, voids, and
cracks, often with the goal of preventing the entry of water after curing. Hence, tile
grouts generally require lower viscosities than mortar. [Note: The terms “grout,”
“grouting,” etc. are also used in the context of soil stabilization; the application of
biomineralization-based grouting for soil stabilization is discussed in the next
section (“b. Stabilization Applications”)]. The biomineralization technology is
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water-based; thus, low viscosity is one of its inherent characteristics. Minerals are
generally precipitated through a biologically catalyzed, chemical reaction, allowing
for the grout to develop in place. Biomineralization-based grouts might have advan-
tages over traditional grouts since the microbes and enzymes are smaller than
traditional cementitious grout particles and less viscous than, e.g., synthetic grouts,
and thus might more efficiently penetrate small gaps before precipitating and
forming bonds. Indeed, it is suggested that biogrout can be less expensive than
chemical grouting while achieving unconfined compressive strengths comparable to
traditionally used products (Achal and Kawasaki 2016; Li et al. 2015).

As mentioned above, mortar, in contrast to grout, needs to perform a structural
function. Even during application, limited structural support needs to be provided to
building components. For instance, mortar must maintain the spacing between
masonry, such as bricks even during curing. Currently, there are no published
works that specifically address the challenge of providing higher viscosity, mortar-
like products using biomineralization methods. Furthermore, upon curing, signifi-
cant structural strength (compressive strength) needs to be ensured along with other
properties, such as fire resistance. Fire resistance of biobricks and biomortar is
predicted to be comparable to traditional cement-based bricks and mortar since
CaCOgs; is generally stable up to approximately 600 °C after which decomposition
of CaCOj; to CO, and CaO occurs at increasing rates (Abdel-Gawwad 2017). This
decomposition also occurs in traditional cements and can result in decreases in
compressive strength and other properties (Abdel-Gawwad 2017). The incorporation
of organics into biobricks, biogrout, and biomortar must also be considered. While
organics can increase viscosity and potentially elasticity, biomass generally begins
decomposing around 250 °C and decomposes completely at temperatures around
500 °C (Abdel-Gawwad 2017). The effect of the loss of organics from the created
biocement, grout, mortar, or bricks has not been investigated in detail.

2.1.2 Limestone Remediation

Many historic structures around the world, from the Great Sphinx to old churches to
the Lincoln memorial, were constructed using limestone. Unfortunately, these struc-
tures are subject to weathering, exacerbated by the generally decreasing pH of
rainwater, due to increasing atmospheric CO, concentrations and other acidic
gases in the atmosphere (Nazel 2016; Villa et al. 2020). These carbonate-based
stones and structures are vulnerable to gradual dissolution, leading to increased
porosity, the accelerated entry of water, more rapid dissolution, increased freeze-
thaw damage, and associated decreasing mechanical integrity (Marvasi et al. 2020;
Nazel 2016; Tiano et al. 1999).

Limestone remediation is often focused on preventing the entry of rain- and
meltwater, the restoration of mechanical integrity, and the protection of the weak-
ened inner structure by establishing protective surface layers, filling existing pores,
and reducing the porosity of deteriorated limestone (Fig. 3) (Nazel 2016). Existing
remediation methods often include the use of chemicals, such as fluorinated polymer
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Fig. 3 Schematic
indicating the potential for
biomineralization-based
approaches to protect
limestone structures (light
orange) by filling existing
cracks and cover the
limestone surface with
biocement (dark orange with
green organisms) to
minimize the entry of acidic
rainwater that would lead to
limestone deterioration

coatings (Marvasi et al. 2020; Sadat-Shojai and Ershad-Langroudi 2009). Biomin-
eralization could be an ecological alternative since biomineralization mimics the
natural stone formation process (Marvasi et al. 2020) and is generally based on the
use of low viscosity, aqueous fluids, which can readily penetrate pores and can be
applied directly onto the surfaces using low-cost approaches, such as spraying
(Castanier et al. 2000; Marvasi et al. 2020; Perito et al. 2014). As outlined in
Table 1, several biomineralization approaches result in the production of carbonate
minerals and have potential for the restoration of limestone structures. The use of
alkalizing, calcium carbonate-precipitating microbial cultures could also combat the
development of autochthonous acidifying microbial cultures, which can locally
contribute to increases in porosity and decreasing mechanical strength due to
localized acidification and associated dissolution of calcium carbonates (Castanier
et al. 2000).

There are still several limitations to employing biomineralization-based
approaches to building restoration. The use of microorganisms can result in a certain
level of skepticism in the general population. The development of stains or off-color
in the precipitates due to metabolic by-products associated with the biological
production of calcium carbonates is also of concern. Furthermore, the possibility
of subsequent growth of other microbes (e.g., airborne fungi) is a concern; fungi or
other microorganisms, commonly referred to as “black molds,” can cause damage or
defacement to building materials. Mold growth could be stimulated by decaying
bacteria, added enzymes or nutrients, or metabolic by-products generated during the
biomineralization treatment (Nazel 2016). While Tiano et al. (1999) were unable to
detect a color change on limestone, due to deposited biominerals, with the naked eye,
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it could be detected quantitatively using a chromameter (Tiano et al. 1999). The
addition of pigments has been suggested, which could alleviate the potential aes-
thetic issue of color differences (Castanier et al. 2000; Nazel 2016); in addition, a
reduction of the amount of organics included in the treatment solutions or the use of
enzymes instead of microbes could decrease potential worries regarding the use of
living microbes and reduce the concern regarding subsequent growth of fungi or
other microbes on the remediated surfaces. A remaining limitation is that mineral
precipitation occurs predominantly on the surface of microporous structures, on
which microbes or enzymes would be deposited (De Muynck et al. 2011; Marvasi
et al. 2020). The use of smaller microbes (e.g., starved bacteria or spores), which
transport more readily into and through porous media (Bouwer et al. 2000;
Cunningham et al. 2007; Gerlach 2001), or the use of (much smaller sized) enzymes
has potential to alleviate these limitations (De Muynck et al. 2011; Krajewska
2009a).

2.1.3 Concrete Remediation and Self-Healing Cement

As noted above, defects, such as tiny cracks or gaps, are one of the biggest problems
in cement and concrete longevity because these defects can drastically reduce the life
of the structure by causing corrosion of the cement, concrete, or their reinforcements.
These defects can occur through quality issues during implementation, temperature
fluctuations (freeze-thaw cycles), vibrations (earthquakes, traffic, construction),
chemical corrosion, or other processes causing cosmetic or structural damage.
Biologically induced mineral precipitation has been proposed for the remediation
of cement and concrete as well as for the development of self-healing materials
(Achal et al. 2015; Phillips et al. 2013a). In principle, biomineral-precipitating
solutions and enzymes (or organisms) can either be applied once a defect has been
discovered (remediation) or can be designed to be activated once a defect occurs
(self-healing) (Fig. 4).

Establishing conditions appropriate for biomineralization to occur in cementi-
tious materials remains a challenge. Cement, in contrast to limestone, is a very high
pH environment with pH values as high as 13 combined with often low oxygen
availability (Lee and Park 2018). Both these parameters can pose challenges for
some microbes and enzymes because extreme pH values and low oxygen availability
can negatively influence the survival and activity of microbes and enzymes. While
the pH of water in cement generally decreases over time due to carbonation of the
cement (Papadakis et al. 1989), it can remain a challenge to reliably provide pH
values around 10 or lower, which are more amenable to supporting microbial growth
and the activity of enzymes such as urease (Fidaleo and Lavecchia 2003; Lauchnor
et al. 2015). Some organisms have been demonstrated to have high salt and pH
tolerance while being ureolytically active, but there remains a need to identify more
high pH-tolerant organisms and enzymes (Skorupa et al. 2019).

Treating cracked or cracking cement materials using surface-applied treatments is
fairly straightforward unless cosmetics are of concern (as discussed above for many
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Fig. 4 Biomineralization-driven concrete remediation and self-healing. Existing cracks can be
filled with biocement (orange) or self-healing cement can be designed, which contains microbes in
the form of cells or endospores as well as chemicals that promote precipitation once damage occurs.
Biomineral-precipitating bacteria or enzymes are envisioned to become active once cracks occur in
the cement and reseal the developing fractures

limestone remediation projects). In one laboratory study, cement specimens were
immersed in suspensions containing Bacillus sphaericus, and the resulting biomin-
eral formation on the surface reduced subsequent water absorption by 65-90% and
improved the resistance to freeze-thaw cycle damages (De Muynck et al. 2008).
Biomineralization-based concrete repair approaches are suggested to be suitable for
sealing cracks up to 2 mm in width (Achal et al. 2015; Wiktor and Jonkers 2016;
Wiktor and Jonkers 2011). When crack healing was compared with control samples,
significant differences were observed after 100 days of immersion in water (Wiktor
and Jonkers 2011). In field trials, it was demonstrated that bacterial biomineraliza-
tion systems can be used to create concrete with self-healing properties in applica-
tions such as irrigation canals and parking garages (Wiktor and Jonkers 2016). It has
also been reported that this approach could be used to potentially recycle concrete
and other building materials (Wiktor and Jonkers 2016). If post-cement damage
treatment is pursued, active bacterial cultures or enzymes can be used, and oxygen,
or other electron acceptor limitations, discussed below, is often not a concern.

The principal feasibility of using ureolysis-induced calcium carbonate precipita-
tion by Sporosarcina pasteurii and other Bacillus sp. has been demonstrated by
many researchers (see, e.g., reviews by Arias et al. 2017; Joshi et al. 2017;
Krajewska 2009b; Phillips et al. 2013a). The feasibility of creating self-healing
cements has also been demonstrated in principle (Ersan et al. 2016b; Wang et al.
2014a; Zhang et al. 2020). In cement structures cracks occur due to changes in
temperature, pressure, and mechanical stresses (Jonkers et al. 2010), and most cracks
start small. Thus, even slow precipitation, e.g., promoted by metabolic biomineral-
ization, might be sufficient to seal the initially small apertures and prevent them from
becoming larger (Alazhari et al. 2018). Studies have demonstrated B. pseudofirmus,
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B. subtilis, and B. alkalinitrilicus are capable of self-healing cracks of <0.8 mm in
concrete (Basilisk 2020; Jonkers et al. 2010). In these and other studies, the cracks
were effectively sealed in the presence of water (Sharma et al. 2017). However, it is
less clear whether bacteria or their spores can survive long enough and resuscitate
quickly enough to reliably seal cracks inside cement or concrete under the wide
range of conditions expected depending on season and climate (Bang et al. 2010;
Mitchell et al. 2019; Sharma et al. 2017).

If self-healing of cement through biomineralization is desired for extended
periods of time, the self-healing agents have to be incorporated into the cement or
concrete (Wang et al. 2014b) and have to remain active, or need to be activated,
inside the cement or concrete over the service life of the structure once damage
occurs. It has been suggested that encapsulation of bacteria, their spores, and their
incorporation into cement mixtures can increase spore survival (Alazhari et al. 2018;
Wang et al. 2014b). Indeed, it has been proposed that enzymes or bacteria could
retain sufficient self-healing potential for years to seal cracks that might develop
(Sharma et al. 2017; Van Tittelboom et al. 2010). In addition, for self-healing to
occur, sufficient calcium, electron donor, and acceptor are necessary; however, high
concentrations of material other than cement and aggregate (sand, gravel, etc.) may
have detrimental effects on the mechanical properties of the concrete (Alazhari et al.
2018). Thus, trade-offs between the amount of additional materials to be incorpo-
rated into concrete to ensure self-healing and the required mechanical properties of
concrete need to be considered.

Once resuscitation of bacteria needs to occur, electron acceptors (e.g., oxygen),
electron donors, and a carbon source need to be available. Limitations in the
availability of any one of these can affect the rate of activation of bacteria, enzymatic
activity, and thus the speed of self-healing. It has been proposed to incorporate
capsules into cements, containing oxygen-releasing compounds, such as calcium
peroxide (Ca0,), combined with electron donors, a carbon source, and an additional
source of calcium, such as calcium lactate. The capsules would release these
compounds upon crack formation and would promote microbial resuscitation,
growth, activity, and ultimately CaCOs precipitation (Lee and Park 2018).

The existence of bacterial strains capable of growth in the absence of oxygen and
calcium carbonate precipitation has also been demonstrated. In laboratory studies
anaerobic growth of and calcium carbonate precipitation by, both, ureolytic and
non-ureolytic organisms have been observed, such as fermenters, denitrifiers, sulfate
reducers, and iron reducers (Hamdan et al. 2017; Skorupa et al. 2019; van Paassen
et al. 2010b). Until now, only nitrate reduction seems to have emerged as a possibly
viable alternative to urea hydrolysis (Ersan et al. 2016a, b), but other methods for
concrete self-repair are being developed (Zhang et al. 2020).

Basilisk, a biotechnology startup company in the Netherlands (https:/www.
basiliskconcrete.com), focuses on next-generation cement additives. Basilisk pro-
duces admixtures for concrete self-repair and concrete remediation. Basilisk uses a
metabolically driven biomineralization reaction, using bacterial cultures consisting
of several Bacillus species. Basilisk indeed uses calcium lactate as the source of
calcium and encapsulates spores and calcium lactate into concrete materials for
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long-lasting performance. The technology is protected by several patents (Jonkers
2011; Jonkers 2009; Jonkers and Mors 2016; Wiktor and Jonkers 2014) and is
designed to reduce maintenance requirements, extend service life, and protect
concrete reinforcements. The Bacillus sp. spores used are estimated to survive up
to 200 years as long as appropriate pH, temperature, oxygen, moisture, and nutrients
are provided (Jonkers et al. 2010). Basilisk’s concrete repair admixtures can be
mixed and applied using conventional sprayers resulting in the formation of lime-
stone. While promising, it is unclear at this point how long the potential for self-
healing will remain active.

A similar approach for self-healing was used as part of the UK’s first site trial of
self-healing concrete (Davies et al. 2018). In a collaboration between academic
(Cardiff University) and industrial (Costain) engineers, five concrete panels for a
highway upgrading project were tested as part of the “Materials for Life” project.
Researchers created five different concrete panels, one of them had bacteria in the
cement mixture. When load-displacement curves were analyzed, the panel with
bacteria exhibited a displacement of about 5.4 mm, while the other panels exhibited
9.2 mm displacement on average. Results after 6 months were sufficiently positive
for the bacterially mediated self-healing process, but longer-term assessments have
to be performed to verify applicability of reducing or removing the requirement for
inspection, maintenance, and repair of concrete structures (Davies et al. 2018).

2.2 Stabilization Applications
2.2.1 Soil Stabilization

Soil is a complex mixture containing minerals, liquids, gases, organic matter, and
organisms that help create a dynamic environment in which many biological,
chemical, or physical processes are taking place. Soils can be highly heterogeneous,
and inconsistent soil properties can cause structural damage or, worse, put human
lives at risk. Soil stabilization is designed to provide consistent properties, and it is
common practice for many construction and engineering processes including high-
way, building, and airfield construction, supporting earthen dams or embankments,
irrigation networks, or preventing wind and water erosion. Regardless of the appli-
cation, soil stabilization involves improving the mechanical properties of the soil by
either mechanical or chemical means to achieve the properties needed, e.g., high
strength and durability. Many different methods for soil stabilization (aka soil
grouting) are available including biomineralization-based methods (Kalkan 2020;
Mujah et al. 2017; van Paassen 2011).

Biomineralization can be applied to soils or other porous media to increase
stability or enhance mechanical properties; if used for those applications, it is
often referred to as biogrouting or biocementation of soils (Note that the use of
biomineralization as a potential tile grout was discussed above in the in the
“Biological Bricks, Grout and Mortar” section and was also referred to as
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Fig. 5 Schematic representation of biomineralization-based soil stabilization or “biogrouting.” (a)
Soil particles not biomineralized represent unstable soils prone to soil liquefaction; (b) soil particles
with mineral “bridges” (orange) between them. These bridging connections stabilize soils and make
them less prone to liquefaction. (¢) Stereoscope image showing glass beads cemented together by
ureolysis-induced calcium carbonate precipitates; (d) SEM image showing sand grains connected
by microbial ureolysis-produced calcium carbonate precipitates (¢, d: Montana State University,
unpublished data)

biogrout). As summarized in this section, biocementation has been applied at large
scales and continues to be investigated as an alternative to the more traditional
mechanical or chemical means of soil stabilization. Many of the current stabilization
methods are reliant on mechanical means or materials with a significant energy and
environmental footprint (Behnood 2018; Mujah et al. 2017). One of the most
common methods of biomineralizing soil is microbially induced calcium carbonate
precipitation (MICP) treatment, which allows soil particles to be bound together by
microbially precipitated calcium carbonate, providing a stable connection
(or “bridge”) between the particles while maintaining sufficient permeability for
water to infiltrate (Kalkan 2020; Mujah et al. 2017) (Fig. 5).

MICP-based soil stabilization can principally be accomplished in two ways:
biostimulation and bioaugmentation. Biostimulation is achieved by providing nutri-
ents to indigenous bacteria in order to stimulate growth and precipitation, which can
be beneficial in order to adapt to certain local environmental conditions such as
temperature or regulatory restrictions. Bioaugmentation is the method of
supplementing the soil with exogenous bacteria and has been researched more
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extensively for soil stabilization than biostimulation. Bioaugmentation is useful
when hoping to achieve desired stabilization parameters quickly, and usually
pre-cultivated organisms are used with well-known characteristics, such as
Sporosarcina pasteurii. The ability to improve soil onsite using biocementation
could significantly reduce the costs of soil improvement due to a decrease in costs
associated with manufacturing and transporting materials, such as cement, bentonite,
or other materials, used in more traditional soil stabilization methods (Gowthaman
et al. 2019; Kalkan 2020; Mujah et al. 2017). Additional benefits might be achieved
when biostimulation is utilized instead of bioaugmentation, because the materials
and energy needed for pre-cultivating and transporting the bacteria are eliminated. In
addition, more uniform precipitation may be achieved in the presence of native
bacteria instead of injecting bacteria or enzymes into the soil and creating gradients
of bacterial or enzyme concentrations, which in turn often result in nonhomogeneous
mineral precipitation, though this risk can be alleviated through the use of well-
designed injection strategies (Barkouki et al. 2011; Ebigbo et al. 2012; Hommel et al.
2016; Hommel et al. 2015). In addition, there is a risk of ecological impacts from
introducing large amounts of non-native bacteria (Gomez et al. 2019), and introduc-
ing non-native organisms might also face regulatory restrictions. Overall,
biostimulation may have the advantage of relying on organisms that have adapted
to the local environment, including—but not limited to—adaptation to the prevailing
dominant electron acceptor(s), but biostimulation-based implementations might be
slower, at least initially, than bioaugmentation-based approaches (Gat et al. 2016;
Phillips et al. 2013a).

Research by Gat et al. (2016) on the potential for biostimulation in arid and low
nutrient environments, such as in coastal liquefiable sand, showed promise. This
study investigated simple carbon sources (molasses and yeast extract), which are rich
in organic carbon, and found that mineralization can be achieved even when only
using molasses. This could be beneficial for future research and applications aimed
at achieving soil stabilization using relatively common and inexpensive carbon
sources, and reducing additional costs associated with bioaugmentation. One impor-
tant note from this research is the recommendation of promoting slow increases in
pH when attempting biostimulation because rapid pH increases can cause significant
alterations to the native soil community (Gat et al. 2016).

Dhami et al. (2017) performed a comparison between bioaugmentation and
biostimulation using soil samples from the Margaret River region in Australia. In
the bioaugmented treatments, both S. pasteurii and Bacillus cereus were used for
urease production and carbonic anhydrase production, respectively. Biostimulation
and bioaugmentation promoting ureolysis were found to be more effective than
bioaugmentation with carbonic anhydrase producers. It was also demonstrated that
when high amounts of nutrients are present in the soil—either naturally occurring or
through injection—both ureolytic and carbonic anhydrase augmentations were
found to be effective, and the carbonate crystals from MICP grew to larger sizes
than under low nutrient conditions. In addition, S. pasteurii and B. cereus were able
to survive alongside indigenous organisms in high nutrient conditions, but the native
bacterial populations experienced significant changes regardless of the treatment
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method. A key takeaway from these results was that the choice of biomineralization
method may largely depend on the organic carbon content of the soil and the time
available for the treatment. Biostimulation seems to be very useful in carbon-rich
environments, while bioaugmentation paired with supplemental nutrients may be
favored in low nutrient soils (Dhami et al. 2017).

Gomez et al. (2019) compared the differences in biocementation between
bioaugmentation with S. pasteurii and biostimulation of sandy soils using column
experiments. Gradients of cementation developed throughout the columns and final
calcite content between 0.5% and 5.3% by mass were observed. Near the inlet the
soil was highly cemented, resulting in cone penetration resistances increasing by
over 500% (up to 32.1 MPa) in the treated soils, and the shear wave velocities
increased by 600% (up to 967 m/s). In addition, the biostimulated columns contained
larger calcite crystals than the columns bioaugmented with S. pasteurii, while
S. pasteurii-bioaugmented columns produced more overall crystals of smaller size
(Gomez et al. 2019). Differences in amount, distribution, and crystal size of calcium
carbonate could have an influence on the mechanical properties of porous media.
This along with other work demonstrates strategies for achieving appropriate soil
improvements depending on how soil stabilization is performed, therefore allowing
customization based on the needs of the project and the regulatory framework.

Cost uncertainty is still one of the limitations of biomineralization for soil
stabilization because so much of the research has been done on the laboratory
scale using analytical-grade reagents. Using high purity reagents could be cost
prohibitive for full-scale applications due to the amounts of urea and calcium
chloride needed. Omoregie et al. (2019) compared the feasibility of using
technical-grade reagents with laboratory-grade reagents along with using tap water
or deionized water when preparing cementation solutions. Surface strength generally
increased with increasing cementation solution concentrations, regardless of whether
analytical- or technical-grade chemicals and water were used. Samples treated with
the highest concentrations (1.0 M) achieved surface strength values of at least
4826 kPa when measured from the top surface (the handheld pocket penetrometer
used to measure this had a maximum range of 4826 kPa). The surface strengths
varied for the samples treated with 0.25 M, 0.5 M, and 0.75 M without a clear
relationship between surface strength and type or concentration of cementation
solution. Post-treatment XRD analyses revealed nearly identical calcium carbonate
content and polymorph composition with ~93% calcite and ~ 7% vaterite for both
the analytical-grade and technical-grade chemicals (Omoregie et al. 2019). These
results along with the cost analysis indicate that technical-grade media may serve as
a cost-effective alternative for biomineralization-based soil stabilization (Omoregie
et al. 2019).

As described in Behnood (2018), one of the most common soil stabilization
practices is chemical grouting. However, chemical grouting can be expensive, and
it can be difficult to treat large volumes of soil due to the fairly high viscosity
requiring high injection pressures and the viscosity increase over time (Mujah et al.
2017). Similar issues have been encountered with soil biocementation; rapid precip-
itation and premature clogging of the injection site can occur if the bacterial
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suspension and the cementation solutions are injected simultaneously. Ebigbo et al.
(2012) demonstrated that injection site clogging can be avoided and a much more
uniform distribution of calcium carbonate can be achieved through an injection
strategy, which includes rapid injection of bacteria, followed by a bacteria- and
urea-free rinse, a rapid injection of a calcium and urea mixture, another calcium-free
rinse, and a rest period to allow for precipitation. Mujah et al. (2017) reported a
similar strategy, during which the bacterial suspension was injected first, followed
by the calcium-urea solution to achieve a more homogenous soil treatment.

Another difference between chemical methods and biomineralization is the speed
of the cementation process. Depending on numerous environmental factors such as
temperature, concentrations of nutrients, pH, etc. the microbes and enzymes
involved in the biocementation process can exhibit varying levels of activity
which can make biocementation a more complex and slower process than chemical
grouting. However, biomineralization-based grouting of soils might provide a sus-
tainable alternative to chemical grouting due to lower toxicity, lower energy require-
ments, and tunable rates of solidification depending on bacterial (or enzyme) activity
and supply of biocementation agents (Mujah et al. 2017; Reddy et al. 2013).

However, there are potential drawbacks with a biomineralization approach to soil
stabilization. When the process involves ureolysis, the production of ammonia is a
concern, especially when it has the potential to leach into groundwater. There are
strategies to alleviate this potential threat through treatment of the process water and
potentially utilizing the produced ammonium as fertilizer for local agriculture
(Mujah et al. 2017). The effects of adding nutrients to soil and groundwater are
also not always readily predictable but may contribute to the growth of unwanted
microbes (Reddy et al. 2013).

Fly ash, a waste product from coal combustion, has not only been repurposed for
building materials, it is also used in many applications including stabilization of soil
and embankments. While the load bearing capacity of fly ash is generally lower than
soil, ureolytic biomineralization using S. pasteurii stabilized fly ash and increased
compressive strength by 25-390% (Yadav et al. 2020). In specific, fly ash samples
were treated with the same number of bacteria and varying concentrations of urea
and CaCl, between 0.1 M and 0.25 M. Relationships between fly ash particle size
and bacteria size were determined to be important for the movement of the bacteria,
with a particle size 50-400pm being the most favorable for bacterial transport
(Yadav et al. 2020). The strength of untreated fly ash was 37.19 kPa compared to
183.31 kPa for the 0.1 M urea and 0.25 M CaCl, mixture. The other concentrations
resulted in strength values ranging from 46.47 kPa to 171.61 kPa. The strength
increase was attributed to higher amounts of calcium carbonate and a more uniform
distribution of calcite throughout the fly ash. Significant reductions in permeability
(by about one order of magnitude) were observed after some of the treatments
compared to the untreated fly ash (Yadav et al. 2020).

Maintaining permeability during biomineralization treatments is important, since
it allows for continued injections at relatively low injection pressures and increases
the treatable volume of soil, fly ash, or similar (Yadav et al. 2020). van Paassen
(2011) and Ebigbo et al. (2012) specifically discussed the importance of maintaining



Key Applications of Biomineralization 367

permeability to achieve homogeneous distributions of CaCOj5 precipitates and how
biomineralization can provide significant advantages over traditional chemical
grouting techniques using resins, gels, or cement, which often drastically affect
soil permeability. Ebigbo et al. (2012) developed an injection method (described
in some detail above) and demonstrated experimentally and through mathematical
modeling that this easily implemented method allows for a fairly homogeneous
distribution of precipitated calcium carbonate. van Paassen’s work (2010a and
2011) involved significant laboratory testing on sand columns and eventually a
100 m*-scale demonstration in a testbed. It was found that approximately 43 m® of
the sand were successfully cemented and had compressive strengths of up to
12 MPa. The cementation patterns on the 100 m> scale followed the patterns of
the fluid flow through the soil but were unfortunately not homogenous (van Paassen
et al. 2010a; van Paassen 2011). Subsequent laboratory and field tests were
performed by van Paassen et al. to demonstrate the feasibility of stabilizing gravel
beds with biogrout. Borehole collapse during horizontal directional drilling is a
common problem, so several laboratory experiments, a mesoscale experiment in a
3 m’ container of gravel and a field demonstration, were performed in the Nether-
lands. Gravel bed stabilization was successful, and up to 6% of the total dry weight
of field samples were described to be calcium carbonate (van Paassen 2011).

Although biomineralization for the purpose of soil stabilization has primarily
been performed using urea hydrolysis-induced calcium carbonate precipitation, there
is emerging research into other microbially induced methods as well. Specifically,
nitrate reduction-induced calcium carbonate precipitation may be a promising alter-
native and is often referred to as MIDP (microbially induced desaturation and
precipitation). Initial successes on the laboratory and field scale have been demon-
strated (van Paassen et al. 2010b; Wang et al. 2020a, b; Zeng et al. 2021). Nitrate
reduction promotes calcium carbonate precipitation according to the reaction
outlined in Table 1 with nitrogen gas being the major by-product. In contrast to
the ammonium produced during urea hydrolysis, the nitrogen gas would not require
removal and can result in desaturation of the soil, which can be desirable when trying
to reduce the liquefaction potential of soils (Fig. 6). Both urea-hydrolyzing and
nitrate-reducing microorganisms are ubiquitous in soils, and the addition of sub-
strates such as calcium acetate and calcium nitrate will readily stimulate growth of
denitrifying microbes. As outlined in Table 1, the activity of denitrifiers will increase
carbonate alkalinity and promote the precipitation of calcium carbonate. A potential
drawback of this method can include slower than urea hydrolysis-induced calcium
carbonate precipitation because denitrification is a growth-dependent process while
urea hydrolysis may be growth-independent. Furthermore, the produced nitrogen
gas can impact the permeability and thus the calcium carbonate distribution through
MIDP treatment. In addition, nitrite, nitrous oxide, and nitric oxide are all potential
unwanted by-products, which can accumulate if nitrate reduction is incomplete, and
thus would also require treatment of the process water and potentially soil gases (van
Paassen 2011).

Wang et al. (2020b) recently summarized the potential for nitrate reduction-
induced MIDP to stabilize soils that are prone to liquefaction in an effort to reduce
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Fig. 6 Left, untreated loose soil can cause foundations to fail and structures to be damaged. Right,
soil stabilized using engineered biomineralization

the risk to structures built on these types of soils. There are a number of research and
development projects that have focused on the potential of using the combined
desaturation of and calcium carbonate precipitation in porous media to improve
soil properties (O’Donnell et al. 2017a, b; Pham et al. 2018). Media optimization
demonstrated that denitrification and CaCOj precipitation rates were maximal with
only small amounts of toxic by-products accumulating when the molar carbon to
nitrogen ratio was 1:1.6 (Pham et al. 2018). Based on measurements of pore water
pressure, volumetric strain and cyclic shear resistance behavior soils treated with
MIDP were found to be at a significantly lower risk for liquefaction (He et al. 2014).
Even when the saturation only decreased by 5%, shear strength was significantly
increased (He et al. 2014). Wang et al. (2020b) reported details of work demonstrat-
ing that even a single MIDP treatment can reduce the saturation of soils to 80%;
however, the saturation and mechanical properties achieved through MIDP appeared
to vary depending on the type of soil and number of applications (Wang et al.
2020b). In summary, biomineralization-based soil stabilization technologies are
beginning to mature to full-scale applications, and their potential is beginning to
be recognized by contractors and customers. It is expected that full-scale applica-
tions of biomineralization-based biogrouting technologies will become common
over the next decade.

2.2.2 Mine Tailings and Bioremediation

Remediation of mine tailings is another promising application of biomineralization.
Mine tailings are often problematic because of the danger of collapse and the
potential of releasing metals such as Cu, Pb, Zn, Cd, Cr, Se, and As, thus posing a
risk to human and environmental health. Heavy metals can leach through rain- or
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Fig. 7 (a) Untreated soil in the presence of toxic metals (red triangles) from mine tailings, (b) the
biomineralization process can coprecipitate toxic metals initially present in the solution while also
providing additional surface area for sorption

snowmelt waters. Immobilizing or otherwise shielding heavy metals from exposure
to water can reduce the metal leaching rate (Reddy et al. 2013; Yang et al. 2016).
There are a number of more traditional treatment methods that can be applied,
including phytoremediation, thermal treatments, excavation, electro reclamation,
and capping (Reddy et al. 2013; Yang et al. 2016). Biomineralization of soils or
mine tailings loaded with heavy metals, as demonstrated by Yang et al. (2016), has
been proposed as a treatment considering how stable MICP precipitates can be in
multiple geological settings (Fig. 7).

Yang et al. (2016) isolated the urease-producing bacterium, Bacillus firmus, from
acidic copper mine tailings at the Xinjiang Copper Industry Co. Ltd. in China.
B. firmus XP8 exhibited high urease activity and resistance to high metal concen-
trations. XP8 cells were grown overnight and exposed to the contaminated soil for
7 days; uninoculated control samples maintained a pH of 5.6, while the pH of
inoculated mine tailings rose from 5.6 to 7.7 within 7 days. The original soil had a
pH of 2.7 because it had not yet been amended with the nutrient media. Soil pH is an
important factor when considering this method of metal immobilization because
higher pH encourages precipitation by affecting the solubility of metal hydroxides,
carbonates, and phosphates (Yang et al. 2016). Because the bioavailability of a metal
can influence its resulting toxicity, sample analysis was performed for five different
fractions of metals (soluble-exchangeable, carbonate-bound, Fe/Mn oxide-bound,
organic/sulfide-bound, and “residual fraction”) to estimate bioavailability. The metal
content of each fraction was divided by the total amount of that specific metal found
in the mine tailing soil; this ratio was termed the distribution coefficient. Carbonate-
bound metals increased after MICP treatment, while the soluble-exchangeable
fractions decreased (Yang et al. 2016) demonstrating the ability of
biomineralization-based technologies to reduce the bioavailability and mobility of
toxic metals.
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Zhao et al. (2017) found significant potential for MICP to be a sustainable and
efficient method for treating water contaminated with heavy metals. Zhao et al.
(2017) observed a cadmium removal efficiency of ~53% (10-4.7 mg/L) after
3 hours, and 61% after 48 hours using MICP promoted by a Bacillus sp. isolated
from mine soil. Mugwar and Harbottle (2016) investigated the MICP-based reme-
diation potential for cadmium, zinc, lead, and copper using S. pasteurii. They
observed that, when the medium was amended with urea, microbial activity contin-
ued even in the presence of metal concentrations that were higher than previously
determined minimum inhibitory concentrations (MICs). Their research suggests that
even though microbial activity might be inhibited in the presence of heavy metals,
with urea present there is sufficient ureolytic activity to promote the coprecipitation
of heavy metals using MICP. As the metals coprecipitate, the toxicity of the solution
is reduced and enables increased hydrolysis and precipitation. These results indicate
that MICP remediation is possible even at metal concentrations significantly higher
than estimated based on toxicity data as long as a large enough proportion of the
initial microbial population survives, commences urea hydrolysis, and induces
calcium carbonate precipitation. Li et al. (2013) performed a similar study and
found that a strain of S. pasteurii was able to achieve greater than 90% removal of
cadmium, zinc, copper, and lead within 2 h. Results of control treatments were not
reported by Li et al. (2013); thus, differences in the rates and extent of metal removal
compared to other studies could be due to abiotic processes (Li et al. 2013; Mugwar
and Harbottle 2016).

Kumari et al. (2014) compared the ability of the ureolytic bacterium
Exiguobacterium undae to remove cadmium from soils at 10 °C and 25 °C. After
the original sample of soil was air-dried and autoclaved, 100 mg of CdSO, was
added per 1 kg of soil followed by addition of an overnight culture of E. undae.
Forty-five percent of Cd** were immobilized within 1 h at both temperatures, and
after 5 h the immobilized Cd** reached 79% and 84% for 10 °C and 25 °C,
respectively. After 2 weeks, the more bioavailable, soluble-exchangeable fractions
of cadmium had been reduced by about 97% relative to untreated controls at both
temperatures. Over the same 2-week period, the more stable, carbonate-bound form
of cadmium in the soil increased approximately threefold to 71.4 mg kg~ ' and
67.8 mg kg~ for the 25 °C and 10 °C MICP treatments relative to untreated controls
(Kumari et al. 2014).

As mentioned at the beginning of this section, the stabilization of mine tailings is
also important. Gowthaman et al. (2019) evaluated the effectiveness of stabilizing
soil slopes in cold subarctic regions by isolating Lysinibacillus xylanilyticus, an
indigenous, ureolytic bacterium from soil samples taken from Onuma, Hokkaido,
Japan. The bacterium was tested for growth and urease activity at temperatures
ranging from —10 °C to 50 °C to address the potential of MICP for the treatment of
mine waste tailings in colder regions. Most work, so far, has only been performed
within the temperature range of 25 °C—60 °C (Gowthaman et al. 2019; Kumari et al.
2014). Little growth of L. xylanilyticus was observed above 40 °C, and urease
activity appeared to be insignificant below 5 °C and above 25 °C, but relatively
stable between these temperatures (Gowthaman et al. 2019). Soil stabilization
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Fig. 8 Biomineralization treatments can stabilize slopes reducing erosion during runoff,
snowmelt, etc.

experiments were performed with three types of sand with average particle sizes
(Dsp) of 1.6 mm, 0.87 mm, and 0.2 mm as well as with soil samples; the sand
fraction of the soil had an average particle size (Dsg) of 0.23 mm. In column
experiments the MICP-treated sand was found to have a UCS (uniaxial compressive
strength, estimated using a needle penetrometer) about 3.75 times higher than
untreated sands. The authors concluded that the fine particles present in the slope
soil—about 12% of this soil consisted of particles with a grain size of less than
125pm—were beneficial in providing support for the calcium carbonate bridging
between larger sand grains. It was also noted by Gowthaman et al. (2019) that very
fine particulate soils may have limited permeability that could limit infiltration of
bacteria and cementation solutions into the soil, a challenge discussed above in the
context of fly ash stabilization in the “Soil Stabilization” section. Recognizing that
fine particles can aid in stabilization but can become problematic at higher percent-
ages within the soil should be an important consideration in future biomineralization
technology scale-up.

Gowthaman et al. (2019) also tested samples modeled as a physical slope instead
of a column (Fig. 8). More than 80% of the soil was successfully stabilized with a
3—4 cm layer of cemented soil at the surface, while the soil below that layer was not
successfully stabilized. The UCS of the slope surface was determined to be between
2 and 8 MPa with the higher strength values being obtained from the lower areas of
the slope. This difference was attributed to the injection method, which likely caused
the bacteria being transported preferentially toward the bottom of the slope sample.
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2.2.3 Dust Suppression

Another problem being addressed by utilizing biomineralization is dust suppression
and erosion control. Among other contributors to erosion, wildfires are becoming
more frequent, and the altered chemical and biological makeup of burned soil can
lead to problems with erosion, water quality, flood control, and general ecosystem
health (Hodges and Lingwall 2020). Current technologies have not been able to
provide a cost-effective method for treating large areas affected by forest fires in
order to prevent erosion (Hodges and Lingwall 2020). Hodges and Lingwall (2020)
explored the effects of wind and water on burned soils that were treated using MICP;
both biostimulation and bioaugmentation were evaluated. S. pasteurii and different
concentrations of biomineralization solutions, which consisted of urea, nutrient
broth, ammonium chloride, and CaCl,, were applied to soil samples (Fig. 9). In
addition, some soil samples were treated with only the urea-broth solution with
bacteria and no added calcium or with only the urea and Ca** solutions but no added
bacteria to compare potential benefits of bioaugmentation vs. biostimulation. Ero-
sion tests were performed at 10, 20, and 30 mph simulated wind speed on burned and
unburned soils subjected to the above treatments (Hodges and Lingwall 2020).
Successful treatments created a water-permeable crust that stabilized the soils
through an increase in soil strength by 25-50 kPa. These MICP treatment methods
were generally not effective against mass loss at higher wind speeds, but even a
single application resulted in some stabilization and a thin crust layer which could
play an important role in protecting the soil for long enough to allow new plant
growth to develop and further stabilize the soil. At lower wind speeds, these
biomineralization methods were more successful and proved effective for dust
control for both burned and unburned soil. Similar to the smaller particles discussed
above in the “Mine Tailings and Bioremediation” section, ash particles could be
improving the stabilization of the soils by promoting calcium carbonate bridging
between larger sand grains. In addition, it was found that there were beneficial
effects through treatment with only urea solutions, only calcium solutions, or
without the addition of bacteria. The reasons for these improvements have not
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Fig. 9 Schematic representation of dust suppression using engineered biomineralization treat-
ments. Microbially produced mineral precipitates cement together fine particles that would other-
wise be eroded as dust during wind and weather events
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been explored in depth, and further tests are being performed (Hodges and Lingwall
2020).

Similar to burned soils, sandy soils can also contribute to dust pollution, and
many regions could benefit from dust suppression. Almajed et al. (2020) explored
the use of enzymatically induced calcium carbonate precipitation (EICP) treatment
to manage wind-caused erosion of desert sand. Multiple concentrations and combi-
nations of urea, calcium chloride, sodium alginate (SA, a biopolymer), and pow-
dered milk were applied to sand samples; EICP was promoted using jack bean
urease. Multiple treatments were evaluated, including different molar urea to cal-
cium chloride ratios (1:0.67 and 1:1.25); SA solutions of 0.5%, 1.0%, and 2.0%; and
treatments with only CaCl,, along with samples treated with only water or untreated
samples (Almajed et al. 2020). All treatments, except the untreated controls and
water-only treatments, formed a crust, and the resistance to wind erosion increased
after curing the samples for 7 days. The erosion resistance remained effective after
28 days with erosion rates (percent of mass loss), staying below 0.01% for all treated
samples. This represented a significant improvement over the erosion rate of the
control and water-treated samples which were around 97% and 94%, respectively
(Almajed et al. 2020). Similar to previous studies, the points of contact between soil
particles were stabilized by the presence of calcium carbonate, which contributed to
erosion resistance. An additional factor contributing to the wind resistance in the SA
treated soils was the formation of alginate hydrogels created as divalent calcium ions
replaced sodium ions within the sodium alginate. While the developed hydrogel
increased the soils’ ability to resist erosion and retain water, it also reduced the
permeability of the soil making it more difficult for EICP treatment solutions to
penetrate deeper into the soil; as a result, thinner crusts were observed in the
SA-treated soils (Almajed et al. 2020).

Research and development are continuing with the goal of increasing the effec-
tiveness and usefulness of biomineralization for multiple stabilization applications,
including soil stabilization, stabilization, and immobilization of metals in mine
tailings and other bioremediation applications, as well as in dust suppression. The
use of microorganisms and enzymes to promote mineral precipitation offers poten-
tial benefits, including being more environmentally friendly, reducing costs, and
energy usage. However, there is still limited use of this technology on the larger
scale, and further research and development is needed.

2.3 Subsurface Applications

The earth’s subsurface contains many important resources, such as water, minerals,
oil, and gas. The subsurface is also used for the storage of natural gas and other
compounds, such as wastes, wastewater, and CO, (Baines and Worden 2004; Bauer
et al. 2013; Ferguson 2015). In addition, the subsurface is used for the purification of
useful products, such as drinking water. A concern exists that contaminants from
natural or anthropogenic sources can enter the subsurface where they can pose a risk
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to human and environmental health. Technologies exist to inject or extract com-
pounds into or out of the subsurface, and engineering applications, such as oil
production, deep subsurface mining, groundwater management, and subsurface
remediation, are common (Montana Emergent Technologies 2020; National
Research Council 2005; Yudhowijoyo et al. 2018).

Leakage pathways around wells or in their vicinity can be problematic for any
subsurface application since they can lead to loss of injected or stored fluids as well
as result in inefficient recovery. However, safe injection into, storage in, and
recovery from the subsurface are essential, and ensuring wellbore integrity is in
turn essential for environmental and economic reasons. Wellbore integrity can be
defined as the “application of technical, operational and organizational solutions to
reduce risk of uncontrolled release of formation fluids throughout the life cycle of a
well,” and wellbore integrity concerns are often related to the development of
leakage pathways (NORSOK Standard 2013). Leakage pathways can often be sealed
using cement injections (“cement squeezes”) with Portland cement remaining the
most commonly used wellbore integrity remediation agent (Kirkland et al. 2020;
Yudhowijoyo et al. 2018). Unfortunately, in some cases leakage pathways consist of
very small aperture fractures or delaminations that can be difficult to seal because the
low injectivity of these small aperture leakage pathways might require injection
pressures higher than permissible during wellbore remediation, due to concerns
regarding damage to the well or the formation. Thus, cement squeezing might be
ineffective or even impossible because the fairly large cement particles simply might
be too big to effectively enter and seal small apertures (Phillips et al. 2018). An
advantage of biomineralization-based methods is that the minerals are formed in situ
by microbes from aqueous solutions. Microbes are only a few micrometers in size
and can therefore access areas inaccessible to regular cement (Cunningham et al.
2011; Kirkland et al. 2019; Phillips et al. 2013a; Phillips et al. 2018).

Enhanced oil recovery, wellbore sealing, and secure subsurface CO, storage are
some of the applications, which have been demonstrated on the field scale using
engineered biomineralization technology (Cunningham et al. 2011; Hommel et al.
2020; Mitchell et al. 2010; Montana Emergent Technologies 2020; Phillips et al.
2013b).

2.3.1 Finite Resource Recovery

Enhanced oil recovery (EOR) operations are designed to increase the recovery of
finite oil and gas resources from existing reservoirs (Alvarado and Manrique 2010).
Enhanced oil recovery is generally achieved through a process called “sweeping,”
during which fluids are injected into oil-bearing formations to push remaining oil out
of the formation. Often water is injected into one well to “push” oil toward another
well, which is pumping (“pulling”) the oil out of the ground (Thomas 2008). The
process becomes challenging if high permeability zones exist, through which the
injected water escapes. These zones are often referred to as “thief zones” and
transport injected fluids at rates faster than the oil-bearing formation, therefore
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Fig. 10 Enhanced oil
recovery enabled through
microbial mineral
formation. Biominerals
(orange) block fractures or
high permeability thief
zones, thus directing the
flow of sweeping fluids such
as water or CO, (blue)
through resource-rich zones,
enhancing the recovery of
oil (black)
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reducing the net recovery of resources (Kirkland et al. 2020; Sen 2008). Even though
having higher permeability, these thief zones still consist of formations with fairly
small pores or fractures (Fig. 10). It can be challenging to reduce the permeability of
these zones reliably using cement injection since cement cures over a finite amount
of time and it is necessary to control where cementing occurs.

Biocementation fluids have viscosities similar to water and can be transported
with the injection water into thief zones where the enzymes or bacteria adhere to the
pore or fracture surfaces. Subsequent injection of biocementation fluids (e.g., urea-
and calcium-containing solutions) promotes precipitation of minerals (e.g., calcium
carbonate) in the areas where bacteria or enzymes are present, which reduces
permeability (Ebigbo et al. 2012; Kirkland et al. 2020; Sen 2008). When permeabil-
ity is reduced sufficiently in the thief zone, injected sweeping fluids will travel
through oil-bearing zones for additional resource recovery as demonstrated by
Kirkland et al. (2020).

Hydraulically fractured horizontal oil and gas wells in unconventional formations
accounted for <5% of wells drilled in 2006 but >75% by 2016; these wells are now
responsible for approximately 50% of US oil and gas production (EIA 2016; EIA
2020). However, these unconventional wells can exhibit rapid decline in production
(as much as 60-80% after the first year) (Thomas 2008). Currently, wells drilled and
hydraulically fractured to extract oil and gas may recover only 10% of the fossil fuels
present in the formation because only the oil and gas close to a fracture can be
extracted reliably due to the very limited fluid mobility in shale rocks (Thomas
2008). Thus, significant amounts of producible (but not accessed) reserves remain in
the reservoir. One way to recover more oil and gas from these wells is by blocking
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old fractures with diverting agents and refracturing the formation to open new
fractures in the reservoir. Existing diverting agents are difficult to control in wells
that may be several miles deep, but biomineralization may represent a new diverting
agent technology that could be used to improve the success of refracturing to
enhance the recovery of oil and gas from declining wells. However, additional
research including an expansion of the temperature range, in which biomineraliza-
tion could be used, and demonstrations at the reservoir scale are needed to assess the
actual feasibility in the subsurface.

2.3.2 Wellbore Integrity

Oil and gas wells have been drilled for more than a century, and there are about
2.3 million abandoned and more than 900,000 active wells in the USA alone (EIA
2020; Townsend-Small et al. 2016). Many wells develop leaks, especially as they
age (Boothroyd et al. 2016; Dusseault et al. 2000). Wells develop leaks because
subsurface pressures and temperatures vary, resulting in contractions and expan-
sions, shrinkage or cracking in the cement over time, and through ground movement
from earthquakes or the drilling of nearby wells. Leaking wells are a problem for the
oil and gas industry in several ways. First, the lost hydrocarbons represent lost
revenue. Second, lost hydrocarbons are a source of air and water pollution in the
vicinity of leaking wells and may even pose acute risks to human life in the case of
dangerous gas buildup (Boothroyd et al. 2016; McKenzie et al. 2012). Third, even
perceived pollution in the vicinity of an oil or gas well can cause negative public
perception that is difficult to overcome and can cause financial harm. Repairing
leaky wells potentially thousands of feet below surface can be expensive and is often
unsuccessful (Bagal et al. 2016; Montana Emergent Technologies 2020).

Phillips et al. (2018) described the use of biomineralization to remediate a leakage
pathway (channel) 310 m belowground located in the well cement at a well in
Alabama. It was observed that MICP treatment using conventional oil field subsur-
face fluid delivery technologies (packer, tubing string, and a slickline deployed
bailer) was successful in sealing the compromised wellbore cement. The authors
injected urea-calcium solutions and microbial suspensions (Sporosarcina pasteurii).
Injectivity decreased with the number of MICP treatments. A decrease in the
pressure decay after shut-in, a measure of improved wellbore integrity, was also
observed. The authors also observed a substantial deposition of precipitated solids in
the original flow channel when comparing the pre- and post-MICP treatment cement
bond logs suggesting the biomineralization treatment sealed the channel and could
be used to remediate leakage pathways in oil and gas wells (Fig. 11).

Montana Emergent Technologies (MET) has trademarked a process called
BioSqueeze, which uses ureolysis-induced calcium carbonate precipitation to seal
difficult to seal wells (Montana Emergent Technologies 2020). Much of the required
R&D was conducted in collaboration with Montana State University and has been
published in various peer-reviewed journals (Kirkland et al. 2021a, b; Kirkland et al.
2019; Kirkland et al. 2020; Phillips et al. 2018). So far, MET has successfully
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Fig. 11 (a) When wellbore integrity is disturbed, gas can leak through small apertures such as
delaminations or fractures. (b) Microbial biomineralization has been demonstrated to be capable of
sealing these small apertures and preventing the leakage of gases

completed more than 30 commercial scale BioSqueeze treatments often resulting in
residual annular pressures of less than 1 psi.

Other envisioned applications are related to geologic carbon sequestration (GCS)
and geothermal well drilling and operation. Concerns over global warming have
stimulated a concerted effort to limit CO, emissions (IPCC 2014; IPCC 2018).
Geologic carbon sequestration (GCS) has been proposed as one part (“wedge”) in
the battle of tackling the reduction of CO, emissions (Pacala and Socolow 2004).
Carbon capture is suitable for large point sources, such as large fossil power plants
and cement plants. CO, can be captured at the source and injected into the deep
subsurface. One challenge with GCS is storage security, meaning the injected CO,
must remain safely underground for at least decades, if not centuries (IPCC 2014;
Kudryavtsev et al. 2012). Wellbore and caprock integrity are crucial to the success of
GCS, and methods to seal potential leakage pathways around wells in aquifers
containing CO, using ureolysis-induced calcium carbonate precipitation are under
development (Kirkland et al. 2021a, b; Phillips et al. 2013b). Recently, Kirkland
etal. (2021a, b) performed a biomineralization treatment of a compromised wellbore
cement 300 m belowground under conditions that simulated the low pH that might
be found in carbon sequestration storage environments. It was observed that bio-
mineralization treatment reduced injectivity by 94% and that mineralization could be
promoted in CO,-affected brines. However, the authors concluded that additional
research is required to assess the long-term seal integrity and ensure storage of CO,
in GCS (Kirkland et al. 2021a, b).

Geothermal energy is gaining popularity since it represents a low carbon emission
source for heat and electricity generation. The drilling of geothermal wells is
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expensive, and a major cause of nonproductive drilling time is the loss of drilling
fluids, aka lost circulation (Alsaba et al. 2014; Denninger et al. 2015; Mansour et al.
2019; Marbun 2013). The loss of drilling fluids occurs when fractures or other high
permeability zones are encountered during drilling. If circulation is lost, lost circu-
lation materials (LCMs), such as sawdust, mica, graphite, calcium carbonate, nylon
fibers, mylar, or walnut shells, are often injected at high rates to stop losses of drilling
fluids (Boukadi et al. 2004; Nayberg 1987). Existing LCMs are not readily
immobilized in the formation or can degrade or erode over time, potentially requir-
ing continuous addition throughout the drilling process. Biomineralization of LCMs
could result in immobilization and create a more durable seal against the loss of
drilling fluids. The use of biomineralization to enhance LCM performance is in the
early stages of technology development, and to the authors’ knowledge, no field
demonstrations have been performed yet.

2.4 Other Potential Applications of Biomineralization

Biomineralization has also been demonstrated to be useful in areas such as art.
Limestone and rock have long been used in the creation of sculptures. Recently, a
group of interdisciplinary engineering and art undergraduate students at Montana
State University used ureolysis-induced calcium carbonate biomineralization to
design and sculpt an approximately 0.9 m x 0.3 m x 0.3 m large replica of the
Bridger Mountain range as well as an approximately 1 cm x 5 cm X 7 cm replica of
the MSU mascot, the Bobcat, using biomineralization approaches (Fig. 12) (Troyer
et al. 2017). The Bridger Mountain range is located just outside of Bozeman (MT,
USA) and served as the inspiration for the biomineralized replica. As described in
Troyer et al. (2017), the project was supported through a design contest, “Engineers
Make a World of Difference,” sponsored by the Norm Asbjornson College of
Engineering at Montana State University to promote the spirit of discovery and
imagination for the engineering students. Loose sand was treated with microbes and
urea-calcium solutions until a solid cohesive block was formed roughly representing
the outline of part of the Bridger Mountain range. Subsequent carving and sculpting
of the relief resulted in a replica of the Bridger mountains. In the development of the

Fig. 12 (Left) 0.9 m x 0.3 m x 0.3 m biomineralized replica of the Bridger Mountain range.
(Right) Biomineralized replica of the Montana State University mascot, the Bobcat
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Bobcat mascot replica, ureolytic biomineralization techniques were used to
biocement loose sand inside a Bobcat-shaped cookie cutter, which was subsequently
painted in Montana State University colors.

2.5 Conclusions and Outlook

Biomineralization is a natural process with significant potential for engineering
applications. While this book focused on various minerals and various processes
related to the precipitation and dissolution of minerals through microbial activity,
this chapter focused on developed and currently developing applications. A review is
presented of parameters that influence biomineralization for engineering applications
associated with development of novel construction materials, soil stabilization to
mitigate hazards to public health, and subsurface applications such as improving
wellbore integrity. By far, the most frequently utilized mineral is calcium carbonate,
and urea hydrolysis is the most frequently researched microbial metabolism to
initiate mineral precipitation. Applications in construction, soil stabilization, and
the sealing of leaky wells have advanced the furthest, and some of them have been
commercialized. Other technologies are on the verge to full-scale application and
thus commercialization. Much research and development work remains to be
performed in this field, and additional applications for biomineralization will be
developed in the construction, environmental, biotechnology, and medical fields.

These research and development activities will contribute to the development of
environmentally friendly methods and products as well as economic competitive-
ness. Biological manufacturing methods, such as engineered mineral precipitation,
can significantly reduce energy-intensive cement manufacturing activities and con-
tribute to resource and climate conservation. The world is expected to add more than
two trillion square feet of new building space by 2060, which is equivalent to adding
another New York City every month for the next 40 years (UN Environment 2017).
Microbially induced calcium carbonate precipitation has the potential to reduce the
net carbon footprint of building and construction materials, but work remains to
develop this technology for the wide range of applications that cement currently
dominates (Davies et al. 2018). In addition, biomineralization has been demonstrated
to be useful in areas such as art. There are also applications where biomineralization
does not directly compete with traditional cement, including the coprecipitation of
certain groundwater contaminants such as strontium (Lauchnor et al. 2013; Mitchell
and Ferris 2006a) and restoring the integrity of wells with ultrafine leaks. Engineered
microbial mineral formation has grown from a theory and proof-of-principle vision
to a technology being applied in the marketplace.
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ABSTRACT: A major challenge to the economic viability of Rapid uptake CO, Grazer infestation

outdoor cultivation of microalgae is the high cost of CO, supply,  from atmosphere is avoided

even when microalgae farms are co-located with point sources of CO, _ﬁ *

emissions. In addition, the global capacity for algae biofuel generation | L N | s

is severely restricted when microalgae farm locations are constrained ‘*}1“‘/{‘ |
|

by proximity to CO, sources along with the additional limitations of
low slope lands and favorable climate. One potential solution to the Raceway pond with pH>10 growth media
impediments of CO, supply cost and availability is through
cultivation of microalgae in highly alkaline pH solutions (pH >10)
that are effective at scavenging CO, from the atmosphere at high
rates. The extremely alkaline pH media would also mitigate culture Sustained growth of microalgae

crashes due to microbial contamination and predators. In this study,

we report the indoor and outdoor phototrophic cultivation of a microalgae isolate (Chlorella sorokiniana str. SLA-04) adapted to
grow in unusually high-pH environments. The isolate was cultivated in a growth medium at pH >10 without any inputs of
concentrated CO,. Both indoor and outdoor studies showed biomass and lipid productivities that were comparable to those
reported for other microalgae cultures cultivated in near-neutral pH media (pH 7—8.5) under similar conditions. SLA-04 cultures
also showed high lipid productivity and high glucose-to-lipid conversion efficiency when cultivated mixotrophically in the
presence of glucose as an organic carbon source. From the energy content (calorific value) of the lipids produced and glucose
consumed, a relatively high amount of lipid calories (0.62) were produced per glucose calorie consumed. In conclusion, our
results demonstrate the feasibility of microalgae cultivation in extremely high-pH media (pH >10) as a novel strategy for biofuel
production without dependence on concentrated CO, inputs.

KEYWORDS: Microalgae, Biofuel, Alkaliphilic, Phototrophic, Mixotrophic, Lipid, Outdoor cultivation, Raceway ponds,
Photobioreactor, CO,

B BACKGROUND pure or enriched CO,-containing gases are sparged to increase
dissolved CO, concentrations. While this approach mitigates
CO, limitations for microalgae growth and allows utilization/
recycle of industrial waste CO,, supply of CO, over long
distances is cost prohibitive.”” To lower the costs associated
with CO, transportation, microalgae production facilities can be
co-located with CO, sources such as power plants, cement
industries, or ethanol plants, but CO, delivery costs remain
high.® The National Renewable Energy Laboratory’s (NREL)
recent techno-economic report on microalgae biomass
production” shows that even in co-located algal biorefineries
nearly 65% of cultivation-related variable operating costs are
associated with recovery of CO, from flue gases and delivery to
raceway ponds (of a total operating cost of $144 per ton dry
algae, approximately $91 are attributable to CO, delivery to
ponds). Furthermore, co-location may be feasible with only a
tew of the available point sources of CO, due to land, water and
climate constraints (e.g., northern temperate regions are

Biofuels obtained from the renewable sources have the
potential to mitigate increasing carbon emissions and depend-
ence on fossil energy." Microalgae with high lipid content are
particularly attractive as feedstocks™” especially when cultivated
on marginal lands using low-quality water (and nutrients) such
as wastewater.” In spite of the promise, commercial production
of microalgal biofuels is not in practice, at least partially, due to
the following two major challenges in microalgae cultivation:
(1) high cost of CO, delivery to (open or closed) cultivation
systems”~" and (2) inability to maintain desirable cultures with
sustained high productivity over long periods due to
contamination by competing microbial species (bacteria,
viruses, and other microalgae) or predators such as
zooplankton.”

During cultivation, the growth rates of microalgae are
strongly influenced by the availability of dissolved inorganic
carbon (DIC) in the culture medium. Typically, microalgae
cultivated at circumneutral pH conditions uptake and fix

soluble CO, present in the aqueous growth medium. Since Received: May 16, 2017
atmospheric CO, diftusion rates and solubility in water are low, Published: June 30, 2017
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unsuitable for algae cultivation).® A recent study by Quinn et
al® estimated that microalgae cultivation systems that are
simultaneously constrained by availability of flue gases, low-
slope barren lands, and favorable climates would achieve less
than 10% of the U.S. Department of Energy’s (DOE) 2030
advanced fuel targets. Flue gas contaminants (e.g., heavy metals
from coal combustion) could also negatively impact the quality
of microalgae produced.’ Finally, CO, sparged microalgae
cultures that stay at near-neutral pH are prone to microbial
contamination and predators (e.g, Daphnia).9

The use of extreme alkaliphilic microalgae can overcome
many current limitations to large-scale algae production.'’”"
Extreme alkaliphiles are organisms that have the ability to
survive and thrive at unusually high pH values (pH >10)."
Since aqueous solutions at pH >10 rapidly scavenge CO,,' the
supply rates of dissolved inorganic carbon (DIC) from the
atmosphere to such highly alkaline growth media is high, even
in the absence of CO, sparging.

However, at pH >10, HCO;™ and CO,* are the dominant
DIC species, while dissolved CO, concentrations are negligibly
small due to the pH-dependent inorganic carbon equilibrium.
Opportunely, microalgae and cyanobacteria adapted to survive
in alkaline solutions are able to sustain photosynthetic carbon
fixation by utilizing HCO;™ as the inorganic carbon source. It is
now well-established that phototrophic HCO;™ utilization is
facilitated through carbon-concentrating mechanisms (CCMs)
that are primarily comprised of membrane-bound and intra-
cellular carbonic anhydrase enzymes that convert HCO;™ to
CO, within the cell.'” RuBisCO then fixes the cellular CO, to
organic carbon. High-pH growth media can thus provide a
means for increased carbon uptake rates from the atmosphere
as well as supply HCO;™ as inorganic carbon for use by
alkaliphilic microalgae. Not surprisingly, aquatic photosynthetic
carbon fixation rates in natural alkaline lakes are high.'*~*° In
engineered systems, cultivation of alkaliphilic cultures in high-
pH growth media could eliminate the requirement for co-
location with CO, point sources.'' ™"

In addition, cultivation conditions that remain at extreme pH
(>10) can allow sustained maintenance of desired alkaliphilic
cultures, due to the relatively low microbial diversity in these
harsh environments.”' Previous reports also suggest that grazer
infestations are less likely in alkaline environments. For
example, Daphnia eggs lose viability when pH values exceed
10—10.5.*** In commercial practice, Spirulina production is
successful, at least partly, due to the high-pH growth conditions
that enable prolonged maintenance of these cyanobacterial
species in low-cost open ponds.

In this report, we extend our previous work on cultivation of
alkaliphilic microalgae''~"* and describe outdoor cultivation of
an extreme alkaliphilic Chlorella sorokiniana str. SLA-04
(henceforth referred to as SLA-04), isolated from Soap Lake,
WA. After initial indoor cultivation with artificial illumination,
SLA-04 cultures were grown under natural sunlight in open
raceway ponds (22 L) in media at pH >10. Mixotrophic growth
was also evaluated. Culture concentration, nutrient utilization,
and lipid content were monitored during cultivation to estimate
biomass and lipid productivities. Kinetic parameters of extreme
alkaliphilic microalgae cultivation are compared with rates
reported for neutralophilic microalgae (i.e, microalgae that
normally grow at circumneutral pH). To our knowledge, this is
the first report of microalgae cultivation studies in media at pH
>10.
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Strain Isolation, Growth Medium, and rDNA Sequencing.
The culture media composition for the studies reported here was
based on Bold’s original recipe with minor modifications** (a detailed
media recipe is given in Supporting Information). To isolate strains
adapted to extreme pH conditions, water samples from the alkaline
Soap Lake, WA were inoculated on sterile agar plates using the spread-
plate technique. A single microalgal colony that grew most rapidly on
the solid media was further purified using a streak-plate technique.
Unialgal colonies were confirmed through microscopic observation
and the strain was designated SLA-04.""

DNA sequencing of SLA-04 was performed by the UTEX Culture
Collection of Algae (Austin, TX). DNA was first extracted using a
standard protocol*® and amplified using primers designed to amplify
the 5.8S rDNA region and both internal transcribed spacer regions
(ITS1 and ITS2). The amplified product was sequenced and then
assembled using the Geneious software package. The amplified small
subunit (SSU) rDNA (5.8S) and internally transcribed spacer (ITS1
and ITS2) regions were identified using Basic Local Alignment Search
Tool (BLAST) queries. Thereafter, a multiple sequence alignment was
performed using the ClustalX 2.0.12 program. ClustalX was set to
exclude positions with gaps and correct for multiple substitutions. A
phylogenetic tree was created with TreeView using the multiple
sequence alignment data generated by ClustalX 2.0.12 (10000
bootstrap trials).

Indoor Cultivation Experiments. Initially, single colonies of
SLA-04 (from agar plates) were inoculated into S0 mL of liquid media
contained in 250 mL Erlenmeyer flasks and grown on an illuminated
shaker table. Cultures were subsequently scaled to 500 mL (in 1 L
Erlenmeyer flasks) which served as inoculum for the indoor cultivation
experiments that are described below.

For indoor cultivation studies, autoclaved media (121 °C, 30 min)
was used and all experiments were performed at room temperature (20
°C) under aseptic conditions. For mixotrophic growth, the medium
was supplemented with glucose (4 g-L™") as the organic carbon source.
The experimental setup was similar to previously described systems.*®
Cytostir reactors (3 L, Kimble Chase, Vineland, NJ) were placed on
stir plates and illuminated using a bank of four Ecolux Starcoat S4W
fluorescent tubes (GE Lighting, Cleveland, OH) set on a frame such
that the lights were 3 in. away from the vessel walls. Cultures were
illuminated on one side which resulted in an optical path length of 6
in. through the culture (equal to the diameter of the Cytostir reactors).
The reactors were stirred at a speed of 120 rpm, sparged with ambient
air, and continuously illuminated (see photograph in Figure Sla).

Initially (day 0), two fluorescent lights were turned on and the
incident irradiance levels were kept low to prevent photoinhibition®®
(incident intensity of 153 ymol'm 2s™' measured using model LI-
250A light meter, Li-Cor Biosciences, Lincoln, NE). As the culture
concentrations increased, two additional fluorescent lamps were
turned on (at the end of day 2), resulting in the cultures being
illuminated at an incident irradiance of 294 pmol'm™s™! for the
remainder of the cultivation period. During the experiment, samples
were periodically removed and analyzed as described in the analytical
methods section.

Outdoor Cultivation Experiments. Open raceway ponds with
dimensions of 2 ft. X 1 ft. X 1 ft. (L X W X D) were constructed and
used in these experiments (see photograph in Figure S1b). The ponds
were equipped with real-time temperature and pH monitoring and
logging (Neptune APEX data logging systems, Neptune Technology
Group Inc, Tallassee, AL) and were placed in an outdoor
temperature-controlled greenhouse. The thermostat in the greenhouse
was set to 25 °C, and the greenhouse vents automatically open/shutoff
according to the set temperature. Tap water available at the
greenhouse facility was first filtered through a 10 um filter (to remove
sediments) and used for media preparation without sterilization. To
adapt SLA-04 cultures to the outdoor environment (diel light cycle
and temperature), 3 L of indoor-grown SLA-04 cultures (grown in
spinner flasks as described in the “indoor cultivation experiments”
section) were added to 7 L of freshly prepared culture medium and
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allowed to grow in the ponds. First-generation outdoor cultures (7
days old) were reinoculated to fresh media and grown for 2 more
growth cycles to adequately adapt the cultures to the outdoor
conditions. Finally, outdoor cultivation studies were performed by
inoculating 5 L of the third-generation outdoor SLA-04 cultures to 17
L of a freshly prepared culture medium. The total culture volume of 22
L in the ponds resulted in an optical path length of approximately 6 in.
(similar to indoor experiments). Three outdoor cultivation trials were
performed: Trial 1 in September, Trial 2 in December, and Trial 3 in
March. Trials 1 and 2 experiments were performed without any pH
control. In Trial 3, culture pH was controlled during the day (to match
with the photosynthetically active period) using an automated CO,
addition system. A 5% (v/v) CO,—N, mixture was used for pH
control. During each experiment, samples were periodically removed
and analyzed as described in the “Analytical Methods” section.

Analytical Methods. Analytical methods are described briefly
here. Detailed descriptions of all the analytical methods are given in
the Supporting Information.

Wet Sample Analysis. Biomass concentrations in cultures were
measured as total suspended solids (TSS) by following the Laboratory
Analytical Procedure outlined by NREL.”” The TSS obtained was then
used to calculate the productivity using the relationship given below:

TSS; — TSS,

Biomass productivity =
te—t,

(1)

where TSS¢ and TSS,; represent the final and initial TSS values on days
t; and t;, respectively.

For indoor cultivation studies, pH was measured periodically
(model: Orion A121, Thermo Scientific). For outdoor cultures, pH
was continuously monitored (Neptune APEX Lab grade pH probes,
Neptune Technology Group Inc.). pH probes were calibrated daily.

Media DIC was analyzed on an Innovox TOC analyzer equipped
with an auto sampler (GE Analytical Instruments, Boulder, CO). From
DIC and pH values, HCO;™ and CO,*” concentrations in the culture
media were calculated using the DIC—pH equilibrium relationships
based on the first (K;) and second (K,) dissociation constants of
carbonic acid.”® These relationships are given as

HYIK,
[HCO;] = DIC—— [ +] -
[H']" + [H'IK, + KK, ()
and
KK
[CO}"] = DIC 12

[H*]? + [H']K, + KK, (3)
where [H*] = 107" (M). K; and K, were estimated from previously
reported correlations of the equilibrium constants with temper-
ature.””*°

Total alkalinity (TA) of the culture medium was measured using a
G20 compact titrator (Mettler-Toledo, Columbus, OH); a 40 mL
sample was taken in a beaker and titrated with a 0.1 M HCI solution
until the pH of the samples reached the titration end point of pH 4.5.
Total soluble N concentrations for indoor experiments were measured
on supernatants of centrifuged samples using a colorimetric assay
based on an alkaline persulfate digestion method. For samples from
outdoor cultivation experiments, NO;~ concentrations in the super-
natant were analyzed by an ion chromatograph (IC) equipped with a
Dionex IonPac CSI12A anion-exchange column and a conductivity
detector (Dionex ICS 3000, Thermo Fisher, Sunnyvale, CA). For
mixotrophic cultures, glucose analysis was carried out using an Agilent
1100 HPLC (Agilent Technologies Inc., Santa Clara, CA) equipped
with a Shodex SH1011 column (Showa Denko America Inc., New
York, NY) and a refractive index (RI) detector.

A DUAL-PAM 100 Chlorophyll Fluorometer (Heinz Walz Gmbbh,
Effeltrich, Germany) was used to measure the photosynthetic quantum
yield. A 3 mL sample was taken in a quartz glass cuvette and incubated
in the dark for 5 min with continuous stirring to obtain the minimum
fluorescence yield (F,). Then, a saturation pulse (10 000 gmole-m™2
s7') of blue light was applied for 0.6 s to get the maximum
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fluorescence yield (F,,). These fluorescence yield parameters (F, and
F,,) were then used to estimate the maximum quantum yield (F,/F,,)
where F, = F,, — F,.

Dry Sample Analysis. Cellular lipids were quantified as fatty acid
methyl esters (FAMEs) using an in situ transesterification method.’’
Qualitative estimates of triglyceride, starch, and protein contents in
biomass were also assessed using a thermogravimetric analyzer (SDT
Q600 series, TA Instruments, New Castle, DE).32

B RESULTS AND DISCUSSION

Strain Identification. Microscopic examination of the
cultures showed 2—S um sized cells (see photograph in inset
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Figure 1. (a) Biomass concentration and pH, (b) DIC and soluble N
concentrations, and (c) increase in the overall FAMEs content and
fatty acid profiles of SLA-04 cultures during phototrophic cultivation
in 3 L Cytostir reactors. Inset in (a) shows the bicarbonate
concentrations in the medium during cultivation. Values shown in
the graph are averages from triplicate runs. Error bars indicate one
standard deviation from mean values.

to Figure S2) consistent with the morphology of Chlorella sp.
cells. Furthermore, multiple sequence analysis results compar-
ing the amplified genomic regions of str. SLA-04 with other
closely related sequences in the NCBI database confirmed that
str. SLA-04 has the highest percent identity to Chlorella
sorokiniana str. UTEX 246 (Figure S3). The phylogenetic tree
in Figure S2 shows the close relation of str. SLA-04 with str.
UTEX 246 as well as phylogenetic proximity with other
members of the genus Chlorella. The nucleotide sequence of
str. SLA-04 has been submitted to the NCBI GenBank database
(accession number KX260111).
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Table 1. Comparison of Biomass Productivity and Lipid Content of Indoor-Grown Chlorella sorokiniana str. SLA-04 Cultures
with Previously Reported Literature Data for Other Neutralophilic Chlorella sp. Cultivations under Similar Illumination

Conditions
cultivation scheme microalgae strain biomass productivity (mg-biomass-L~'-day™') FAME/lipid content % (w-w! ref
g 2 ty (mg y p:

2 L bottles Chlorella vulgaris 107 38° 49
Chlorella vulgaris 41° 18"

2 L bioreactor Chlorella emersonii 28° 29 58
Chlorella minutissima 32 3V

2 L photobioreactors Chlorella kessleri 65" nr. 59
Chlorella vulgari 40° 28

tubular bioreactor orena vigans B b 5 60
Chlorella emersonii 41 25

bioreactor Chlorella vulgaris 1047 691 61

indoor ponds Chlorella pyrenoidosa 27.9¢ 39.8% 14

150 mL Erlenmeyer flasks  Chlorella vulgaris s0” 9.2/ S1

3 L Cytosti " Chlorella sorokiniana str. SLA-04 587 &+ 2.9%° 12" ¢ stud

1r I T T 1!
ytostir reacto Chlorella sorokiniana str. SLA-04 42 + 414 34" present stady

“Biomass concentrations were directly measured as TSS. “Biomass concentrations were estimated from optical density measurements and
correlation with TSS. It is possible that some values may be overestimates due to excess pigment production during cultivation under low irradiance
levels. “Productivity calculated over days 0—6 “Productivity calculated over days 6—30. “Lipids were extracted using bead beating process and
quantified gravimetrically. fLipids were quantified using Bligh and Dyer method. £Lipids were quantified by in situ "H NMR spectroscopy. hLipids
were quantified as FAME. ‘n.r.: not reported.
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Figure 2. (a) Biomass and soluble N concentrations, (b) pH, and (c)
FAME concentrations and fatty acid profiles from Trial 1 outdoor
raceway pond experiments performed during August—September.
Values shown in the graph are averages from duplicate runs. Error bars
indicate one standard deviation from mean values.

Figure 3. (a) Biomass and soluble N concentrations, (b) pH and total
alkalinity, and (c) estimated DIC and bicarbonate concentrations from
Trial 2 outdoor raceway pond experiments performed during
December. Values shown in (a) and (b) are averages from duplicate
runs. Error bars indicate one standard deviation from mean values.
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Table 2. Comparison of Biomass Productivity and Lipid Content of Outdoor Raceway Pond-Grown Chlorella sorokiniana str.
SLA-04 Cultures Cultivated in Autumn—Winter with Previously Reported Literature Data for Other Neutralophilic Microalgae

Cultures Cultivated in Similar Reactor Systems

cultivation scheme microalgae strain

raceway ponds Scenedesmus acutus

raceway ponds Scenedesmus acutus

raceway ponds Pleurochrysis carterae

raceway ponds Nannochloropsis Oceanica

raceway ponds Chlorella sorokiniana str. SLA-04

raceway ponds Chlorella sorokiniana str. SLA-04

biomass productivity (mg-biomass-L™"-day™)

FAME/lipid content % (w-w™") =t

39.57 13.4 62
66.6” 12,5 .
40° ok
52 339 64
20° 112 65
48 + 547 161
39 + 1.5% 103 present study
74 + 2.1

h nr. present study
67 = 0.7

“Cultivation experiments were carried from February to March. ®Cultivation experiments were carried in December. “Cultivation experiments were
conducted in January. 9Cultivation experiments were conducted in Autumn. “Cultivation experiments were conducted in Winter 2014 and 2015.
Trial 1 cultivation carried out in August—September. #Trial 2 cultivation carried out in December. "Trial 3 cultivation carried out in March. ‘pH was

controlled at 8.2 by sparging with 5% CO,. /pH is controlled at 10 by sparging with 3% CO,.

*n.r.: not reported
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Figure 4. (a) Biomass and soluble N concentrations and (b)
photosynthetic efficiencies (F,/F,,) from Trial 3 outdoor raceway
pond experiments performed during March. Values shown in (a) and
(b) are averages from duplicate runs. Error bars indicate one standard
deviation from mean values.

Indoor Phototrophic Cultivation of str. SLA-04. Indoor
SLA-04 cultures grew well in the pH >10 medium with biomass
productivities that compare favorably with values reported for
other Chlorella cultures cultivated in circumneutral-pH media
(Figure 1a and Table 1). In contrast, high-pH conditions have
been reported to drasticaH! diminish the growth of
neutralophilic microalgae.”® > The literature information
collated by Hansen et al. shows that media pH >9.5 causes
cessation of growth across several genera.’> Of the 35
microalgae strains investigated by Hansen et al, 28 strains
did not grow at all in media at pH >9.5, while the %rowth of the
remaining 7 cultures was significantly inhibited.”> While the
mechanisms of growth cessation/inhibition were not fully
identified, Hansen and co-workers speculated that the high-pH
conditions could have denatured cell proteins or that the high
CO,2™ concentrations could be toxic via unknown mechanisms.
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In our experiments, the biomass productivity of alkaliphilic
SLA-04 cultures (calculated using eq 1) was relatively high
(—58.7 + 2.9 mg-L™"-day ™" during days 0—6, Table 1). As such,
the cultures did not appear to be inhibited by high media pH
(>10), and the relatively high CO;>~ concentration in the
media (estimated from eq 3 to be 1.5 mM initially and higher
later due to increase in pH during growth). It is likely that SLA-
04, on account of its origin in Soap Lake, was well-adapted to
thrive in an unusually high-pH environment.

Since the media pH was >10, it is likely that SLA-04 cultures
initially grew by utilizing the available HCO;~ (estimated from
eq 2 to be nearly 1.6 mM at the start of the experiment), rather
than dissolved CO,, since dissolved CO, concentrations in the
medium (in equilibrium with ambient CO,) at these pH values
are exceedingly small.”® Photosynthetic autotrophs that utilize
HCO;™ employ carbon concentrating mechanisms with cellular
carbonic anhydrases that convert HCO;™ to CO, (eq 4);'
CO, is subsequently fixed by RuBisCO (eq 5)."” The utilization
of HCO;~ by SLA-04 for photosynthetic carbon fixation (eqs 4
and S together) would thus be expected to release OH™ ions
into culture medium. To a lesser extent, NO;~ uptake and
reduction (NO;~ to NH;) for amino acid synthesis would also
release OH™ ions into the media (eq 6).*°

_ carbonic anhydrase

HC03 2, cellular + OH" (4)
RuBisCO

COZ,cellular + HZO E— [CHZO]aIgae + 02 (5)

NO,™ + 2H,0 — NH, + OH™ + 20, ©)

However, since the cultures were air sparged, dissolution of
ambient CO, would also simultaneously occur and neutralize
the OH™ ions in solution (eq 7).'®*” The reactions shown in eq
7 are expected to be largely irreversible at pH values >10 due to
the abundance of OH™ ions.

COyy) = COy, + OH™ = HCO

(7)

In our experiments, the pH of the culture medium was
observed to increase during days 0—6 (see pH data in Figure
la), suggesting that the rates of DIC addition into the media
from atmospheric CO, (eq 7) were slower than rates of OH™
generation from photosynthetic carbon fixation and nitrate
assimilation (eqs 4—6). Accordingly, a decrease in media DIC
was observed during days 0—5 (see DIC data in Figure 1b). An

media 3,media
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Figure 5. (a) Biomass and soluble N concentrations, and (b) FAME and glucose concentrations of SLA-04 cultures during mixotrophic cultivation in
3 L Cytostir reactors. Values shown in (a) and (b) are averages from triplicate runs. Error bars indicate one standard deviation from mean values. (c)
and (d) Thermograms of day 4 and 10 samples. Residual weight data are indicated by the dashed lines. Derivative weight loss data are shown as solid
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additional consequence of the increase in pH is that the higher
concentrations of OH™ in the media would drive the soluble

DIC species toward a higher relative proportion of CO5>” (eq
8).16’37

HCO; + OH™ « CO;*” + H,0 (8)

Reaction 8 occurs in parallel with high rates of photosyn-
thesis (eqs 4 and S) and results in significant decrease in HCO,
~ concentration in the media. Using measured pH and DIC
values (Figure 1), we estimated that HCO;~ concentrations (eq
2) in the media were <0.1 mM on day 6 (see inset to Figure
la). The low availability of HCO;™ in combination with
increased light attenuation within the culture (due to culture
growth) likely resulted in a decrease in culture productivity
after day 6 (23.1 + 2.83 mg-L™"-day™" (calculated using eq 1,
over days 6—30).

While CO, fixation rates were low after day 6, cells continued
to uptake NO;™ from the growth medium. In fact, the rate of
NO;~ uptake between days 3—6 was similar to uptake rate
between days 6—10 (Figure 1b), although much less biomass
was generated after day 6 (Figure la). These results suggest
that photosystem II (PS-II) was active even at the very high pH
conditions (pH >11) and that the photosynthetically generated

7289

electrons appear to be utilized for NO;~ reduction when
HCO;™ availability was limited.

After day 10, the rate of abiotic addition of DIC to the media
(from ambient CO,) was likely high due to elevated media pH
(eq 7) while the photosynthetic carbon fixation rates remained
low (egs 4 and 5) in the optically dense cultures. As a result of
the higher influx of CO, into the medium relative to
photosynthetic uptake, a decrease in pH was observed after
day 10 (Figure la). In addition, NO;~ assimilation for amino
acid synthesis by SLA-04 would have increased the net mass of
alkaline materials present in solution due to the addition of
OH to the media in lieu of NO;™ (eq 6). Since the net mass of
DIC present in aqueous media exposed to the atmosphere is
determined by the extent of alkaline materials present in the
solution, the increased total alkalinity (TA, see eq 9) after day
10 allowed the final DIC and HCO;™ concentration in the
medium to significantly exceed initial values (Figure 1b and
inset to Figure la).

TA = [HCO, ] + 2[CO,*"] + [OH] (9)

The depletion of soluble N in the media also led to the onset
of lipid accumulation as is commonly observed with other
microalgaesg’39 (Figure 1c). Lipid content values (reported as
fatty acid methyl ester (FAME)) of nearly 34% (w-w™') were
measured and compare favorably with other indoor neutralo-
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Table 3. Comparison of Lipid Content, Lipid Productivity, and Lipid Yields of Mixotrophically Grown Chlorella sorokiniana str. SLA-04 Cultures with Previously Reported

Literature Data for Other Neutralophilic Chlorella sp. Cultivations under Similar Illumination Conditions

ref
49

final biomass conc. (g'L™)  lipid content (% (w-w™))  lipid productivity (gL ™"-day™") lipid yield (g-lipid-g-glucose™)

initial glucose conc. (gL™")

microalgae strain
a sp. UTEX 259

a vulgaris

0.04
0.07

0.03
0.04

21.0

1.70
4.19
0.38
3.55

10

51

10.6

66

0.004
0.19
0.12
0.05
0.18
0.21

0.004
0.12
0.05
0.03
0.04
0.08

11.8

10

a minutissima

214

a sorokiniana UTEX1602

50
67

47.3

1.20
1.41
1.38
225

a sorokiniana CCTCC M209220

a vulgaris
a sp.

13.8

68
present study

26.0

N

36.7

a sorokiniana SLA-04

Ch

Ch

Ch

Ch

Ch

Ch

Ch

Ch
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philic Chlorella cultures (Table 1). The increase in DIC
concentration due to increased TA would have provided more
HCO;™ for the SLA-04 cultures during N-starvation and
possibly enhanced lipid production.®

The fatty acid composition of lipid-enriched SLA-04 cultures
(Figure 1c) is similar to cottonseed oil.*” When recovered and
converted to FAMEs, the biodiesel produced from SLA-04 can
be expected to meet ASTM D6751 fuel standards in the United
States.”' Furthermore, since linolenic acid (C18:3) is a small
fraction of the total FAMEs (~2.5%, Figure 1c), the biodiesel
produced from SLA-04 can also be expected to meet European
standards for biodiesel (EN 14214).

Outdoor Cultivation of SLA-04 without pH Control.
Following indoor tests, we cultivated SLA-04 in outdoor
raceway ponds to assess culture performance under more
production-relevant conditions. The results for two outdoor
autumn/winter cultivation trials (designated Trials 1 and 2) are
shown in Figures 2 and 3. Cultivations were started with a
relatively high initial biomass concentration of nearly 0.2 g-L™"
to prevent possible photoinhibition under natural daylight
conditions.*” The cultures were inoculated at night to allow for
cell synchronization.” The temperature profiles for both the
cultivation trials are provided in Figure S4a,b.

A similar final biomass concentration of approximately 0.9 g:
L™ was reached during both trials (Figures 2a and 3a), and
visual observations of the cultures using light microscopy did
not show contaminating populations. The biomass productivity
during Trial 1 (August—September) was approximately S0 mg:-
L™"day™" and was nearly 20% higher than the productivity
measured during Trial 2 (December). Since, the temperatures
under both cultivation trials (Trials 1 and 2) were similar
(Figure Sab), it seems likely that increased productivities in
Trial 1 experiments were due to a longer day cycle earlier in the
year. The outdoor productivities were also lower than the initial
productivities (day 0—6) under indoor conditions, likely due to
the relatively short daytime (10—12 h) during experiments in
Toledo, OH (indoor experiments were continuously illumi-
nated). A comparison of the outdoor raceway pond
productivity of SLA-04 with other outdoor-grown neutralo-
philic microalgae cultures cultivated for a similar experimental
duration (2—3 weeks) shows that the biomass productivities
and lipid content values measured during this study are similar
to those of other studies reported in the literature (Table 2). In
the studies referenced in Table 2, cultures was maintained at
moderate values (8.2—8.7) through addition of concentrated
CO,. In contrast, in our study, high-pH SLA-04 cultures were
incubated without any inputs of concentrated CO,; rather, the
SLA-04 cultures relied solely on atmospheric CO,. Despite the
lack of concentrated CO, additions, SLA-04 cultures achieved
productivities similar to those reported by others.

pH measurements indicated a cyclic shift in pH values during
the day (Figures 2b and 3b). Typically, pH varied between 10.8
and 9.5. Uptake of inorganic carbon and nitrate for photosyn-
thesis likely resulted in the release of OH™ and an increase in
pH during the day (eqs 4 and 6) and was followed by a
decrease during night due to CO, transfer from the atmosphere
and nighttime cell respiration (eq 7). This cyclic pH shift is a
good indication that SLA-04 cultures continued active photo-
synthesis under natural daylight even when media pH was high
(pH >10). Total alkalinity measurements during Trial 2
indicated an increase in these values over time (Figure 3b),
as expected, due to consumption of nitrate.** By linearly
interpolating between measured values of total alkalinity and
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using the real-time recorded values of pH, we estimated the
temporal variation of media DIC and HCO;~ (Figure 3c; see
Section S2 of the Supporting Information for the calculation
procedure). Due to the increase in media alkalinity, the media
DIC at the end of the 12 day cultivation trials was higher than
initial values. Bicarbonate concentrations, which depend on
upon DIC values as well the pH-dependent DIC speciation (eq
S7), varied diurnally (Figure 3c). While HCO;~ concentrations
were estimated to decrease during the day, our calculations
suggest that HCO;~ was never completely depleted, and at
least ~0.5—1 mM HCO;™ remained in solution and would
permit phototrophic carbon fixation throughout the day. The
decrease in pH during the night allowed for replenishment of
the media bicarbonate (Figure 3c).

After nitrate depletion, SLA-04 cultures were incubated for 5
additional days to allow for lipid accumulation. The average
FAME content on day 19 was estimated to be 16 and 10% (g-
FAME-g-biomass™') for Trial 1 (Figure 2c) and Trial 2
experiments, respectively. These values were significantly lower
than the FAME content of indoor cultures (34% as discussed in
the section “Indoor Phototrophic Cultivation of str. SLA-04”).
Previous studies have shown that lipid_ production increases
when illumination levels are high**** due to the higher
requirement of cellular reducing equivalents for lipid synthesis.
Low photon flux levels in autumn/winter possibly limited lipid
accumulation in outdoor cultures. Olofsson et al. recently
observed that the lipid content of December-grown Nanno-
chloropsis oculata cultures were much lower (11%) than the
lipid content of cultures grown during July (~30%).*°

Outdoor Cultivation of SLA-04 with pH Control. While
Trials 1 and 2 experiments showed that SLA-04 cultures
maintained good productivity in extreme alkaline media
(Figures 2b and 3b), we sought to systematically assess the
dependence of growth performance on media pH. As such, we
performed a new set of outdoor cultivation experiments at (i)
moderate pH (controlled at pH 82) and (ii) high pH
(controlled at pH 10.0), and the results of these experiments
are shown in Figure 4. The growth curves in Figure 4a show
that the growth rates of cultures controlled at pH 8.2 were
similar to the growth rates of cultures maintained at pH 10.0. It
was noted that while overall biomass productivity remained
unchanged with pH, the consumption of nitrate was higher at
pH 8.2 than that at pH 10.0 suggesting a metabolic control
toward greater protein synthesis in moderate-pH conditions.

Furthermore, to assess if photosynthetic activity was
influenced by pH, we measured photosynthetic quantum
yield (F,/F,), an indicator of stress in photosynthetic
organisms,”” in the pH 82 and 10.0 cultures. F,/F,, values
were initially ~0.6 and increased to values >0.65S in both
moderate- and high-pH cultures (Figure 4b) indicating that
that the photosynthetic activity of str. SLA-04 was not
negatively impacted by high-pH conditions.*® The biomass
productivities were estimated using eq 1 at the end of the
experiment. Overall, the results from Trial 3 experiments
suggest that strain SLA-04 has a broad pH optima and
functions similarly well at moderate and extremely alkaline pH
conditions.

To assess contamination resistance due to the high media
pH, we challenged the moderate- and high-pH cultures to
external contaminating populations. In these experiments, we
deliberately introduced a live population of Daphnia magna, a
well-documented microalgae grazer,22 into both moderate- and
high-pH SLA-04 cultures and assessed the viability of the
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predatory zooplankton. When introduced into the pH 10
culture, the D. magna population became instantaneously
inactive and lost motility indicating organism death™ (see
Video S1). In contrast, the D. magna populations continued to
remain active in cultures that were at pH 8.2 (see Video S2).
These results clearly indicate that the high-pH environment is
acutely detrimental, at least to some common infesting
populations.

Mixotrophic Cultivation of SLA-04. One approach for
improving biomass and lipid productivities of microalgal
cultures is through heterotrophic or mixotrophic cultivation.”*
While heterotrophy solely relies on organic carbon as the
energy source, mixotrophic cultures can derive additional
energy from photosynthesis. As a result, glucose-to-lipid
conversion efficiencies during mixotrophic cultivation have
been shown to be higher than heterotrophic cultures.**” To
assess mixotrophic biomass and lipid productivities, indoor
SLA-04 cultivation experiments were performed in a glucose-
amended media with continuous illumination and air sparging.
Glucose concentration in the media was 4 gL' based on
previous reports which have shown that the best substrate
utilization occurred in media containing <10 gL™' glu-
cose.”>>! Higher glucose concentrations have been reported
to cause substrate inhibition.*’

Under mixotrophic conditions, cultures grew rapidly and
nearly all of the supplied nitrate was consumed in the first 2
days (Figure Sa). During this period, 1.42 g of glucose was
consumed (Figure Sb), and 0.95 g of biomass was generated
(biomass yield relative to glucose used = 0.67 g-g™"). Media pH
also decreased significantly (see inset to Figure Sa) indicating
glucose respiration and CO, release. During days 2—4, glucose
continued to be consumed at high rates concurrently with a
rapid increase biomass concentrations, despite depletion of
nitrate from the medium (Figure Sab). A total of 142 g of
glucose was consumed, and 0.85 g of biomass was produced
during this period. Thermogravimetric analysis of the biomass
samples recovered on day 4 showed a large derivative weight
loss peak at 320 °C (Figure Sc), which typically corresponds to
the thermal degradation of starch.”>*® Previous studies have
shown that nearly 80% of biomass starch is thermally degraded
over a temperature interval of 260—360 °C.”>* A small mass of
microalgae protein (~30%) is also volatilized over this
temperature range.”* From the weight loss data in Figure Sc,
it can be observed that nearly 55% of cell mass is volatilized
over the temperature interval of 260—360 °C, suggesting that
biomass samples from day 4 had a high starch content,
approximately 40%. It seems likely that glucose consumed
during days 2—4 was utilized for starch accumulation. After day
4, the rates of glucose utilization and biomass generation were
significantly decreased, but a high rate of lipid synthesis was
observed (see FAME data in Figure Sb). Thermogravimetric
analysis of day 10 samples (Figure 5d) showed a decrease in the
magnitude of the 320 °C peak and a significant increase in the
peak corresponding to triglycerides degradation at 420 °C.>>>°
Also, while FAME concentrations increased by nearly 0.7 g-L™"
during days 4—10 (Figure 4b), the increase in biomass was only
0.2 gL' (Figure 5a). Culture pH also increased after day 4
(inset to Figure 4a, indicating a decrease in external glucose
respiration rates. Taken together, the biomass, FAME and
thermogravimetry measurements suggest that SLA-04 cultures
first accumulated glucose as starch (days 2—4) and
subsequently converted the intracellular carbohydrates to
storage lipids. This mechanism of carbon “reapportionment”
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(rather than de novo lipid synthesis from external glucose) is
consistent with previous hypotheses for post N-depletion lipid
synthesis for phototrophic and mixotrophic cultures.””***”
Mixotrophic SLA-04 cultures had an overall glucose-to-lipid
conversion efficiency of 0.21 g-lipid-g-glucose™' and a lipid
productivity of 0.08 g-L™'-day '. Fatty acid profiles of
mixotrophic cultures (Figure SS5) were similar to those of
phototrophic cultures (Figures 1c and 2c). In terms of carbon
conversion efficiency, 39% of glucose-C was converted into
lipid-C during mixotrophic growth. From the energy content
(calorific value) of the lipids produced and glucose consumed,
the net energy efficiency of glucose-to-lipid conversion was 0.62
lipid calories produced per glucose calorie consumed. While
high lipid productivities would decrease the capital expense of a
production facility, the lipid yields relative to glucose would
most significantly impact the operating costs due to the high
price of glucose. Nonetheless, alternative organic carbon
sources such as cellulosic materials and sugars from industrial
and agricultural waste could be used to reduce the overall
operating costs. From Table 3, it can be seen that in terms of
both lipid productivity and lipid yields, the extremophilic str.
SLA-04 compares favorably with other neutralophilic cultures.

B CONCLUSIONS

This study has demonstrated that alkaliphilic SLA-04 cultures
were able to grow well at extreme pH (pH >10) without any
additional supply of CO, under both indoor and outdoor
conditions. The biomass productivities obtained under these
conditions were comparable with productivities of previously
reported neutralophilic cultures. In addition, SLA-04 cultures
were able to grow mixotrophically in glucose-supplemented
media and achieved high lipid productivity and relatively high
efficiencies of glucose conversion to lipids. In more buffered
alkaline systems, it might be possible to maintain a high pH
during mixotrophic cultivation which would permit supple-
mentation of glucose to SLA-04 cultures in low-cost raceway
pond. The fatty acid composition of SLA-04 cultures (obtained
under both phototrophic and mixotrophic conditions) is also
favorable for biofuel production. Overall, our results demon-
strate the feasibility of a novel strategy of microalgae cultivation
in extremely high-pH media.
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Robin Gerlach (Ph.D.)

Professor of Chemical and Biological Engineering
Montana State University

411 W. Dickerson St.

Bozeman, MT 59715

To Whom it May Concern:

| am writing this letter in strong support of designating Soap Lake as an Outstanding Resource Water
(ORW).

| am a Professor of Chemical and Biological Engineering at Montana State University. | am affiliated with
the Center for Biofilm Engineering and the Thermal Biology Institute, both world-renown centers of
excellence for the study of extremophilic microorganisms and the development of biotechnology. My
research on biofilms and extremophilic organisms focusing on biocement as well as algal-biofuel and -
bioproduct generation has brought me to places like Yellowstone National Park and Soap Lake (WA).
Soap Lake has proven to be a unique environment, which has yielded algae and associated microbiomes,
which are not only unique but are also involved in carbon capture. High pH/high alkalinity environments
like Soap Lake have been identified as the most productive ecosystems in the world (Melack 1981), and
my group is studying the unique organisms in the Soap Lake area.

For instance, algal growth can capture carbon dioxide, which in the case of Soap Lake can lead to net
carbon capture because algae are often sinking into the hypolimnion where the photosynthetically fixed
carbon remains for extended periods of time. Not protecting the meromictic character of Soap Lake
could indeed result in a release of large amounts of carbon, and a significant degradation of the lake’s
quality.

In specific, my group has published, so far, one paper on the enrichment of unique organisms enriched
from the Soap Lake area with ureolytic capabilities (Skorupa, Akyel et al. 2019). Ureolysis can contribute
to the production of cement-like materials without the need of high energy, high temperature and thus
high carbon intensity production of transitional Portland cement (Phillips, Gerlach et al. 2013, Heveran,
Liang et al. 2019, Feder, Akyel et al. 2020, Akyel, Coburn et al. 2022).

My group is also currently supported by the US National Science Foundation and the Department of
Energy to study organisms from Soap Lake for algal-biofuel and -bioproduct generation. The high pH and
high alkalinity conditions at Soap Lake have resulted in the enrichment and possibly evolution of
organisms adapted to these conditions (Vadlamani, Viamajala et al. 2017, Vadlamani, Pendyala et al.
2019, Gao, Pittman et al. 2023). High pH indeed enhances the dissolution of CO2 into water and the high
alkalinity provides a pH buffer for stable growth conditions and a large reservoir of inorganic carbon
(“C0O2”) for fast algal growth (Pendyala, Vadlamani et al. 2017).

We currently have approximately 30 enrichments of photosynthetic cultures from Soap Lake, Lake
Lenore and Alkali Lake, which are being studied for their microbiome and their ability to produce algal-
biofuels and -bioproducts. Soap Lake is expected to continue yielding insights that will further our ability



to develop more sustainable technologies as well as unique organisms that might or might not yield
advances in other areas, such as the production of pharmaceuticals.

Hence, | am urging the Washington DOE to designate Soap Lake as an Outstanding Resource Water
(ORW).

Yours sincerely,

Robin Gerlach (Ph.D.)
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