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ABSTRACT

Ureolysis-driven microbially induced carbonate precipitation (MICP) is a naturally occurring process facilitated through microbial activities and
biogeochemical reactions to produce calcium carbonate (CaCOj;) mineral. MICP serves as an alternative ground improvement binder method to
conventional technologies which is sustainable, requires low energy for its treatment process, results in a minimal carbon footprint and could
offer economic benefits. In the last two decades, MICP has drawn great interest from the scientific community because of its practicality to stabilize
granular soils, repair concrete cracks and remediate heavy metals. To obtain successful MICP application, it is vital to understand the conditions
that favor its process. This paper, therefore, provides an overview of literature on CaCO; precipitation mediated by ureolysis-driven MICP and
its mechanism. The review includes a discussion on sources of urease enzyme from microorganisms used to induce CaCO; crystal formation required
for implementation of MCIP for ground improvement. Moreover, the key factors that influence the outcome of MICP and bio-engineering testing
methods typically used to evaluate MICP performance are also highlighted. Finally, this review also provides insight on the current drawbacks
(i.e. ammonium production, scale-up bioprocess and treatment cost) affecting MICP technology and recommendations for future consideration.

Keywords: Biocementation, Biomineralzation, Carbonate biomineral, Microbial urease, Soil solidification

1. Introduction that will results in zero or minimal carbon footprint.
Microbially induced carbonate precipitation (MICP) is a bio-
technological process which makes use of urease enzyme released
from microorganisms and plants for biomineral precipitation under
natural conditions. The inception of this technology dates back
to the 1990s and has attracted stakeholders from various disciplines,
particularly for its practicability as an innovative and effective
approach for soil and ground improvement [5]. This review focuses
on the ureolysis mechanism involving the calcium carbonate
(CaCOs) bioprecipitation induced by microbial cells as an alternative
to conventional engineering methods that can significantly improve
soil engineering properties. A brief overview of conventional cement
utilization for ground improvement and its ecological implications
is presented. The emergence of ureolysis-driven MICP technology
and urease sources are also discussed. The established conditions
that influence MICP performance in soils are further presented.

Cement is an important adhesion substance used in the construction
industry for various applications (i.e. reservoirs, pavements, roads,
tunnels, mortar and bricks). It is by mass the largest manufactured
product on earth and the second most used substance in the world
after water [1]. The global production of cement has increased
tremendously since 1990 with an annual growth of 0.8-1.2%, and
a predicted consumption rate of 3.7-4.4 billion tonnes by 2050
[2, 3]. In spite of the fact that cement utilization and other chemicals
(asphalt) used as conventional construction materials and soil re-
inforcement, has led to urban development and global economic
growth, its production has regrettably resulted in the release of
large amounts of greenhouse gases such as carbon dioxide (CO,)
into the environment [4]. This has shifted the need for more environ-
mentally friendly building materials and manufacturing processes
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Aspects of quality control of ureolysis-driven MICP for industrial
applications are discussed. Finally, current challenges affecting
MICP and perspectives which provide future opportunities to ad-
vance this technology for real-world implementation are described.

2. Microbially Induced Carbonate Precipitation

Like other bio-mineralization process, MICP occurs under active
biological settings and favourable environments to generate desired
CaCO; mineral formation. Currently, the acronym “MICP” is com-
monly used in various publications in the literature to describe

solution and cultures are pumped in the same or separate tubes
= - r r Py

cementation solution

urenlytie cultures

collection tank
Fig. 1. A schematic illustration of soil biocementation using ureolysis-driv-
en microbially induced carbonation precipitation method.

“microorganisms induce calcium carbonate precipitation”,
“microbiologically-induced calcite precipitation”, “microbiological
carbonate precipitation”, microbially induced calcite precipitation”
and “microbial carbonate precipitation”. However, early pub-
lications on this technology were referred to as “bacteriogenic pre-
cipitation of minerals”, “microbially mediated calcium carbonate
precipitation”, “bacterially induced carbonate mineralization” and
“microbiological precipitation of CaCOs”.

At present, there are six known MICP pathways (Table 1) that
result in the saturation of CaCOs crystals, namely, ureolysis (urea
hydrolysis), photosynthesis, dissimilatory sulphate reduction, de-
nitrification (nitrate reduction), ammonification of amino acids
and methane oxidation. Readers are directed to a recent review
by Castro-Alonso et al. [6] for more information. Of the six path-
ways, ureolysis-driven MICP is the least complex and most heavily
researched method which has been subjected to immense bio-
technological and engineering analyses. MICP is governed by the
concentration of calcium ions, the concentration of dissolved in-
organic carbon, pH, genetics of urease genes, CaCO; poly-
morphisms and the availability of nucleation sites [7, 8]. These
factors are essential for MICP pathways and influence the outcome
of CaCO; formation. MICP favours CaCO; precipitation which
primary binds soil particles and consequently leads to soil improve-
ment (Fig. 1 and Fig. 2). Interesting, MICP has been successfully
tested on various soil types (Table 2). The potential applications
of MICP have been rigorously demonstrated under laboratory-scale
and field-scale conditions to resolve several environmental and
geotechnical engineering problems, i.e. soil stabilization, mitigat-
ing earthquake-induced soil liquefaction, erosion control, slope
stabilization, bioremediation of heavy metal, wastewater treat-
ment, concrete repair, soil liquefaction and enhanced oil recovery
[9-15].

Fig. 2. Process deliberation for soil biocement production using ureolytic bacterial cultures and cementation treatment solution. (a) Colonies of Sporosarcina
pasteurii grown on an agar plate; (b) Broth containing ureolytic bacterial cultures grown overnight in conical flasks; (c) Calcium chloride flakes
and granular urea powder; (d) Insoluble calcium carbonate precipitates formed after bacterial culture was inoculated into a solution containing
cementation reagents [urea, CaCl, and yeast extract]; (€) sandy soil prior to being immersed in polystyrene boxes; and (f) biocemented specimens
placed outdoor to cure for some weeks after biocementation treatment with bacterial cultures and cementation solution is complete.
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Fig. 3. Bar charts showing an increment in the numbers of publications
with keywords: “microbially induced carbonate precipitation”,
“microbial urease” and “ureolytic” from 1999 to 2020. Data
were sourced from the Scopus database on 16 June 2020.

The importance of MICP technology for real-world application
is reflected in the steady increase of research publications. An
electronic bibliographical assessment of publications on MICP from
1999 to 2020 with title, author, and abstract were obtained from
SCOPUS database. The search was carried out by using keywords
“microbially induced carbonate precipitation”, “microbial urease”
and “ureolytic”, which resulted in the retrieval of 410, 3041 and
475 publications, respectively. Fig. 3 showed there are few available
publications in Scopus database with keywords “microbially in-
duced carbonate precipitation”, and “ureolytic”. Nevertheless, Fig.
3 also indicate noteworthy increase in number of published papers
since 2013. On the other hand, publications with the keyword
“microbial urease” showed a steady increment, and saw an ex-
ponential growth in the recorded publication from double- to tri-
ple-digit numbers. Although microbial urease was not popularly
used for research or industrial purposes until in recent decades,
publications on urease enzyme derived from plants (jack bean and
soybean) goes back to the 19" century.

3. Mechanism of Ureolysis-Driven MICP

Ureolysis-driven MICP utilizes microorganisms that secrete urease
which catalyzes the hydrolysis of urea (Fig. 4). This hydrolysis
subsequently results in equimolar amounts of ammonia and carba-
mate [Eq. (1)]. The hydrolysis of carbamate results in production
of bicarbonate and ammonia [Eq. (2)]. According to Egs. (3) and
(4), these products subsequently equilibrate in the solution to form
bicarbonate, ammonium and hydroxide, resulting in increased pH
(alkaline) and the formation of carbonate ions [Eq. (5)]. Irrespective
of the pH of the medium, urea hydrolysis leads to increased alkalin-
ity, unless a buffer solution is added to help control the pH of
the solution. At this point, soluble calcium ions in the solution
are absorbed onto the bacterial cell surface because the bacterium
is negatively charged [8]. This is also because the intracellular
accumulation of calcium ions leads to excessive expulsion of pro-
tons, thus making the cells export calcium to compensate for the
loss of protons [6]. Ureolysis then permits carbonate ions to bind
with calcium ions and forms solid crystalline biomaterial (CaCOs)

MICP resuts b a

R arsgonite/vaterte/calcie chal®
P prpeicy B T
ot e sl

€0, precipitates binds
with ol particles and filts
the pores

Fig. 4. A representation of CaCO; formation mediated by ureolytic
bacteria (i.e. Sporosarcina pasteurii) through ureolysis-driven mi-
crobially induced carbonate precipitation pathway for soil
improvement. The illustration was adapted from Liu et al. [114].

precipitates as shown in Eq. (6). The overall ureolysis-driven
MICP reaction that demonstrates CaCO; precipitation is shown
in Eq. (7).

microbial urease

CONH,), + H,0 NH,COOH + NH; (1)

NH,COOH + H,0 ——— > NH; + H,CO;  (2)
H,CO; ——> HCOs;. + H* (3)

2NH; + 2H,0 ———> 2NH,, + 20H (4)
HCOs;. + H" + 20H ———> HCO;. + 2H,0 (5)
Ca** + COs"® ———> CaCO; (6)

CO(NH,); + H,0 + Ca®* ————> 2NH,, + CaCOs(7)

This then leads to supersaturation of carbonate precipitates in-
duced on the surfaces of the cells. The mechanism of carbonate
precipitation also reduces the high calcium ion concentrations.
However, the chloride ions derived from CaCl, may be toxic before
the calcium ions have any impact on the cells. Hence, it is vital
that appropriate concentrations of CaCl, (if selected) are used to
avoid killing the microbial cells prior to the production of the
desired biominerals. More so, it is important to reiterate that for
ureolysis-driven MICP, the bacterium plays two key roles: urease
production which is needed to enforce urea hydrolysis and provid-
ing the nucleation site needed for CaCO; precipitation [12].

The production of CaCO; minerals induced by microorganisms
has attracted numerous researchers globally for various potential
applications [26]. CaCO; is widely available as a natural inorganic
compound (i.e. limestone and marble, coral, shellfish and snail
shell). Its availability and accessibility have made it one of the
most versatile materials known. Both naturally obtainable and
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Fig. 5. A conceptual diagram showing changes to soil grains during biocementation treatment. (a) Soil particles with pore space during cementatior
treatment; and (b) Soil particles with complete binding due to CaCO; precipitation. The illustration was adapted from Naveed et al.

[115].

precipitated CaCOs are used globally for various industrial applica-
tions, e.g. sealant, pharmaceutical, food, paper and toiletries. The
use of CaCO; precipitated through MICP for soil stabilization has
gained enormous interest among researchers. The progression of
voided soil to cemented soil which results in stabilization and
enhanced soil strength due to MICP (Fig. 5). The understanding
of soil behaviour for over three centuries has focused on mechanical
principles, geological processes and mineralogy, however, research
in biotechnology and earth science has allowed crucial con-
tributions of microorganism that mediate mineral formation and
geochemical reactions [16].

4. Microbial Urease and Its Sources

Humans have long used microorganisms as sources of essential
enzymes for numerous applications. These beneficial micro-
organisms are utilized in their natural forms or selectively bred
to improve their performance. Microbial enzymes can be easily
controlled physiologically and physio-chemically, are produced
in large have quantities and can be inexpensively extracted using
downstream processes [17, 18]. Besides, microorganisms can be
readily manipulated to obtain relevant enzymes with desired charac-
teristics [19]. The global market value for microbial enzymes was
estimated at around US$ 4.2 billion in 2014 with a compound
annual growth rate of approximately 7% and expected to reach
nearly US$ 6.2 billion in 2020 [20]. It is suggested that the enzyme
market for technical applications and process development will
be more successful in the Asia-Pacific region and North America
through 2021 [21]. Urease represents an historically important mile-
stone because it was the first enzyme to be crystallized and shown
to contain nickel [22]. Urease is capable of hydrolysing urea and
is linked with protein degradation [23]. The scientific interest on
microbial urease was largely due to its enzymatic activity because
gastritis and stomach cancer are associated with infection from
Helicobacter pylori [24]. Also, the role of microbial urease in enzy-
matic activity was primarily linked to the recycling of nitrogenous
wastes and nitrogen assimilation [25]. In the search for bacterial
species able to precipitate carbonate minerals, many investigators

have focused on screening soils.

Microorganisms constitute between 70-85% of all living compo-
nents within soil and it is estimated that a single kilogram of soil
contains between 10° and 10'* microbes at the surface [16, 26].
Many researchers have reported the isolation of diverse microbial
species from various soils capable of producing urease and CaCO;
precipitates (Table 3). Results from these investigations showed
that the types of bacteria used for MICP experiments affects the
enzyme activity, crystal formation and, ultimately, the overall out-
come of the cementation process. S. pasteurii is a highly active
ureolytic bacterium which has widely been studied for its potential
applications in the construction industry. Although urease pro-
duction occurs in numerous bacterial species, ureolytic activity
is often associated with pathogenic bacteria [27]. S. pasteurii is
non-pathogenic and is considered the most appropriate candidate
for biomineralization activity due to its high urease production
and versatility [28]. Indeed, enzyme production by S. pasteurii
has been well documented in the literature [29-32] and this microbe
is known for its ability to induce CaCO; precipitates through MICP
[33]. Based on the German Technical Rules for Biological Agents
on the classification of prokaryotes (bacteria and archaea), S. pas-
teurii is a risk group 1 microorganism, making it unlikely to cause
human disease [34]. This might be the reason most researchers
prefer using S. pasteurii for construction and building purposes.
Some of the earliest uses of S. pasteurii involved novel fluid perme-
ability reduction and sand consolidation through precipitation of
CaCO;s [8, 35].

5. Key Factors Influencing the Performance
of MICP

The MICP requires biochemical and microbial activities in the
physical environment to occur which can influence the outcome
of this process. Successful MICP relies on sufficient urease pro-
duction and CaCO; precipitation, both of which can interchangeably
affect soil cementation. For successful field-scale implementation,
the aforementioned factors should be comprehensively studied and
optimized. During field-scale trials, other factors will be unavoidable
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influences on MICP treatment [36]. Although there are several
additional factors that can impact MICP (i.e. temperature, initial
relative densities, curing duration, reaction time, varying soil par-
ticle sizes, organic contents, oil contaminants and freeze-thaw cycle,
treatment cycle and flow, and anoxic condition), only the four
major contributors are discussed in this review.

5.1. Bacterial Genotype and Cell Concentration

The key role of microorganisms has been attributed to their ability
of producing urease and induce alkaline pH [37]. The bacterial
cell surface is critical for CaCO; precipitation because of the pres-
ence of negatively charged groups, thus allowing positively charged
metal ions (i.e. Ca®") to bind with the bacterial cell surface [38].
Of the many different microorganisms that have been widely re-
ported to produce urease and cause CaCOj; precipitation, members
of the genus Bacillus are the most common ureolytic bacteria isolated
from local sources. However, S. pasteurii from the Sporosarcina
group is the most used microorganism for multiple MICP
applications. The selection of appropriate microorganisms for spe-
cific MICP applications is critical because different bacterial geno-
types can result in diverse MICP outcomes. Some bacterial species
may be able to generate greater biomass in a short period or require
a less enriched nutrient medium for cultivation, however, they
may not be suitable for MICP due to their toxicity, acidity and
insufficient production of urease. The nature of exopolysaccharide
secretion by different microorganism can also result in different
MICP treatment process, thus it is essential to determine the appro-
priate ureolytic bacteria to use for various MICP applications. For
example, Micrococcus yunnanensis, B. megaterium,
Pararhodobactor sp., Lysinibacillus sphaericus and S. pasteurii are
often used for the improvement of soil solidification, heavy metal
remediation and crack repair especially in moderate to high temper-
ate climate regions (30-60°C) [5, 31, 39-41]. Conversely,
Lysinibacillus xylanilyticus has recently been reported to be a suit-
able MICP agent for soil improvement in cold regions (i.e. 15-25°C)
[14, 42].

The concentration of bacterial cells used for MICP is another
factor which needs consideration. The number of bacterial cells
used per unit volume for MICP influences the level of biomineral
formation. Ureolytic activity is dependent on the available substrate
(e.g. urea) and the concentration of biomass cells, hence determining
how the bacterial cell concentration influences urease production
should be determined [36]. The cementation reagents and the bacte-
rial cell concentration are two primary factors which control the
degree of CaCO; content homogeneity [43]. It has been suggested
that higher bacterial cell concentrations (10°-10° cells/mL) increases
the amount of CaCOj; content during MICP [44]. This is because
the cells are used to provide nucleation sites necessary for initiating
the creation of an alkaline environment to induce growth of CaCOs;
precipitates [7]. Okwadha and Li [44] showed that the increase
in bacterial cells resulted in more CO,* production in the cementa-
tion solution, but this is not entirely supported by other studies.
Zhao et al. [45] investigated how various cell concentrations influen-
ces soil biocementation. They cultivated S. pasteurii until it reached
optical density (OD) of 0.3-1.5 and they observed that the urease
activity, compressive strength, and CaCO; content were all sig-

nificantly influenced by an increase in bacterial cell concentration.
In another study, which investigated the effect of bacterial cell
concentration (OD 0.5-1.5) on the physico-mechanical property
of cement mortar, it was reported that OD 1.0 resulted in the highest
strength and lowest water absorption values when compared with
other selected bacterial cell concentrations [46].

5.2. Cementation Reagents and Their Concentrations

The presence of cementation reagents such as urea and Ca*" ions
are essential for the ureolysis to occur. From the chemical per-
spective of MICP, the concentrations of carbonate and calcium
sources are extremely important for CaCO; precipitation. For this
to occur, appropriate amounts of Ca** (supplemented externally)
and urea (for CO,* production) are required. CaCl, is commonly
used as a precursor for producing CaCO; crystals. However, un-
fortunately, chloride ions are regarded as harmful to building and
construction materials because they can lead to corrosion or degra-
dation of the pore structures. Chloride ion with concentrations
below 0.4% by mass of cement have a low level of risk, while
concentrations between 0.4% to 1.0% by mass of cement, and above
1% by mass of cement, represent medium and high levels of risk,
respectively. Hence, the appropriate amount of CaCl, should be
used during MICP treatment, namely a molar ratio of 1.0 to 1.5,
while for CaCO; crystallization to occur during ureolysis, the molar
ratio of ions to urea should range between 0.5 and 2.0 [34]. Some
researchers have suggested the use of other calcium sources for
MICP process which have different outcome due to the kinetics
of biochemical reactions. Although, when compared with other
calcium sources, it is widely suggested by researchers that calcium
chloride is the most common used calcium for soil biocalcification
[47]. The substitute calcium sources that are being used for CaCOs
formation are calcium acetate [Ca(C,H;0,).], calcium oxide [CaO],
calcium nitrate [Ca(NOs).], calcium formate [Ca(HCOO).], calcium
lactate [CsH;0CaOs] and calcium diglutamate [Ca(CsHsNOs):]
[47-52].

Several researchers have also investigated the use of alternative
materials to replace analytical-grade cementation reagents (urea
and CaCl,). Choi et al. [53] reported that eggshell mixed (ratio
of 1:4) with diluted vinegar (5%, v/v) could be used to obtain
soluble calcium and serve as an alternative to CaCl, for soil
biocementation. After treatment, biocemented soil samples were
assessed at 335-392 kPa for compressive test, 1.62-6.54 x 10° m/s
for permeability test and 4.4-8.2% for CaCO; content. This research
group later showed that calcium ions could also be obtained by
mixing limestone from aggregate quarries with 7% (w/v) acetic
acid derived from lignocellulosic biomass fast pyrolysis as a cost-ef-
fective alternative cementation reagent for MICP treatment [54].
Their MICP soil treatment resulted in CaCO; content of 5.67-8.19%,
while permeability was 8.17-1.52 X 10°® m/s. Recently, Chen et
al. [55] described the possibility of replacing synthetic urea with
pig urine for CaCO; precipitation. Their results suggested pig urine
could permit CaCO; crystals formation (43% more when compared
with control sample) which allowed a decrease in permeability
and posoity of the treated soil. The authors suggested that pig
urine could serve as a cost-effective raw material for MICP, help
reduce ammonia production and lower the carbon footprint.
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5.3. Cultivation Medium

Components of the cultivation media may favour or inhibit essential
biomass, enzymatic activities and biomineral precipitation, all of
which are important features that make the MICP process more
efficient. For most MICP studies, commercially procurable ana-
lytical-grade cultivation media, such as yeast extract, tryptic soy
broth, nutrient broth and Luria (or lysogeny) broth, are commonly
used for enrichment, culturing, enumeration and isolation of various
microorganisms. Depending on the manufacturer, these culture
media typically contain varying concentrations of their respective
constituents to effectively support microbial growth. For example,
nutrient broth contains yeast extract (1.5-5 g/L), peptone, (5-15
g/L), sodium chloride (5-6 g/L) and beef extract/glucose (1-3 g/L)
at an initial pH of 7.4 *+ 0.2 (at 25°C). Bacterial growth in most
soils is often limited due to the lack of organic constituents. However,
the constituents of cultivation media can affect the efficacy of
MICP [55, 56]. De Muynck et al. [48] revealed that nutritional
composition have a profound impact on the morphological for-
mation of CaCO; crystals. Their work indicated that when mortar
specimens were treated with cementation solution containing nu-
trient broth, calcite rhombohedral crystals were absent but were
abundant when cementation solution did not include nutrient broth.
The presence of proteins in the nutrient broth can greatly influence
the crystal growth pattern by adsorption of other proteins or organic
matter [57, 58].

Williams et al. [32] studied the possibility of replacing yeast
extract with other nutrient sources (lactose mother liquor, corn
steep liquor, meat extract, glucose and sodium acetate) for MICP
treatment of cement-based materials. Their investigation showed
that a combination of urea/meat extract/sodium acetate served as
the most suitable replacement for yeast extract to cultivate S.
pasteurii. This alternative medium also allowed 75% retardation
of cement hydration when compared with other nutrient sources
and control sample (yeast extract). Recently, Kiasari et al. [59]
explored the performance of different nutrient media to stimulate
indigenous ureolytic bacteria for soil improvement. Six cultivation
media, namely; glucose medium, yeast extract medium, sodium
acetate medium, sugarcane molasses medium, Mol.2 YE.4 medium,
Mol.4 YE.2 medium and reagent medium were selected. Results
for shear strength (91.1-140%), compressive strength (430-450%)
and CaCO; content (6.8%-13.8%) showed that different growth
medium constituents can affect MICP process. Their result also
indicated that, despite the overall improved biocementation, sam-
ples which were subjected to yeast extract medium were most
effective for stimulation of native ureolytic bacteria.

5.4. pH

The pH plays a vital role for bacterial transportation and adhesion
to promote homogenous distribution of CaCO; content and com-
pressive strength of the treated soil. It is imperative to investigate
how optimum pH conditions could be useful for obtaining better
soil solidification process [122, 123]. Both acidic and basic con-
ditions impact the outcome of MICP treatment which may result
in lower compressive strength when compared to samples treated
in neutral pH condition [62]. Given the importance of pH in influenc-
ing the MICP process, researchers now tend to determine the opti-

mum pH conditions which will favour the performance of the
selected bacterial species used in their experiments. Several inves-
tigations have indicated that pH 8-9 are the optimum condition
for urease activity; these alkaline pH conditions are vital for ammo-
nia production via ureolysis [30, 63]. Seifan et al. [64] investigated
the effect of alkaline pH (9-12) on the production of CaCO; and
the bacterial cell concentration under controlled-pH batch con-
ditions in 3 L laboratory-scale bioreactor at 35°C and 150 rpm
for 180 h. Their work showed that the bacteria could grow in
an alkaline pH environment, but the cell concentration decreased
as the pH was increased. They also showed that cell viability reduced
more than 2.5-fold at pH 10-12 when compared to pH 9.

Kim et al. [65] studied the optimal conditions of Staphylococcus
saprophyticus and S. pasteurii for CaCO; precipitation. Both mi-
crobes were injected into solution containing urea (1 g/L) and CaCl,
(14 g/L) with initial pH of the medium varying between 6 and
10. Their study indicated that when both ureolytic microorganisms
were incubated at 30°C, alkaline pH produced the greater amount
of CaCO; precipitates. Their data showed that the precipitation
difference in measured CaCO; crystals at different initial medium
pH was 25% and 60% for S. saprophyticus and S. pasteurii,
respectively. Deng and Wang [66] tested the performance of S.
pasteurii (ATCC 11859) during MICP treatment of coral sand. Their
results showed that changes in different initial pH (8-11) did not
significantly influence the outcome of MICP. The bacterial cell
densities were all above OD of 1.0 after 24 h incubation at 30°C
with shaking (180rpm). This implied that different bacterial species
would have different behaviour when cultivated in a media contain-
ing various pH levels. While pH may influence MICP, regulating
the pH of cultivaiton media may not be a critical factor during
field-scale experiment since ureolytic bacteria are capable of adapt-
ing to unfavourable pH environments. In a recent study performed
by the current authors [67], large-scale bacterial cultivation was
performed in a 3000 L custom-made reactor tank and the initial
pH of the medium was not regulated. This did not affect the the
growth performance of the bacteria, nor did it hinder the cells
from producing sufficient urease and CaCO; required for soil
biocementation.

6. Testing Methods for Evaluation of MICP
Performance

It is necessary to access and monitor the conditions of ure-
olysis-driven MICP for optimum performance and ensuring the
products meet the required parameters. The evolution of MICP
has been subjected to numerous analyses from multidisciplinary
fields (Supplementary Materials, Fig. S1). Since ureolysis-driven
MICP undergoes different biotechnological and engineering evalua-
tions, several methods have been adopted over the last two decades
to monitor its performance. These evaluations can also be adopted
as standard processes for quality control and quality assurance
of MICP during industrial implementation. There are numerous
methods in the literature which are used to evaluate MICP perform-
ance, including scanning electron microscopy analysis, X-ray pow-
der diffraction analysis, plasticity index characterization, cone pen-
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etration test, porosity and permeability tests. However, this review
only discusses the commonly used methods to elucidate their effi-
ciency in evaluating CaCO; precipitation.

6.1. Urease Activity

Quantitative determination of bacterial urease activity is done using
several analytical approaches. Urease activity through conductivity
measurement is carried out after bacterial propagation [61]. A con-
ductivity meter is used to determine the electrical changes after
bacterial cultures are inoculated into a urea solution (1.5 M) and
monitored for 25 +2 °C [13]. High correlation coefficients usually
indicate a positive linkage between the increase in conductivity
and urea hydrolysis [13, 68]. Determination of urease activity by
conductivity measurement is the most common method used in
the literature, indicating it is a suitable indication for urease pro-
duction [31, 45, 69, 70]. During the conductivity test, hydrolysis
of urea leads to ammonium and carbonate ions production, thus
leading to an increase in conductivity [69]. The conductivity varia-
tion rate is often acquired from the slope of the plotted graph
with the inclusion of the dilution factor [31]. However, there are
other notable methods which have been successfully used to de-
termine urease production, including the phenol-hypochlorite as-
say, Nessler assay and colorimetric assay (Berthelot’s reaction) (7,
71-73]. These methods are suitable to study ammonia concentration
notwithstanding the presence of calcium ions.

6.2. Biomass Measurement

The viability of bacterial cells is greatly influenced by the conditions
of their microenvironment. Monitoring cell growth provides essen-
tial information concerning the nutritional and proliferation con-
ditions since different bacterial species behave differently during
various cultivation conditions [74]. There are many classic and
modern techniques (i.e. optical microscopy, colony counts, cell
number estimation, turbidity measurement, dry weight determi-
nation) which are commonly used to determine cells biomass [74-76].
The OD or turbidimetry test is often used as a biomass concentration
indicator to monitor the performance of MICP bacterial cells based
on turbidity measurements [31]. Measuring the OD of growing cell
cultures is a standard and simple microbiological method used to
quantify important cultivation parameters (i.e. changes in bacterial
morphology and biomass production) [77]. The number of bacterial
cells is typically determined at a wavelength of 600 nm using an
ultraviolet and visible spectrophotometer after zero point correction
[12, 61]. The amount of absorbed light in a bacterial cell suspension
can be immediately and directly related to bacterial mass or number
[77]. Turbidimetry is the most widely utilized analytical tool for
measurement of bacterial growth in liquid cultures due to its easy,
fast and non-destructive feature [78]. Many MICP studies on ureolytic
bacterial cultivation in various growth media (i.e. with or without
urea) have successfully monitored the cell density or concentration
using turbidity measurements [77, 79-81]. Moreover, the colony
count method is also often used to monitor the growth behaviour
of MICP microorganisms [82-84].

6.3. pH Measurement
The influence of pH on MICP is indisputably important because
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it affects microbial activity, bacterial growth, urease activity, and
CaCO; precipitation [65]. Decomposition of urea by urease that
releases NH;(g) and CO,(g) and the dissolution of NHj(g) in the
urea-CaCl, leads to a variation of pH during ureolysis process [85].
Hence, it is imperative to measure pH as a way of monitoring
the performance of ureolytic bacteria during MICP experiments.
Typically, a pH meter is used to measure the acidity or alkalinity
of the bacterial culture or suspension [86]. The pH of ureolytic
bacterial cells in the nutrient medium can be measured during
MICP experiments at regular intervals for proper physiological char-
acterization of their performance during cultivation [87]. The pH
meter is usually calibrated with commercial pH standard before
the pH measurement on samples is performed, after which the
pH sensor is flushed with water before the pH of subsequent samples
are determined [88]. MICP studies also involve the collection of
effluents from various sampling sources or draining outlets during
the MICP process for pH measurement [89-91]. Collected effluent
samples are also subjected to cell viability or biomass and ammo-
nium concentrations tests [92]. Changes in pH of effluent samples
during or after MICP treatment provide a good indication of the
state of the MICP process.

6.4. CaCO; Content

The CaCOs content is one of the most critical outcomes of ure-
olysis-driven MICP. The amount of CaCOs; precipitated within the
soil matrix has a substantial effect on the mechanical properties
of the treated soil. Typically, CaCO; content is often used to evaluate
whether sand columns are well solidified by studying the dis-
tribution of CaCO; content after curing is completed. Hence, measur-
ing the CaCO; content in soil specimens after MICP treatment
is often performed. An in-vitro biomineralization test for CaCOs
content is often carried out in glassware (e.g. flask) to evaluate
the CaCO; capacities or urease activity of the selected MICP micro-
organisms [86, 93]. Flasks which contain a certain concentration
of cementation fluid are inoculated with bacteria and incubated
at a certain temperature. For evaluation of CaCO; content from
treated soil specimen which is often carried out after compressive
strength test, the conventional gravimetric acid washing method
is commonly used because of its easy operation and analysis [94,
95]. The difference between the two weights of the MICP-treated
soil specimen is considered to be the weight of the precipitated
carbonates [96]. Alternatively, ethylenediaminetetraacetic acid ti-
tration is used for determination of CaCO; content from biocemented
soil specimens [7, 97].

6.5. Compressive Strength Test

The compressive strength test is commonly performed to verify
MICP on treated soil specimens under desired conditions [98].
The unconfirmed compressive strength (UCS) test is widely used
in geotechnical engineering to measure the axial load of stress
applied to the subjected tested specimen along a longitudinal axis.
First, the consolidated granular soils are carefully dismantled from
the columns before the UCS test is conducted under controlled
conditions [99]. The UCS test is also frequently conducted to com-
pare the performance of compressive strength of the treated soil
samples for CaCO; content [100]. However, in most cases, the soil
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specimen will be allowed to air-dry or cure (14 to 28 days) before
disassembling the soil columns and subjecting the specimen to
the UCS test. This test is often performed under laboratory con-
ditions and the equipment is quite costly. However, there are other
inexpensive ways to measure the strength of biocemented soils.
Surface strength or local strength measurements are also used to
obtain the desired compressive strength of consolidated soil
specimens. This can be evaluated using soil pocket penetrometer,
rebound hammer (Schmidt rebound hammer) or needle pene-
trometer tests.

7. Current Challenges and Perspectives on
ureolysis-driven MICP

7.1. Economic Feasibility of MICP Treatment

As opposed to several soil improvement methods, MICP is still
too expensive to be adopted for field-scale implementation. Until
now, most MICP researchers use laboratory-grade growth media
(e.g. nutrient broth and yeast extract) for biomass production which
impedes MICP field-scale application. The MICP cost is also influ-
enced by reagents required for soil treatments and specific treatment
techniques used. There is currently limited information available
in the literature on the cost of various MICP treatments. However,
a few researchers have elaborated on MICP cost and its influence
on field implementation. De Muynck et al. [101] indicated that
the cost of MICP for surface treatments of sculptured and degraded
stone ranged from US$29.71/m® to US$51.67/m’. However, the cost
of MICP treatment may be further reduced if efficient or optimized
treatment techniques are implemented. MICP certainly has the
potential to penetrate the commercial market because it can be
used to produce construction materials using low temperature and
renewable energy sources [102]. Even though the technology is
expensive for scale-up and field-scale implementation, there are
several companies like BioCement Technologies, Biomason and
Bachy Solentanche that are currently using this technology for
commercial engineering applications (i.e. bacteria-based additive
to topsoil for prevention of erosion and bioconcrete production
soil stabilization). For MICP to be accepted into the commercial
market, it needs to show it is relatively inexpensive or similar
in cost to existing alternatives technologies. For biocementation
to be economically feasible, an important criteria need to be ad-
dressed, which is minimizing the costs of bacterial production
cementation treatment [103]. Stimulating indigenous ureolytic mi-
croorganisms through injection methods may help eliminate the
need for bacterial cultivation and reduce the treatment cost [104].
Interestingly, a recent review paper by Rahman et al. [105] presented
a detailed cost assessment and environmental benefit of MICP tech-
nology using three scenarios: only paver blocks treated with MICP,
pavers and sub-base layer treated with MICP, and pavers and sub-
grade treated with MICP. For further information, readers may
refer to the publication [105] by these authors.

7.2. Ammonium Production

A high concentration of ammonium is commonly produced during
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calcite precipitation, which has a detrimental impact to human
health, soil, groundwater and the environment [106]. Ammonium
levels in water of more than 0.5 mg/L can cause harm when con-
sumed but this environmental issue remains largely ignored [107].
Recent investigations by Lee et al. [91, 108] on the removal of
ammonium after MICP treatment showed that this problem can
be resolved. They applied high pH (9-10) with a high ionic strength
rinse solution (200-500 mM of CaCl,) to treat the effluent. Their
treatment technique resulted in 99% removal of ammonium.
Alternatively, Cheng et al. [108] recently showed that using a low
pH (4.0) during MICP treatment resulted in more than 90% removal
of ammonium. They also indicated that controlling the biomass
concentration, urease activity and initial pH of the cementation
solution resulted in a reduction of unwanted and harmful by-prod-
uct (ammonia). However, this process may lower the precipitated
CaCO; minerals and result in weaker compressive strength. It will
be interesting for future studies to investigate the effect of using
this ammonia removal method on CaCO; precipitation and overall
MICP performance. For MICP to be regarded as a complete environ-
mentally friendly technology, the dependence on urea for urease
production need to be minimized. Urea is commonly used as a
constituent of the cementation solution and growth media for the
biocementation process and bacterial cell propagation, un-
fortunately, has a large greenhouse footprint. Most of the CO, used
to manufacture urea comes from CO, generated during the pro-
duction of ammonia, and is thus responsible for the high CO.
content of greenhouse gas emissions [109]. The global carbon foot-
print of technical-grade urea fertiliser ranges between 1.484 to
3.002 COseq/kg product (including CO, captured in the product)
[110]. Consequently, several researchers have recently investigated
alternative sources to synthetic urea for MICP. Recent investigations
on human and pig urine samples serving as an alternative source
of urea for MICP applications were reported [55, 112]. These studies
were able to successfully substitute analytical-grade and in-
dustrial-grade urea with urine and produce biocement
bricks/columns. Their findings also show that MICP cannot only
become a green and sustainable technology, it can also be used
for recycling of waste materials and mitigate environmental
pollution. Future research can also consider other alternatives as
sources of urea for MICP experiments. Nitrogen sources which
may be investigated as a replacement to urea for MICP process
are inorganic fertilizers (i.e. ammonium sulphate, calcium ammo-
nium nitrate, urea-ammonium sulphate, liquid urea-ammonium
nitrate and environmentally smart nitrogen) and organic fertilizers
(i.e. animal manure and slurry, industrial wastewater and sewage).

7.3. Large-scale Production of Ureolytic Bacteria

Growing large-scale volumes of ureolytic bacterial cultures with
standard laboratory growth medium and commercial bioreactors
makes MICP too costly. Also, most conventional MICP applications
are performed using sterile cultivation medium and processes to
grow the bacterial cells, but in real-world situations, it is not neces-
sary to use sterile conditions because this adds to the bacterial
production costs. Hence, in certain situations where field-scale
investigation will be carried out, it is not necessary to use non-sterile
growth condition for cultivation of ureolytic bacteria since the
cells will out-compete other non-desired microorganisms when
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urea is added or ammonia production occurs [112]. Future studies
can adopt the use of a single custom-built reactor for economic
scale-up of bacterial production. It would be essential to also have
systems attached to the custom-built reactor that can minimize
contamination. Also, in a situation where a high concentration
of urea is needed during bacterial cultivation (which also helps
to reduce non-beneficial microbes), outlet pipes can be installed
in the reactor that allows collection of ammonia gas produced
during the ureolysis process. These pipes can be connected to
a simple custom-built device that acts as a wet scrubber for removal
of pollutant gas. One of the earliest studies on non-sterile production
of ureolytic bacteria for the scale-up purpose was carried out by
Whiffin [13]. The author showed that a custom-built fibreglass
airlift pilot-scale reactor (120 L capacity) was able to support the
growth of S. pasteurii at 30°C under non-sterile conditions when
placed on-site. Industrial-grade Vegemite acetate medium (13.5 g/L),
urea (10 g/L") with an initial pH of 8.15 were used for the pilot-scale
bacterial cultivation. Although lower urease activity and biomass
production were obtained after cultivation, successful bio-
cementation of the treated soil occurred. Aoki et al. [113] recently
reported using a low-technology down-flow hanging sponge reactor
(170 cm® capacity) to cultivate ureolytic bacteria from samples
collected from a reservoir tank. The non-sterile enrichment culti-
vation (130 days) occurred at 25C using yeast extract-based medium
which contained 0.17 M urea. Their results showed high urease
activity (10 umoL urea hydrolyzed/min/mL) and CaCO; precipitates
(92 = 7 mg/mL). Very recently, Omoregie et al. [67] demonstrated
that a custom-built stainless steel reactor (3 m®) could be used
to sequentially scale-up the production of bacterial cultures under
non-sterile conditions and with low-cost cultivation medium for
in-situ ureolysis-driven MICP application. At the end of the 90
h cultivation under non-controlled conditions, they reported an
OD of 2 and urease activity of 11 mM urea hydrolysed/min.

8. Conclusions

Ureolysis-driven MICP is a biomineralization process used to induce
CaCO; precipitates for various engineering applications. This paper
reviewed the scientific literature on ureolysis-driven MICP to vali-
date the conditions that efficiently influences its mechanism. In
addition, this review also discussed the common methods used
to evaluate MICP performance. These methods can be adopted
as quality control protocols for industrial applications. MICP may
be in its infancy, but rigorous analyses and evidences gathered
from the literature has shown that growing trend on the need to
develop this technology for field-scale or in-situ applications. While
existing commercial companies that use ureolysis-driven MICP
techniques are few, the growing demand for more innovative and
environmentally friendly soil binder technologies will lead to in-
creased commercial interest. For the past two decades, most inves-
tigations focused on laboratory-scale works such as ureolytic bacte-
rial identification and selection, evaluating the factors that influence
bacterial cell concentration, pH and urease activity on bio-
mineralization, and treatment techniques on granular soil. Based
on the literature reviewed, these studies have improved the knowl-
edge available on the MICP process. However, more emphasis
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has to be given to resolving the existing challenges affecting this
technology especially high operating costs of MICP treatment, for-
mation of undesirable by-products (ammonium) and large-scale
production of biomass for field-scale application. The key factors
(i.e. pH, cultivation medium, bacterial cell concentration and ce-
mentation reagents) affecting MICP performance presented in this
review will encourage future MICP researchers to use this knowledge
to critically investigate how they can maintain optimum perform-
ance of ureolysis-driven MICP and effectively resolve the existing
problems affecting adoption of this technology. If future develop-
ments can successfully avoid or manage ammonium pollution and
reduce high operating costs, this will help promote the industrial
application of ureolysis-driven MICP technology.
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