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Abstract: The formation of minerals such as calcite and struvite through the hydrolysis of urea
catalyzed by ureolytic bacteria is a simple and easy way to control mechanisms, which has been
extensively explored with promising applications in various areas such as the improvement of cement
and sandy materials. This review presents the detailed mechanism of the biominerals production
by ureolytic bacteria and its applications to the wastewater, groundwater and seawater treatment.
In addition, an interesting application is the use of these ureolytic bacteria in the removal of heavy
metals and rare earths from groundwater, the removal of calcium and recovery of phosphate from
wastewater, and its potential use as a tool for partial biodesalination of seawater and saline aquifers.
Finally, we discuss the benefits of using biomineralization processes in water treatment as well as the
challenges to be solved in order to reach a successful commercialization of this technology.
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1. Introduction

Without water, there is no life and, in recent years, this resource is increasingly scarce. Various
factors such as climate change, droughts and population increase contribute to its scarcity [1]. Although
the earth’s surface consists of 70% water, only 3% corresponds to freshwater. In addition, a significant
part of that percentage is found in ice caps and glaciers, consequently only 1% of the surface freshwater
is usable. Efficiency in water use can significantly increase if the capacity to reuse it increases by using
new and improved technologies. In the case of seawater, desalination emerges as an alternative to
extract salt and other polluting elements from it, turning it into water suitable for human consumption,
or for productive uses such as agriculture and mining, among others. Desalination is identified as a
safe source of water that guarantees a stable supply as compared with the variability of natural sources
and the scarcity of this resource in the basins. However, the application of chemical methods generates
waste that affects the environment [2,3].

In contrast, the use of new biotechnological tools could favor the recycle of wastewater and
improve the quality of seawater and freshwater. Such is the case of biomineralization, a process
that is mediated by bacteria and other organisms for the formation of minerals from ions present in
the surrounding environment. A particular form of biomineralization is microbiological carbonates
precipitation (MICP), and is defined as the process involving the formation of minerals mediated
by living organisms as a result of the cellular activity that promotes the physicochemical conditions
required to carry out the formation and growth of the biominerals [4]. There is a great variety of
structures and, in nature, more than 60 types of biological minerals have been described [5]. From
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an evolutionary point of view, this process is generated mainly from bacterial activity. Bacteria are
capable of inducing mineral precipitation through three types of mechanisms [6].

i) Biologically controlled mineralization consists of cellular activities specifically aimed at the
formation of minerals [6-8]. Organisms direct the synthesis of minerals in a specific part of the
cell but only under certain conditions. For example, the formation of magnetite by magnetotactic
bacteria. The magnetotactic bacteria have control over the mineral phase and its biosynthesis in the
magnetosome, at the level of genes.

ii) Biologically influenced mineralization corresponds to the passive precipitation of minerals
due to the interaction between the environment and its chemical and compound changes present in
the cellular surface as a result of the bacterial metabolic activity, for example extracellular polymeric
substances associated with biofilms [7-10]. In this type of biomineralization, the biominerals are
secreted due to the metabolism of the microorganisms, and the system has very little control over
the minerals that have been deposited. There are a large number of bacteria capable of biologically
inducing the extracellular precipitation of a wide range of minerals, involving the geochemical activity
responsible for mineral deposits in terrestrial evolution.

iii) Biologically induced mineralization, which corresponds to the chemical modification of
an environment mediated by the biological activity producing oversaturation and precipitation of
minerals [6,8,11].

In the third case, the bacteria contribute actively to the formation of minerals, but also in a passive
way, through cellular structures that act as nucleation sites [12-15]. In addition, bacteria can induce
heterogeneous nucleation of minerals, given not only by a surface with a lower energetic barrier to
minerals precipitation, but also with a stereochemical structuring of the mineral components. However,
there may be a combination of the three different processes active in the same system [8]. Some studies
highlight the role of the extracellular polymer substances (EPS). These exopolymers and the biofilms
are commonly dominated by negatively charged polysaccharides [16] and may contribute to the
precipitation of minerals in different forms;

i) By trapping positively charged cations in negatively charged sites of the EPS that act as a
tempering for crystal nucleation [9,17].

ii) By entrapment of crystal seeds that act as a nuclei for the heterogeneous precipitation of
minerals [9,14].

Within this point, biological processes that increase the pH of the medium and create the
oversaturated conditions necessary for its precipitation have been identified [4,18]. Different bacteria
with varied metabolisms are able to precipitate biominerals from carbonates [19-23], oxides [24,25],
sulfates [26,27] and phosphates [28,29]. This review focuses on biomineralization mediated by ureolytic
bacteria. The best-studied mechanism is the precipitation of calcium carbonate by ureolysis, in
which the bacteria metabolize urea through an intracellular urease enzyme, producing HCO3™ and
NH3. The latter is converted into NH,4 ™, alkalinizing the medium, and the HCO3™ is converted into
CO3%~ [30,31]. When any calcium ion is present and oversaturation of calcite occurs, precipitation of
calcium carbonate is induced [32].

2. Ureolytic Metabolism

The urease enzyme is present in a great diversity of microorganisms (urea amidohydrolase;
EC 3.5.1.5) reviewed in [6,8,33] enabling the cell to use urea as a source of nitrogen [34]. Sporosarcina
pasteurii ATCC11859, formally Bacillus pasteurii [35], is the terrestrial ureolytic bacterium most used as
an example of MICP and presents an active intracellular urease [4,11].

The water treatment processes mediated by ureolytic bacteria described in this review are based
on the general mechanism of carbonates biological precipitation, which basically consists of the
microorganisms” ability to alkalize the surrounding environment according to the physiological
activities they perform. These bacteria are widely distributed in nature and their role is to catalyze
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the hydrolysis of urea to produce carbonic acid and ammonium [8,30,36]. These products, in solution,
have as final result to induce a change of pH in the medium (Ecs. 1-4) [30]:

urease

CO(NHy), + H,O "= NH;3 + CO(NH,)OH 1)
CO(NH,)OH + H,O — NHj + H, CO; )
H,CO; +» HCO; +H* 3)

2NH; + 2H,O — 2NH; +20H" (4)

The increase in pH leads to an adjustment of the bicarbonate equilibrium to form carbonate ions,
further favoring the formation of CO32~ from HCO;~ [37]. A high carbonate concentration induces
CaCOj; precipitation around the cells and the presence of calcium ions in the surrounding environment
(Ecs. 5-7) [38].

2HCO; +2H" +2NH; +20H™ < 2CO3~ +2NH; +2H,0 (5)
Ca?t 4 Cell — Cell : Ca®* (6)
Cell : Ca?" +CO3~ — Cell : CaCO; ?)

Under natural conditions, the precipitation of carbonates occurs very slowly. In this sense,
microorganisms would act as catalysts in the carbonate formation process. Carbonates, especially
calcite (CaCO3) and dolomite (CaMg(COs3),) are found as limestones on the Earth’s surface,
representing an important carbon stock in the lithosphere [38,39].

The mechanisms through which the biological precipitation of carbonates occurs are not
fully described. However, three mechanisms have been proposed to explain this process [40]:
i) Biomineralization occurs as a bioproduct of the microbial metabolism; ii) Extracellular molecules
are involved in the carbonate mineralization process; iii) A nucleation process of carbonates occurs in
the cell wall of microorganisms. Based on the latter proposed mechanism, the role of microorganisms
in creating an alkaline environment through various physiological activities is known. Under these
circumstances, the bacterial surface plays an important role in the precipitation of carbonates due
to the presence of various negatively charged groups at neutral pH, positive ions can bind to the
bacterial surface favoring heterogeneous nucleation [40]. The microbiological precipitation of minerals
has several technological applications, such as the restoration of limestone monuments and statues,
biocement production, improvement of soil quality and removal of soluble pollutants such as heavy
metals and radioactive elements [30]. Additionally, this process promoted specifically by the ureolytic
capacity of bacterial species also allows the removal of secondary ions such as calcium and magnesium
present in wastewater [33,41,42] and in seawater [43]. Furthermore, the precipitation of calcium
carbonates mediated by ureolytic bacteria is widely described in the literature, mainly under the
application of soil biocementation [8,44,45]. Other uses are related to carbon dioxide capture and
remediation of soils and water [40,46].

3. Types of Biominerals Produced by Ureolytic Bacteria

Compared with inorganically produced minerals, biominerals often have their own specific
properties including unique size, crystallinity, isotopic and trace element compositions [47]. There are
several types of biominerals such as organic crystals, oxides, hydroxides, sulfates, sulfides, chlorides,
phosphates and carbonates [39,48-50] highlighting calcium carbonates. Calcium carbonate exists in
three different crystalline structures: vaterite, calcite and aragonite, and in two hydrated crystalline
phases: monohydrocalcite (CaCO3-H;O) and ikaite (CaCO3-6H,0), and various amorphous phases
(ACC) [8,40]. Although the crystalline structures of carbonates due to bacterial activity are clear, little is
known about the causes of the selection of different polymorphisms during bacterial biomineralization.
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Although there are studies suggesting that the amount and morphology of calcium carbonate minerals
depend on oversaturation, temperature, pH, [CaZ*]/[CO32~] ratio [51] and the concentration of
urea [42]. Hammes et al. [33] during a study of ureolytic microbial calcium carbonate (CaCO3)
precipitation by bacterial isolates collected from different environmental samples, morphological
differences were observed in the large CaCOj3 crystal aggregates precipitated within bacterial colonies
grown on agar. This fact was verified at our laboratory confirming that different halophilic and
halotolerant ureolytic bacterial strains isolated from the Atacama Salar produce calcium carbonate
crystals with different polymorphism when they were cultivated in nutrient broth (NB) supplemented
with Ca2* (Figure 1). This is exactly what Uad et al. [50] described: biominerals present a variety of
forms from spheres, hemispheres and pseudopolyhedral forms, which appeared either in isolation or
in group.

Although calcium carbonates are the most studied crystals, ureolytic bacteria are capable of
forming different types of crystals depending on the medium in which they are (Table 1). For example,
vaterite is found to be in a lower percentage, metastable or in the transitional phase of calcite [8]
and it has been described that it depends on the concentration of EPS and the organic matter that
would influence its formation, which could be stabilized in the presence of certain organics [8,52].
The maturation of CaCOj3 from vaterite to calcite follows the Ostwald’s step rule, where metastable
forms nucleate and then are replaced with more stable forms, with this sequential formation in time is
also known as paragenesis [53]. However, the mechanisms of initial nucleation that are influenced
by bacterial growth conditions, the presence of organic matter such as EPS, saturation conditions of
the fluid and crystals maturation are still not well understood [8,54]. The size of crystals is also a key
factor. The CaCOj crystals precipitated by ureolytic metabolism are generally large and less soluble
than those precipitated under abiotic conditions [51,55].

Table 1. Examples of crystals produced by ureolytic bacteria.

Bacterial Species Crystal Aplication Reference
Enterobacter cloacae Calcite Heavy m'etéls Kang et al. [56]
bioremediation
. Calcitemagnesium carbonate trihydrate . -
Bacillus sp. (MgCO3-3H,0) Biocementation Cheng et al. [57]
Syorosa(cmfl As(IlT)—calcite calcite, aragonite and vaterite As(III) remediation Achal et al. [58]
ginsengisoli
calcite, vaterite and aragonite along with -
Halomonas sp. calcite_strontianite (SrCOs) solid Sr remediation Achal et al. [59]
Halite (NaCl)
Rhodococcus Monohydrocalcite (CaCO3-H,0) Calcium and magnesium .
. . . Arias et al. [43]
erythropolis Struvite precipitation from sea water
Anhydrite
Strains of Bacillus . .
rhombohedral calcite, hexagonal vaterite Hammes et al. [33]

sphaericus group
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Figure 1. Scanning electron microscopy with energy dispersive X-ray (SEM-EDX) analysis of calcium
carbonate crystals produced by various bacterial ureolytic species in aqueous solution supplemented
with Ca?*. Crystals produced by B. subtilis LN8B (a), Halomonas sp. LM12ABN (b), Rhodococcus
erythropolis TN24F (c), Bacillus subtilis TN21G (d), Salinivibrio sp. LM9A (e) and Bacillus subtilis
LN13DC (f). Methodology can be reviewed in [43].
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The use of ions present in seawater for crystal formation mediated by ureolytic bacteria,
specifically Bacillus sp. DSM23526 strain MCP-11 [60] was first described by Cheng et al. [57]. Bacillus
sp. induced calcite crystals formation, additionally the presence of magnesium carbonate trihydrate
(MgCOs3-3H,0) was detected, which is a consequence of the high concentration of magnesium ion in
seawater (above 50 mM), which is five times more than the calcium concentration (10 mM) [57].

From calcite precipitation induced by ureolytic bacteria, some authors have evaluated to add
divalent metals (e.g., Pb, Zn, Ba and Cd) and radionuclides (e.g., *°Sr and ®°Co) [61] in a coprecipitation
of the contaminants in the original calcite precipitates, which would occur by the isomorphic
replacement of the Ca?* in the lattice structure and the incorporation in the interstitial positions or at
defect vacancies [62,63] generating an important application for biomineralization as a remediation
strategy for contaminated groundwater [63].

4. Application of Ureolytic Bacteria for the Removal of Heavy Metals and Radionuclides from
Aqueous Solutions

The increase in industrial activity has resulted in the accumulation of a number of pollutants such
as heavy metals and radionuclides that cause problems both to the environment and to human health.
These come from industrial effluents, mining activities, waste from the use of fertilizers and pesticides
in agriculture, burning of waste and fossil fuels, and leaching of dumps [47]. Urban solid waste dumps
are the common method for the organized disposal of waste in the world and the produced leachate
contains a wide variety of organic and inorganic pollutants that occasionally can reach groundwater.

The most important pollutants include metals such as Cu, Cr, Cd, Hg, Sb, Pb, As, Co, Zn and Sn,
and radionuclides such as U, Th, Am, Ra and Sr [38]. The latter is one of the most studied through
the use of ureolytic bacteria, which comes from various sources such as plastics, concrete, plasters
or other manufactured products [64]. The danger with heavy metals and radionuclides is that they
are not chemically or biologically degradable and once used and/or released, they can remain in the
environment for hundreds of years, and their concentration in living beings increases as they are
ingested by the members of the food chain [65].

Regarding heavy metals, there are several conventional techniques for their elimination including
chemical precipitation, oxidation/reduction, filtration, ion exchange, reverse osmosis, membrane
technology, evaporation method and electrochemical treatment. However, these traditional methods
often are ineffective, expensive, consume energy and high quantities of chemicals [6]. When the
concentration of the heavy metals is less than 100 mg/L, these technologies become inefficient leading
to the use of bioremediation technologies [6,66].

One of the most used bioremediation technologies in the removal of heavy metals mainly from
soils is phytoremediation. However, it has some limitations due to reliance on plant growth conditions
such as climate, geology, altitude and temperature [58].

Alternatively, there are other soil and water remediation technologies based on the use
of microorganisms mediated by different bioremediation mechanisms, including biosorption,
metal-microbe interactions, bioaccumulation, biotransformation, bioleaching and finally,
biomineralization [66].

So far, the most described biomineralization technology is mediated by the action of ureolytic
microorganisms. One of the advantages of using this type of microorganism for bioremediation of
metals from soil or water is its ability to efficiently immobilize these toxic metals by precipitation or
coprecipitation with CaCO3, dependent of metal valence status and redox potential [38]. In addition,
its high stability and the coprecipitation potential of radionuclides or heavy metals is an attractive
application of the ureolytic bacteria use [6].

Ammonium ions can exchange heavy metal ions and other ions like calcium on grain surfaces in
subsurface environment, and this in turn increases the bioavailability of these heavy metals [67]. On the
other hand, the carbonate ions promote the precipitation of calcium carbonate and coprecipitation
of heavy metals in high pH environments [68,69]. Although most of the studies are related to
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the bioremediation of contaminated soils, they begin with tests on aqueous solutions and the
immobilization process may enable metal(loid)s to be transformed in situ into insoluble and chemically
inert forms and are applicable to removing metals from aqueous solution. For example, Achal et al. [70]
describe the ability of Kocuria flava CR1 to remove Cu from the environment at concentrations of
100 mg/L. In the presence of urea, K. flava is able to remove 95% of copper in 120 h, without urea
it removes only 68% evidencing the ureolytic character of the metabolism used by the bacterium;
this is corroborated with an optimum pH of 8 for a complete removal of copper. Another study
by Achal et al. [58] assesses tolerance to As(III) of Sporosarcina ginsengisoli CR5 isolated from a site
contaminated with As in Urumgqi, China. Bioassays in the presence of urea and 50 mM of As(III)
indicated that this strain is capable of synthesizing ureases for 7 days of a test, with a maximum
production of 412U/mL at 120 h, remediating 96.3% of the As present. The introduction of this
indigenous bacterium provides a potential bioremediation process to highly metal-contaminated water
and soils.

Among the examples, Isik [71] uses ureolytic bacteria as nickel adsorbents by comparing a
living and nonliving ureolytic mixed culture (UMC) to remove Ni** from synthetic wastewater
solutions, demonstrating a greater efficiency in the living culture dependent on ureolytic metabolism.
For chromium, a study by Altas et al. [72] determined the potential as sorbent for Cr®* from an aqueous
solution and regarding to Cu?*, Simsek et al. [73] confirmed the ability of UMC for its adsorption by
ureolytic bacteria. This last study was carried out under batch conditions, removing 99% Cu?* from an
initial solution with 100 mg/L of this metal.

Several studies have also been carried out regarding the removal of radionuclides, particularly
Mitchell and Ferris [63] analyzed the coprecipitation of Sr?*, establishing nucleation and growth of
calcite precipitates by bacterial ureolysis in artificial groundwater free of Sr replicating the composition
of a contaminated aquifer. It was established that in the presence of Sr?*, the calcite crystals had an
average diameter of <840 nm as compared, the diameter in the absence of Sr?* had a gradual size
increase of <1000 nm. The speed of growth of the crystals is limited by the speed of advection of
the solute to the surface of the crystal. The crystals generated in the presence of Sr are smaller and,
therefore, more soluble. However, it does not significantly reduce the long-term effectiveness of Sr
immobilization, obtaining 99% of the calcite precipitation and the coprecipitate of Sr.

Another example is described by Achal et al. [59], who determined the precipitation of calcite
by ureolysis to remediate the radioactive Sr (*°Sr) present in the quartz sand of an aquifer using
the Halomonas sp. bacterium, resistant to this element. It was determined an 80% removal of
9Sr from the soluble—exchangeable fraction of the quartz sand of the aquifer. X-ray diffraction
detected calcite, vaterite and aragonite along with a solid solution of calcite-strontianite (SrCO3) in a
bioremediated sample indicating that Sr was incorporated into calcite. This demonstrates that through
biomineralization, the soluble Sr in the form of biomineral is abducted and playing an important role
in the bioremediation of Sr from the ecological and economic point of view. The Sr has also been
removed using the Bacillus pasteurii bacterium [69] from synthetic waters whose composition simulates
an aquifer from the Snake River plain, Idaho. It was possible to demonstrate the co-precipitation of
calcite with Sr by X-ray diffraction and Time-of-flight secondary ion mass spectrometry (ToF SIMS),
proving that Sr was not only absorbed at the surface, but was present in depth within the particles. This
is determined by the global rate of calcite precipitation, while the latter indicates a higher absorption
of Sr in the solid. Subsequently, Fujita et al. [68] confirmed the presence of the ureC gene in waters and
sediments in Sr removal tests in situ with combined calcite precipitation.

5. Phosphorus Precipitation from Wastewaters

The high demographic and industrial growth in recent years have led to an increase in water
pollution. In particular, nutrient discharges into natural waters have contributed to an increase in
eutrophication problems, resulting in serious consequences for aquatic life as well as for the provision
of water for industrial and domestic use [74]. In the case of the food industry related to the production
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of frozen vegetables and prefried potatoes, the main problem lies in the presence of large amounts
of phosphate in wastewater, leading to its accumulation in the process water unless elimination of
phosphate occurs before to be reused [75]. One of the major contaminants due to this process is struvite.
Struvite (NH4sMgPOy4-6H,0) is the most common form of magnesium phosphate found in nature [76].
Regarding wastewater treatment plants, the areas most affected by struvite deposition are places where
there is an increase in turbulence, such as pumps, aerators and pipe curves [77].

Although struvite is a problem in wastewater treatment plants, it also has a potential use as
fertilizer [78]. Moreover, other benefits of struvite precipitation include the reduction of phosphorus
and nitrogen loading on secondary mud and recycled mud to the top of the list of wastewater
treatment works [79]. Phosphorus recovery not only prevents eutrophication but also preserves limited
natural resources.

The conventional method to eliminate phosphorus from wastewater is the addition of flocculants
such as ferric chloride and aluminum [80]. However, the main problem is the high economic cost
of these chemical flocculants, and in many cases, this process can be replaced by the biological
crystallization or biomineralization of phosphorus [80]. There are three types of commercial
technologies for phosphorus biological disposal, called Phostrip, modified processes of Bardenpho
and Rotanox [81].

Several studies have been published that focus on the treatment of wastewater both to prevent
eutrophication and to recover phosphorus and its potential use as a fertilizer using the ureolytic
metabolism of bacteria. Carballa et al. [78] describe a method to remove phosphate from wastewater
from anaerobic effluents by ureolytic precipitation. This study applied phosphate precipitation
mediated by ureolytic bacteria when the concentration of this ion in wastewater from a vegetable
processing industry was below <30 mg PO43~ -P levels by liter. MgO (preferably Mg(OH),) and
urea were added to facilitate precipitation, decreasing its concentration to approximately 5—7 mg
PO,43~-P per liter. A study by Desmidt et al. [75] evaluated the removal of phosphate from industrial
anaerobic effluents. They first modeled the precipitation of magnesium ammonium phosphate (MAP)
as struvite with MAPLE and PHREEQC programs; however, the obtained experimental results were
better than those expected with precipitation models. According to this, they indicated that a pH above
8.5 and the use of MgCl, produced better results compared with the use of MgO for the phosphate
precipitation from industrial anaerobic effluent. Subsequently, Desmidt et al. [82] used water from a
potato processing company for the comparison of MAP precipitation using ureolytic crystallization
combined with an autotrophic nitrogen removal process with NuReSys®technology, which increases
pH by NaOH and recovers orthophosphate (PO4—P) and ammoniacal nitrogen (NH4-N) to form pure
struvite crystals (NHsMgPO4-6H,0) (http:/ /www.nuresys.be/). The importance of this comparison
is to establish that MAP ureolytic crystallization is competitive with NuReSys®technology in terms of
operational cost and removal efficiency; however, further research is still needed to obtain more crystals.
Desmidt et al. [83] determined that several factors influence struvite precipitation, including calcium
concentration, concentration of PO4~P, Mg?*:PO,3~ molar ratio and ionic strength. Despite good
results, the fact that the wastewater contains a low concentration of PO4-P influences the application
of this technology economically since the addition of other chemicals like urea to carry out the process
is necessary.

Another application in the recovery of phosphorus (P) by ureolytic bacteria corresponds to its
removal from urine using seawater. Dai et al. [84] determined that 98% of P from urine can be
precipitated in the presence of seawater, in only 10 minutes when 40-75% of the urea present in
the urine is hydrolyzed, while magnesium and ammonium phosphate (MAP) was the predominant
component of the precipitates found. However, in this study they do not mention ureolytic bacteria
unlike Tang et al. [85], who describe the Seawater-based Urine Phosphorus Recovery (SUPR) system
indicating that native urine and/or seawater bacteria provide a ureolytic population in situ facilitating
phosphate precipitation in SUPR.
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6. Precipitation of Ions from Wastewater and Seawater

Calcium present in wastewater and seawater generates several operational problems—mainly
scaling in pipelines and reactors due to its precipitation as sulphate, phosphate and/or carbonate
salt [86]. Regarding seawater, this has a typical salinity of 35 g/kg of solution and the NaCl
concentration around 0.5-0.6 M. In addition to this salt, seawater contains a number of important
secondary ions. Most cations such as calcium, magnesium and strontium are free; however, there is a
tendency to form ionic pairs with sulphate [87]. To remove calcium, there are chemical crystallization
reactors based on the addition of a base (NaOH or Ca(OH),) in the presence of nucleation sites for
the precipitation of crystals; however, most of the time these are expensive, complex and sometimes
generate highly alkaline effluents due to the reagents used.

For example, in the mining industry, the seawater is used without desalination, affecting mineral
flotation of copper-molybdenum due to the presence of high concentrations of secondary ions, such
as Mg?* and Ca2*, which generate a buffer effect [86,88] and increases the consumption of reagents
used to modify the pH in the solution. In the case of adding lime or another alkalizing agent, colloidal
precipitates of these ions are produced which prevent the recovery of some relevant species such as
molybdenite (MoS,) [88-91]. In addition, the C1~ ion can react with the Fe?* ions present to create
FeCl,. This compound reacts with the dissolved oxygen producing Fe,O3; and FeCl;, which are
considered strong oxidizing agents of pipes and/or equipment [91]. Another mineral originated
through this mechanism is calcium carbonate (CaCOj3), the most common sedimentary mineral present
on Earth [30].

The application of biomineralization processes mediated by ureolytic bacteria for calcium removal
and other ions from seawater and wastewater is poorly described.

One of the earliest studies is by Hammes et al. [33], which looked at the removal of calcium
by biomineralization from industrial wastewater (Ca?* 500-1500 mg/L) through the use of a
semicontinuous reactor (BCR), removing about 90% of calcium in the period under test. The
water came from a paper recycling facility. Although they do not specifically detail the type of
microorganisms used, they attribute calcium precipitation to ureolytic metabolism. They also suggest
that the chemical precipitation of calcium carbonate is controlled by four factors: i) calcium ion
concentration; ii) carbonate concentration; iii) pH and, iv) presence of nucleation sites. In the microbial
precipitation of calcium carbonate, the first three factors are key, while the fourth is replaced by the
presence of bacteria as they act as nucleation sites themselves. Then Isik et al. [42] determined the effect
of urea concentration on the BCR reactor yield in terms of the removal of organic matter over time
and, secondly, evaluated the ammonia toxicity in the ureolytic mixed culture of S. pasteurii confirming
that this bacterium isolated from alkaline environments (pH values of 9-13) can induce the calcite
biomineralization. Furthermore, this bacterium is widely used in controlled laboratory conditions and
in the presence of industrial solid waste such as cement kiln dust (CKD) and lime kiln dust (LKD).
Its potential for grain consolidation for a type of CKD mixed with granulated blast furnace slag (GGBS),
has potential application in bioclogging and biocementation. The results demonstrate the formation of
stable biocalcite in the presence of CKD, with a yield that depends on the pH value and the content of
free calcium ions, the benefits of this technology in construction costs and reduction of environmental
contamination are promising [92].

In a study developed by Uad et al. [50], the biomineralization of calcium carbonate was carried
out by bacteria of the Bacillus and Virgibacillus genus isolated from saline environments and cultivated
in seawater and brines from desalination plants, confirming that these species are able to precipitate
calcium carbonate when grown in culture media supplemented with organic matter.

Regarding magnesium, most publications on its precipitation indicate that they are part of
struvite crystals and are related to the recovery of phosphates from wastewater through chemical
crystallization [93]. However, there are also records that biologically mediated struvite precipitation
is possible [94]. Various bacteria isolated from waters and soils such as Myxococcus sp., Arthrobacter
sp. and Pseudomonas sp. have been described as capable of precipitating struvite under laboratory
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conditions [94]. Among them, Myxococcus xanthus biomineralizes struvite [95] and on the other hand,
Halorubrum distributum, Halobacterium salinarium and Brevibacterium antiquum have also been reported
as forming magnesium phosphate crystals [96]. However, precipitation of magnesium from seawater
using ureolytic bacteria has been poorly described and is related to what has already been described
for the precipitation of struvite from wastewaters. Nevertheless, Arias et al. [43] determined that
ureolytic bacteria isolated from the Atacama Desert act as biomineralizers of calcium and magnesium
ions present in seawater; this could be used as a potential pretreatment technology to seawater or as
a selective biodesalation. In this case Rhodococcus erythropolis precipitates to ~95% soluble calcium
and 8% magnesium. The analysis of crystals showed that the components correspond to ~12.69%
monohydrocalcite, ~30.72% struvite and ~56.59% halite, concluding that these results have great
potential for their application as a pretreatment to improve water quality for industrial processes.

7. Current Limitations for the Application of Biomineralization

Biomineralization as technology has many interesting applications that could solve many
problems without a high economic or environmental cost; however, it is necessary to solve some
limitations to reach a commercial scale. Firstly, a complete life cycle analysis of the biomineralization
technology should be carried out. In the case of using ureolytic bacteria, as byproducts of the
metabolism, ammonium and nitrate are produced, which could be toxic and harmful to human
health in high concentration [6,97]. Secondly, microbial metabolic processes are generally slower and
more complex than chemical processes; consequently, it is necessary to optimize all factors involved,
such as temperature, pH, urea concentration, salts present, considering without doubt the bacterial
species to use and the necessary conditions to favor its metabolism. Thirdly, the implementation of
technologies based on biomineralization for water treatment requires the expertise of many disciplines
including the efforts of engineers, microbiologists, biochemists, among others. Finally, it is necessary to
consider the economic limitations, especially in the replacement of reagents and nutrients of analytical
grade used in most studies by others of lower cost. Additionally, although some studies, such as those
by Hammes et al. [33] and I$ik et al. [41], use a semicontinuous reactor, there are no other described
technologies that allow for further thought in regards to scale thus far.

8. Conclusions

Biomineralization or MICP provides the basis for numerous technologies that allow for the
removal of ions from different types of water including freshwater, wastewater and seawater, which
would allow for the discharge and/or a harmless use of these waters. Numerous studies have
employed the use of microorganisms whose ureolytic metabolism facilitates the formation of various
types of biominerals, with calcite formation the most common. The various applications of ureolytic
metabolism include the removal of heavy metals and radionuclides—such as Cu, As, Ni, Cr and Sr,
among others—through calcite coprecipitation demonstrating the great potential of this technology
in incorporating these elements into low-solubility biominerals that are stable over time and inert
compared to phytoremediation technologies. In addition to the above, MICP also facilitates the removal
of specific ions from wastewater and seawater, including phosphorus, magnesium and calcium. Even
though the MICP process has many merits, further study is needed to overcome the limitations to use
this technology prior to its commercialization.
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