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Abstract: In this study, a facultative anaerobic strain isolated from marine sediments and identified
as Citrobacter freundii, was used to induce the precipitation of carbonate and phosphate minerals in
the laboratory under anaerobic conditions. This is the first time that the ability of C. freundii ZW123
to precipitate carbonate and phosphate minerals has been demonstrated. During the experiments,
carbonic anhydrase, alkaline phosphatase and ammonium released by the bacteria not only promoted
an increase in pH, but also drove the supersaturation and precipitation of carbonate and phosphate
minerals. The predominant bio-mediated minerals precipitated at various Mg/Ca molar ratios were
calcite, vaterite, Mg-rich calcite, monohydrocalcite and struvite. A preferred orientation towards
struvite was observed. Scanning transmission electron microscopy (STEM) and elemental mapping
showed the distribution of magnesium and calcium elements within Mg-rich calcite. Many organic
functional groups, including C=O, C–O–C and C–O, were detected within the biominerals, and these
functional groups were also identified in the associated extracellular polymeric substances (EPS).
Fifteen kinds of amino acid were detected in the biotic minerals, almost identical to those of the
EPS, indicating a close relationship between EPS and biominerals. Most amino acids are negatively
charged and able to adsorb cations, providing an oversaturated microenvironment to facilitate mineral
nucleation. The X-ray photoelectron spectroscopy (XPS) spectrum of struvite shows the presence
of organic functional groups on the mineral surface, suggesting a role of the microorganism in
struvite precipitation. The ZW123 bacteria provided carbon and nitrogen for the formation of the
biotic minerals through their metabolism, which further emphasizes the close relationship between
biominerals and the microorganisms. Thermal studies showed the enhanced thermal stability of
biotic minerals, perhaps due to the participation of the bacteria ZW123. The presence of amino
acids such as Asp and Glu may explain the high magnesium content of some calcites. Molecular
dynamics simulations demonstrated that the morphological change and preferred orientation were
likely caused by selective adsorption of EPS onto the various struvite crystal surfaces. Thus, this
study shows the significant role played by C. freundii ZW123 in the bioprecipitation of carbonate and
phosphate minerals and provides some insights into the processes involved.
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1. Introduction

Microorganisms, especially bacteria, as an important part of the Earth’s biosphere, can facilitate
many geochemical processes. Extensive research has been undertaken on the biomineralization
processes of carbonate and phosphate minerals in the past decades, and the significant roles
that microorganisms play in these processes have been widely reported [1–11]. Many species of
microorganisms have been used to induce the precipitation of carbonate and phosphate minerals,
including cyanobacteria, halophiles, methanogens and sulfate-reducing bacteria [8,11–17]. Among
these, halophiles play an important role in the precipitation of microbially-induced minerals in various
natural environments with high salinity. For example, Deng et al. [4] used halophilic bacteria as
experimental strains to successfully induce the precipitation of dolomite, and their results showed
that EPS could provide the nucleation sites for the dolomite. Besides, dolomite was also obtained
with the participation of the halophilic bacterium Haloferax volcanii DS52 in the study of Qiu et al. [3],
and their results indicated that acidic amino acids (aspartic acid and glutamic acid) could promote
the dehydration of the Mg2+ ions in the presence of free carboxyl groups. Cyanobacteria have also
been widely used as experimental strains to induce mineral precipitation. Han et al. [18] reported
a clear preferential orientation in the calcite induced by Synechocystis sp. PCC6803. Intracellular
biomineralization of amorphous carbonate has been observed inside cyanobacterial cells [16,19].
Vasconcelos and McKenzie [20] induced the precipitation of dolomite using sulfate reducing bacteria
in an anaerobic environment and proposed a new kind of microbial dolomite model. Another strain
of sulfate-reducing bacteria, LVform6, was isolated and used to induce dolomite under anaerobic
conditions at low temperature [21]. Phosphate minerals, e.g., struvite, can also be induced by other
sulfate-reducing bacteria [15,22]. Although many species of microorganisms have been investigated to
induce carbonate and phosphate mineral precipitation, the bacterium Citrobacter freundii has rarely
been employed; hence, in this study C. freundii was used as the experimental strain.

The precise roles that bacteria play in the biomineralization process are still not clear; however,
several consensuses have been widely accepted. First of all, many researchers have reported that
bacterial metabolism causes a pH increase. Krause et al. investigated the impact of the Alcanivorax sp.
strain on the precipitation of calcite, and they found that ammonia released by the bacteria played
a significant role in the observed pH increase due to the fact that the hydration of ammonia can
produce hydroxyl ions, resulting in an increase in alkalinity [23]. However, Zhuang et al. found
that pH still increased when the concentration of ammonia had reached a plateau; they proposed
that the further pH increase resulted from the combined effect of ammonia and carbonic anhydrase
(CA) [7]. Secondly, many researchers have reported that the cell wall itself and EPS can act as nucleation
sites [24–26]. Braissant et al. investigated the influence of exopolysaccharides and amino acids on the
mineral phase and morphology and found that extracellular organic substances could act as nucleation
sites [27]. Anaerobic metabolism for biomineralization has also been given special attention [21,22].
During the bacterial growth period, the pH changes of the medium, the concentrations of bicarbonate
and carbonate ions, and the increasing sulfide content accompanied with decreasing sulfate due to
anaerobic metabolism, have all been widely investigated [21]. Besides, free Mg2+ ions can be released
from neutral ion pairs (MgSO4) due to the reducing activity of sulfate [4]. These changes indicate the
important roles played by bacteria in the biomineralization processes.

In addition to microorganisms, there are several physicochemical factors controlling
biomineralization. The Mg/Ca molar ratio has been regarded as one of the most important factors.
Carbonate and phosphate minerals induced by moderately halophilic bacteria at various Mg/Ca molar
ratios have been investigated [28], and the results showed that only calcite was precipitated at Mg/Ca
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ratio of 0, Mg-calcite and struvite were formed at Mg/Ca ratios of 1.63 to 7.4, and only struvite was
precipitated at Mg/Ca ratio of 13.2. Mg/Ca ratios do not only affect the mineral phase but also the
crystallinity. In the previous studies, with increasing Mg/Ca ratios, the crystallinity of monohydrocalcite
induced by Staphylococcus epidermis Y2 decreased [29], whereas that induced by the halophile Halomonas
smyrnensis WMS-3 increased [11]. Other factors that have been investigated include the presence of
crystal seeds and the culture conditions. Guo et al. investigated biomineralization in energetic and
calm environments [30], and demonstrated their effects on mineral morphology and size. Lin et al.
used calcite and kaolinite as crystal seeds in the culture medium to induce carbonate minerals, and
the results indicated that most minerals were precipitated on the cell surface rather than the crystal
seeds [31].

In this paper, we report biomineralization experiments in an anaerobic environment using the
sulfate-reducing bacterium C. freundii ZW123. This microbe occurs widely in sediments, in the soil, as
well as within humans, and plays an important role in the nitrogen cycle, reducing nitrate to nitrite
in the environment. The strain ZW123 was isolated, purified and identified through 16S rDNA and
physiological and biochemical identifications. The biochemical parameters of the culture medium
inoculated with the ZW123 strain were documented, including cell concentration, pH, CA activity and
alkaline phosphatase (ALP) content. Minerals collected in the experimental groups were analyzed
with powder X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). Thermogravimetric analysis (TG),
derivative thermogravimetric analysis (DTG) and differential scanning calorimetry (DSC) were used
to analyze the thermal characteristics of biotic and abiotic struvite. Molecular dynamics simulation
was conducted using the Discover Module of Material Studio software 8.0 in order to have a better
understanding of the preferred orientation and unique morphology of biotic struvite compared
with chemical synthetic struvite. This study may provide some insights into the biomineralization
mechanisms of carbonate and phosphate minerals.

2. Materials and Methods

2.1. Culture Medium

The composition of the enrichment medium includes NaCl 30 g/L, K2HPO4 0.5 g/L, NH4Cl
1 g/L, CaCl2 0.1 g/L, MgSO4·7H2O 2 g/L, yeast extract 1 g/L, 60% sodium lactate 6 mL/L, Na2SO4

0.5 g/L, Fe(NH4)2(SO4)2 0.5 g/L, ascorbic acid 0.5 g/L, and L-cysteine 0.5 g/L. Fe2+ in Fe(NH4)2(SO4)2

will react with S2− to produce FeS precipitates, indicating the existence of sulfate-reducing bacteria.
Fe(NH4)2(SO4)2, ascorbic acid and L-cysteine need to be filtered using 0.22 µm pore-sized filter
membrane. The composition of the liquid purification medium was the same as the enrichment
medium, and a solid purification medium was prepared by adding 1.5% agar to the enrichment
medium. All experiments were conducted in an anaerobic incubator (QX-II anaerobic incubator, Yuejin
Medica Instrument Co., Ltd., Shanghai, China).

2.2. Isolation and Identification of Bacterium Strain ZW123

Marine sediments were collected from the Tangdao Bay in Qingdao, China (120.1846◦ E, 35.9362◦N).
20 g of marine sediments were added into 150 mL of the enrichment medium in the anaerobic incubator
at 30 ◦C until the color turned black, indicating the existence of sulfate-reducing bacteria. Then 100 µL
of the enrichment medium was diluted to 10−1, 10−2, 10−3, 10−4 and 10−5, respectively, and 20 µL of
diluted bacterial solution was spread on the solid purification medium. Then the solid purification
medium was also cultured in an anaerobic incubator at 30 ◦C until black colonies grew well. Then a
single black colony was chosen and inoculated into the liquid purification medium. Three solid-liquid
cycles were operated, and then a purified bacterial strain was obtained, namely ZW123. This purified
bacterial strain ZW123 was then sent to Bioengineering Co. Ltd. (Shanghai, China) to obtain the 16S
rDNA gene sequence. Gene sequence splicing was conducted using DNAMAN software (Version
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6.0, Lynnon Biosoft Co., San Ramon, CA, USA), and then the spliced 16S rDNA sequences were
uploaded to the NCBI website to obtain an accession number. Homology comparison of the 16S rDNA
sequence between strain ZW123 and other bacteria in the NCBI database was also conducted. The
phylogenetic tree of the strain ZW123 was constructed using MEGA (Version 6, The Pennsylvania State
University, Philadelphia, PA, USA) with the Neighbor-Joining method [22,32]. The physiological and
biochemical identifications, such as Gram stain, Vopes-Prokauer (VP) test, H2S production, amylase
test and bacterial motility test, and so on, were conducted according to previous studies [33].

2.3. Biochemical Parameters of Liquid Medium Inoculated by C. freundii ZW123

The bacterial strain C. freundii ZW123 was inoculated into the liquid medium and the cell
concentration was tested until the value reached 0.8, then the preparation of liquid bacterial seed
was finished. The liquid seeds were inoculated into the liquid medium at a volume ratio of 1.0%,
and this was set as the experimental group; the liquid medium inoculated with the same volume
of sterilized distilled water was set as the control group. The biochemical parameters of the liquid
medium were then determined at regular time intervals. The cell concentration of the liquid medium
in the experimental group was measured using a spectrophotometer (UNIC7200, Shanghai Sainty
Hengfeng Scientific Instrument Co. Ltd., Shanghai, China); at the same time, pH was also measured
with a pH meter (PHS-3E, Jiangfen Electrical Analysis Instrument Co. Ltd., Taizhou, China). An
ammonia test was performed according to the published method [7]. CA activity and concentrations
of carbonate and bicarbonate ions were measured with the methods described in a previous paper [7].
ALP activity was measured using the method described in [34].

2.4. Biotic Mineral Formation Induced by C. freundii ZW123

The medium used to induce mineral precipitation was prepared by adding MgCl2 and CaCl2 into
the enrichment medium. The final concentration of Ca2+ was 0.01 M and Mg/Ca molar ratios were set
as 0, 3, 6, 9 and 12. pH was also adjusted to 7.0. The medium was then sterilized using an autoclave
sterilizer (LDZX-50KBS, Shenan, Shanghai, China). The liquid bacterial seed (see Section 2.3) was
inoculated into the culture medium at a volume ratio of 1% and this was set as the experimental group;
the control group was inoculated with the same volume of sterilized distilled water. Three identical
samples were prepared for each Mg/Ca molar ratio. Both experimental and control groups were
cultivated in the anaerobic incubator at 30 ◦C. Abiotic struvite was prepared according the method
reported in a previous paper [35].

2.5. Characteristics of Minerals Induced by C. freundii ZW123

After 12 days of cultivation, precipitates were obtained from the experimental groups while no
precipitates were obtained by filtration with a 0.22 µm pore-sized membrane from the control group.
The precipitates from the experimental groups were collected and washed three times with distilled
water, and then washed two times with anhydrous ethanol. The precipitates were then air-dried at
room temperature, and analyzed using XRD (Ultima IV, Rigaku Corporation, Osaka, Japan) in an angle
range of 10–60◦ and a scanning speed of 8◦ min−1 [36–38]. Mineral phases of precipitates at various
Mg/Ca ratios and the weight percent were analyzed using MDI Jade (Version 6.5, MDI Materials
Data, Inc., Livermore, CA, USA) and Material Studio software (Version 8.0, Accelrys, San Diego, CA,
USA). The morphologies and elemental composition of precipitates were analyzed using SEM (S4800,
Hitachi, Tokyo, Japan) [39–45] and EDS (EDAX XM2-60S, Hitachi, Tokyo, Japan). The precipitates
were also analyzed with Fourier transform infrared spectroscopy (FTIR, Nicolet 380, Thermol Electron
Corporation, Waltham, MA, USA) [46–48] in the 4000–500 cm−1 wavenumber range.

In order to further identify the relationship between minerals and organic matter, the organic
substances within the minerals were also measured using FTIR. The minerals were washed using
distilled water repeatedly in order to remove the organic substances on the mineral surfaces. The
supernatant was then analyzed using FTIR. If the organic substances on the mineral surfaces were
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removed completely, the FTIR spectrum would be identical with the distilled water. The minerals were
then dissolved with 1% HCl solution and the hydrolysate was freeze-dried to powder; the powder was
also analyzed using FTIR. The amino acid composition of the frozen powder was analyzed according
to previous studies [29].

In order to further study the effect of ZW123 bacteria on the minerals and further determine the
crystal structure of these precipitates, High-Resolution Transmission Electron Microscope (HRTEM) and
selected area electron diffraction (SAED) analysis were conducted. The biotic mineral precipitates were
fully ground in an agate mortar and then suspended with anhydrous ethanol. The suspension liquid
was dripped on the copper net and analyzed using HRTEM (JEM-2100, Japan Electronics Company
(JEOL), Toyko, Japan) after natural drying. At the same time, SAED analysis of the corresponding
nanometer area was done to determine the mineral crystal structure. The crystal lattice distance d
(Å) were calculated with the electronic microscale software Digital Micrograph (Version 3.6.4, Catan
Inc., Pleasanton, CA, USA). After the organic substances were completely washed off, struvite crystals
collected in the experimental group at Mg/Ca ratio of 12 were also analyzed using XPS (Thermo
ESCALAB 250XI, ThermoFisher, Waltham, MA, USA) with a step size of 0.05 eV. Charge correction
was performed with O1s (530.90 Ev) as standard binding energy [49].

2.6. Amino Acid Composition of EPS

EPS of bacteria ZW123 were extracted and the amino acid composition analyzed according to the
method in the published paper [29]. In addition, the functional groups of extracted EPS powder were
also analyzed using FTIR.

2.7. Thermal Characterization of Biotic and Abiotic Minerals

Thermogravimetric analysis (TG), derivative thermogravimetric analysis (DTG) and differential
scanning calorimetry (DSC) were used to analyze the thermal characteristics of struvite. Biotic and
abiotic struvite were dried at room temperature and ground into powder and then filtered with a
400-mesh sieve. The powder was then analyzed by a thermal analyzer (TGA/dsc1/1600lf, Mettler
Toledo Co., Zurich, Switzerland) within the temperature range of 30–800 ◦C and at a heating rate of
10 ◦C min−1. During this heating process, nitrogen was used as a protective gas to prevent oxidation.
In addition, the thermal characterization of biotic monohydrocalcite at Mg/Ca molar ratios of 6 and 9
was also investigated in the temperature range of 30–900 ◦C and at a heating rate of 10 ◦C min−1.

2.8. Stable Carbon and Nitrogen Isotope Analyses

In order to investigate the carbon source of the biotic carbonate minerals and then further
understand the relationship between carbonate biomineralization and the microorganisms, stable
carbon isotope values of biotic and abiotic carbonate minerals were determined through Isotope
Analyzer (Picarro G2121-i, Picarro Inc., Santa Clara, CA, USA), according to the method in previous
studies [50–55].

The nitrogen source of biotic struvite was also investigated. The stable nitrogen isotope of
biotic struvite was analyzed using Stable Isotope Ratio Mass Spectrometry (MAT253, Thermo Fisher,
Waltham, MA, USA) [56]. Stable nitrogen isotope values of inorganic nitrogen source (NH4Cl) and
organic nitrogen source (yeast extract) were also determined.

2.9. Molecular Dynamics Simulation of Glu Adsorption onto Struvite Surfaces

The adsorption capacity of glutamic acid (Glu) onto crystal faces of struvite was simulated using
Material Studio software 8.0 (Veision 8.0, Accelrys, San Diego, CA, USA). The molecular dynamics
models for struvite and Glu were constructed and then the molecular dynamics simulation of the
adsorption behavior of Glu was conducted. Parameter settings of molecular dynamic simulation for
adsorption of Glu onto various surfaces of struvite were set according to Table S1. Then the adsorption
energy was calculated to further investigate the selective adsorption of Glu onto each crystal face.
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The adsorption energy of Glu onto different crystal faces of struvite is calculated by the following
Equation (1):

Eadsorption = Etotal − (EGlu + Esurface) (1)

where Etotal represents the total energy of the whole system; Esurface and EGlu represent the single
point energies of the struvite surface and Glu molecule, respectively. All the calculations were also
conducted using the Discover module of Material Studio software 8.0.

3. Results

3.1. Identification of Bacteria ZW123

The 16S rDNA sequence of bacterium ZW123 (GenBank accession number: MN416217) was
1485 bp in length, and shared over 99% homology with 54 strains of C. freundii using the Basic Local
Alignment Search Tool (BLAST) in Genbank. As seen from the phylogenetic tree shown in Figure S1,
strain ZW123 was most closely related with the C. freundii family. The results of the physiological and
biochemical identification shown in Table S2 also proved that the characteristics of strain ZW123 were
identical with those of C. freundii species in the published paper of Brenner et al. [57]. Therefore, strain
ZW123 was identified as C. freundii.

3.2. Physicochemical Parameters of the Liquid Medium Inoculated with C. freundii ZW123

The bacterium C. freundii ZW123 is long-rod shaped, with a length of 1–1.5 µm and a width
of about 0.8 µm (Figure S2a). Gram staining results proved that the C. freundii ZW123 bacterium is
Gram-negative (Figure S2b). Before adding Nessler’s reagent, the liquid medium in the experimental
groups were turbid due to the presence of C. freundii ZW123 bacteria whereas the liquid medium in the
control group was transparent (Figure S2c). After adding Nessler’s reagent, the liquid medium in the
experimental groups became brown-red and the color of the medium in the control group showed
the color of Nessler’s reagent (Figure S2d). The results indicated that C. freundii ZW123 bacterium
was able to produce ammonia (NH3). The ammonia released by the bacteria could be dissolved in
the solution, and then ammonium and hydroxyl would be produced (Equation (2)). The increasing
concentration of hydroxyl ions resulted in a pH increase in the fluid:

NH3 + H2O→ NH+
4 + OH− (2)

In Figure 1a, the growth curve of C. freundii ZW123 bacteria can be divided into four stages: an
adaptation phase, logarithmic growth, a stationary phase, and a decline phase. In the first, adaptation
phase, in the time range of 0 to 15 h, the cell concentration was nearly unchanged because the bacteria
were gradually adapting to the new environment; the pH value declined from 7.10 to 6.84. The time
range of the logarithmic phase was 15 to 52 h, in which period the pH increased from 6.84 to 7.60.
The third phase was stationary phase between 52 to 63 h, when the cell concentration changed little,
although the pH still increased. The last phase was a period of decline, in a time range of 63–156 h,
whenthe cell concentration sharply decreased due to the consumption of nutrients and the gradual
accumulation of harmful substances; pH increased to 8.02 at 126 h and then remained stable. However,
in the control group the pH values were almost unchanged, near 7.0. Thus, it can be concluded that
the presence of C. freundii ZW123 bacteria resulted in the pH increase in the fluid.

CA activity (Figure 1b) increased in the time range of 0 to 60 h, reaching a maximum value at
60 h (28.89 U/L). CA activity then showed a slight decline from 60 h to 156 h. From Figure 1b, it can
be concluded that there was still a large amount of CA in the fluid even during the decline stage of
ZW123 bacteria (Figure 1a). CA can catalyze the hydration of carbon dioxide to release bicarbonate
and carbonate ions [32,58]. The concentration of bicarbonate increased from 0.02 mol/L to 0.036 mol/L
in the first 48 h, declined from 0.036 mol/L to 0.0163 mol/L in the time range of 48–96 h, then almost
remained stable until 156 h. Coinciding with the decline of the bicarbonate, the presence of carbonate
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was first detected at 72 h; the concentration of carbonate then increased from 0.007 mol/L to 0.019 mol/L
in the time range of 72–96 h, and then remained nearly stable. It may be inferred that the delay
in the occurrence of carbonate ions was due to the process of conversion of bicarbonate ions into
carbonate ions. From Figure 1b, it can be concluded that the concentration of carbonate ions reached a
maximum value during the decline stage of the ZW123 bacteria. As shown in Figure 1a, the purple
line indicates the change of pH based on the concentration of bicarbonate and carbonate ions. From
0–70 h, whenever the concentration of bicarbonate ion increased or decreased (Figure 1b), pH values
did not change (purple line, Figure 1a); pH values sharply increased (purple line, Figure 1a) when the
concentration of carbonate increased (Figure 1b), and pH was nearly stable (purple line, Figure 1a)
when the concentration of carbonate ions kept constant (Figure 1b). The result indicates that the
concentration of carbonate ions which originated from CA activity played an important role in the pH
increase in this study. The other kind of enzyme ALP was also investigated in this study. ALP activity
released by C. freundii ZW123 was not detected until 12 h and it increased rapidly from 4.31 U/L to
10.78 U/L in the time range of 12–86 h and decreased slightly to 7.33 U/L at 120 h (Figure 1c).

Figure 1. Concentration of C. freundii ZW123 bacteria and different pH curves (a) and CA activity and
concentration of carbonate and bicarbonate ions (b) and ALP activity of ZW123 bacteria (c).

3.3. Characteristics of Minerals Induced by C. freundii ZW123

3.3.1. XRD Analyses and Rietveld Refinement

As shown in Figure 2, the mineral phases of the precipitates collected in the experimental group
were analyzed by XRD. The mass ratios of minerals in the mixture were also calculated by Rietveld
refinement, which is shown in Figure S3. It can be seen from Figure 2 that the harvested minerals
are a mixture of calcite (97.2%) and vaterite (2.8%) (Figure S3a) at Mg/Ca ratio of 0; at the Mg/Ca
ratio of 3 the precipitate is Mg-rich calcite. At Mg/Ca ratios of 6 and 9 only monohydrocalcite was
obtained. No phosphate minerals were detected in the fluids with these Mg/Ca molar ratios. From
Figure S3b–d, the simulated and the experimental line fits well, confirming that the determined phases
are correct. It can be seen from Table 1 that the density of monohydrocalcite decreases with the Mg/Ca
molar ratio increasing from 6 to 9, and the crystallinity of monohydrocalcite also decreases due to an
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increase in the values of full width at half maximum (FWHM) of some crystal planes with increasing
Mg/Ca molar ratios. These results suggest that higher concentrations of Mg2+ ion would destroy the
crystal structure of monohydrocalcite even if the Mg2+ ions play an important role in the formation
of monohydrocalcite.

At Mg/Ca ratio of 12, only the phosphate mineral struvite (NH4MgPO4·6H2O) was obtained;
carbonate minerals were absent. Rietveld refinement also proved the mineral was struvite (Figure S3).
For chemical struvite, the intensity of the crystal face (020) is stronger than that of the (011) plane;
however, the opposite is the case for the struvite induced by C. freundii ZW123 (Figure 2), indicating
the presence of an obvious preferred orientation. The lattice parameters (a,b,c) of struvite induced by
C. freundii ZW123 are 6.809, 11.155 and 6.124, respectively; these are different from those of chemical
struvite at 6.955, 11.218 and 6.142 [59]. This difference indicates that lattice defects and/or lattice
distortion may have developed. The density of struvite induced by the ZW123 bacterium is 1.752 g/cm3,
higher than that of chemical struvite (1.701 g/cm3), suggesting that the biotic struvite has a denser
crystal structure.

Figure 2. XRD analyses of minerals in the experimental groups after 14 days of cultivation.

Table 1. Parameters of monohydrocalcite at Mg/Ca molar ratios of 6 and 9.

Mg/Ca
Ratio

Density
(g cm−3)

FWHM
(110)

FWHM
(111)

FWHM
(221)

FWHM
(302)

FWHM
(113)

FWHM
(222)

FWHM
(411)

6 2.4117 0.106 0.155 0.183 0.141 0.174 0.141 0.279
9 2.4076 0.131 0.163 0.196 0.184 0.337 0.175 0.314

3.3.2. Molecular Dynamics Simulation Results

As can be seen in Figure S4, the temperature and energy decreased rapidly and remained nearly
stable with weak fluctuation, indicating equilibrium of temperature and energy and a stable system
formed after the adsorption reaction of Glu on to the struvite crystal faces. The models of the (111)
surface before and after adsorption were obtained (Figure 3c,d), and it is obvious that the Glu molecule
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is much closer to the crystal surface after adsorption. It is noteworthy that the C=O functional group of
Glu turned and approached the crystal surface (Squares in Figure 3c,d), indicating that the C=O group
of Glu plays a key role in the adsorption process. Apparent deformation of Glu can also be observed
(Figure 3c,d). Adsorption energies of Glu on different crystal surfaces are themselves different (Table 2),
which indicates that the affinity of Glu for different crystal faces is quite variable. Glu could inhibit
growth of crystal faces, and its inhibition effects on different crystal faces were also diverse.

The obvious preferred orientation of struvite induced by the ZW123 bacterium is also shown
in the XRD pattern (Figure 2). For standard struvite, the intensity of the (020) faces is stronger than
the (011) faces according to the XRD standard spectrum (Figure 2); however, the intensity of the (011)
faces is stronger than that of (020) faces for bacterially-induced struvite. We assume that Glu may
preferentially bind to (011) faces rather than (020) faces, and finally retard crystal growth of the (011)
faces. According to the simulation results (Table 2), the adsorption capacity of Glu on to (011) was
stronger than that of (020) faces; this means that there was a much stronger inhibition effect on the
crystal growth of the (011) faces than (020) faces. As a result, more (011) faces are inhibited and a
stronger intensity of (011) is present, which confirms our hypothesis and also indicates the selective
interaction of Glu with these faces.

Figure 3. Molecular dynamics simulation of adsorption of Glu onto a struvite crystal: (a) 3D structure of
a struvite crystal; (b) the molecular structure of Glu; (c,d) the configuration before and after adsorption
of Glu onto (111) faces of struvite, respectively.

Table 2. The interaction energy between Glu and various surfaces of struvite crystals (kcal/mol).

Surfaces 011 020 111 022 002

Etotal 6,703,266 837,073 2,007,537 6,791,561 760,446
Esurface 6,703,511 837,211 2,007,781 6,791,668 760,734

EGlu 35.397 26.531 12.784 38.713 32.325
Eadsorption −280.397 −164.531 −256.784 −145.713 −320.325

3.3.3. SEM and EDS Analyses of Biominerals

The morphologies and elemental composition of minerals in the experimental groups are shown
in Figure 4. Minerals obtained at Mg/Ca ratio of 0 mainly have an elongate (Figure 4a) or dumbbell
(Figure 4b) shape. The length of dumbbell-shaped minerals is up to 120 µm and that of elongated
minerals up to 90 µm. Surfaces of these minerals are covered with small rhombohedral crystals. The
main elements present are C, O, Ca, S and P (Figure 4c); S and P elements may come from EPS or
the organic components of the medium. Spheroidal minerals with diameters of 10–20 µm shown in
Figure 4d form clusters, and many holes were observed on these mineral surfaces (Figure 4d,e). The
elements present (Figure 4f) are mainly Mg, Ca, C, O, P and S. The Mg ions come from the culture
medium, and the origin of Ca, C, O, P and S is same as noted above. Figure 4g shows the irregular
minerals, composed of many square crystallites with an interlacing growth pattern and sharp angles
(Figure 4h). The mineral shown in Figure 4h contains C, O, Ca, Mg and P (Figure 4i). An irregular
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concentric circular pattern was observed (see Figure 4j): the interior concentric minerals are composed
of many larger irregular crystallites (Figure 4k), and the outer layer is mainly composed of small
particles. The main elements in the mineral are C, O, Ca, Mg, S and P (Figure 4l). Prismatic struvite
was obtained at Mg/Ca ratio of 12 (Figure 4m,n). The elemental composition of prismatic struvite
marked with a square includes Mg, O, P, N and S (Figure 4o).

Figure 4. Scanning electron microscope (SEM) and Energy dispersive spectrum (EDS) images of
minerals precipitated in the culture mediums at different Mg/Ca ratios: (a,b,d,e,g,h,j,k,m,n) are
morphologies of minerals at Mg/Ca molar ratios of 0, 3, 6, 9 and 12, respectively; (c,f,i,l,o) are the EDS
analyses of minerals marked by a blue square in a2, b1, c2, d1 and e1, respectively.

3.3.4. HRTEM, SAED, STEM and Elemental Mapping Analysis of the Minerals

As can be seen in the HRTEM and SAED images (Figure 5), Mg-rich calcite precipitates were
ground into nanoparticles (Figure 5a). The interplanar distances, d (Å), are 2.0771, 2.2605, 2.4380, 2.8067
and 2.9465, and the corresponding crystal planes are (202), (113), (110), (006) and (104) (Figure 5b).
In addition, from the SAED pattern (Figure 5c), clear diffraction spots and rings appear in the diffraction
pattern of Mg-rich calcite, indicating a good crystal structure for these particles. The calculated
interplanar distances, d (Å), are 1.6347, 2.3948 and 3.0998, respectively, which correspond to the crystal
planes of (111), (110) and (104), respectively. These lattice distance values d (Å) are also identical to
those of the standard PDF card of Mg-rich calcite (PDF#43-0697). Thus, it can be concluded that the
mineral obtained at Mg/Ca molar ratio of 3 is a Mg-rich calcite.
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Figure 5. HRTEM and SAED results of the biotic Mg-rich calcite and struvite nanoparticles: (a) HRTEM
image of Mg-rich calcite nanoparticles; (b), enlarged image of the area marked by a blue square in a;
(c) SAED results corresponding to the area marked by the blue square in a; (d), HRTEM image of a
struvite nanoparticle; (e), enlarged image of the area marked by a blue square in d; (f) SAED results
corresponding to the area marked by a blue square in d.

From the HRTEM image (Figure 5d), it can be seen that the struvite minerals have a fibrous shape
after being ground thoroughly. The interplanar distance, d (Å), is 4.6080, and the corresponding crystal
plane is (101) (Figure 5e). In addition, the SAED pattern (Figure 5f) shows clear diffraction spots and
rings, indicating a good crystal structure for the struvite particles. The calculated interplanar distance,
d (Å), are 5.329, 3.390 and 2.892, respectively, which correspond to the crystal planes of (011), (200) and
(211), respectively. These lattice distance values, d (Å), are also identical with those of the standard
PDF card of struvite. Thus, it can be concluded that the mineral particles obtained at Mg/Ca molar
ratio of 12 are struvite. It can be inferred that the ZW123 bacterium can affect the crystal structure of
struvite. Dislocation phenomena are also obviously present (blue box in Figure 5e), which may be due
to the addition of organic metabolites.

Elemental mapping of the Mg-rich calcite nanoparticles was also conducted (Figure 6). Mg-rich
calcite was ground into nanoparticles (Figure 6a), and the element distribution maps of Mg and Ca
(Figure 6b,c) show that Mg ions are uniformly distributed within the Mg-rich calcite nanoparticles.
Thus, Mg2+ ions entered into the calcite lattice easily with the participation of the ZW123 bacterium.
The element P was also detected in the Mg-rich calcite lattice (Figure 6d), which also indicates that P
may enter into the calcite lattice and could be a factor in the formation of the Mg-rich calcite.

Figure 6. STEM images and elemental mapping of Mg-rich calcite: (a), image of Mg-rich calcite;
(b), (c), and (d), represent the distribution of Mg, Ca and P elements, respectively, within Mg-rich
calcite crystals.
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3.3.5. FTIR Analyses

The adsorption peaks at 712, 875 and 1421 cm−1 are the characteristic peaks of calcite, and the
characteristic peaks of vaterite are at 745, 870 and 1421 cm−1 [2,7]. In addition, the peaks at 700, 765,
872, 1064, 1401 and 1480 cm−1 record the presence of monohydrocalcite [7,58]. Characteristic peaks of
struvite include the H–O–H group for water molecules at 1656 cm−1; the symmetrical and asymmetrical
bending vibration of N–H (NH+

4 ) at 1609 and 1439 cm−1; the asymmetrical stretching vibration of
PO3−

4 at 1003.79 and 571.78 cm−1; the symmetrical bending vibration of PO3−
4 at 453.16 cm−1; the

hydrogen bond between waters at 762.4 cm−1 and the hydrogen bond between ammonium and water
at 886.70 cm−1 [22,32]. As seen from Figure 7a, adsorption peaks at 710, 870 and 1082 cm−1 indicate
the presence of calcite at Mg/Ca ratios of 0 and 3, and the peak at 745 cm−1 indicates that vaterite is
also present at the Mg/Ca ratio of 0. The peaks at 698, 760, 870, 1064, 1401 and 1480 cm−1 demonstrate
that monohydrocalcite is the dominant mineral at Mg/Ca ratios of 6 and 9. The peaks at 569, 760,
889, 1003, 1439, 1602 and 1678 cm−1 indicate the existence of struvite at the Mg/Ca ratio of 12. Many
kinds of organic functional groups, such as C–O, O–H, C–H, C=O, C–O–C and N–H were detected
in EPS (Figure 7b) and these functional groups may be due to the amino acids and polysaccharides
there. The FTIR spectra of supernatants, after the minerals were processed by thorough ultrasonic
shaking, are identical with the distilled water (Figure 7c) [11]; this indicates that the organic substances
on the mineral surfaces were removed completely. Some organic functional groups within the mineral
interiors at various Mg/Ca ratios, such as C–O–C, C–O, O–H, C–H and C=O, were also detected,
shown in Figure 7d; most of these organic functional groups were also detected in the EPS from the
ZW123 bacterium (Figure 7b). Thus, it can be inferred that some organic matter was involved in the
biomineralization process. These organic functional groups may come from the C. freundii ZW123
bacterium or its metabolites or the organic component of the medium.

Figure 7. FTIR images of minerals precipitated in the culture mediums at different Mg/Ca ratios. (a) the
FTIR patterns of biotic minerals; (b) FTIR analysis of EPS; (c) FTIR analyses of the supernatant after
the minerals have been processed by thorough ultrasonic shaking; (d) FTIR analyses of the organic
functional groups within minerals.
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3.4. Amino Acid Composition of EPS

Sixteen kinds of amino acid were detected in EPS (Figure 8a), and the most abundant one was Glu
followed by glycine (Gly), alanine (Ala) and aspartic acid (Asp). Most of the amino acids except lysine
(Lys) and arginine (Arg) were negatively charged due to deprotonation (pH > 8.0). These negatively
charged amino acids, especially Asp and Glu with one free carboxyl group, play a more important role
in the biomineralization process because of their enhanced ability to adsorb Mg and Ca ions in the
alkaline environment. The amino acid composition of organic matter within the minerals is shown in
Figure 8b, which is almost the same as that of EPS, indicating that EPS play an important role in the
biomineral formation process.

Figure 8. Amino acid composition of EPS (a) and amino acid composition of organic matter within
struvite at Mg/Ca ratio of 12 (b).

The accumulation of the proline acid (Pro) is considered to be associated with the saline tolerance
of microorganisms [60]. Pro can balance the osmotic pressure of cells when osmotic pressure is
increased in the environment. In addition, glycine betaine is also able to protect cells from osmotic
stress and maintain the osmotic balance of living cells [61]. This important role played by glycine
betaine may be closely related with the protein stability and reduction of cytoplasmic ion strength.
Glycine betaine can be produced through synthesis inside the cell or accumulation of exogenous
additives. The synthesis of glycine betaine is one good strategy to reduce saline inhibition for the
microorganism when there is not enough exogenous glycine betaine [62]. Nyyssola studied a novel
biosynthetic pathway for glycine betaine and found that the methylation reactions from Gly to betaine
are catalyzed by two methyltransferases from two extreme halophiles. In this study, Gly and Pro were
both detected within the EPS (Figure 8a), and Gly in the EPS may be transformed into glycine betaine
in this biosynthetic pathway.

Therefore, accumulation of glycine betaine and Gly can improve the tolerance of microorganisms
to salt [61,63]. Thus, in this study, the bacterial reproduction of ZW123 in the anaerobic saline
environment may be due to the abundance of Gly and Pro in the EPS.

3.5. XPS Analyses of Biotic Struvite

XPS spectra are presented in Figure 9 and the main peaks attributed to P2p, S2s, C1s, N1s, O1s
and Mg1s are evident (Figure 9a) on the XPS survey of biotic struvite. The characteristic peak of Mg1s
at 1304.3 eV (Figure 9b) represents the presence of the MgOH bond [64].

The XPS N1s spectrum of the struvite crystal is shown in Figure 9c. A single symmetrical
peak appeared at the binding energy of 401.3 eV, due to the presence of NH+

4 groups [65]. The XPS
P2p spectrum shows that a characteristic peak at 133.2 eV (Figure 9d), ascribed to the P=O group
of struvite [66]. The XPS O1s spectrum is deconvoluted into two peaks at 530.7 eV and 532.5 eV
(Figure 9e), due to the MgOH bonds and POH bonds, respectively [67]. The XPS C1s spectrum is
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deconvoluted into three peaks at 284.7 eV, 286.3 eV and 288.2 eV (Figure 9f), which are attributed
to C–(C, H) at 284.7 eV, C–(O, N) from amide, alcohol and ether at 286.3 eV, C=O from carboxylate,
ester and carbonyl at 288.2 eV, respectively [68–70]. The XPS S2s spectrum peak is located at 166.5 eV
(Figure 9g), due to the presence of organic sulfur in cysteine acid (Cys). Thus, some organic functional
groups have been detected on the mineral surface, which is in good agreement with the FTIR results.
This further indicates the important role that microorganisms play in the biomineral formation process.

Figure 9. XPS spectra of struvite induced by the bacterium ZW123 ((a): bond survey of biotic struvite
surface; (b–g): high-resolution of Mg, N, P, O, C and S, respectively).

3.6. Stable Isotope Composition of Minerals and Organic Carbon Sources

To further understand the relationship between the carbonate minerals and the microorganisms,
the stable carbon isotope composition of the Ca-carbonate minerals was determined. From Table 3,
the stable carbon isotope values δ13CPDB (%�) of biotic carbonate minerals at Mg/Ca ratios of 0, 3, 6
and 9 (−18.5~−16.8%�) are much more negative than those of abiotic minerals (abiotic calcite, −11.19
and abiotic monohydrocalcite, −11.63%�). The stable carbon isotope values δ13CPDB (%�) of organic
substances yeast extract is −21.8%� whereas the δ13CPDB (%�) values of CO2 in the atmosphere is
−8.0%� [71]. The stable carbon isotope composition of biotic minerals is much closer to the organic
substances rather than CO2. Thus, it can be assumed that carbon in the biotic carbonate minerals
is mainly derived from the organic substances rather than the CO2 in the atmosphere. The organic
substances will be consumed to produce CO2 through microbial metabolism, and the produced CO2

will be converted into carbonate and bicarbonate ions through hydration reactions under the catalysis
of CA; this results in the increasing supersaturation and drives the precipitation of carbonate minerals.
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Table 3. Stable carbon and nitrogen isotope values of the biotic and abiotic minerals, yeast extract,
and NH4Cl.

Biotic Minerals Abiotic Minerals Yeast Extract NH4Cl

Mg/Ca Molar Ratio δ13C
(%�)

δ15N
(%�)

δ15N
(%�)

Calcite
δ13C (%�)

Monohydrocalcite
δ13C (%�)

Struvite
δ15N (%�)

δ13C
(%�)

δ15N
(%�)

0 (calcite + vaterite) −16.8 / −11.19

−21.8
3 (Mg-rich calcite) −17.9 /

6 (Monohydrocalcite) −18.5 /
−11.639 (Monohydrocalcite) −18.5 /

12 (Struvite) / 2.20 −0.35 −0.12 4.35

In this study, stable nitrogen isotope value δ15N (%�) of biotic struvite induced by the ZW123
bacterium is 2.20%�, which is more positive than that of abiotic struvite (−0.12%�) (Table 3). The stable
nitrogen isotope value δ15N of organic substances (yeast extract) is 4.35%�, whereas that of inorganic
nitrogen source (NH4Cl) is −0.35%�. The stable nitrogen isotope value δ15N (%�) of biotic struvite is
between those of yeast extract and NH4Cl, which indicates that nitrogen elements in the biotic struvite
came from not only NH4Cl but also the yeast extract. NH3 is also produced in the degradation process
of organic substances in the culture medium through the microbial metabolism. Released NH3 can
not only lead to an increase in pH [33] but also be involved in the formation of struvite as one of
the components [29,58], which is necessary for the mineral precipitation. The stable isotope studies
further emphasize the important role that microorganisms play in the bio-precipitation process of
biotic minerals.

3.7. Thermal Characteristics of Biotic and Abiotic Struvite

The TG, DTG, and DSC curves of abiotic and biotic struvite at a heating rate of 10 ◦C per minute
are shown in Figure 10. TG analyses are usually used to evaluate the existence, thermal stability and
decomposition characteristics of volatile components.

As seen from the TG curves (Figure 10a), the thermal stability of biotic struvite induced by bacteria
records a weight loss from room temperature to 180 ◦C; this would be due to the evaporation of
water molecules and ammonia according to the following Equation (3). The continuous weight loss
is due to the release of one mole of ammonia and six moles of water molecules through ammonium
decomposition and dehydration reactions. The weight percent of ammonia in the standard struvite is
6.94% and the weight percent of water molecules is 44.04%; thus, the theoretical total weight loss is
50.98%, which is somewhat lower than the total weight loss in our result (54.4%):

Mg (NH4) PO4 × 6H2O→MgHPO4 + NH3 ↑ +6H2O (3)

The DTG analysis shows a sharp peak at 116 ◦C in Figure 10c (the enlarged figure of Figure 10b),
which may be attributed to the elimination of crystal water and ammonia molecules. At this point, the
decomposition rate reached the maximum. The DSC result for struvite is also present in Figure 10d; one
main peak at 118 ◦C is observed and this endothermic peak is due to the dehydration of crystalline water
molecules and ammonia in the struvite decomposition process (Equation (3)). Another exothermic
peak at around 688 ◦C is due to the transformation from MgHPO4 to pyrophosphate (Mg2P2O7)
(Equation (4)):

2MgHPO4 →Mg2P2O7 + H2O (4)

The differences between abiotic and biotic struvite are clearly observed. The decomposition
temperature of biotic struvite is higher than that of abiotic struvite (Figure 10b,c), indicating the
enhanced thermal stability and better crystallinity of biotic struvite. In addition, the enthalpy change
(∆H) of biotic struvite is higher than that of abiotic struvite (Figure 10d), which also confirms
our assumption that the thermostability should increase and crystallinity should improve with the
participation of the ZW123 bacterium.
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Figure 10. TG (a), DTG (b,c) and DSC (d) analyses of struvite induced by the bacterium ZW123.

Thermal stability characteristics of monohydrocalcite at Mg/Ca ratios of 6 and 9 were also
investigated and results are shown in Figure 11. As can be seen in the TG curve (Figure 11a), the
decomposition of monohydrocalcite occurred mainly in two periods. The first weight loss period is
due to the loss of crystal water (Equation (5)), and the second loss period is mainly attributed to the
release of carbon dioxide (Equation (6)):

CaCO3 ×H2O→ CaCO3 + H2O ↑ (5)

CaCO3 → CaO + CO2 ↑ (6)

The thermal decomposition temperature reached the maximum at 758 ◦C for the monohydrocalcite
at Mg/Ca ratio of 9 (Figure 11b), which is lower than that for the Mg/Ca ratio of 6 (774 ◦C), indicating
that thermal stability decreased with increasing Mg/Ca molar ratios.

DSC results show that the enthalpy change (∆H) of monohydrocalcite at Mg/Ca ratio of 6 is
195.22 J/g (Figure 11c), which means 195.22 J of energy was needed in the thermal decomposition
process of 1 g of monohydrocalcite. Much more energy was needed for the thermal decomposition of
monohydrocalcite at Mg/Ca ratio of 6 (195.22 J/g), than that at Mg/Ca ratio of 9 (171.92 J/g) (Figure 11c),
indicating that monohydrocalcite at Mg/Ca ratio of 6 had a higher thermal stability than that at Mg/Ca
ratio of 9. This phenomenon may be due to the better crystallinity of monohydrocalcite at the Mg/Ca
ratio of 6, which is consistent with the XRD results (Table 1). Thus, it can be inferred that more
magnesium ions may enter into the crystal lattice and affect the crystallinity of monohydrocalcite when
the Mg/Ca molar ratio increases.
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Figure 11. TG (a), DTG (b), DSC (c) of monohydrocalcite at Mg/Ca molar ratios of 6 and 9.

4. Discussion

4.1. Physiological and Biochemical Parameters and the Favourable Environment for Biomineralization

Many researchers have demonstrated that microorganisms, especially bacteria, can provide a
favorable environment for the biomineralization of carbonate and phosphate minerals [3,4,21,28,32].
Carbonate and phosphate minerals are usually formed when supersaturation is reached in an alkaline
environment [22,71]. The bioprecipitation of carbonate and phosphate minerals induced by the ZW123
bacterium in an anaerobic laboratory environment has rarely been reported. Our results indicate that
the ZW123 bacterium played a significant role in the mineral precipitation process on the basis of the
distinctive mineralogies, precipitate morphologies, organic functional groups, stable isotope values
and thermal stability characteristics [7,22]. The absence of minerals in the control group inoculated
with sterile distilled water further strengthens our interpretations.

Bacterial metabolic activities play an important role in the bioprecipitation process of carbonate
minerals, for instance, it results in the changes in pH, ionic strength and ionic composition, and affects
the cell-surface charges [28]. In this study, pH in the experimental group inoculated with ZW123
bacterium reached 8.02, whereas pH was almost unchanged in the control group without inoculation
of bacterium; this difference is likely related to the metabolic activities of C. freundii ZW123. Ammonia
released by bacteria has been reported to play an important role in pH increase in the previous
studies [28]; however, many researchers have proposed that other factors could also result in a pH
increase. Zhuang et al. ascribed the increase in pH to the combined effect of ammonia and CA [7].
CA can catalyze the hydration reaction of carbon dioxide to generate bicarbonate and carbonate ions,
further increasing the pH in the medium. In this study, bicarbonate and carbonate concentrations were
determined and the pH changes were also measured. The pH based on bicarbonate and carbonate was
higher than the pH in the experimental group; thus, CA can also promote a pH increase.
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The pattern of ALP activity was almost consistent with that of the bacterial growth, and ALP can
catalyze the breakage of phosphate ester bonds to contribute to the removal of phosphate group from
substrate molecules, resulting in the production of phosphate ions (Equation (7)):

(7)

The presence of phosphate ions could lead to the deprontonation of water molecules, so releasing
hydroxyl groups, and resulting in an increase in pH and alkalinity. Thus, the pH increase in the
experimental groups was mainly due to the combined effects of ammonia, CA and ALP. Alkaline
environments are favorable for the biomineralization of carbonate and phosphate minerals. Bicarbonate
and carbonate ions can be produced through the hydration of carbon dioxide under the catalytic
reaction of CA, and this would increase supersaturation and promote the precipitation of carbonate
minerals in the induction medium. Thus, carbonate minerals in this study were precipitated according
to the following Equation (8):

CO2−
3 + HCO−3 + 2Ca2+ + OH− → 2CaCO3 ↓ +H2O (8)

Struvite is considered the product of bioprecipitation through the chemical reaction of ammonium,
magnesium and phosphate ions [22]. The suitable alkaline environment for struvite precipitation was
likely obtained through bacterial metabolism. Ammonium and phosphate ions were provided by the
medium composition and bacterial metabolites, and the supersaturation for struvite was then reached.
Reaching supersaturation is a key step in the biomineralization process [22]. Struvite was precipitated
according to the following Equation (9):

PO3−
4 + Mg2+ + NH+

4 + 6H2O→ NH4MgPO4 × 6H2O ↓ (9)

These results reveal the formation mechanism of carbonate and phosphate minerals induced by C.
freundii ZW123, including the adsorption of Ca2+ and Mg2+ on to cell surfaces, and the production of
carbonate, phosphate and ammonium ions during bacterial metabolization. Thus, microorganisms
play an important role in the biomineralization processes of carbonate and phosphate minerals.

4.2. Magnesium Content in Biotic Mg-Rich Calcite

The magnesium content of bio-mediated carbonates is often used as an indicator of climatic
conditions and palaeotemperature [72,73]. It is generally believed that magnesium ions can enter
the calcite lattice because magnesium ions are smaller in diameter than calcium ions, leading to the
formation of Mg-rich calcite. The content of magnesium in magnesian calcite formed under inorganic
conditions at room temperature is about 6% (molar percent); however, the magnesium content in
biogenic magnesian calcite is the range of 20–45% (molar percent) in many marine organisms, such
as calcareous red algae, echinoids, starfish and some foraminifera [74,75]. In this study, magnesium
content was above 10% (molar percent, Figure 4, Figure 7), and this high magnesium content may also
be closely related with the C. freundii ZW123 bacterium.

Previous studies have shown that organic matter plays an important role in regulating the content
of magnesium in biogenic magnesian calcite [74,75]. Robach et al. studied echinoid teeth which were
composed of Mg-rich calcite, and recorded the distribution map of Mg, Ca and mineral-related proteins;
they also found that there was a strong correlation of Asp residue and Mg-rich calcite, indicating that
Asp may be closely related to the formation of the Mg-rich calcite [75]. Stephenson et al. investigated
the magnesium content in calcite mediated by peptide, and found that magnesium content increased
by 50–75% compared to inorganic conditions [72], which may be due to the stronger dehydration of
magnesium ions in the presence of peptide.
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In our opinion, these organic substances may control the magnesium content in magnesian calcite.
It is well known that the dehydration of hydrated Mg2+ ion with six water molecules ([Mg(H2O)6]2+)
is difficult, and the energy needed for the dehydration of ([Mg(H2O)6]2+) is much higher than that
of [Ca(H2O)6]2+ [3]. Past studies have found that the water molecules in the hydrated Mg2+ ion can
be replaced by carboxyl group [76]; once one water molecule is replaced by a carboxyl group, the
dehydration of other water molecules will become easier. In this study, the amino acid composition of
EPS (Figure 8) shows that EPS contain large amounts of Asp and Glu with free carboxyl groups. Thus,
Asp and Glu may contribute to the dehydration of [Mg(H2O)6]2+, facilitating the formation of free
magnesium ions and reducing the energy barrier for magnesium ions to enter the calcite crystal lattice.
Thus, Asp and Glu may also contribute to the high magnesium content of Mg-rich calcite.

4.3. The Role of Magnesium Ions in Monohydrocalcite Formation

Monohydrocalcite is a metastable carbonate mineral compared with calcite and aragonite, which
makes it rare in natural environments. It has been reported that the formation of monohydrocalcite
always needs a high Mg/Ca ratio [77,78]; thus, much more attention has been paid to the important role
played by magnesium ions in the formation process of monohydrocalcite [29]. Dejehet at al. reported
that monohydrocalcite spheroids were surrounded with a high-magnesium content layer, and this
layer enhanced the stability of monohydrocalcite [79]. In addition, hydrous magnesium carbonate (e.g.,
nesquehonite) and monohydrocalcite have been reported in lake sediments of the East Basin Lake and
Lake Manito, Canada [80], where the formation and stabilization of these minerals was attributed to
the high concentration of magnesium ions and hydrous magnesium carbonate. Rodriguez-Blanco et al.
proposed that monohydrocalcite could be transformed from amorphous calcium carbonate (ACC),
and then into more stable calcium carbonate phases (e.g., calcite and aragonite) without the presence
of magnesium [81]. In this study, monohydrocalcite persisted and was not transformed into other
more stable phases. Thus, it can be inferred that maybe the presence of magnesium ions maintains
the stability of monohydrocalcite and prevents it from transforming into more stable anhydrous
calcium carbonate. Magnesium ions within the ACC structure apparently can slow or halt the
dehydration, and ACC will be transformed into the hydrated calcium carbonate in the presence
of hydrous magnesium [81]. Monohydrocalcite formed via an ACC phase must be surrounded by
hydrous magnesium, which prevents the transformation from monohydrocalcite to a more stable
anhydrous calcium carbonate phase. In our study, magnesium in the medium plays the same role in
maintaining the stability of monohydrocalcite. It has been reported that a higher Mg/Ca molar ratio in
the culture medium is a prerequisite for the formation of monohydrocalcite. According to the previous
study of monohydrocalcite [81], Mg/(Mg + Ca) ratio of 0.3 was high enough to form monohydrocalcite,
whereas in our study, the Mg/Ca ratio of 3 was not high enough to form monohydrocalcite. This
difference may be due to the particular culture conditions and the different sources of Mg2+ ions, which
needs to be further studied.

4.4. Struvite Induced by C. freundii ZW123

Microorganisms play an important role in biomineralization processes in many environments,
and the bio-precipitation of different carbonate minerals induced by different species of bacteria has
been widely reported [5,12,13,71,82]. However, investigations of struvite and its geological significance
have rarely been reported due to the scarcity of struvite in natural environments and ancient rocks.
In the natural environment, struvite is less stable and easily transforms into other mineral phases.
In fact, struvite only persists in an environment with abundant organic substances, such as guano
deposits, old cemeteries and urinary facilities [28,83]. Thus, struvite precipitation has usually been
associated with microorganisms, especially bacteria, and the presence of diverse organic metabolites
released by the microorganisms. In this study, EPS, consisting of complex organic metabolites, may
maintain the stability of struvite and prevent it from transforming into other minerals. According to
crystallization kinetics, the formation of struvite crystals can be divided into two stages: a nucleation
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stage and a crystal growth stage. It is universally accepted that microorganisms can provide nucleation
sites for bacterially-induced mineral precipitation [7,16,17,24]. Negatively-charged amino acids in EPS,
for instance, Glu and Asp, can adsorb magnesium ions and create a supersaturated microenvironment.
Thus, bacterial EPS may serve as the nucleation sites in the nucleation stage [7]. In this study, organic
functional groups within struvite crystals were detected, and in addition, the amino acid composition
of the organic substances within the struvite was almost identical with that of EPS. These findings
demonstrate that EPS may play an important role in providing the nucleation sites.

It would be difficult for the precipitation of struvite when calcium ions are present in the medium,
due to the fact that sulfate could react with Ca2+ ions to form calcium sulfate precipitates [84]. In our
opinion, this inhibition effect of Ca2+ ions on the precipitation of struvite could be overcome by the
participation of the ZW123 bacterium. Calcium ions are adsorbed on the negatively-charged EPS much
easier than magnesium ions due to its ionic selectivity [26]. Carbonate ions react with calcium ions to
form carbonate minerals more easily than magnesium ions. Thus, more magnesium ions could remain
in the fluid to form struvite. The relatively increased and high Mg/Ca molar ratios favor the nucleation
of struvite, which confirms our hypothesis that bacteria could ovecome the inhibition of calcium ions
on struvite precipitation.

4.5. Morphology of Struvite Induced by ZW123 Bacterium

Various morphologies of struvite induced by different microorganisms have been widely reported,
including polyhedra, pseudopolyhedra and branching shapes, a granular structure, x-shape, coffin
shape, arrow shape, needle shape, and radial aggregates of fine grains [15,22,85]; struvite induced by
the ZW123 bacterium is mainly prism-shaped in this study. In our opinion, the variety of struvite
morphologies may be due to the diverse growth rates of each crystal surface, which may be caused by
the organic metabolites released by the microorganisms. Downey et al. studied the inhibition effect of
acetohydroxamic acid on struvite formation, and the results indicated that struvite crystals grew rapidly
along their 100-axis, forming “x-shaped” or dendritic crystals in the absence of acetohydroxamic acid;
however, the growth rate of crystals declined significantly and the crystals showed an octahedral
crystal habit in the presence of acetohydroxamic acid [85]. In another study [86], phosphorus citrate
had a strong adsorption capacity for struvite (101) faces, leading to the changes of each crystal face
and the formation of a particular arrow-shaped struvite. However, no similar changes were observed
in the presence of the same concentrations of citric acid or n-sulfonic acid, which indicated the
unique characteristics of phosphorous citrate in controlling the morphology of struvite. Polyaspartic
acid (PASP) was once also used as a model peptide to study the effect of protein on struvite crystal
morphology [87], and the results showed that arrow-shaped crystals were formed and further evolved
into x-shaped and tabular-shaped structures due to the selective adsorption of PASP on the crystal
faces (010), (101) and (011). In our study, the amino acid composition of organic matter within the
struvite (Figure 9) was almost identical to the amino acid composition of EPS, and these amino acids
may also have controlled the shape and morphology of the struvite.

Many studies have shown that organic functional groups can have a great influence on the
morphologies of struvite [88]. For instance, C–O–C of organic substances may form hydrogen bonds
with the hydroxyl group on the struvite surface [88]. In addition, the carboxylic group (–COOH) may
combine with Mg2+ on the struvite surface or form hydrogen bonds with H2O, PO3−

4 and hydroxyl
group [85]. These interactions between organic functional groups and struvite crystals could change
the growth rates of the various crystal faces, resulting in changes of morphology of the struvite. In our
study, organic functional groups such as C=O, C–H and C–O–C were detected within the struvite
interior according to the FTIR and XPS results (Figures 7d and 9), and these organic functional groups
were also detected in the EPS (Figure 7). These organic functional groups may exert a control on
struvite morphology. Hence, we propose that EPS released by the ZW123 bacterium can regulate the
shape and morphology of the struvite crystals.
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Many researchers have hypothesized that the morphological diversity of struvite crystals is
caused by the preferential adsorption of organic matter on to different crystal surfaces. However,
molecular dynamics simulation of adsorption of organic substances on to the various struvite surfaces
has rarely been reported. Therefore, molecular dynamics simulation of EPS on to struvite surfaces and
quantifying its adsorption energy on different crystal faces were conducted in this study in order to
further understand the adsorption mechanism and to explain the morphological changes. In view of
the complex composition and structural uncertainty of EPS, Glu, the most abundant amino acid in the
EPS and within the minerals, was chosen as a substitute for EPS in the simulation project. We assumed
that Glu could control the shape of biotic struvite to some extent.

The simulation results (Table 2) show clearly that adsorption energies of Glu to different crystal
surfaces are different. Glu can inhibit the growth of crystal faces [87], and its inhibition effects on
different crystal faces are diverse. Thus, the growth rates of the various crystal faces differ greatly,
resulting in the morphological changes compared with chemical synthetic struvite. There are many
other kinds of amino acids in the EPS in addition to Glu, and whether other amino acids can control
the morphology of struvite is not clear and needs to be further studied.

4.6. Ecological Implications

Research into biomineralization of carbonate and phosphate minerals not only has scientific value
but also has practical applications in several areas [28]. At present society is faced with a phosphorus
supply crisis caused by overexploitation of phosphate ores and the non-renewability of phosphorus
resources. At the same time, there are issues of eutrophication caused by the low utilization rate of
phosphorus. In order to solve these problems, it is necessary to improve the discharge standards of
nitrogen and phosphorus into wastewater and instigate the efficient recovery of phosphorus. The
recovery of phosphorus from sludge by struvite precipitation could avoid the eutrophication of water.
At the same time, the recovered struvite could act as a kind of slow-release fertilizer, which would be
beneficial to agriculture, thus effectively offsetting the shortage of phosphorus. Industrial wastewater
usually contains a high concentration of ammonia, nitrogen and phosphorus, with a Mg: P molar
ratio that is relatively low; thus, it is necessary to add additional Mg ions to wastewater to produce
struvite. The cost of adding magnesium for water treatment accounts for about 75% of the total
cost, and this would greatly increase the cost of recovering struvite crystals. The addition of sodium
hydroxide to adjust pH is also one of the major reagent costs, which greatly limits the application
of this process [28,83]. In contrast, microbial metabolic activity could provide the necessary alkaline
environment and create a supersaturated microenvironment for struvite precipitation around the
bacteria, which would further promote the biomineralization of struvite [82]. Thus, the recovery of
phosphorus by microbially-induced struvite is regarded as one potential strategy with good prospects.

Anaerobic microbial treatment technology in modern industrial wastewater treatment has been
applied widely and has the prospect for lowering costs and energy consumption. In the future,
more investigations of the application of anaerobic biotechnology in industrial wastewater treatment
need to be conducted. Sludge anaerobic digester and its dehydrating filtrate contain high phosphate
concentrations, and this is one of the best mother liquors for phosphorus recovery [35]. The metabolic
activities of anaerobic bacteria like ZW123 can transform organic nitrogen and phosphorus into
inorganic nitrogen and phosphorus in the form of struvite. Therefore, organic nitrogen and phosphorus
can also be recovered from wastewater by the bacterially-mediated struvite precipitation method.
Thus, one can conclude that the bio-precipitation of struvite in anaerobic environments is a promising
strategy for wastewater treatment.

5. Conclusions

This article investigated the biomineralization of carbonate and phosphate (struvite) minerals
induced by C. freundii ZW123 isolated from marine sediments in the Tangdao Bay (Qingdao, China).
Bacterial metabolites released by the ZW123 bacterium, ammonia, CA and ALP, can result in an
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increase in pH and the supersaturation of minerals. Most of the amino acids of the EPS are negatively
charged and adsorb calcium and magnesium ions easily. Many organic functional groups were detected
within the minerals, and the shapes and morphologies of minerals may be controlled by these organic
substances to some extent. The better crystallinity of the biotic struvite also indicates that bacteria
played an important role in the struvite formation process. The bacterium plays a significant role in
the bio-precipitation process of carbonate and phosphate minerals in anaerobic environments and
this study offers some insights into the biomineralization mechanisms of minerals and provides a
promising strategy for the recovery of calcium, magnesium, ammonium and phosphate ions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/1/65/s1,
Table S1: Parameter settings of molecular dynamic simulation for adsorption of Glu onto various struvite surfaces,
Table S2: Physiological and biochemical identification of ZW123 and Citrobacter freundii species, Figure S1:
Phylogenetic tree of Citrobacter freundii ZW123 based on the sequence alignment, Figure S2: SEM image of
Citrobacter freundii ZW123 bacteria (a) and Gram staining test (b) and NH3 test (c: before adding the Nessler’s
reagent; d: after adding the Nessler’s reagent. 1, control group; 2 and 3, experimental groups), Figure S3: Rietveld
refinement of XRD data at Mg/Ca molar ratio 0 (a), 3 (b), 6 (c), 9 (d) and 12 (e), Figure S4: Molecular dynamics
simulation of adsorption of Glu onto crystal: a: temperature fluctuation of the adsorption of Glu onto (111) faces,
b: energy fluctuation of the adsorption of Glu onto (111) face.
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