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crystallization and polymorphs of calcium
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The study of CaCOsz polymorphism is of great significance for understanding the mechanism of carbonate
mineralization induced by bacteria and the genesis of carbonate rock throughout geological history. To
investigate the effect of bacteria and shear force on CaCOs precipitation and polymorphs,
biomineralization experiments with Bacillus cereus strain LV-1 were conducted under the standing and
shaking conditions. The results show that LV-1 induced the formation of calcite and vaterite under the
standing and shaking conditions, respectively. However, the results of mineralization in the media and
the CaCl, solution under both kinetic conditions suggest the shear force does not affect the polymorphs
of calcium carbonate in abiotic systems. Further, mineralization experiments with bacterial cells and
extracellular polymeric substances (EPS) were performed under the standing conditions. The results
reveal that bacterial cells, bound EPS (BEPS), and soluble EPS (SEPS) are favorable to the formation of
spherical, imperfect rnombohedral, and perfect rhombohedral minerals, respectively. The increase in the
pH value and saturation index (Sl) caused by LV-1 metabolism under the shear force played key roles in
controlling vaterite precipitation, whereas bacterial cells and EPS do not play roles in promoting vaterite
formation. Furthermore, we suggest that vaterite formed if pH > 8.5 and Slacc > 0.8, while calcite formed
if pH was between 8.0-9.0 and Slacc < 0.8. Bacterial cells and BEPS are the main factors affecting
CaCOz morphologies in the mineralization process of LV-1. This may provide a deeper insight into the
regulation mechanism of the polymorphs and morphologies during bacterially induced carbonate

rsc.li/rsc-advances mineralization.

Introduction

Microbial induced carbonate precipitation (MICP) is a common
phenomenon in nature and plays a major role in the
geochemical cycling of elements and cementation of natural
systems."* The study of MICP is also important for exploring the
potential of CO, sequestration, metal bioremediation, and
restoration of historical stones and concrete.>* Hence, many
studies have been conducted to understand the MICP mecha-
nism.»*® Microbes have been shown to enhance alkalinity and
saturation index (SI) via metabolism, thus, inducing carbonate
precipitation.” Bacterial cells and extracellular polymeric
substances (EPS) can influence the nucleation and growth of
minerals by serving as nucleation sites.®®

Calcium carbonate (CaCOj;) has three anhydrous crystalline
polymorphs, calcite, aragonite, and vaterite, as well as one
amorphous calcium carbonate (ACC). Calcite is the most stable,
and aragonite and vaterite are generally metastable minerals.
Most studies have focused on the formation of CaCO;
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precipitation in abiotic systems and highlighted that pH and
the concentrations of Ca*>" and dissolved inorganic carbon ions
can control the formation of CaCO; precipitation.’**® In addi-
tion to the above variables, CaCO; precipitation is affected by
nucleation sites in the process of MICP."* The shear force
applied through a shaker can increase dissolved oxygen and
directly affect these factors via accelerating microbial metabolic
rates. The most common experiments use standing incubation
to study the mechanism of MICP, while some research has
accelerated carbonate precipitation by shaking incubation to
achieve specific engineering goals.'” Previous studies®'*** have
shown that calcium carbonate mineralized in the form of calcite
with the participation of several bacteria under the standing
condition, and precipitated in the form of unstable ACC and/or
vaterite under the shaking condition (Table 1), the results
between the standing and shaking conditions are different, in
part, due to shear force. To the best of our knowledge, few
research reports have reported the role of shear force on MICP.
Guo et al.*® compared calcium carbonate species induced by
three bacterial strains under shaking and standing incubation,
this showed that Bacillus sp. and Lysinibacillus sp. induced the
formation of calcite, while Microbacterium sp. mediated the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 List of relevant experimental conditions and results®
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Incubation

Kinetic condition Species Nutrient components time (d) Mineral Ref.

Standing Bacillus cereus Tryptone, beef extract 20 C This study
Lysinibacillus sp. Yeast extract, calcium acetate 18 C Lii et al."®
B. subtilis Tryptone, yeast extract 24 C Han et al.’
S. pasteurii Urea, peptone, beef extract, agar 1 C Zhang et al."’
B. mucilaginosus Sucrose, yeast extract 3 C Zheng and Qian'®
Bacillus cereus Yeast extract, calcium acetate 40 C Guo et al.*?
Lysinibacillus sp. Yeast extract, calcium acetate 40 C
Microbacterium sp. Yeast extract, calcium acetate 40 A

Shaking Bacillus cereus Tryptone, beef extract 20 A This study
Lysinibacillus sp. Yeast extract, calcium acetate 3 A% Lv et al.*®
B. subtilis Tryptone, yeast extract 7 ACC, V Liu et al.*®
S. pasteurii Urea, peptone, beef extract 1 \Y Zhang et al."”
B. mucilaginosus Sucrose, yeast extract 3 V,C Zheng?'
Bacillus cereus Yeast extract, calcium acetate 40 C Guo et al.**
Lysinibacillus sp. Yeast extract, calcium acetate 40 C
Microbacterium sp. Yeast extract, calcium acetate 40 \Y

% C - calcite; V - vaterite.

formation of vaterite under two kinetic conditions. However,
the authors in this report did not offer explanations for the
effect of shear force on the MICP.

In this study, we explored the effect of bacteria and shear
force on the mineralization of calcium carbonate, mineraliza-
tion experiments of Bacillus cereus LV-1 were performed under
the shaking and standing conditions. To further reveal the
biomineralization mechanism of calcium carbonate, we also
investigated the characteristics of calcium carbonate produced
in the media and CaCl, solution under the shaking and
standing conditions and the effect of different bacterial
components (i.e., native cells, BEPS, and SEPS) on the miner-
alization of CaCO;. In addition, we discussed the effect of
solution chemistry on the polymorphs of CaCOj;. The results of
this study can provide scientific basis for understanding the
role of shear force and bacteria in the formation of CaCO;
precipitation, this is conducive to providing a reference for the
application extension of MICP in engineering.

Materials and methods
Characterization of LV-1

A non-pathogenic LV-1 (Bacillus cereus) was bought from the
China General Microbiological Culture Collection Center
(CGMCC 1.15914).° A transmission electron microscope image
shows that the cells are rod-shaped with a size of (1.0-1.2) um x
(4.0-6.0) um (Fig. 1), arranged as a short or long chain. This is
a spore-forming and Gram-positive (G") strain.

Bacterially mineralization experiments under the standing
and shaking conditions

The liquid media (TB-C) used for the bacterial mineralization
experiments consists of 5 g tryptone, 3 g beef extract, and 1.11 g
calcium chloride (CaCl,) in 1 L deionized water, under high-
pressure steam sterilization (121 °C, 103.4 kPa, 20 min). The

© 2022 The Author(s). Published by the Royal Society of Chemistry

solid media was obtained by adding 2% agar powder to the
liquid media, and used to purify bacteria. The initial pH value
was adjusted to 7.5 using 0.5 mol 1" ' sodium hydroxide (NaOH)
solution, and dropped to 7.28 after sterilization.

To avoid the interference of calcium carbonate precipitation
on experimental results, a single colony cultivated on the agar
plate for 24 hours after purification was inoculated into the
media without CaCl, (TB media) to prepare bacterial inoculum
and then placed in a shaking incubator (180 rpm) at 30 °C for 24
hours. Then, a 10 ml of bacterial inoculum was inoculated into
each of 150 ml Erlenmeyer flask containing 90 ml sterilized TB-
C media, yielding 100 ml of final bacterial solution. These flasks
were placed in the standing and shaking incubators (180 rpm)
at 30 °C for 20 days. The control experiments with dead bacteria
(bacterial inoculum were sterilized at 121 °C for 20 min) were
also conducted, denoted as Shaking-CK and Standing-CK.

Fig. 1 Morphologies of bacterial cells (incubated on a solid medium
after 24 h).°

RSC Adv, 2022, 12, 26908-26921 | 26909
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Abiotic mineralization experiments under the standing and
shaking conditions

To study further the role of shear force in the mineralization of
calcium carbonate, mineralization experiments in the TB-C
media and CacCl, solution were carried out in the system of
gas diffusion. 25 ml of TB-C media and 10 mmol 1™ CaCl,
solutions were added into a series of 50 ml flasks. Next, these
flasks were placed in the two closed desiccators. A beaker with
5 g of (NH,),CO; as the source of CO, was also placed in the
desiccators. Next, a desiccator was placed in the standing
incubator and another desiccator was placed in the shaking
incubator (180 rpm) for 50 hours.

Separation of different bacterial components and their
mineralization experiments

To study further the effect of different components in the
bacterial solution on the mineralization of calcium carbonate,
a series of mineralization experiments with bacterial cells,
BEPS, and SEPS were conducted. The TB media containing LV-1
was centrifuged at 5000 rpm for 10 min to obtain the cells and
supernatants (SN). The harvested cells were washed three times
with 0.5% NaCl solution (w/v) to remove residual media and
metabolic products and then resuspended for further use,
denoted as bacterial cells. SN was filtered by using 0.22 pm
cellulose acetate membranes and used to extract SEPS. SEPS in
SN after filtration was precipitated by centrifugation (5000 rpm,
10 min) with ethanol overnight at 4 °C.°

The cation exchange resin (CER) was used to obtain BEPS.>
The cells after washing were added to CER with a dosage of 30 g
100 ml~", followed by stirring for 12 hours at 4 °C. Then, the
CER was removed by settlement for 5 min. The supernatants
(SN1) were obtained by centrifugation at 5000 rpm for 10 min.
SN1 was filtered using 0.22 um cellulose acetate membranes,
followed by ethanol addition with a volume ratio of 1 : 3. BEPS
in SN1 after filtration was precipitated by centrifugation with
ethanol overnight at 4 °C.® The bacterial cells, BEPS, and SEPS
extracts were preserved in a freezer (~40 °C) before the miner-
alization experiments.

One milliliter of bacterial cells, SEPS, and BEPS were added
into a series of 50 ml beakers containing 24 ml of CaCl, solution
with a concentration of 10 mmol 17*. Next, these beakers were
also placed in the system of gas diffusion described above. The
measurement results showed that BEPS and SEPS contain
556.20 and 113.04 mg g ' polysaccharide, and 9.92 and
97.86 mg g~ ' protein, respectively. The initial pH value was
adjusted to 7.0 using 0.5 mol 1 * NaOH solution. In the control
experiments (CK), 1 ml of deionized water was used instead of
the bacterial component.

All of the above experiments were performed at 30 °C in
triplicate, and all flasks and beakers were sealed using 0.22 um
polypropylene films. After sampling, the obtained samples were
separated into solid and liquid fractions by centrifugation
(5000 rpm, 10 min). The solid fractions were used to charac-
terize minerals, and the liquid fractions were used for
biochemical analyses.

26910 | RSC Adv, 2022, 12, 26908-26921
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Measurement of biochemical characterization

The plate counting method was used to measure bacterial
density. The carbonic anhydrase (CA) activity, the content of
extracellular polysaccharide and protein, was determined using
an EnSight enzyme-labeling instrument (PerkinElmer, Singa-
pore) via p-nitrophenol, sulfuric acid-anthrone, and Coomassie
brilliant blue staining methods.

The pH value of every sample was measured with a pH meter
(PHS-3BW, Bante Instruments, China). The Ca®" concentrations
were measured with an inductively coupled plasma optical
emission spectrometer (Agilent 710, Agilent Technologies,
USA). Furthermore, the carbonate and bicarbonate concentra-
tions were analyzed using the double indicator neutralization
titration method. SI with respect to the mineral is
log([caH] x [CO3%7]

Ksp
ion activity of Ca®" and CO;*". K, is the solubility product
constant for the relevant mineral phase. K, values of ACC,
vaterite, and calcite are 107%%°, 1077°', and 10 %%,
respectively.

). [Ca®"] and [CO5>7] are, respectively, the

24,25

Analysis and observation of mineral

Determination of mineral amount. The mineral particles
were transferred to glass slides and dried in air. The mineral
amount was determined by a digital analytical balance accurate
to 0.1 mg.

Analysis of mineralogical composition. The mineralogical
composition was analyzed using a Rigaku D/max-B (III) powder
X-ray diffraction (XRD) with Cu-Ko radiation. The mineral
sample was scanned continuously at 2° (26) min~* from 10° to
60° (260) at 25 kv and 20 mA. The qualitative identification of
mineral phases was performed using Jade 6.%¢

Observation of mineralogical morphology. A Carl Zeiss
Supra55 field emission scanning electron microscopy (FE-SEM)
with an Oxford Aztec X-Max 150 energy dispersive spectroscopy
(EDS) was used to observe the mineral morphology. The mineral
particles were mounted on aluminum stubs covered with
copper-conductive adhesive tape and then coated with 8 nm
platinum film before observation. The SEM observations were
performed at an accelerating voltage of 5 kV.

Results

Biochemical characteristics under the shaking and standing
conditions

In both kinetic conditions, LV-1 grew gradually, and bacterial
density reached the logarithmic phase and then decreased
sharply owing to the shortage of nutrients (Fig. 2a). The bacte-
rial density reached its maximum on day 4 (2.63 x 10 c¢fu ml™*)
and day 2 (11.30 x 107 cfu ml™") for the standing and shaking
bacterial experiments, respectively. The bacterial density was
higher in the shaking than in the standing bacterial experi-
ments because the shaking condition can provide more dis-
solved oxygen for bacterial growth and metabolism. Thus, the
protein content and CA activity in the shaking bacterial exper-
iments were also higher than those for the standing condition

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Temporal changes of bacterial density (a), content of extracellular polysaccharide (b) and protein (c), CA activity (d), pH value (e),
concentration of Ca®* (f), HCOs~ (g) and CO32~ (h) in the standing and shaking bacterial experiments.

(Fig. 2c and d). However, the content of extracellular poly- content of extracellular polysaccharide in both the shaking and
saccharide in the shaking bacterial experiments was higher standing bacterial experiments was nearly the same on and
than that for the standing condition before day 6, while the after day 6 (Fig. 2b), we hypothesized the following: (1) bacterial

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2022, 12, 26908-26921 | 26911
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density decreased sharply after day 2 under the shaking
condition, thus could secrete less polysaccharide; (2) higher
bacterial density under the shaking condition easily caused the
shortage of nutrients, thus the secreted polysaccharide in the
early stages was depleted by LV-1 in the later stages by serving as
a backup nutrient; (3) the secreted polysaccharide under the
shaking condition was encapsulated in massive minerals by
serving as nucleation template.

The pH value in both the shaking and standing bacterial
experiments increased gradually until it remained nearly stable,
while the pH value in the control groups remained stable from
beginning to end. Prior to day 4, the pH in the shaking bacterial
experiments increased faster than that in the standing bacterial
experiments (Fig. 2e). The changes of HCO;~ and CO;>~
concentrations were monitored in both the shaking and
standing bacterial experiments; Fig. 2g and h show that they
increased gradually. However, the CO;>~ concentrations were
zero in the standing bacterial experiments (Fig. 2g and h). This
is partly due to the concentration being lower than the detection
limit in the standing bacterial experiments. Moreover, Ca>"
concentrations decreased gradually in both the shaking and
standing bacterial experiments, though the decrease was faster
in the shaking bacterial experiments than in the standing
bacterial experiments (Fig. 2f), while it remained nearly stable
in the control groups.

Mineral composition and morphologies in the standing and
shaking experiments

The mineral amount in the standing bacterial experiments was
initially zero, then gradually increased with time after day 6,
reaching a maximum on day 20. The amount in the shaking
bacterial experiments increased sharply at the beginning of the
run and was always higher than that in the standing bacterial
experiments (Fig. 3). However, no mineral precipitation took
place in the CK experiments.

The XRD patterns of precipitates indicated that the mineral
formed in the experiments with LV-1 under shaking condition
from days 2 to 20 was only vaterite (Fig. 4a). However, the XRD

1000 o Standing
—4— Shaking

800

600

400

Mineral amount (mg/L)

0 5 10 15 20
Time (d)

Fig. 3 Temporal changes of mineral amount in the shaking and
standing bacterial experiments.
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Fig. 4 XRD patterns of precipitates formed in the shaking (a) and
standing (b) bacterial experiments. C — calcite; V — vaterite.

patterns show that no visible diffraction peak was observed
before day 12, and the diffraction peaks of calcite appeared
between days 12 and 20 for the samples in the standing bacte-
rial experiments (Fig. 4b).

The FE-SEM images of mineral formed in the shaking
bacterial experiments have countless spherical particles with
a size of 10-40 pm. The pores encased within spherulites are
chain-like, similar to bacterial cells (Fig. 5). The calcite formed
in the standing bacterial experiments under FE-SEM displayed
a variety of morphologies, including spherical, rod-shaped, and
irregular particles with a size of 100-800 pm. The uniform-sized
and rod-shaped particles show chain-like arrangements (Fig. 6).
Moreover, the EDS spectrums from minerals formed in the
standing and shaking bacterial experiments show signals from
carbon (C), oxygen (O) (Fig. 5f and 6c), are calcium (Ca), sug-
gesting that these minerals are calcium carbonate, in agree-
ment with the XRD results (Fig. 4).

Abiotic mineralization experiments of calcium carbonate in
the system by gas diffusion

To unveil the effect of shear force on the polymorphs and
morphologies of calcium carbonate, mineralization experi-
ments in the TB-C media and CacCl, solution were conducted by
a gas diffusion method. In these experiments, (NH,),CO; was
decomposed to large amounts of NH; and CO,, which caused
the increase in pH and CO,;> in the solution. Then calcium
carbonate can precipitate continuously when the supersatura-
tion of calcium carbonate was reached. Our experimental
results showed that the mineral amount in the shaking exper-
iments was lower than that in the standing experiments (Fig. 7).
The amount produced in the TB-C media was higher than that
in the CacCl, solution.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FE-SEM images of carbonate mineral from the shaking bacterial experiments (a—c) spherulites and twin-spheres (marked with white
rectangular boxes) on day 2, there are some pores as chain-like arrangement on the surface of spherulites (marked with blue rectangular boxes);
(d) and (e) spherical and twin-spheres particles on day 20, the pores of chain-like arrangements encase within spherulites (marked with blue

rectangular boxes); (f) EDS spectrum of the red dot in (e).

XRD analysis (Fig. 8) shows that there is only calcite in the
precipitates of the two experiments of TB-C media, and the
precipitated minerals are primarily calcite, with a little arago-
nite in CaCl, solution under the shaking and standing condi-
tions. FE-SEM images (Fig. 9) show that flower-like, and
spheroidal aggregates were obtained from the TB-C media
under the shaking condition, the three structures are all stacked
by the rhombohedral subunits. However, rhombohedra and
flower-like stacked by the rhombohedral subunits were
produced from TB-C media under the standing condition. FE-
SEM images of the precipitated carbonate structures formed

in the CaCl, solution under the shaking condition were domi-
nated by rhombohedral morphologies. FE-SEM images of
carbonate minerals precipitated from CacCl, solution under the
standing condition were dominated by rhombohedral
morphologies, with a minority of irregular particles stacked by
needled-like subunits.

Mineralization of calcium carbonate in the system with
different bacterial components

To unveil the effect of different components in the bacterial
solution on the mineralization of calcium carbonate, a series of

o

ttrnalanannn

IFFERRERET

Fig.6 FE-SEM images of carbonate mineral from the standing bacterial experiments. (a) and (b) Rod-shaped nanoparticles of macroscale crystal
aggregates on day 12 show chain-like arrangements similar with bacterial cells (highlighted with blue rectangular boxes); (c) EDS spectrum of the
red dot in (b); (d) spherulitic, rod-shaped, and irregular morphologies on day 20; (e) spherical mineral; (f) rod-shaped mineral.
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Fig. 7 Mineral amount in the system by gas diffusion under the
shaking and standing conditions.

mineralization experiments with bacterial cells, BEPS, and SEPS
were conducted in the system of gas diffusion. The results
indicate that pH value, and HCO; ™ and CO;>" concentrations in
the solution increased gradually with time owing to the
decomposition of ammonium bicarbonate in the experiments
with bacterial cells, BEPS, SEPS, and deionized water (Fig. 10a-
c). Ca®* concentrations drop gradually in these systems
(Fig. 10d).

XRD analysis shows that the precipitated minerals are
primarily calcite, with a little aragonite in the experiments with
BEPS, SEPS, and deionized water (CK), while only diffraction
peaks of calcite are observed in the batch of experiments with
bacterial cells (Fig. 11 and Table 2). The FE-SEM images show
that mineral morphologies were primarily imperfect rhombo-
hedra with obtuse edges, with a little relatively perfect

View Article Online
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rhombohedra in the presence of BEPS, while plenty of perfect
rhombohedra and little imperfect rhombohedra with obtuse
edges were found in the experiments with SEPS (Fig. 12). FE-
SEM images in the experiments with bacterial cells show that
the morphologies of calcium carbonate are spherulite and
irregular, with a few imperfect and perfect rhombohedra. CK
groups were the same as the experiments of CaCl, solution
under the standing condition, and thus only a sample was
observed under FE-SEM. In addition, Table 2 shows that the
crystal sizes obtained from bacterial cells, BEPS, and SEPS
experiments are much smaller than those of the CK
experiments.

Discussion
The effect of shear force on calcium carbonate crystallization

The experimental results showed that the precipitates amount
in the shaking bacterial experiments was higher than that in the
standing bacterial experiments. While the amount under the
shaking condition was lower than that under the standing
condition in abiotic experiments, this may be partly due to that
the standing condition can create a diffusion-limited environ-
ment that allows local solution SI to increase to extreme levels,
thus accelerating CaCO; precipitation. Therefore, it was sug-
gested that the shear force significantly accelerated LV-1 meta-
bolic activity by offering more dissolved oxygen, thus promoting
CaCOj; precipitation. Firstly, LV-1 can secrete more extracellular
CA under shear force (Fig. 2d), which significantly accelerated
CO, hydration processes and produced more HCO;  in solu-
tion,” we observed a higher HCO;™ concentration under the
shaking condition than that under the standing condition
(Fig. 2g). Secondly, LV-1 metabolic activity can increase pH
values,® the pH in the shaking bacterial experiments was higher
than that in the standing bacterial experiments (Fig. 2e), thus

TB-C media - shaking

60

|TB-C media - standing

Intensity(Counts)

CaCl, solution - shaking

x103 | CaCl, solution - standing L

I 1 1 I 1
10 20 30

Two-Theta (deg)

Fig. 8 XRD patterns of precipitates formed in the system by gas diffusion under the shaking and standing conditions.
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Fig. 9 FE-SEM images of the products mineralized in the TB-C media under the shaking (a, b) and standing (c, d) conditions; CaCl, solution

under the shaking (e, f) and standing (g, h) conditions.

promoted more CaCO; precipitation. Thirdly, the results of
bacterial experiments showed that bacterial cells, poly-
saccharide, and protein under the shaking condition were more
abundant than under the standing condition (Fig. 2a—c), thus
could induce more mineral crystallization. (i) Ca®* concentra-
tions in bacterial cells and EPS experiments were reduced more
than in their CK experiments (Fig. 10d). (ii) Based on classical
theory,*® bacterial cells and EPS nucleation are more likely to
occur.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The experimental results show that there is only calcite in the
precipitates of the standing bacterial experiments, and only
vaterite in that of the shaking bacterial experiments (Fig. 4), this
is consistent with the results of many studies.>'**' However,
there are also inconsistent results in previous studies. For
example, Guo et al.?* suggested that shear force does not affect
the polymorphs of calcium carbonate. To the best of our
knowledge, this is the only study on the effect of shear force on
bacterially induced calcium carbonate. Mineral collection
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Fig. 10 Temporal changes of pH value (a), concentration of HCO3™ (b), COs>~ (c), and Ca®* (d) in the mineralization experiments with bacterial

cells, BEPS, SEPS, and deionized water (CK).

occurred on day 40 in the study by Guo et al,” which is
significantly longer than other studies (<24 d, see Table 1).
Vaterite induced by bacteria was reported to transform into
calcite when the incubation time was prolonged.'”* We spec-
ulate the results shown by Guo et al.*> may be partly due to the
transformation of unstable phases for Bacillus cereus and

Lysinibacillus sp., whereas Microbacterium sp. may control
vaterite formation and stability; thus, vaterite formed under
both kinetic conditions. Based on the above analysis, we suggest
that shear force has a significant effect on the polymorphs of
calcium carbonate in the bacterial system. The precipitated
minerals under both kinetic conditions are both calcite in the
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Fig. 11 XRD patterns of precipitates formed in mineralization experiments of different bacterial components. C — calcite; A — aragonite.
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Table 2 The properties of minerals precipitated in the experiments with different bacterial components®

Particle size

Batch Mineral (mol%) Main morphologies (nm)
Bacterial cells C 30% spherulite, 35% imperfect rhombohedra, 13% perfect rhombohedra, 22% irregular ~ 10-300
BEPS C(89)+A(11) 40% imperfect rhombohedra, 59% perfect rhombohedra 10-200
SEPS C(92) +A(8) 79% perfect rhombohedra, 21% imperfect rhombohedra 5-150
CK (Fig. 9g and h)  C (90) + A (10) 77% rhombohedra and 23% irregular 100-300

% C - calcite; A - aragonite. The proportion of main morphologies was determined by imageJ based on SEM images.

TB-C media, and primarily calcite, with a little aragonite in the
CaCl, solution, suggesting shear force has no effect on the
polymorphs of calcium carbonate in abiotic systems. Therefore,
discrepancies between the results of standing and shaking
conditions are primarily caused by the solution chemistry and
bacterial organic components. In the next section, we discuss
the effect of different factor(s) on the CaCO; polymorphs.

The role of solution chemistry on calcium carbonate
polymorph selection

The results of bacterial experiments show that shear force
caused a dramatic rise in the solution chemistry, and thus,
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induced the formation of vaterite. The shaking bacterial
experiments caused a greater increase in pH than the standing
bacterial experiments (Fig. 2e). The phases precipitated are
different in different pH ranges; calcite forms at low pH (9.0-
9.5), and the crystallization of vaterite occurs at high pH (9.75-
10.0).* In addition, a neutral pH was shown to drive calcite
crystallization, while a higher pH (~11.5) promoted the
formation of vaterite.*® Moreover, pH was respectively in the
range of 8.5-9.0 and lower than 8.5 for the crystallization of
vaterite’?® and calcite’ in the biotic experiments. Therefore,
the effect of pH value on the polymorphs of calcium carbonate
is potentially related to the ratio of CO5>"/HCO;~, which may

mm Supra 55

Supra 55

mm Supra 55

Fig.12 FE-SEMimagesand EDS spectrum of precipitates formed at 50th hours in the experiments with different bacterial components. Bacterial
cells: spherulite (marked with white circles), imperfect rnombohedra with obtuse edges (marked with white arrows), perfect rhombohedra and
irregular. BEPS: imperfect rhombohedra with obtuse edges and perfect rhombohedra; SEPS: perfect rhombohedra and rhombohedra with

obtuse edges.
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affect the structure of prenucleation clusters to crystalline
polymorphs.** In the CO,-H,0 system, HCO;  species domi-
nate when the pH value is below 8.35, and the proportion of
CO;>~ species increases when the pH value is above 8.35 (ref.
32). In this study, the CA secreted by LV-1 catalyzed the hydra-
tion of CO,, which can provide CO;>~ and HCO;  for the
solution. The results of the shaking bacterial experiments
depict a CO;> /HCO; ™ ratio of 0.07-0.14, while it is close to zero
in the standing bacterial experiments, i.e., HCO;~ becomes the
sole species (Fig. 2g and h). A high CO;* /HCO; ratio is
beneficial to the formation of less stable minerals."* Thus, the
pH value is a possible influential factor via controlling the
CO5%"/HCO; ™ ratio.

As mentioned above, calcite and vaterite formed under the
standing and shaking conditions, respectively. The calculated
results show that SI values in the shaking bacterial experiments
were greater than those in the standing bacterial experiments,
and SI values with respect to minerals gradually decrease
through calcite, vaterite, and ACC (Fig. 13). Only calcite
occurred in the precipitates in the experiments with bacterial
cells, in which the SI,gc value was lower than that in other
experiments by gas diffusion (i.e., BEPS, SEPS, and CK) (Fig. 14).
These results indicate that a higher SIxcc value is beneficial to
the formation of unstable mineral phases, such as vaterite and
aragonite. M. xanthus experiments also showed that high
supersaturation was an important physicochemical factor for
the formation of vaterite.>* Ahn et al.’® used experimental data
to suggest that the supersaturation level for the precipitation of
vaterite was higher than those of calcite precipitation. It was
found that crystallization of calcium carbonate occurs via stable
prenucleation clusters to different ACC forms, which eventually
transform into particular crystalline polymorphs." The results
show that SIpcc was less than 0.8, and calcite formed in the
standing bacterial experiments and those with bacterial cells
(Fig. 13 and 14). Although the SI value is supersaturated with
respect to vaterite and aragonite, it is possible that an amor-
phous precursor of vaterite and aragonite requires a higher SI
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Fig.13 Temporal changes of Sl value in the solution under the shaking
and standing conditions.
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Fig. 14 Temporal changes of Slacc in the experiments with bacterial
cells, BEPS and SEPS.

value. Therefore, a higher SI,cc value is a key factor controlling
the formation of vaterite and aragonite, and low SIycc promoted
calcite precipitation.

Based on bacterial experiments and those from gas diffu-
sion, we simulated the stability field of vaterite, calcite, and
aragonite. SI of different CaCOj; forms is not the same. Based on
a thermodynamic view of nucleation and growth, ACC is the
precursor of anhydrous crystalline polymorphs.* In this paper,
the stability field of vaterite, calcite, and aragonite was evalu-
ated by SIcc value. The results show that vaterite formed at pH
higher than 8.5 and SIcc higher than 0.8; calcite precipitated at
PH 8.0-9.0 and SIxcc lower than 0.8, while pH lower than 8.5
and higher SI)cc higher than 0.8 drove the crystallization of
calcite and aragonite (Fig. 15).

Effect of bacterial components on the polymorphs and
morphologies of calcium carbonate

According to the results of two kinetic bacterial experiments,
shear force changes the amount of polysaccharide and protein
except for solution chemistry. To unveil the effect of BEPS and
SEPS in the bacterial solution on the polymorphs and
morphologies of calcium carbonate, bacterial cells, BEPS, and
SEPS were separated from the bacterial solution, and their
mineralization experiments were performed by the gas diffu-
sion method. In these experiments, the precipitates formed in
the experiments with BEPS and SEPS, as well as in CK groups
were primarily calcite and a small amount of aragonite (Fig. 11
and Table 2). However, bacterial cells induced calcite precipi-
tation. According to Fig. 10, pH and concentrations of CO3>~
and HCO;™ in the solution with bacterial cells are lower than
BEPS, SEPS, and CK. Bacterial cells used in the mineralization
experiments with gas diffusion were active and may secrete low-
molecular-mass organic acids, leading to the slight lowering of
pH.® In addition, the organic components of bacterial cells may
chelate Ca** ions in solution.?® These two processes reduce the
supersaturation of carbonate, favoring calcite precipitation over
aragonite. These results further demonstrated that CaCO;

© 2022 The Author(s). Published by the Royal Society of Chemistry
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polymorphs are controlled by solution chemistry. Nevertheless,
our observation is consistent with other studies. For example,
Ercole et al.** isolated EPS from Bacillus firmus and Nocardia
calcarea, and only calcite crystallized in the presence of EPS. Yin
et al* also reported that EPS of P. putida induce calcite
precipitation. Moreover, Tourney and Ngwenya* found that EPS
produced by Bacillus licheniformis can inhibit vaterite precipi-
tation, and proposed that dissolved organic carbon released
from EPS complexes Ca®" ions in the solution, reducing calcium
carbonate saturation and favoring calcite precipitation over
vaterite. Kawaguchi and Decho® suggested that biochemical
composition of EPS influences CaCO; polymorph selection,
polysaccharide was favorable to precipitation of -calcite.
According to the biochemical composition of BEPS and SEPS,
polysaccharide content was all higher, thus more calcite
precipitated. The results show the precipitates formed in the
experiments with BEPS and SEPS were primarily calcite (~90%)
(Table 2), while their CK groups formed 90% calcite and 10%
aragonite. This suggests that BEPS and SEPS do not disturb
CaCO; polymorphs selection in this paper. Therefore, bacterial
cells and EPS of LV-1 exert less role on vaterite formation.

The results indicated that BEPS produced more imperfect
rhombohedral minerals, and SEPS produced more perfect
rhombohedral minerals. We speculate this occurred for one of
two reasons: (1) the crystal morphologies formed in the pres-
ence of polysaccharides are more diverse than proteins.’” Based
on the biochemical composition of BEPS and SEPS, poly-
saccharide content in BEPS was higher than that in SEPS. (2)
EPS can inhibit the relative growth rate of certain crystal faces
through selective adsorption, affecting the crystal morphology
and polymorphs. Based on the Bravais rule, crystal planes with
fast growth rates tend to disappear, while those with slow
growth rates remain on crystal.®® Therefore, BEPS slow the
growth rate of the (110), (116), and (202) crystal planes in this
study, while SEPS inhibit the growth rate of the (018) crystal
plane; thus, the mineral morphology induced by BEPS has

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a more complex structure than that in SEPS. Therefore, BEPS
are beneficial to the formation of imperfect rhombohedra with
obtuse edges.

A small number of CaCO; was reportedly nucleated onto cell
walls for bacteria lacking BEPS, while a relatively large number
of CaCO; was nucleated onto BEPS, and BEPS were encrusted by
calcite crystals for bacteria containing BEPS.** Carbonate
minerals first aggregate and grow at polar ends of bacterial
cells, leading to the formation of dumbbell-shaped minerals,
and then continue to grow into spherulite when bacteria exist in
solution.*”*" In the experiments with bacterial cells, morphol-
ogies of calcium carbonate are spherulite, irregular, imperfect
rhombohedra, and perfect rhombohedra. The number of
imperfect rhombohedra minerals is greater than that of perfect
rhombohedra (Table 2). The EPS layer on bacterial cell surfaces
may affect mineral nucleation and crystal growth, inducing the
formation of imperfect rhombohedra minerals. In addition,
spherical calcium carbonate is closely related to bacterial cells.
In both the standing and shaking bacterial experiments, the
morphology of calcium carbonate induced by LV-1 is primarily
spherulite, the rod-like mineral particles and hole on the
mineral surface similar in shape and size to the bacterial cells
(Fig. 5 and 6), which indicate that they are calcified bacteria
developed by nucleation on the cell surface.” Therefore, bacte-
rial cells and BEPS on the cell surface may act as main forms of
nucleation sites and influence morphologies of calcium
carbonate in the experiments with LV-1.

The effect of LV-1 on the crystallization of calcium carbonate

Based on the above results, the mechanism of calcium
carbonate crystallization induced by LV-1 was speculated
(Fig. 16). (1) The changes in pH and SI caused by the metabolic
activity of LV-1 played a main role in the selection of the CaCO;
polymorphs. The shear force had a direct influence on bacterial
metabolic activity and caused dramatic increases in pH and SI
(Fig. 2). When pH > 8.5 and SIycc > 0.8, vaterite formed, and
when pH (8.0-9.0) and SIycc < 0.8, calcite crystallized. (2)
Bacterial cells and EPS of LV-1 played a smaller role in the
vaterite formation. (3) Many different morphologies were
observed in the experiments with bacterial cells, BEPS, and
SEPS, respectively (Fig. 12 and Table 2), suggesting that several
bacterial components can act as sites of heterogeneous nucle-
ation, and thus, cause crystal size decreases and change in
mineral morphology. Bacterial cells, BEPS, and SEPS preferen-
tially lead to the crystallization of spherical, imperfect rhom-
bohedral, and perfect rhombohedral minerals, respectively.
Therefore, spherical minerals in both the standing and shaking
bacterial experiments can be considered closely related to
bacterial cells (Fig. 5 and 6). (4) The experimental results
suggest that shear force has no effect on the size of minerals in
abiotic systems. We speculate that the following two aspects
may be the main reasons that the crystal size in the standing
bacterial experiments was bigger than that in the shaking
bacterial experiments. (i) Compared with the standing condi-
tion, the organic matters (including bacterial cells, poly-
saccharide and protein) under the shaking condition were more
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Fig. 16 The possible mechanism of calcium carbonate crystallization induced by LV-1.

abundant (Fig. 2) and provided more nucleation sites. (ii) The
data on mineral amount and Ca®" concentrations proved that
the nucleation rate in the shaking bacterial experiments was
faster than that in the standing bacterial experiments (Fig. 2f
and 3). According to the classical theory of nucleation,* more
nucleation sites and high nucleation rates can reduce the crystal
size.

Conclusion

Two kinetic experiments (standing and shaking) with LV-1 and
experiments with different bacterial components was conduct-
ed to investigate the role of LV-1 on the crystallization of
calcium carbonate. (1) The bacterial mineralization experi-
ments show that vaterite with a particle size of 10-40 um
precipitated in the shaking bacterial experiments, while calcite
with a particle size of 100-800 pm formed in the standing
bacterial experiments. However, the precipitated minerals were
both calcite in the TB-C media, and calcite and aragonite in the
CaCl, solution under shaking and standing conditions. This
suggests that shear force has a great effect on the polymorphs
and morphologies of calcium carbonate by affecting bacterial
metabolism. (2) The mineralization experiments showed that
the precipitates formed in the experiments with BEPS and SEPS,
and CK groups were primarily calcite and aragonite; bacterial
cells induced calcite precipitation. Bacterial cells, BEPS, and
SEPS respectively induced the formation of spherical, imperfect
rhombohedral, and perfect rhombohedral minerals, and
reduced the crystal size of the calcium carbonate. Bacterial cells
and BEPS are the main factors affecting morphologies of

26920 | RSC Adv, 2022, 12, 26908-26921

calcium carbonate in the experiments with LV-1 and have less
influence on the vaterite formation.
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