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Microbiological Precipitation of Barium Carbonate
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Abstract: The barium carbonate precipitate was induced using enzymes in the bacillus pasteurii reproduction
and morphology, structure and thermal decomposition properties of the barium carbonate precipitates were
characterized by SEM, FTIR, XRD, DSC-TG. The results indicate that barium carbonate

induced in bacillus pasteurii differs from the one induced in pure water. The BaCOs crystals induced in bacillus

(BaCO;) precipitate
pasteurii has orthorhombic crystalline structure and contains a small amount of organic matters, its crystal
transition temperature decreases and shows morphologies of flower clusters and radial patterns. Bacteria and

metabolites play important roles in the process of crystal nucleation, growth and accumulation of BaCO;.
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0 Introduction

Biological ~ mineralization as a  common
phenomenon in nature is a process of solid phases of
various materials with special advanced structures

assembled in biological systems. During this process,
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organic macromolecules and inorganic ions interact in
the inter-phase which enables the biogenic mineral to
have the special multistage structure and assembly
regulating inorganic mineral face separated from
molecular horizontal™. Taking the biological macromo-

lecules as a template, the biogenic minerals finally form
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highly ordered inorganic-organic composite materials
through the processes of molecular pre-assembly,
interphase molecular recognition, growth modulation
and cell processing. Because structure, shape
consistent, crystal orientation and size for this kind of
composite are special, biological minerals have various
great functions™®. Therefore, it is of great significance
and attractiveness as promising prospect to simulate a
biological mineralization of such kind of materials in
organism.

Bacteria play an important role in the process of
natural mineralization and deposition such as the
deposition of carbonate in earth crust and the formation
of rock™, They participate in and induce the formation
of inorganic minerals, and they also have an extensive
capacity of mineralization and deposition for phosphate,
sulfate, carbonate, silicate, sulfide and oxides!"""'?. In
recent years, bacterial induced mineralization has
aroused the attraction of scholars in many fields ',
such as pollution control of heavy metal from
groundwater, bioremediation of environmental pollution
from heavy metal and property improvement of sand
project.

As an important inorganic chemical raw material,
barium carbonate is widely used in the field of
ceramics, glass, magnetic material, microelectronic

sI58 In the structural

devices and superconductor
ceramics production, powdered barium carbonate could
reduce bubble stomata in the ceramics and improve the
hardness of brick, wear resistance and chemical
corrosion resistance. Because of its high dielectric
constant and good temperature characteristics, mixing
barium carbonate into the ceramic capacitor could
make the capacitor be of small size, lightweight, large
capacity and high frequency characteristics!"”. Mixing
barium carbonate into the ferrite can improve their
magnetic properties™. Especially in glass manufactu-
ring, as baking additives, barium carbonate can
increase the castability of glass and improve the quality
of glass. As a result, the glass could have higher
refractive index, greater hardness and can more
effectively absorb X-ray shed produced by the high

voltage, which is important to the production of color

picture tube and computer monitors *'*. Hence, the
preparation of barium carbonate powder has caused
intensive research interests due to its important
application prospects.

With the development of science and technology,
the requirements towards the quality of the barium
carbonate become higher and higher. Scientists pay
intensive attention to the research of BaCO; crystal
control. Different application fields require different
shapes of barium carbonate crystals. There are many
ways to prepare BaCOj; crystals and to control the shape
and morphology, such as liquid precipitation, micro
emulsification, low temperature solid phase synthesis,
template method, ultrasonic chemical method, micro-
wave assisted synthesis and super gravity method %!,
As a new method, microbial deposition has couple of
advantages such as resourcefulness, environment-
friendliness and low cost. Long et al.” reported BaCOs
synthesis by proteus mirabilis in Urea-BaCl, cultivation
liquid. BaCO; particles change from oval to rod in
morphology within 7 days of reaction, but their
structure is still amorphous even after a month. The
formation of barium carbonate is a slow process. In this
paper,
bacteria has been selected, for example the use of the

the appropriate carbonate mineralization
enzymatic effect in the growth and reproduction
process to decompose urea, the addetion of Ba** to
form BaCO; in a certain time, which has a nano-level
crystal whisker on it" s surface. The mechanism has

been studied.

1 Experimental

1.1 Materials

All of chemicals were analytical grade and used
without  further purification.  Bacillus  pasteurii
(purchased from ATCC) was selected to investigate
microbe induced calcite precipitation. Bacillus
pasteurii was inoculated on beef extract peptone culture
(10 g beef extract, 5 g peptone, 5 g sodium chloride and
15 g agar were dissolved in Milli-Q water to 1 L. and pH
value was adjusted to 8.0), cultivated at 30 °C for 24 h
and then kept in refrigerator at 4 °C for stock. Bacillus

pasteurii was also inoculated into liquid seed medium
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(20 g glucose, 10 g peptone and 10 g sodium chloride
were dissolved in Milli-Q water to 1 L and the pH value
was adjusted to 8.0), incubated at 30 °C for 24 h in a
shaker running at 160 r +min ' and then kept in
refrigerator at 4 “C for stock.

The instruments used were listed as follows: 5440
scanning electron microscope (SEM, Leica Cambridge
LTD, UK), Nicolet-6700 Fourier infrared spectroscope
(FTIR, American Nicolet Corporation, USA), X‘Pert
PRO X-ray diffraction (XRD, PANalytical B.V., USA),
Q500 Thermogravimetry analyzer (TGA, American TA
Corporation, USA).

1.2 Methods

100 mL of 1 mol-L™ Ba(NO;), and 20 g-L™" urea
solutions were prepared. The above solutions were
mixed and stirred. A small amount of urase was added
into the solution, stirred for 10 min, stood for 48 h at 30
°C. The product was filtrated and washed three times
with Milli-Q water and ethanol, and then dried at 45 °C
for 24 h. The powder samples were collected.

1 L of liquid medium was prepared using Milli-Q
water, glucose 20 g, peptone 10 g, NaCl 5 g and shook
to a clear solution which then was adjusted pH value to
8.0 using 0.1 mol - ™' HCI or NaOH aqueous solution.
250 mL ready medium was added in a 500 mL flask
bottle and sterilized. The liquid media was made in
triplicate using the above procedure and kept in three
bottles, marked by #1 to 3. 10 mL of 20 gL' urea

aqueous solution was dropped into each bottle
containing the ready medium after filtration and
sterilization. Further, 10 mL liquid strains was added to
each bottle and cultivated in the oscillation incubator
(160 r+-min™") at the temperature of 30 °C for 48 h. The
active bacteria density was 5.94 x10° cfu *mL ", then
100 mL of 1 mol -L. ™" barium nitrate solution was
introduced. After stirring for 10 min, each bottle was
stood for 10 min, 1 d and 4 d, respectively. The
products were filtrated and washed three times with
Milli-Q water and ethanol, and then dried at 45 °C for
24 h. The powder samples were collected.
1.3 Analysis of sample

The morphology of the products was observed by

the scanning electron microscope (SEM) with magni-

fying from 1000 to 10000. The crystal structure of the
product was analyzed by X-ray diffraction (XRD), which
used a tube voltage of 40 kV and current of 100 mA
with Cu Ka radiation of 0.154 056 nm. The scanning
angle range from 3° to 80° with the step at 0.02°. The
IR spectrum of the product was recorded by KBr pellet
technique with the resolution of 4 cm™. Scanning the
product for 20 times with the range of 4 000~400 cm™.
The  thermal
investigated by DSC-TG composite thermo-analytical

properties of the products were

instrument in the elevated tempera-ture range of 50 C

to 1450 °C at a ramp of 20 C-min™".
2 Results and discussion

2.1 XRD and FTIR analysis

The FTIR spectra of obtained BaCO; precipitate
induced in pure water system and in bacillus pasteurii
are shown in Fig.l. Fig.1(a) shows characteristic
absorption peaks of BaCOj; precipitate induced in pure
water mainly at 3 434 cm™, 1455 em™, 857 cm™ and
693 ¢cm™. The broad absorption peak of 3 434 cm™ is
assigned to -OH bond symmetric stretching vibration
and asymmetric stretching vibration due to the
existence of hydroxyl and adsorbed water on the surface
of BaCOj particles. The peaks at 857 em™ and 693 cm™
are in-plane bending vibration and the out-plane
bending vibration of CO;? and the peak at 1455 ¢cm™
is asymmetric stretching vibration of C-0”%1, which are

all typical peaks of BaCOj; particles. The IR spectra of

BaCO; precipitate induced in bacillus pasteurii
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Fig.1 FTIR spectra of the BaCO; particles induced in (a)
pure water; induced in bacillus pasteurii for (b)
10 min, (¢) 1 d and (d) 4 d, respectively
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at different times are shown in Fig.1 (b~d), which were
almost similar. Compared with the absorption peak of
the BaCOj; precipitate induced in pure water system at
3434 cm™ and 1455 em ™, two peaks shift towards
lower band, which is perhaps due to the strong
interaction between biomass, metabolites and BaCO;
salt. There are new absorption peaks at 1 642 em™ and
1059 cm™ assigned to amide I band (primary from C=
O stretch) and C-O stretching vibration ®%*  showing
preliminarily barium carbonate sample containing a
small amount of organic species from bacteria and
metabolites.

The XRD patterns of BaCOj; precipitate induced in
pure water system and induced in bacillus pasteurii are
shown in Fig.2. Fig.2 (a~d) show that though the
sizes or crystal forms of the four particles are different,
their diffraction peak position and intensity are similar.
Compared the data of PDF standard cards (No.5-0586),
locations of the main diffraction angles for each sample
(260=19.4°, 23.9°, 27.4°, 34.0°, 42.2°, 44.6°, 46.8°,
55.6°, 60.9°, 67.8°, 76.8°) correspond to crystal faces of
(101), (111), (002), (022), (032), (310), (311), (331),
(401), (224) and (510) plane, respectively(Fig.2(d)). The
peak position and peak intensity are in good agreement
with diffraction data of PDF (No0.5-0506) quadrature
phase BaCO; (¢=0.625 nm, 5=0.883 nm, ¢=0.654
nm). It turns out that the samples are all quadrature
phase of the BaCO;. The characteristics of the samples

from the sharp diffraction peaks and very narrow half-
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Fig.2 XRD patterns of the BaCOj; particles induced in
(a) pure water; BaCOj particles induced in
bacillus pasteurii for (b) 10 min, (¢) 1 d and
(d) 4 d, respectively

peak width imply that the crystallization was basically
complete but the crystals grow into larger size.
2.2 SEM analysis

The morphology of barium carbonate produced by
pure water system and by bacillus pasteurii inducement
is shown in Fig.3. Fig.3a shows that linear BaCOs
precipitate induced in pure water system with aspect
ratio between 4 :1 and 8 :1, and the particles are
hexagonal-shaped in cross section, size range between
100 and 300 nm in diameter and well dispersed without
agglomeration.

The growth of BaCO; crystals exhibits certain
continuity (Fig.3(b~d)). After 10 min of induced preci-
pitation in bacillus pasteurii aqueous, the morphology
of BaCOj; particles showed the flower cluster, radial and
small cylindrical patterns, with good dispersion at
particle size between 1~5 wm (Fig.3(b)). After induced
precipitation in bacillus pasteurii for 1 day, part of the
BaCO; particles is agglomerated, columnar BaCO;
particles disappeared, instead, the main morphologies
are the flower cluster and radial patterns at particle size
between 5~10 pwm (Fig.3(c)). For longer time induction
in bacillus pasteurii aqueous, the flower cluster and
radial patterns of BaCO; particles combine into some
whole clog/aggregates at the diameter range between 10
and 20 wm for 4 days, and there are many crystal
whiskers on the surface of clog/aggregates. These
crystal whiskers link with each other and exhibit
columnar pattern at diameter range between 50 and 200
nm (Fig.3(d~e)).

2.3 TG/DSC analysis

Fig.4 shows the TG/DSC curves of BaCO; particles.
Fig.4(a) is the TG/DSC curve of barium carbonate
particle induced in pure water. TG curves show that the
weight loss step appears at the temperature between 50
C to 800 °C, and the weightlessness rate was about
1.395%, which could be attributed to the evaporation of
adsorption water in the sample. When the temperature
increases over 800 “C but less than 1 000 °C, two
endothermic peaks appear at 814.03 °C and 977.75 °C
in the DSC curves, respe-ctively. It is believed that
there is certain phase transition or chemical reaction

occurring in this process. According to the character of
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Fig.3 SEM images of the BaCO; particles induced in (a) pure water; BaCOj; particles induced in bacillus pasteurii

for (b) 10 min, (c) 1 d and (d) 4 d, respectively
818.52 C is the phase
transition temper-ature point with a transit from vy-
phase to B-phase, and 978.89 °C is another phase

transition temperature point from B-phase to a-phase

pure barium carbonate,

which fits on the basic line of theoretical value (from

normal temperature to 811 °C is at y-phase, 811~982 °C

at B-phase and above 982 °C at a-phase) ¥, We
therefore convince that the two endo-thermic peaks at
814.03 °C and 977.75 °C are the corresponding phase
transition temperatures, namely, (y-phase to B-phase)
and (B-phase to a-phase), respectively. TG curves

decline sharply at the temperature range between
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Fig.4 TG/DSC curves of the BaCOj; particles induced in (a) pure water, (b) bacillus pasteurii for 4 d

1 000~1400 °C at a weightlessness rate about 20.14%
with a remarkable endothermic peak in this tempera-
ture range due to the outcome of its decomposition'™*,
Fig.4(b) is the TG/DSC curve of BaCO; particles
induced in bacillus pasteurii for 4 d. There is a weight
loss step in the temperature range between 50~600 °C,
and the weightlessness rate is 4.948% . It may be
caused by evaporation of adsorbed water in the sample
and decomposition of organic species such as proteins
introduced in growth of BaCO; crystals induced in
bacteria. When temperature is increased over 800 C
but less than 1000 °C, two endothermic peaks appear at
807.44 °C and 966.69 °C, respectively. The former
belongs to  (y-phase to B-phase) transition temperature
and the latter belongs to (8-phase to a-phase) transition
temperature™®.  DSC curves also decrease in the
temperature range between 1 000~1 400 °C where there
is a noticeable endothermic peak corresponding to a TG
weightlessness rate about 20.57% , the endo-thermic
band is attributed to the decomposition of barium
carbonate ¥, The experiment shows that under a high-
temperature calcinating condition, the phase transition
temperatures of BaCO; particles induced in bacillus

shifted but the

weightlessness rate is less than that of its counterpart,

pasteurii are to lower range
indicating the composition and structure of the BaCO;
crystals induced in bacteria are significantly different
from its counterpart induced in water.
2.4 Discussion of mechanism

Biological mineralization is widespread in nature.

differs

geological mineralization because the crystallization of

Biological ~mineralization obviously  from

inorganic phase is strictly controlled by the organic
species secreted by organism.The most organic species
are water insoluble organic matter (IM) which usually
consists of a number of water-repellent molecules such
as chitin and silk protein. The rest organic species
contain small amount of water soluble organic matter
(SM) which normally consists of acidic proteins,
glycoprotein, protein, etc. The polysaccharide parts of
the SM are sulfate-rich. SM is a major controller and
regulator of biological mineralization!®*,

Bacillus pasteurii is vaccinated into medium and
utilizes urea as nutrient. The urea is constantly
decomposed by emzymolysis, causing the increase of
solution pH value and more suitable environment to the
growth. Reproduction of bacteria and the emzymolysis
were enhanced continuously. In this circular process,
the CO;* concentration in solution is increased with the
continuous depositions of urea. Negatively charged
water-soluble organics on the surface of microbial cells
chelate Ba®* constantly, inducing higher concentration
of CO# locally and more Ba’* are reacted with CO5*~
until crystal precursor concentration increases enough
for nucleation and precipitation of BaCO; particles.
Small grains are formed in the early precipitation then
the small grains pile up together with each other to form
larger particles for a longer period of time due to the
microbial cells chelate Ba?* until forming radial aggre-
gates. The possible biochemical reactions to induce
BaCOs precipitation on bacterial cell surface in urea-
Ba(NOs), medium could be summarized as follows?**,
NH,-CO-NH»+3H,0 — 2NH,*+20H+CO,
Ba*+Cell — Cell-Ba*
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ClI'+HCO;+NH;=NH,Cl+CO;*

Cell-Ba+COs> — Cell-BaCO; |

Microbiologically-induced BaCO; precipitation is
recognized as a more complicated process than
chemically-induced one. The surface of microbial cells
contains plenty of ions which serve as nucleation sites
to nonspecifically induce the precipitation of minerals®.
Especially, Ba®* is unlikely utilized by microbial meta-
bolism but accumulated extracellularly®. Therefore,

the negatively charged monolayer is the most favorable

to crystal nucleation and growth.
3 Conclusions

(1) The morphology of BaCOs precipitates induced
in bacillus pasteurii differs from that induced in pure
water. The crystals induced in the bacteria aqueous
have orthorhombic crystalline structure caused by a
small amount of organic species. Due to the presence of
the organics, BaCO; morphology shows flower clusters
and radial patterns and the crystal transition
temperature of BaCO; decreases.

(2) Due to the microbial cells chelate Ba** and
longer time period for BaCO; precipitation, the growth
of BaCOj; crystals has a character of continuity. Small
grains are piled up together with each other to form
larger particles for a longer period of time due to the

microbial cells chelate Ba®* until forming radial

aggregates.
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