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Microbially induced deposition of barium phosphates
and its ingredient, morphology and size under different pH values
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Abstract: A phosphate-mineralization microbe was used to
induce barium phosphates precipitation, and the precipitates
with different types were obtained under different pH values.
The average crystallite size of the barium phosphates was
calculated by particle size distribution curves, and the size of
the products was 33.40, 29.37, 24.13, 47.76 and 96. 53 pm
when the pH values of the mixed solution are 7, 8, 9, 10 and
11, respectively. The results of X-ray diffraction ( XRD)
show that the structures of the particles controlled by the mixed
solution are mainly BaHPO, when pH < 10; the barium
phosphates are synthesized by biological deposition which is
the mixture of BaHPO, and Ba, (PO,),OH when pH = 10;
when pH =11, the barium phosphates are also the mixtures,
which are Ba; (PO,),;OH and BaNaPO,. The above results
indicate that the phosphate-mineralization microbe can produce
a certain enzyme which constantly hydrolyzes phosphate
monoester in the mixed solution, and then PO]” ions are
obtained.
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icrobially induced precipitation of inorganic com-
M pounds are natural inorganic/organic hybrid materi-
als formed through a cooperative interaction of inorganic
materials with organic macromolecules, where the macro-
molecules control the nucleation, growth, morphology,
structure, and crystal orientation of the inorganic compo-
nents! . The morphology and size of inorganic crystals
are usually controlled by adding organic matrices, such as
BaHPO, ", CaCO,"™, LiFePO,/C", CdS"™, Ag,S""",
etc. Therefore, inorganic materials via bio-inspired pre-
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cipitation have achieved much attention from biologists,
chemists, material scientists, and so on'"'™'.

Barium phosphates have been extensively studied in the
past for their applications in different fields, such as cata-
lysts, bioceramics, ionic conductivity, ferroelectrics, Iu-
minescence, metal-doped, corrosion resistance, etc.
These applied domains show that barium phosphates are
important inorganic phosphate materials. Barium phos-
phates are usually prepared by the sol-gel method, hydro-
thermal synthesis, chemical precipitation, and

However, few investigations focused on the synthesis, in-

SO on.

gredients,
through microbiological technique. In this work, the in-
fluence of pH on the ingredient, morphology and size of
barium phosphates precipitated in the mixed solution of
bacteria and substrate is studied. Bacterial body and bio-
macromolecules can tailor the size and shape of synthe-
sized particles, which have important influences on the
size and morphology of the products. Therefore, barium

size and morphology of barium phosphates

phosphates precipitated in the mixture solution is taken as
a more complicated process than other methods because
the microbial cells of negative charge and functional
groups of organic matrix can chelate metal ionsand regu-
late nucleation, growth, size, and orientation of the crys-

tals[l 16-18] .

1 Materials and Methods

All reagents and solvents from commercial sources
were used without further purification. Deionized water
was self-made by our laboratory. The phosphate-minerali-
zation microbe was selected to investigate microbially in-
duced barium phosphates precipitation. Cultivation of the
phosphate-mineralization microbe was conducted in a me-
dium containing 3 g/L of beef extract, 5 g/L of peptone
and 1 g/L of sodium chloride. The microbe with the
OD,,, value of 1.69 was used in this study. In general,
the harvested microorganisms were kept in a refrigerator
at (4 £0.2) C for stock prior to use.

Microbially induced deposition of barium phosphates
was prepared as follows: 20 mmol of phosphate mo-
noester was completely dissolved in deionized water (40
mL), and the solution was poured into 200 mL of bacte-
rial solution. The mixed solution of bacteria and substrate
was allowed to stand under static conditions for 24 h at



Microbially induced deposition of barium phosphates and its ingredient, morphology and size under different pH values 507

(30 £2)C. The pH values of the mixed solution were
adjusted to 7, 8, 9, 10 and 11 by using 18% HCI and 5%
NaOH solution. Next, 20 mmol of BaCl, - 2H,0 were
added to the above solution. After stirring, the precipita-
ted solution was allowed to stand under static conditions
for 24 h at ambient temperature. Finally, all precipitates
were collected and characterized.

The phase purity of products was examined by the
powder X-ray diffraction ( XRD) with Bruker D8-Dis-
cover diffractometer using graphite-monochromatized
high-intensity Cu Ka radiation (A =0.154 06 nm). The
scanning electron microscope ( SEM, FEI Company,
Netherlands, operating voltage 20 kV ) with a Genesis
60S energy dispersive X-ray spectroscopy ( EDS) spec-
troscopy system was used to conduct morphological stud-
ies and to measure the elemental compositions of the sam-
ples. The particle size was determined using a Microtrac
S3500 particle size analyzer ( Advanced Research Tools
Corporation, Downers Grove, Illinois, USA) for disper-
sions of barium phosphates particles in pure water.

2 Results and Discussion

The XRD of materials analysis confirms that the barium
phosphates at pH <10, patterns can be readily indexed to
the reported structures of BaHPO, (JCPDS No. 17-0929,

Phosphate-mineralization microbe

17-0929 and 72-1370, respectively) , and no peaks attrib-
utable to impurities are observed (see Fig. 1). The pre-
cipitates are mainly mixtures when the pH values of the
mixed solution are 10 and 11. The standard XRD patterns
of the reported structures of the mixture of BaHPO, and
Ba, (PO, ) ,OH used are JCPDS No. 72-1370 and 78-1141
when pH =10 (see Fig.1). When pH =11, the standard
XRD patterns of the reported structures by the mixture of
Ba, (PO, ),OH and NaBaPO, used are JCPDS No. 06-0272
and 33-1210 (see Fig.1). The barium phosphates are pre-
cipitated in the mixed solution under different pH values,
which can be explained by the following steps:

A ABaNaPO, ; OBas (PO, ) ; OH; % BaHPO,
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o
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Fig.1 XRD patterns of barium phosphates at different pH values
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The distribution coefficients of ions § can be used here
to explain the above results of XRD and the forms of
phosphate ions with different values. The distribution co-
efficient of phosphate ions in the solution depends on the
concentration of the hydrogen ion, and the distribution
coefficient can be calculated by the distribution coefficient
equations as

_[H,PO,]
0~ C -
[H" ]
[H']’ +Ka,[H"]? +Ka,Ka,[H" ] + Ka,Ka,Ka,
1
[H,PO; | )
1: C =
Ka,[H"]?
[H']’ +Ka,[H" ] +Ka,Ka,[H" ] + Ka,Ka,Ka,
(2)

_[HPO; ]
2 = C -
Ka,Ka,[H" ]
[H* ]’ +Ka,[H" ]° +Ka,Ka,[H' ] + Ka,Ka,Ka,
(3)
: C
Ka,Ka,Ka,
[H* ]’ +Ka,[H" ]° +Ka,Ka,[H" ] + Ka,Ka,Ka,
(4)

where Ka, =7.25 x 107, Ka, =6.31 x 10™*, Ka, =
4.80x10°".

The distribution coefficient of [ HPO. ] (§,) is large
under pH =7, 8 and 9, so BaHPO, is the main precipitate
when pH < 10. The distribution coefficient of [ PO] ]
(8,) is smaller than [ HPO; ] (§,) in theory. But §, is
not ignored by the X-ray diffraction peaks analysis when
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pH =10 and 11 (see Tab.1). The difference in product
types is mainly ascribed to the pH values of the mixed so-
lution and the property of BaCl, - 2H,0O. For instance,
all PO; ™ ions are changed into HPO; ions since the aque-
ous solution of BaCl, - 2H,0 is weakly acidic when pH
<10. A certain percentage of PO; ions is changed into
HPO; ions when pH =10, and no PO; ions is changed
into HPO; ™ ions when pH = 11. It is easy to conclude
that phosphate monoester can be constantly hydrolyzed
by a specific enzyme, which is secreted by the phos-
phate-mineralization microbe, and then the PO  ions
are obtained.

Tab.1 Distribution coefficients of ions under different pH
values calculated according to Egs. (1) to (4)

pH 8 [ 0

7.0 0.613 0. 410 2.39 x10°
8.0 0. 137 0. 863 5.41 x107°
9.0 0.016 1 0.984 6.23 x107*
10.0 1.57 x10 73 0.991 6.19 x 103
11.0 1.52 x10 ~* 0.941 5.94 x 10 72

The SEM images and particle size distribution curves of
barium phosphates obtained in the mixed solution of bac-
teria and substrate under different pH values are shown in
Figs.2 and 3, respectively. When the pH of the mixed

B

‘ ” e = g
Al Spot Magn Det WD +——10 pwm
20.0 kV 3.0 5000x SE_6.1

(a)

&

Ace. V Spot
20.0 kV 3.0 5000x SE 6.1

(d)

o 4k -~
Ace. V Spot Magn Det
20.0 kV3.0 2000x SE 6.1

solution is 7, the morphology of precipitates is an irregu-
lar particle, and the length and width of the particle is
less than 124. 40 um (see Fig. 2(a) and Fig.3(a)).
When pH =8, the spheres are accompanied by some ir-
regular sphere appearing, as shown in Fig. 2 (b). The
size of particles is nonuniform and the diameter ranges
from 4. 62 to 87.99 wm (see Fig.3(b) ). Fig.2(c) and
Fig.3(c) show that the shape of the products is dumb-
bell-shaped and the size of particles is 5. 50 to 62. 22 pm
when the pH of the mixed solution is 9. When the pH of
the mixed solution is increased up to 10, the shape of the
mixture of BaHPO, and Ba, (PO, ) ,OH displays irregular-
ly with the nonuniform size, as shown in Fig.2(d). The
irregular particles’ diameters ranges from 3. 89 to 176. 00
pwm (see Fig.3(d) ). When the pH of the mixed solution
is increased to 11, the shape of the mixture of Ba,
(PO, ),0H and NaBaPO, is also irregular with the nonu-
niform size, as shown in Fig.2(e). The irregular parti-
cles size is 4. 62 to 418. 60 wm (see Fig.3(e) ). The av-
erage crystallite size of barium phosphates is 33.40,
29.37, 24.13, 47.76, and 96. 53 pm when the pH val-
ues of the mixed solution are 7, 8, 9, 10 and 11, respec-
tively (see Fig.3).

¢ -
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Fig.2 SEM images of barium phosphates obtained in the mixed solution of bacteria and substrate under different pH values.

(a) pH=7; (b) pH=8; (¢) pH=9; (d) pH=10; (e) pH=11

3 Conclusion

The diverse shapes and size of the barium phosphates
can be obtained in the presence of the mixed solution of
bacteria and substrate under different pH values. The
shapes of barium hydrogen phosphate are the irregular
particle, irregular sphere and dumbbell-shaped with a

wide diameter distribution when pH =7, 8 and 9, respec-
tively. However, the mixtures of BaHPO, and Ba,
(PO,),0H, and Ba, (PO, ),OH and BaNaPO,are pre-
pared when the pH values of the mixed solution are 10
and 11, respectively.
(PO, ),OH can be easily synthesized when a large num-

It is easy to conclude that Ba,

ber of PO, ions are contained in the mixed solution. The
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Fig.3 Particle size distribution of barium phosphates with different pH values. (a) pH=7; (b) pH=8; (c) pH=9; (d) pH=10;

(e) pH=11

above results show that bacteria and biomacromolecules
play an important role in the process of crystal nuclea-
tion, growth and the accumulation of barium phosphates.
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