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Abstract—The thermodynamic and experimental modeling of calcium carbonate crystallization in a model
solution of human bile is performed. CaCO; samples are synthesized in the presence of additives with variable
additive concentrations. The phase and group-structure composition of the synthesized samples is deter-
mined by X-ray powder diffraction (XRD), Fourier-transform IR spectroscopy, and optical microscopy.
Amorphous calcium carbonate and calcite are found to be primarily formed in the human bile model solution
in the presence of glycine, glutamic acid, and albumen separately. When twenty amino acids and albumen are
present in the highest concentrations permissible in the human body, vaterite is formed as the major phase.
Distinctions in phase and group-structure compositions of samples are shown to occur depending on syn-
thetic parameters. An effect is suggested to be caused by the compositions and concentrations of the additives
used on the formation of a certain calcium carbonate polymorph.
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INTRODUCTION

Studies into the physicochemical conditions of cal-
cium carbonate crystallization are an important task of
modern science, despite the large amount of studies
devoted to this compound [1—7]. The relevance of
such studies is due to the widespread use of this min-
eral in many areas of modern science and technology.
In particular, in ecology and meteorology in the near
future it is planned to conduct an experiment to
reduce the temperature of the Earth and eliminate the
influence of greenhouse gases by spraying calcium
carbonate particles reflecting sunlight into the strato-
sphere [8]. It is also known in paleontology and clima-
tology to determine the age of various historical
objects and the Earth’s climate in different time peri-
ods of the past by the chemical and isotopic composi-
tion of calcium carbonate [9, 10].

More developed and currently no less relevant is
the problem of mineral formation in the human body
with the participation of calcium carbonate. Physico-
chemical reasons and features of this phenomenon, as
well as the design of calcium carbonate based biocom-
posite materials are important issues of modern sci-
ence [4, 11—15]. The role of this mineral is important
in the formation of gallstones and the development of
cholelithiasis, since this compound is part of
choleliths and in some cases makes up most of them
[5, 16, 17]. Gallstones also comprise cholesterol, bili-

rubin, and various other organic compounds [5]. In
this case, cholesterol, phospholipids, proteins, amino
acids and pigments in the bile can affect calcium car-
bonate crystallization and, as a consequence, the for-
mation of gallstones [2, 5, 7, 16]. Importantly,
cholelithiasis is currently a worldwide problem, since
more than 10% of the world’s population suffers from
this disease, and the established rate of increase in
incidence can increase this indicator to 20% as soon as
by 2050 [18—20].

Polymorphism in calcium carbonate is known; cal-
cium carbonate can exist in six polymorphs. These are
crystalline calcite (a stable form), aragonite, and
vaterite (both metastable); hydrates: monohydrocal-
cite and ikaite (hexahydrate); and amorphous calcite
[7]. Of the gallstones formed in the human body, it is
the metastable calcium carbonate polymorph that is
formed to a greater extent, namely, vaterite (it is unsta-
ble when in a pure form; a monotropic phase transi-
tion to calcite occurs over time as the deposit ages in
solution or under heating), because of its crystalliza-
tion conditions [4, 5, 11, 21]. This feature of the phase
composition of the inorganic component of choleliths
is of interest, since its study can elucidate the true
causes of gallstone formation and help in the develop-
ment of new drugs and ways to prevent this disease.

To study the physicochemical conditions of crys-
tallization and the phase composition of calcium car-
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Table 1. Ion contents in bile [4]

Value
Parameter -

min avg max

pH 6.5 7.25 8.0
C, mmol/L

Na* 130 205 280
K* 2.7 8.85 15.0
Ca’* 1.2 6.6 12.0
Mg?* 1.3 2.15 3.0
ClI™ 14.5 70.25 126
HCO; 8.0 31.5 55

bonate polymorphs formed in the real settings of the
human body, it currently seems possible to use ther-
modynamic modeling methods [4, 22—24], as well as
synthesis and characterization of the synthesized sam-
ples [12, 24—26]. To approximate the model being cre-
ated to the real settings and to simulate its various
states in this study, we use the concentrations of the
substances in question such that are the norm for a
healthy average person [5]. The variations of these
concentrations may correspond to various pathologi-
cal changes in the state of human bile.

This work is targeted at the thermodynamic and
experimental modeling of calcium carbonate crystalli-
zation from a bile solution by varying the solution
composition (precipitating ions, amino acids, albu-
men) and experimental parameters (concentrations of
substances introduced into the system).

EXPERIMENTAL
Thermodynamic Modeling
To design a theoretical model of the formation of

a solid phase in the Ca2+—CO§_ system in human bile,
we used a hypothetical solution where the content of
inorganic macrocomponents, pH, ionic strength, and
temperature corresponded to the average respective
values for bile of an average adult and healthy person
(Table 1) [4, 24]. The effect of organic components of
bile on crystallization was not taken into account.

The theoretical characteristics of calcium carbon-
ate formation as a solid phase in solution are the refer-
ence values of the solubility product at 298 K, reduced
to 310 K according to the Van Goff isobar equation:
K510 (vaterite) = 1.01 x 1078 and K3, (calcite) =
2.72 x 107927, 28].

The conditional solubility products were calculated
taking into account the activity coefficients of ions and
the occurrence of protolysis and complexation of pre-
cipitate-forming ions (their mole fractions were calcu-
lated using the H,COj; acidity constant at 310 K and
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the complexation function of Ca?*, together with the
stability constants of the considered complexes):
KO
KO cond — sp ( 1)
sp x .
VAYBX4Xp
The activity coefficients were calculated by the
Davies equation (in the Debye—Hiickel model):

=l
lo ,:—o.su,f( —-0.37 . 2
gY ] (2)

The possibility for the low-soluble compound A, B,
(CaCO0;) to be formed in the considered system was
quantified using supersaturation indices S7:

ST =logQ = log| ———

All of the physicochemical processes occurring in
the studied system were taken to be steady-state and
isothermal (7'= 310 K).

All necessary calculations were carried out in Mic-
rosoft Excel 2013 software, and the diagram was plot-
ted in OriginPro 2018.

Synthesis of Calcium Carbonate

General synthetic scheme. Preserved medical bile
(from SAMSON-MED, emulsion for topical applica-
tion), a 250-mL sample, was divided into two equal
portions (125 mL each). Then, the first portion was

added with certain amounts of HCO; and an addi-
tive, and the second was added with Ca?* (Table 2).
After the added substances dissolved, the first solution
with the additive was poured from a burette at a rate of
~0.15 mL/s to the second solution, which was thermo-
stated in a beaker at 310 = 1 K, under continuous stir-
ring. After the mixing was complete, the thus-obtained
solution (250 mL) was stirred for another 30 min. The
precipitation occurred following the scheme

CaCl, + 2NaHCO;,
= CaCO; + 2NaCl + CO, + H,0.

Syntheses in the presence of glycine and glutamic

3

acid. The amounts of Ca’" and CO§_ ions, glycine,
and glutamic acid to be added were calculated from

average Ca’" and CO§_ concentrations in bile (Table 1)
and average amino acid concentrations in human
blood serum (Table S1) referred to 250 mL of the final
solution [29].

CaCOj; syntheses in the presence of albumen. The
weight of albumen added was varied based on the aver-
age protein content in bile (from 0.025 to 0.14% on the
whole, i.e., 0.083% by weight on the average) and in
the doubled average concentration [5].
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Table 2. Contents of major components and additives used in synthesis

Component, mol
Sample no. Additive
CaCl, - 2H,0 NaHCO;

1 1.65 x 1073 7.88 x 1073 Glycine, 6.25 % 107> mol

2 Glutamic acid, 2.86 x 107> mol

3 Albumen, 0.21 g

4 Albumen, 0.42 g

5 3.00 x 1073 13.8 x 103 20 EAAs (according to Table 1) and albumen, 0.35 g

CaCO; synthesis in the presence of albumen and the
twenty essential amino acids (EAAs). The amounts of
Ca(Cl, - 2H,0, NaHCO;, and EAAs to be added were
calculated with reference to the maximal values from
Table 1 and Table S1, respectively, referred to the
250 mL of the final solution.

The resulting solutions were placed in a BIATRON
thermostat cabinet maintained at 310 = 1 K (human
body’s temperature) for 120 h. The thus-obtained pre-
cipitates were filtered, washed, and dried at room tem-
perature until a constant weight was acquired and until
chemically bound water was completely removed.
Then, the solid phase was weighed and characterized
by Z-ray powder diffraction, Fourier-transform IR
spectroscopy, and optical microscopy. In total, five
samples of solid calcium carbonate were obtained and
analyzed in this way.

X-ray powder diffraction characterization of pre-
pared samples was performed on a D8 Advance
(Bruker) diffractometer. X-ray diffraction patterns
were recorded in the range 5°—80° 20 angles. The
qualitative phase analysis of samples was carried out
with reference to PDF-2 and with related literature [7,
30, 31].

IR spectra of solid phases were recorded on an FT-
801 (Symex) spectrometer. A 0.5-mg powdery sample
was mixed with 50 mg KBr and compacted into a disk-
shaped tablet 3 mm in diameter at room temperature.
The spectral resolution was 4 cm™!; the total number
of scans was 32. The spectra of tested samples were
recorded in the range from 400 to 4000 cm~'. The IR
spectra were processed in software OriginPro 2018 and
with reference to the literature data on the absorption
peak positions for atomic groups [7, 25, 32, 33].

Optical microscopy served to study the morphology
of solid particles using an XSP-104 (ARMED) micro-
scope. Test samples were spread in thin layers over a
glass slide, and the material was studied with a magni-
fication of X640. Micrographs were taken using Toup
View software and equipment.
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RESULTS AND DISCUSSION
The thermodynamic modeling of solid phase for-

mation in the Ca**—CO; system initially ignored
Ca?* complexation but accounted only for the proto-

lytic interactions of CO§_ for calcite and vaterite. The
calcium carbonate stability field was rapidly designed

aspCa’ = f(pCO?; pH). This was three-dimensional
diagrams (surfaces) that described precipitation equi-
librium at S7= 0, above which any figurative point of
the system under study described its state as an ideal
solution (no solid phase is formed; S7 < 0), and below
this surface, it describes the state where SI > 0 (a pre-
cipitate is formed). The diagram obtained for calcite
appears in Fig. 1. No qualitative distinctions were
found between the calcite and vaterite stability fields;
however, all pCa?" values obtained for vaterite are at a
shift of about 0.35 to the negative side. This indicates
that vaterite formation in a model solution requires
higher concentrations of precipitate-forming ions
than for calcite, the other conditions being equal. At

pH 7.25 and pCO; = pHCO; = 1.50 (the mineral
composition of human bile, Table 1), to the critical
point (a point inside the stability field) for calcite,
there corresponds pCa®" = 2.13; for vaterite, pCa?* =
1.78 [4, 24].

Because in reality calcium carbonate crystalliza-
tion in bile can be affected by bile amino acids, we car-
ried out analogous calculations taking into account
Ca?* complexation with glycine and glutamic acid
(separately) using their average serum concentrations
and with twenty essential amino acids referred to their
maximal permissible serum concentrations (Table S1).
The complexation function was calculated using the
stability constants of Ca2* with amino acids [34].

No qualitative changes were noticed upon the for-
mation of a low-solubility compound (CaCQO;);
accordingly, the stability field of glycine and glutamic
acid in the concentrations created in the model solu-
tion remains unchanged. The decrease in pCa?* corre-
sponding to the critical point is less than 0.0005 units.
In the same way, in case where the model solution is
added with all EAAs in their highest concentration, no
qualitative changes are observed. Even for pH 7.25 and
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5.30
4.21
3.12
2.03
0.94
0.15
—1.24
—2.33
—3.42
—4.51
—5.60

Fig. 1. Calcite stability field where Cca’t complexation is ignored.

pCO; = pHCO; = 1.50, to the critical point in the
diagram there corresponds pCa?* = 2.13, a value as lit-
tle as 0.003 pCa?" units lower than the respective value
in the absence of complexation; so the appearance of
the CaCO; stability field is almost identical to Fig. 1.

The figurative point with the coordinates pH, 7.25;

pCa?*, 2.18; and pHCO;, 1.50 describes the state of
the human bile model solution with average respective
values. This point lies above the stability field. For the
point, ST ~ —0.4; that is, the system in this state is
a true solution, which is, however, very close to pre-
cipitate—solution equilibrium state (especially in the
case of calcite). So, equilibrium in the considered sys-
tem could be shifted toward solid phase formation only

when excessive Ca** and HCOj ions would be added
in concentrations equal to average physiological con-
centrations (Table 1), just as it was done during the
subsequent synthesis of calcium carbonate.

The X-ray powder diffraction patterns of the pre-
pared samples showed that the phase compositions of
samples 1—4 almost do not differ from one another,
while sample 5 has some distinctions. For clarity, Fig. 2
shows the diffraction patterns of samples 3 and 5. One
can see that sample 3, prepared in the presence of
albumen (0.083 wt %), features a broad band (extend-
ing from 15° to 55°) corresponding to amorphous
CaCO; (the major phase) and peaks characteristic of
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minor calcite (23.0°, 29.4°), aragonite (26.3°), and
monohydrocalcite (32.0°). In the X-ray diffraction
pattern of sample 5, the major phase is vaterite (21.0°,
24.9°, 27.0°, 32.7°, 44.5°, 49.0°, 50.0°, and 56.0°);
peaks characteristic of minor calcite (29.4°, and 39.5°)
are poorly defined [7, 30]. The peaks located at 21.7°
and 20.3° and those to the left of them correspond to
organic calcium salts and calcium compounds
adsorbed on the CaCQj; surface [35].

The FT-IR spectroscopic characterization of the
prepared calcium carbonate samples correlates with
XRD data. Powders 1—4 have nearly identical spectral
patterns (Fig. 3). The IR spectra of these samples fea-
ture bands due to the C—C stretching vibrations at
1540—1580 cm~! and narrow bands at 2850—2920 cm™',
which correspond to the C—H stretching vibrations.
These vibrations are characteristic of the presence of
organic molecules in the powder in the form of cal-
cium salts of organic acids and pigments that enter the
bile or are adsorbed on the surface of crystallizing par-
ticles. The N—H stretching vibrations appearing as
a broad band in the region of 3400 cm™! correspond to
the amino group vibrations in bilirubin, amino acids,
or proteins adsorbed on the surface of calcium carbon-
ate. The band at 1050—1100 cm~! describes the O—H
and C—N stretching vibrations, respectively, in bile
pigments and bile cholesterol. The asymmetric
stretching vibrations of C—O in CO, appear as a peak

at 2350 cm~!. The spectra also feature stretching vibra-
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Fig. 2. X-ray diffraction patterns of (a) sample 3 and (b) sample 5. Notations: A—aragonite, B—vaterite, C—calcite, M—mono-

hydrocalcite, and X—amorphous calcium carbonate.

tions (at 1650 cm™") and bending vibrations (at 3740 cm™!)
in a water molecule. The spectra of four samples fea-
ture vibration bands of identical positions and intensi-

ties that correspond to a group of atoms in CO§_.
These are nondegenerate symmetrical changes in

bond lengths (v,(CO;3 ")) at 1068 cm~!, doubly degen-

erate deformation of opposite bond angles (vz(CO?))
at 866—875 cm™~!, triply degenerate asymmetrical

changes in bond lengths (v4(CO3")) at 1420—1475 cm™,
and triply degenerate asymmetrical changes in one
bond length in response to a change in bond angles

(V4(CO§7)) at 720 cm~! [33]. This set of characteristic
IR frequencies points to the presence of calcite and
amorphous CaCOj in the samples [7].

So, no changes have been recognized in the group-
structure composition among samples 1—4. A compari-
son of samples 3 and 4, which were prepared in the pres-
ence of various albumen concentrations, showed that a
twofold increase in albumen concentration only insig-
nificantly adds to the absorption intensity at 3400 cm™!
(N—H vibrations), indicating an enhancement of
diverse interactions between albumen and calcium
carbonate.

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 65

The spectrum of sample 5 has some distinctions
from the samples considered above. At 2500 cm™!
a band appears corresponding to the S—H stretching
vibrations in sulfur-containing amino acid molecules
(cysteine, methionine), probably also adsorbed on the

surface of the powder. The vibrations v3(CO§_) give
a high-intensity band at 1440—1490 cm™!, as distinct
from those in the previously samples. At 875 cm™!

a well-defined V2(CO§_) vibration peak appears. The
V4(CO§_) vibrations shift toward 745 cm~'. The set of

characteristic frequencies obtained for CO§_ indicates
that sample 5 is represented by a vaterite phase [7].

The results of optical microscopy of the prepared
powders are in agreement with the XRD and IR-spec-
troscopic data (Fig. 4). The morphology of the pre-
pared crystals was compared to the literature data [7];
a similarity of particle shapes of calcium carbonate
polymorphs was observed. For samples 1—4, irregu-
larly shaped crystals were observed, frequently grown
together (such crystals are typical of amorphous
CaCQO;), as well as cubic or rhombohedral crystals
were observed in the mixture (calcite structure). Qual-
itative distinctions were noticed for sample 5: its crys-
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Fig. 3. IR spectra of (a) sample 3 and (b) sample 5.

tals had spherical shapes (typical of vaterite), larger
sizes and there were more of them.

Thus, from the results obtained by XRD, FT-1K
spectroscopy, and optical microscopy, we may con-
clude that the nature and concentrations of additives
to the bile, as well as the value of supersaturation of
precipitate-forming ions, can affect the nature of crystal-
lizing calcium carbonate phases. Qualitative changes in
phase composition are observed in the presence of all
EAAs and albumen in combination at their physiolog-
ically permissible highest concentration in human
bile. Some researchers [36] observe that the presence
of aspartic acid and cholesterol during calcium car-
bonate precipitation from aqueous solutions promotes
vaterite formation along with calcite; when exposed to
the solution for 96 h, however, the newly formed
metastable vaterite almost completely converts to cal-
cite, while in sample 5, vaterite is represented as the
major calcium carbonate phase and remains stable
even after exposure to the model solution for 120 h. So

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 65

we may suggest that the specific effect on phase for-
mation and the stability of calcium carbonate is caused
by some of the EAAs or a combination of several
amino acids with one another, with albumen, or with
bile components.

The results obtained in the work indicate the rele-
vance and importance of studies of mineral formation
in human bile on model systems to identify mecha-
nisms, elucidation of functional relationships, and
identification of the causes of gallstone formation.

CONCLUSIONS

Having performed thermodynamic and experi-
mental modeling of calcium carbonate crystallization
in a human bile model solution, we found that essen-
tial amino acids virtually have no effect on the forma-
tion of low-soluble compound (CaCO5), but they yet
change the qualitative phase composition of the
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Fig. 4. Micrographs of (a, b) powder 3 and (c, d) powder 5. Magnification: X640.

resulting powders. When present in average physiolog-
ical concentrations, glycine, glutamic acid, and albu-
men separately do not modify the composition of the
synthesized samples relative to the calcium carbonate
obtained in a purely bile model solution. However,
when their concentrations increase to the highest val-
ues permissible for their joint presence, they enhance
the formation of vaterite, the metastable calcium car-
bonate polymorph, as the major phase.
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Table S1. Contents of amino acids in human blood
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