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The effect of a permanent magnetic field on the crystallization of calcium carbonate from carbonate aqueous
solutions was studied. Based on the equations for the first- and second-order dissociation constants of carbonic
acid, the stability constants of NaCO3s™ and NaHCO3? complexes, the mass balance and electroneutrality equations,
the values of the system components and the ratio between the components of the carbonate subsystem were
determined, and it was established that the main species in experimental conditions are CO3%, NaCO3 and HCO3
and the main components of the carbonate subsystem are CO3? (86.7%) and HCO3™ (13.19%). Studies have shown
that with a significant excess of CO3% over HCO3 ions in the solution at temperatures of 18-20°C, calcite and
vaterite are most likely formed. During the crystallization of calcium carbonate from an agqueous carbonate solution
in a magnetic field of 125 - 250 mT, the size of the crystallites increases significantly compared to the absence of

a magnetic field.
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Introduction

The effect of the magnetic field on the crystallization
of calcium carbonate has been known for a long time [1]
and it is important both from the point of view of
fundamental studies of the crystallization of inorganic
sparingly soluble salts [2-4] and from the point of view of
applied problems of technological processes, for example,
such as heat exchange [5] and chemical condensation with
predetermined properties of the solid phase [6]. But
currently there are many experiments, the results of which
are in contradiction [7], which confirms its complexity and
multifactorial nature. Such multifactoriality consists in the
polymorphism of the solid phase (calcite, aragonite,
vaterite [8]) and in the multicomponent calcium-carbonate
water system [2, 9], moreover, such a system (calcium-
carbonate) is open to atmospheric CO, [10], which
significantly affects its condition, which, in the absence of
tightness, is fundamentally unstable.
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Thus, the search for experiments that would
unambiguously and reproducibly show the effect of the
magnetic field on the crystallization of calcium carbonate
is an important scientific task.

. Experiment

Crystallization was initiated by mixing the solutions.
50 ml of an aqueous solution of CaCl, with a
concentration of 20.0 mmol/dm3 was added to 50 ml of a
solution of Na,COs; with a concentration of
20.0 mmol/dm3. Mixing was done in parallel in two
identical chemical beakers with a capacity of 100 ml each.
After mixing, one chemical beaker was placed in a
magnetic field. During the experiment, the solutions were
continuously stirred by hand with glass rods for one
minute. All solutions were prepared from chemically pure
reagents and distilled water. To test the prepared solutions
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before mixing, the concentrations of Na* and CI- were
measured with a PAZ-2 flame liquid analyzer with a
relative measurement error of 1%. Also, before mixing,
the pH of the Na,CQs solution was measured with an Al-
123 ion analyzer with an error of 0.01 units. The magnetic
field was created by two flat samarium-cobalt magnets
(Fig. 1a). Experiments were performed at temperatures of
18 - 20°C. The distribution of the magnetic field in the
chemical beaker was previously measured (without a
solution) by a MT-1 magnetometer and is presented in Fig.
1b. Crystallization was initiated by mixing the solutions.
50 ml of an aqueous solution of CaCl, with a concentration
of 20.0 mmol/dm3 was added to 50 ml of a solution of
Na,CO3 with a concentration of 20.0 mmol/dm3. Mixing
was done in parallel in two identical chemical beakers
with a capacity of 100 ml each. After mixing, one
chemical beaker was placed in a magnetic field. During
the experiment, the solutions were continuously stirred by
hand with glass rods for one minute. All solutions were
prepared from chemically pure reagents and distilled
water. To test the prepared solutions before mixing, the
concentrations of Na* and CI were measured with a PAZ-
2 flame liquid analyzer with a relative measurement error
of 1%. Also, before mixing, the pH of the Na,CO3 solution
was measured with an Al-123 ion analyzer with an error
of 0.01 units. The magnetic field was created by two flat
samarium-cobalt magnets (Fig. 1a). Experiments were
performed at temperatures of 18 - 20°C. The distribution
of the magnetic field in the chemical beaker was
previously measured (without a solution) by a MT-1
magnetometer and is presented in Fig. 1b.

I1. Discussion of results

2.1. Determination of the component composition
of the carbonate subsystem

In the work, for the Na,COs + H,O solution, it is
important to establish the component composition and
quantitative ratios between the components of the
carbonate subsystem (CO3%, HCO3", CO,). Such ratios are
based on chemical reactions occurring in this system:
carbonic acid dissociation reactions of the first and second
degrees (1), (2), respectively

a
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HCO3 + H* & H,0+COy, (1)
CO3% + H* «» + HCOg, )

water dissociation reactions (3)
H:0 < H* + OH ©)

and NaCOj3™ and NaHCO3° complex formation reactions
(4), (5), respectively

HCOs + Na* <> NaHO3, (4)

()
Based on reactions (1) - (5), let's write down the

thermodynamic constants of dissociation of carbonic acid
in the first (6) and second (7) degrees:

CO3% + Na* < + NaCOs.

a a =
Kl — Ht “HCO3 (6)
aco,
a., +'a 2—
Ky =——%- (7)
aHCcO3

and the thermodynamic water dissociation constant KW

(8)
(8)
The concentration constants of stability of NaCOgs

and NaHCO3° complexes (9), (10) will have expressions,
respectively:

K@,==aH+ 'QOH—

CNacoz
Ks = - ©)
Nat™“co%~
c 0
NaHCO
K, = — (10)
Cna+CHCOZ

Also, it is necessary to take into account the mass
balance equation (11) and the electroneutrality equation
(12).

Fig. 1. Scheme of the installation for magnetization of CaCO3 suspension (a): 1 — CaCOs suspension; 2 — chemical
beaker; 3 — permanent magnets. Distribution of the magnetic field in the glass (b).
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(CNa+)0 + (CC032_)0 = CNa+ + CC032_ + CHCO—; + CCOZ + CNaCO—; + CNchog' (11)

CNa+ + CH+ = 2CCO§_ + CHCO; + CNaC03_ + COH—, (12)

The values of the constants are: K;=1.72.107%,

— -11 — 1014 ~ P _ mmol _ mmol
K2 =4.40-10 ’sz-_ 1.00+1_0 I3(7) .(12) we obtain the Crnaco; = 7'07W’ Crancoy = 0.032 el
dependence of CO3z* on H* in the form:

mmol
dm3 '

1-K3Cpop- Cco,=0.0417
(Na*)y —2%5
0 1+A(H+)-CCO§_

= B(H") — C(H"), (13)
From fig. 4 it can be seen that at a pH of the Na,CO3
dosed solution equal to 10.9 basic components are CO3>

K4V »p2—
where  A(H™) = . — 6032 “H* 4+ K3, and HCO3". The calculated ratios between the components
* "ycozz__ of the carbonate subsystem will be as follows components
B(H*)=—2 . g+ 42, are COs* and HCOj3". The calculated ratios between the
K2V ncog- N components of the carbonate subsystem will be as follows
C(HY) :L_H_F (fig. 4):

Yhcoz H®  YH
o o . ] SCO?%— = 867%, gHCOr; = 1319%, SCOZ =3.0- 10_4%.
Activity coefficients y were determined according to
the second Debye-Hiickel approximation [11]:

_ 0.512-Z2yT 0,081
log(y) = 140.328-a'I' (14)
—~ [ |
where Z is the ionic charge; b — the distance of the smallest Qg' 0,07
convergence of ions; | is the ionic strength of the solution, E
defined as = T
0,06
I=05-3YN, ¢ 7% (15)
. . 0,05 ; ; ; ; ; ; ;
a (effective sizes of ions, A) are equal [12]: ay+ = 9; o 1 2 3 4 5 6 7
Apgt = 4: aCO%‘ = 5; aHCO_{ = 4; Aoy- = 3. iterations

The ionic strength | was determined by the iterative

h - A Puc. 2. 3aexHICTh I0HHOT CHIIM BiJl KUTBKOCTI ITeparrii.
method, the zero approximation of which corresponded to

the initial values of concentrations ((Na*)o=40 mmol/dm? 2.2. X-ray studies
and _(CQ%_)O = 20.0 m_mol/dm?). In this case, three X-ray structural analysis of the studied samples was
iterations were enough (Fig. 2). Since the solution (13)is  carried out on a DRON-4 diffractometer. Experimental
cumbersome, we introduce additional notations: diffractograms were obtained at room temperature with a
L scan step of 0.050 according to the Bragg-Brentano
D=—- E= —(Na)oK; — AC — B, scheme. The source of X-ray radiation was an X-ray tube

_ 4AB with a copper anode at a voltage of 41 kV and a current of
F=(Na)oKs- ((Na)0K3 +2B+24C+ K_3) (16) 21 mA. Characteristics of X-ray reflexes (angular position
G =(B—AC)>. 20, half width, width at half height) B, integral intensity I
were determined using the Gaussian function and were
In terms of notation (16), the solution (13) will have  ysed to interpret the results of X-ray studies.
the form: In Fig. 5. X-ray diffraction patterns of two samples
that crystallized without the influence of a magnetic field
Cooz- =D [E +(F + G)%]. (17) (Fig. 5a) and with the influence of a magnetic field
3 (Fig. 5b) are shown. It can be seen from the diffraction
patterns that they are quite similar. It was suggested that
For (17), and (6)-(12), as well as (14), (15) were the reflexes of the diffractograms belong to calcium
ca!culated Ceoz Cflcos_ g Cacos: Chancoy @d Ceo, carbonate. It is known that calcium carbonate crystallizes
(Fig. 3) and the relationship between the components of in three modifications: calcite, vaterite and aragonite [13].
the carbonate subsystem Ccoz-, Cucoss Cco, (Fi9.4).  Using the known interplane distances [14] and the Wolf-
From fig. 3 shows that at a pH of the Na,CO3 dosed Bragg formula [15]:
solution equal to 10.9, the molar concentrations of the
components have: 2-d-sin-0=k-A2, (18)
mmol mmol

Cooz- = 116 s, Cyco; = 1.76 0,

dm3’
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Fig. 3. Concentrations of the components of an aqueous solution of 0.02 mol/dm® Na,COj3 depending on the pH of
the solution. 1 - COs%, 2 - NaCOgz, 3 - HCOg3', 4 - CO», 5 - NaHCO3".
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Fig. 4. The ratio (in percent, €) between the components of the carbonate subsystem of an aqueous solution of
0.02 mol/dm® Na,CO; depending on the pH of the solution. - HCOy3, - - CO,, - CO3%.
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Fig. 5. X-ray diffractogram of the studied samples: a — synthesis without the influence of a magnetic field;
b — synthesis under the influence of a magnetic field.

where d is the interplane distance; 6 — diffraction angle; k
is the order of the diffraction maximum; X is the
wavelength of X-ray radiation, the angular positions of the
20 reflexes were calculated for various modifications of
calcium carbonate. Table 1 shows a comparison of
calculation results and literature data with experimental
data for two modifications of calcium carbonate (angular
positions are given in degrees, intensities in percent).

The table shows that only reflexes characteristic of
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calcite and vaterite are present on the diffractograms.
Reflexes of another modification, namely aragonite, were
not recorded. The calculated and experimental values of
the angular positions of the reflexes agree well with each
other. The differences in the relative intensities are due to
the fact that the literature data are given for peak
intensities, while we used integral intensities, in addition,
different X-ray radiation was used in both cases.
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Table.
Experimental and literature data for calcite and vaterite
calcite vaterite
Calculation Experiment Calculation Experiment
20 | 20 [ 20 [ 20 [

23.0 12% 23.2 21% 20.9 13% 21.1 19%

29.4 100% 29.6 100% 24.9 63% 25.0 60%

36.0 14% 36.1 22% 27.1 75% 27.2 98%

39.4 18% 39.5 50% 32.8 100% 32.9 100%
43.2% 18% 43.3% 15% 44.0 63% 44.0 61%

47.2 5% 47.2 10% 48.8 15% 49.2 28%

47.5 17% 47.7 23% 49.9 63% 50.2 50%

48.6 17% 48.6 25% 55.7 31% 56.0 24%

57.5 8% 57.5 18%

To index the reflexes of the diffractograms, the Wolff-
Bragg formula and the quadratic form for the hexagonal
syngony were used [14]:

1/d? =4(hR2 + h-k + k?)/3 - a? + [2/c?

where a and ¢ are unit cell parameters; (h k ) are the Miller
indices of the reflex. As a result, it was established that
reflexes with angular positions: 23.20; 29.60; 36.10;
39.50; 43.30; 47.20; 47.70; 48.60 and 57.50 belong to
calcite and have Miller indices (102); (104); (110); (113);
(202); (204); (108); (116) and (212), respectively. The
vaterite reflexes have Miller indices: (002); (100); (101);
(102); (110); (112); (104) and (202), to which the angular
positions correspond: 21,10; 25.00; 27.20; 32.90; 44.00;
49.20; 50.20 and 56.00 respectively. Our X-ray structural
studies correlate well with the results of works [16 - 18] in
which the authors studied synthetic modifications of
calcium carbonate.

The Debye—Scherrer formulas were used to determine
the size of nanoparticles [19 - 21]:

D = 0.891/(B cos ), (19)

where A is the wavelength of X-ray radiation; 6 —
diffraction angle; B — the half-width of the reflex depends
on the size of the nanoparticles (the physical value of the
half-width). The experimental value of the half-width of
the X-ray reflex B1 contains two components: the physical
B and the instrumental B, value. Therefore, the physical
value of the half-width is calculated according to the
formula:

B =B - B (20)

The instrumental B, half-width value was determined
from the X-ray diffraction patterns of Si and Al;O3
reference powders.

Using the Debye-Scherrer formula, the dimensions
for all reflexes of two modifications of calcium carbonate

were determined and the arithmetic mean of the results
obtained for each modification was found. As a result, the
following sizes of nanoparticles were obtained: sample in
the absence of a magnetic field, calcite — 100 nm, vaterite
— 24 nm; sample, which is synthesized in a magnetic field
vaterite - 31 nm. For the sample synthesized in a magnetic
field, the half-widths of calcite reflexes are proportional to
the instrumental half-width value. In this case, it is
incorrect to use the Debye-Scherrer formula. This means
that the size of the crystallites is of the order of 1 um and
their sizes must be determined by other methods.

Conclusions

Studies have shown that with a significant excess of
CO3? ions over HCOs™ in the solution (6.6 times in this
work) at temperatures of 18-20°C, calcite and vaterite are
most likely to be formed, and aragonite is unlikely to be
formed.

The process of crystallization of calcium carbonate
from an aqueous carbonate solution is significantly
influenced by an external magnetic field.

The sizes of calcium carbonate crystallites (calcite
and vaterite) in the case of synthesis in a constant magnetic
field increase significantly.
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BruiuB mocTiiiHOro MarHiTHOrO MOJIsi HA KPUCTAJI3alil0 KapOOHATY KAJbLIiK0
3 KapOOHATHUX BOJHUX PO3YMHIB

Hayionanvhuii ynisepcumem 6001020 20cnodapcmea ma npupodokopucmyeanns, Piene, Yrpaina, v.r.haievskyi@nuwm.edu.ua;
2Pignencuokuti depaicasnuii 2ymanimapnuii ynieepcumem, Piene, Yipaina, bodya-54@ukr.net;
3Pignencokuii HayKo8o-00CTiOHUI excnepmuo-KpumMinaricmuunuti yenmp Minicmepcemea enympiwmix cnpas Yxpainu,

Pisne, Vkpaina, 9591979@ukr.net

JlocTipKeHO BIDIMB MOCTIHHOTO MAarHITHOTO MOJIST Ha KPHCTaNi3alilo kapOOHATy KajibIifo 3 KapOOHATHHX
BOJHUX po3unHiB. Ha OCHOBI piBHSHB JUIsl KOHCTAHT JUCOLIalil ByTriIbHOT KUCIOTH 110 MEPIIii i APYTil CTyIeHsX,
koHcTaHT crilikocTi kommuekcie NaCOsz™ i NaHCO3?, piBHsHB GanaHCy Mac i eleKTPOHENTPaIbHOCTI, BUSHAYEHO
3HAQUCHHS KOMIIOHEHT CHCTEMHM a TaKOX CITIBBIHOIIEHHS MDK KOMIIOHEHTaMH KapOOHAaTHOI MiJCHCTeMH i
BCTaHOBJIEHO, 1110 OCHOBHUMH KOMITOHEHTaMH B yMoBax ekcriepumenty € CO3%, NaCO3z ta HCO3™ a OCHOBHUMHM
KOMITOHeHTaMu KapOoHaTHoi mincucremu € CO3% (86,7%) ta HCO3™ (13,19%). Jlocmi/ukeH s TTOKA3aIH, IO TPH
3HaYHOMY TlepeBHIIeHHi y posumHi ioHie COsz* magx HCOs mpu Temmeparypax 18 - 20°C 3 Haii6inbIuoo
WMOBIPHICTIO YTBOPIOIOTHCS KabLUT 1 BaTepuT. [Ipu KpucTanizarii kapOOHATY KalbIlifo 3 KapOOHATHOTO BOAHOTO
po3unHy B MarHiTHOMYy moii 125 - 250 MTa po3Mipu KpHCTaliTiB CYTTEBO 301MBLIYIOTHCS B TIOPIBHSHHI 3
BI/ICYTHICTIO MarHiTHOTO MOJISI.

KonrodoBi cioBa: marxiTHa 00poOka, KpHCTamizamis KapOOHAaTy KalbIlilo, kapOOHATHAa BOJHA CHCTEMA,
PO3YMHHM €JIEeKTPOIITIB, Teopis Jlebas-Xrokkems, METo] iTepalliii, peHTreHO-CTPYKTYpHHI aHami3, Mmeron Jlebas-
[Heppepa.
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