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Abstract

Composite materials in form of granules, networks and films were created from suspensions of
synthetic powders of calcium carbonates CaCO:s in aqueous solutions of sodium alginate. Powders
of calcium carbonates CaCOs were synthesized from 0.5M aqueous solutions of calcium chloride
CaClz2 and aqueous solutions of potassium K2COs (at molar ratio Ca/COs=1), sodium Na2COs (at molar
ratio Ca/COs=1), ammonium (NH4)2COs (at molar ratios Ca/COs=1 and Ca/CO5=0.5) carbonates. Phase
composition of powder synthesized from CaCl: and KoCOs was presented by calcite. Phase
composition of powders synthesized from other soluble carbonates included calcite and vaterite. The
powder preparation protocol excluded the stage of by-product removing via synthesized powder
washing providing their preservation at very low level. Presence of NH4Cl as reaction by-product
even in small quantities can be taken as a reason visually observed subsequences of cross-linking
reaction at the stage of suspensions preparation. Aqueous solution of sodium alginate and
suspensions containing powders synthesized from potassium K2COs and sodium Na>COs carbonates
demonstrated the similar dependence of viscosities from share rate. Presence of (NH4)2CO:s in the
powder synthesized at molar ratio Ca/COs=0.5 was the reason of the lower viscosity of the suspension
in comparison with suspensions loaded with powders containing KCI, NaCl and (NH4)2Cl as reaction
by-products due to decomposition of unstable (NH4)2COs and gas phase formation. Presence of
(NHa4)2Cl in the powder synthesized at molar ratio Ca/COs=1 in contrary was a reason of the highest
viscosity suspension comparison with those under investigation. Granules, meshes and films were
created via interaction of suspensions calcium carbonates CaCO:s in aqueous solutions of sodium
alginate with 0.25M aqueous solutions of calcium chloride CaClz to provide formation of matrix of
composites via Ca-crosslinking of sodium alginate followed by washing and freeze drying under
deep vacuum. Created composite materials in form of granules, meshes and films based on Ca-cross-
linked alginate and powders of synthetic calcium carbonate can be recommended for the skin
wounds and bone defects treatment, and drug delivery carriers.
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1. Introduction

Composite materials with alginate matrices are wildly used not only in medicine [1-6] but also
for environmental applications [7-9], as a semifinished items in the preparation of calcium phosphate
granules [10] and as materials used for fruits storage [11]. Alginate is a naturally occurring
polysaccharide extracted from brown algae, exhibiting ionic crosslinking capability that makes it an
attractive biomaterial for various medical applications [12]. Its unique properties, such as
biocompatibility, low toxicity, and ease of processing, have made it a popular choice for tissue
engineering, wound healing applications due to their ability to promote cell growth, differentiation,
and proliferation [13], and drug delivery systems [14-17]. Alginate-based biomaterials have been
explored as a promising tool in regenerative medicine.

Alginate's ability to form hydrogels through ionic crosslinking with divalent cations like Ca?*
[10], Sr?* [18], Mg?* or Ba?* [19], Zn?* or Cu?* [20] enables its use in creating scaffolds that mimic the
extracellular matrix of tissues, promoting cell growth, differentiation, and proliferation [3]. Different
ions Ca?, Sr*, Mg?*, Ba?*, Cu?, Fe3 and Al** was systematically studied to investigate the relationship
between ion concentration and cross-link density [21-23]. This property also allows alginate-based
biomaterials to be used as carriers for drug delivery systems, providing a controlled release of
therapeutic agents [24].

Alginate is widely used in its pure form or combined with other materials such as carbon-based
nanoparticles, polymeric nanoparticles, metal or metal oxide nanoparticles and ceramic nanoparticles
to create composite biomaterials [25]. These composites can be created using fillers of inorganic (metal
oxides [26-28], calcium phosphates [29-35], carbonates [1,36,37] carbon nanotubes [38], calcium
silicates [34]) and organic (collagen [39,40], polyester [41], cellulose [42], chitosan [43-45]) nature to
enhance the mechanical properties and stability of alginate hydrogels, making them suitable for
various applications, including biomedical.

The addition of calcium carbonate to alginate hydrogels creates composite materials with
improved mechanical properties, stability and ability to adsorb different cations [37]. Currently, the
most common materials for bone defect treating in clinical practice are calcium phosphates, in
particular hydroxyapatite and tricalcium phosphate, due to their structural and chemical similarity
to the mineral phase of bone [46]. However, calcium carbonate is a very promising alternative. It
demonstrates excellent adsorption capacity in relation to proteins and growth factors, which
additionally stimulates regenerative processes. The high surface area of calcium carbonate enhances
the adsorption capacity of alginate-based composites, potentially improving drug-delivering
capabilities over longer periods of time [47]. Calcium carbonate key advantages are a controlled rate
of dissolution, ideally consistent with the rate of bone formation, high osteoconductivity and
complete biocompatibility, since calcium and carbonate ions are natural metabolites of the body [48].

Calcium carbonate CaCQO:s has three modifications: calcite, aragonite and vaterite [49]. Hydrated
[50,51] and amorphous forms [52] of CaCOs are also known. Calcium carbonate of different
modifications can be synthesized by using different methods, including the liquid-liquid route and
the solid-liquid—gas route [49,53,54] But the most convenient is the synthesis from solutions
containing Ca? cation and COs* anion via precipitation [53,55]. Composites including calcite [56]
preferably created for environmental applications with ability to adsorb different cations. Composites
containing vaterite are preferably created for biomedical applications especially as drug delivery
systems [47,57] mainly due to large specific surface area of powders consisting of sea urchin shaped
particles [58]. An important aspect of practical application of different modification of calcium
carbonate is the use as a filler of composite materials. Acting as a bioactive filler in a matrix of
biopolymers, calcium carbonate makes it possible to create materials with programmable mechanical
properties and resorption kinetics, combining the strength of ceramics and the elasticity of the
polymer to maximize approximation to the characteristics of natural bone.

The aim of this investigation consisted in synthesis calcium carbonate powders from aqueous
solutions of different pairs of precursors (K2COs/CaCl,, Na2COs/CaCl:, (NH4)2COs/CaCly,
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2(NH4)2COs/CaClz) and preparation of composite materials based on sodium alginate and synthetic
powders of calcium carbonates in forms of films, meshes and granules.

2. Materials and Methods
2.1. Synthesis of CaCOs Powders

Calcium chloride CaClz (CAS No. 10043-52-4, analytical pure grade, Rushim, Moscow, Russia),
potassium carbonate KoCOs (CAS No. 584-08-7, chemical pure grade, Rushim, Moscow, Russia)
sodium carbonate Na:COs (CAS No. analytical pure grade, Rushim, Moscow, Russia), and
ammonium carbonate (NH4)2COs (CAS No. analytical pure grade, Rushim, Moscow, Russia) were
used for the synthesis of powders.

The following reactions (1-3) were used to calculate the amounts of starting salts and expected
both target and by-products:

K2COs + CaClo—CaCOs + 2KCl 1)
Na:COs + CaClo—CaCOs + 2NaCl @)
(NHi)2COs + CaCla—CaCOs + 2NHJCl 3)
2(NHa)2COs + CaCl—CaCOs + 2NH:Cl + (NHi)2COs (4)

Labeling used for synthesized powders under investigation, quantities of initial salts for
powders preparation are presented in Table 1.

Table 1. Conditions of powders’ synthesis.

Starting salts and solutions
Molar ratio

Labeling COR/Catt CaClz K2COs Na:COs3 (NH4)2COs
C(M)xV(ml) Mass, g C(M)xV(ml) Mass, g C(M)xV(ml) Mass, g C(M)xV(ml) Mass, g
CCK 1 0.5Mx400ml ~ 222g 0.5Mx400ml 276 g - -
CCNa 1 0.5Mx400ml 2228 - 0.5Mx400ml 212¢g -
CCNH4 1 05Mx400ml 2228 - - 0.5Mx400ml 192
CC2NH4 2 05Mx400ml 2228 - - 1.0Mx400ml 384 g

Quantities of expected target (CaCOs) product and reaction by-products are presented in Table 2.

Table 2. Quantities of expected target (CaCOs) product and reaction by-products.

Expected mass, g

Molar ratio

Labeling COw/Ca+ Starting salts CaCOs _ By-product
Mass, g Composition Mass, g
CCK 1 CaClz2/ K2COs 20.0 KC1 =0.4%74.6=29.8
CCNa 1 CaClz/ Na2COs 20.0 NaCl =0.4*58.46=23.4
CCNH4 1 CaCl2/ (NH4)2CO3 20.0 NH.Cl =0.4*53.5=21.4
CC2NH4 2 CaCl2/ 2(NH4)2CO:s 20.0 NH4Cl+(NH4)2COs =0.4*53.5+0.2%96.1=40.60

Four identical 0.5M aqueous solutions of calcium chloride were prepared. For preparation of 400
ml 0.5M solution of calcium chloride 22.2 g of anhydrous CaCl: was used. Four different aqua
solutions of carbonates were prepared. For preparation of 400 ml of 0.5M solutions of different
carbonates 27.6 g of potassium carbonate K2COs, 21.2 r Na2COs of sodium carbonate and 19.2 g of
ammonium carbonate (NH4)2COs were used. 38.4 r (NH4)2COs of ammonium carbonate (NH4)2COs
was used for preparation of 400 ml of 1M solution.
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Solution of CaCl, was added to the 0.5M solutions of K2COs, Na2COs, (NH4)2COs and to the 1M
solution of (NH4)2COs. The synthesis of each of the four powders was carried out in glass with a
volume of 11 at magnetic stirrer. Suspensions of precipitates were keeping under constant stirring
during 60 min after addition of 400 ml of 0.5M solutions of CaClz to the aqueous solutions of
potassium, sodium or ammonium carbonates.

Prepared precipitates were separated from the mother liquors by vacuum filtration, placed in
the plastic trays, evenly distributed over a large surface area and left to dry for 1 week. The powder
preparation protocol excluded the stage of by-product removing via powder washing. Then powders
were collected, weighted, crushed in an agate mortar and sieved through a polyester sieve with a
mesh size of 200 microns. Transparent mother liquors were collected and dried for a month at 40 °C
for water evacuation and crystallization of reaction by-products products solved in. The scheme of
powders synthesis is presented at Figure 1.

‘ aqueous solutions CaCl, ‘

g

‘ aqueous solutions of KzCOs / Na;COs / (NHa)2C0s / 2(NHa4).COs

g

‘ Precipitation ‘

'

‘ Filtration ‘

fil

‘ Grinding ‘

«

‘ Sieving ‘

¢

‘ Powders of CaCO, ‘

Figure 1. Scheme of CaCOs powders preparation.

The synthesized powders and isolated reaction by-products were weighed to determine their
mass and to estimate the yield of synthesized powders and reaction by-products relatively to the
theoretically possible amounts of expected target products and reaction by-product calculated in
accordance with reactions (1-4) presented in Table 2

2.2. Preparation of Suspensions of Calcium Carbonate in an Aqueous Solution of Sodium Alginate

Sodium alginate E401 (Qingdao, Nanhan Yuanquan, Seaweed) and synthesized powders of
CaCOs were used for preparation of suspensions of calcium carbonate in an aqueous solution of
sodium alginate. Compositions of the suspensions of CaCO:s in aqueous solution of sodium alginate
are presented in Table 3 and Figure 2.

Table 3. Composition of the suspensions of CaCOs in an aqueous solution of sodium alginate.

Substances in suspensions Mass of substances, g Mass fraction, %
CaCO; (powder) 4 25
Sodium alginate (powder) 4 2.5
Distilled water 150 95
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Figure 2. Composition of suspension of CaCOs in aqueous solution of sodium alginate.

To obtain composite suspensions containing particles of synthesized calcium carbonate, the
following procedure was performed for each of the four powders obtained. 150 ml of distilled water
was placed in to the 250 ml volume glass. 4.0 g of synthesized calcium carbonate was added to the
150 ml of distilled water. The resulting aqueous suspension was stirred on a magnetic stirrer for 30
minutes. Then, 4.0 g of sodium alginate was added in small portions to the prepared aqueous
suspension of calcium carbonate under constant stirring. After adding the entire mass of sodium
alginate, mixing was continued for 30 minutes to ensure complete dissolution of the polymer chains
and the formation of a homogeneous, highly viscous dispersed system. The resulting thick, viscous
suspensions were passed through a sieve with a mesh size of 100-200 microns to eliminate possible
large aggregates and ensure maximum uniformity. The procedure was performed manually using a
spatula. Labeling of prepared composite suspensions consisted of short name of polymer used
(AlgNa) and labeling of powder used as a filler, i.e.

AlgNa_CCK, AlgNa_CCNa, AlgNa_CCNH4, AlgNa_CC2NH4.

2.3. Preparation of Samples of Composite Materials from Suspensions of Calcium Carbonate in an Aqueous
Solution of Sodium Alginate

Preparation of samples of composite granules, films and meshes from suspensions of
synthesized powders CaCOs in aqueous solution of sodium alginate via cross-linking in 0.25M
aqueous solution of CaClz was done according scheme presented at Figure 3.

An aqueous solution of calcium chloride (CaCl,) with a concentration of 0.25 M was prepared to
be used as cross-linking agent for sodium alginate according to the ion crosslinking reaction (5):

2(C6H706Na)n + nCaClz i nCa(C6H706)2 + 2nNaCl, rae (C6H706Na) (5)

To prepare granules 50 ml syringes were filled with the suspension of synthesized powders of
calcium carbonate in aqueous solution of sodium alginate. Holding the syringe at a height of 3-5 cm
from the surface of the 20-30 ml of 0.25M aqueous solution of CaClz, the suspensions were squeezed
drop by drop into it. Upon contact of each drop with the CaCl, solution, an instant gelification
(crosslinking) of the surface occurred with the formation of granules. After molding, the granules
were kept in 0.25M aqueous solution of CaClz for 30 minutes to complete the gelation process
throughout the volume. About 30 granules were obtained from aqueous solution of sodium alginate
and from suspensions of synthesized powders of calcium carbonate in aqueous solution of sodium
alginate.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Preparation of granules Preparation of films and meshes
Suspensions of synthesized Suspensions of synthesized
powders CCK, CCNa, CCNH4, powders CCK, CCNa, CCNH4,
CC2NH4 in aqueous solution of A CC2NH4 in aqueous solution of
sodium alginate Y ' sodium alginate
7> o

Y,

-y 0,25 M solution
&

of CaCl,

0,25 M solution
of CaCl,

I Washing of granules, films and meshes in distilled water |
- -

I Freez Drying I
= -

| Composite granules I | Composite films and meshes I

Figure 3. Scheme of composite granules, films and meshes preparation via cross-linking in 0.25M aqua solution
of CaCl..

To prepare pattern in the form of a grid or lattice suspension of synthesized powder of calcium
carbonate in aqueous solution of sodium alginate was randomly squeezed out of a syringe with a
thin needle onto the bottom of a glass Petri dish, forming a pattern in the form of a grid or lattice.
Pattern in the form of rectangular film was obtained by extruding the suspension of synthesized
powder of calcium carbonate in aqueous solution of sodium alginate and spreading it with a flat
surface of a spatula to obtain a layer of uniform thickness.

Immediately after forming, the resulting meshes and films were carefully covered with a
prepared 0.25 M solution of CaCl: to initiate crosslinking. The samples were also kept in solution for
30 minutes.

After the crosslinking was completed, all the obtained samples (granules, meshes, films) were
removed from the solution, washed with distilled water to remove excess CaClz and NaCl (by-
product of reaction (5)) from the surface and cryogenically dried.

Photos of prepared samples of granules, meshes, films are presented at the Figure 4. Labeling of
prepared samples consisted of short name of polymer matrix (AlgCa) and labeling of powder used
as a filler.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Photos of prepared composites with Ca-cross-linked alginate matrix loaded with synthetic powders of
CaCOs.

2.4. Methods of Analysis

The phase composition of synthesized powders and composites was studied by X-ray powder
diffraction (XRD) analysis using CuKa: radiation (A = 1.5418 A, step 20 — 0.02°) using Rigaku D/Max-
2500 diffractometers (Rigaku Corporation, Tokyo, Japan) in the angle range 20 = 2...70° or Tongda
TD-3700 (Dandong Tongda Science & Technology Co., Ltd., Dandong, China) in the angle range 20
= 3..70°. The X-ray patterns were analyzed using the WinXPOW program and the ICDD PDF-2
(http://www.icdd.com/products/pdf2.htm, accessed on 10 February 2026) [*] databases and the
Match! program. (https://www.crystalimpact.com/, accessed on 10 February 2026). The quantitative
ratio of the target phases in the synthesized powders was determined using the Match!3 program,
https://www .crystalimpact.com/.

FTIR-spectra of powders after synthesis and drying and composites were recorded in the
transmission mode in the wavenumbers range of 4000-400 cm™ with a step of 4 cm™ on a Perkin Elmer
Frontier spectrometer (Perkin Elmer, Waltham, Massachusetts, USA). The survey was carried out
with potassium bromide tablets (7 mm diameter) containing 1 mass% of the test sample. The tablets
were prepared by carefully grinding KBr together with the sample, followed by pressing into tablets
at a pressure of 50 bar.

The particle size distributions for powder samples were determined by laser diffraction in an
aqueous medium using a Fritsch Analysette-22 instrument (Fritsch GmbH, Idar-Oberstein,
Germany). Photos of meshes were done using Nexcope NSZ818 stereo microscope (Ningbo Yongxin
Optics Co., Ltd. (Novel Optics), China).

Scanning electron microscopy (SEM) images of the synthesized powders were characterized
using an NVision 40 microscope (Carl Zeiss, Jena, Germany) in secondary electron imaging mode
(SE2 detector). SEM images of the surfaces of composites were studied using a scanning electron
microscope with an auto emission source JEOL JSM-6000PLUS Neoscope II (JEOL Ltd., Tokyo,
Japan). For the study, the samples were glued onto a copper substrate using carbon tape, and a layer
of gold ~15 nm was sprayed. The survey was carried out in vacuum mode. The accelerating voltage
of the electron gun was up to 5 kV. The images were obtained in secondary electrons at magnifications
up to 1000x and recorded in digitized form on a computer.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Thermal analysis (TA) including thermogravimetry (TG) and differential thermal analysis
(DTA) of synthesized powders and composites was performed using an NETZSCH STA 409 PC Luxx
thermal analyzer (NETZSCH, Selb, Germany) during heating in air (10 °C/min, 40-1000 °C), the
specimen mass being at least 10 mg. The gas-phase composition was monitored by a QMS 403C
Aéolos quadrupole mass spectrometer (NETZSCH, Selb, Germany) coupled with a NETZSCH STA
409 PC Luxx thermal analyzer (NETZSCH, Selb, Germany). The mass spectra were registered for the
following m/Z values: 18 (H20); 44 (COy).

To calculate bulk density of suspensions mass of 2 ml was weighed. The viscosity of suspensions
and aqueous solutions of sodium alginate in a rotary stationary (CSR) mode was studied using an
Anton Paar MCR 302e modular rheometer (Anton Paar GmbH, Austria) in a cylinder-to-cylinder
geometry (cell volume 1 ml) in the shear rate range from 1 to 100 s-. The measurements were carried
out at a room temperature of 23 °C.

Indirect investigation of properties of suspensions of calcium carbonate in an aqueous solution
of sodium alginate via drying at room temperature. For an indirect assessment of viscosity, we
considered the spreading area of the same mass of suspensions. 10.44 g of each suspension were
dosed onto the flat surface of a glass Petri dish (Figure 5).

AlgNa_CCNH4

AlgNa_CC2NH4

Figure 5. Photos of suspension after dosing them onto the flat surface of a glass Petri dish and the spreading

stopped.

The sample was allowed to flow freely until an equilibrium state was reached and the spreading
stopped. After stabilization of the spreading spot, a quantitative assessment of its area was carried
out. Dimensions of suspensions area as an indirect characteristic of the ability to spread were
estimated visually using millimeter paper after about 15 min after placing them on the glass surface.
To do this, measurements of the linear dimensions of the formed spot were carried out using the
applied millimeter paper, followed by the calculation of its area. Photos of suspension are shown at
Figure 5. Mass changing of these suspensions during drying at room temperature were controlled by
weighting. Investigation of properties of suspensions of calcium carbonate CaCOs in an aqueous
solution of sodium alginate was done according scheme presented at Figure 6.
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Figure 6. Scheme of indirect investigation of properties of suspensions of calcium carbonate in an aqueous

solution of sodium alginate via drying at room temperature.

3. Results and Discussion

Phase composition of prepared powders presented at Figure 7. Phase composition of powder
CCK synthesized from CaCl: and K2COs according XRD data was presented by calcite. Phase
composition of powders (CCNa, CCNH4, CC2NH4) synthesized from other soluble carbonates
included calcite and vaterite. The powder preparation protocol excluded the stage of by-product
removing via powder washing providing their preservation at very low level. Never the less it is
impossible to see any reflexes of reaction by-product (see reactions (1)-(4)) such as KCI, NaCl, NH4Cl
or NH4Cl+(NH4)2COs taken in excess. The main reason for using excess of (NH4)2COs consisted in
well known fact that presence of NHy« ions facilitates formation of thermodynamically unstable phase
of vaterite. Addition reason for using excess of (NH4)2COs consisted in the intention to compensate
for the volatile nature of ammonium carbonate.

4'5__ * o - Vaterite
4.0 * - Calcite
a5 COONH, . xe?| % & * % %o
b k3
3.0
2.5
= CCNH, *oolue ¥ T Fo Mo & xunm
S 2.0 T
E |
1.5 coN .
1 e oo lue t T Yo Mo & san
1.04 *
0.5
T T T T T T T T T T T 1
0 10 20 30 40 50 60 70

Figure 7. XRD data of powders after synthesis: ® — vaterite (PDF No 33-268; No 96-900-7476); * — calcite (PDF
No 5-586; No 96-900-0096).
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Estimation of quantity (wt. %) of different phases presented in synthesized powder can be seen
ay Figure 8. Quantities of vaterite are not very high and increases in the row CCNa, CCNH4, CC2NH4
of synthesized powders. Presence of NH4* in the reaction zone can be taken as a factor contributing
to the higher content of vaterite phase. But basic pH of aqueous solutions of soluble carbonates used
can be taken as factor providing preferable calcite as thermodynamically stable phase formation.

100
100 :
[ Jcalcite
84 vaterite

< 801
=
c
S 60+
‘®
]
(o8
§ 4
8 40
(]
n
©
c
o 20

0+

CCK CCNa CCNH4 CC2NH4
Powder

Figure 8. Phase composition of synthesized powders. Calculation was made using Match! (Card numbers for
calcite No 96-900-0096 and for vaterite No 96-900-7476).

The masses of the synthesized CaCOs powders after filtration and drying and collected by-
products are presented in Table 3. The yield of CaCOs can be estimated as high, close to the
theoretically possible. The same conclusion can be done about masses of collected by-products for
powders CCK, CCNa, CCNH4. Low yield of by-product for CC2NH4 when (NH4)2COs was taken in
excess can be explained by the low stability of this carbonate.

Table 3. The masses of the synthesized CaCOs powders and collected by-products.

Synthesized powder of CaCOs By-product
Labeling | Expected Collected | The yield, % . Expected Collected [The yield, %
Composition
mass, g mass, g mass, g mass, g

CCK 20.0 18.8 94.0 KCl 29.8 28.5 95.6

CCNa 20.0 19.8 99.2 NaCl 23.4 21.9 93.7
CCNH4 20.0 19.5 97.7 NH:Cl 214 19.2 89.6
CC2NH4 20.0 20.1 100.3 NHaCl+(NH4)2COs 40.6 25.1 61.9

FTIR spectra of synthesized powders are presented at Figure 7. No vibrations of vaterite can be
found for powder CCK. Vibrations both of calcite and vaterite can be found in the FTIR spectra for
powders CCNa, CCNH4, CC2NH4. So, the conclusion can be done that data of XRD and FTIR
analysis are in the agreement.
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Figure 7. FTIR spectra of synthesized powders.

The spectrum of the CCK powder demonstrates characteristic bands corresponding exclusively
to calcite modification. In particular, the splitting of valence carbonate ion vibrations typical of calcite
is observed in the range of ~712 cm™ and ~875 cm, as well as a doublet of deformation vibrations in
the range of about 1400-1500 cm™, which is a consequence of a decrease in the symmetry of the
carbonate ion in the crystal lattice of rhombohedral calcite. The absence of a single sharp band in the
spectrum in the region of ~745 cm™, which is a diagnostic sign of vaterite, unambiguously indicates
its absence in this sample.

On the contrary, the FTIR spectra of all other powders (CCNa, CCNH4, CC2NH4) show a
complex composition indicating a mixture of polymorphic phases. Along with the bands inherent in
calcite, an absorption band unique to hexagonal vaterite at ~745 cm -1, corresponding to the valence
vibrations of the carbonate ion, is clearly identified in these spectra. In addition, there is a change in
the shape and position of the bands in the region of ~875 cm™ and ~1100 cm?, which is also a
consequence of the superposition of the vibrational spectra of two different crystalline phases. The
combination of these spectral features unequivocally confirms the presence of both calcite and
vaterite in these samples.

Thus, FTIR spectroscopy, being sensitive to the local environment and the symmetry of the
carbonate ion in the crystal lattice, serves as a reliable independent method that is fully consistent
with X-ray phase analysis. Both methods unequivocally indicate that selective formation of stable
calcite occurs only in a powder CCK, while in all other cases crystallization proceeds through the
stage of formation of metastable vaterite, which is preserved in the final product.

Particle size distribution of synthesized powders presented in Figure 8.

particle size distribution, %

X, um

Figure 8. Particle size distributions in powders prepared.
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Dimensions of particles (aggregates of individual crystals) in CCK powder are in the interval
4.4-50.1 pm with the maximum distribution peak at 16.5 um. Dimensions of particles in CCNa
powder are in the broader interval 0.6-74.5 pm with the maximum distribution peak at 19.6 pm.
Particles size distribution in CCNH4 and CC2NH4 powders practically have no difference.
Dimensions of particles for these powders are in the interval 0.3-170.3 um with the maximum
distribution peak at 34.7 um (CCNH4) and 31.2 pm (CC2NH4). The more quantity of the particles of
vaterite phase the broader interval of particles (aggregates of individual crystals) dimensions. The
reason of broader interval of particles distribution for powders CCNH4 and CC2NH4 can be
explained with the special sea urchin shaped particles of vaterite having the ability to cling to each
other. More over presented in powders reaction by-product even in the low quantity can play a
binging role to keep individual crystals in the aggregated particles.

SEM images of synthesized powders are presented at Figure 9. Powder CCK (Figure 9, a, b)
consisted of particle of prismatic shape which is characteristic for modification of calcite. Powders
CCNa (Figure 9, ¢, d), CCNH4 (Figure 9, e, f), and CC2NH4 (Figure 9, g, h) consisted of particle both
of prismatic shape and sea urchin shaped particles which is characteristic for modification of vaterite.

TA data presented at the Figures 10 (TG) and 11 (MS for m/z=44). The total mass loss for powders
CCK and CCNa was 46.0%. The total mass loss for powders CCNH4 and CC2NH4 was 49.6% and
49.0% respectively.

CaCO; — CaO + CO, (6)

It worth to note that CaCOs decomposition stared for all powder at about 600 °C (Figure 11).
And this process finished at different temperatures for different powders: 855 °C (CCK), 830 °C
(CCNa), 820°C (CCNH4) and 785 °C (CC2NH4).

(0)CCNa
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(g) CC2NH4 (h) CC2NH4
Figure 9. SEM images of synthesized powders CCK (a, b), CCNa (c, d), CCNH4 (e, f), CC2NH4 (g, h) at different
magnification x1000, bar scale=20um (a, ¢, e, g —left column) and x5000, bar scale =10um (b, d, f, h - right column).

The mass loss for powders CCNH4 and CC2NH4 also take place in the interval from 100 °C to
600 °C due to decomposition of NH4Cl1 (reaction 7) and (NH4),COs (reaction 8).

NH,Cl — NH;1 + HClt 7)

(NH,),COs — 2NH;1 + CO,1 + H,O1 (8)

Ammonium chloride NH4Cl and ammonium carbonate (NH,).CO; undergo thermal
degradation in the lower temperature range: (NH4),COs; decomposes with the release of 2NH; and
CO; already at temperatures below 60 °C, and NH,ClI dissociates into NH; and HCl in the range of
300-350 °C. HCI formed during heating can react with CaCOs with CaClz formation (reaction 9).

2HCI + CaCO; — CaCla+ CO; )
Or probably CaCOseven can interact with melt of NH,Cl with CaClz formation (reaction 10).
2NH,Cl + CaCO; — CaCl>+ CO, +NHj; (10)

Theoretically possible mass loss due to CaCOs decomposition according to reaction (6) is 44%
[60]. So, addition mass loss can be explained with presence of salts adsorbed and occluded from
mother liquor in synthesized powder. It is worth to note that after calcium carbonate decompositions
TG curves reflect the continuation of mass loss. Presence of KCI (CCK), NaCl (CCNa) and CaClz
(CCNH4 and CC2NH4) in the powders can be a reason of mass after CaCOs decomposition due to
their ability to evaporate above the temperature of melting point 776 °C (KCl), 801 °C (NaCl), and 772
°C (CaCl).

Densities of prepared suspensions of calcium carbonate powders in aqueous solution of sodium
alginate (Table 4) slightly diminish in the row: AlgNa CCK, AlgNa_CCNa, AlgNa CCNHs,
AlgNa_CC2NHa.
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Figure 10. Thermal analysis data of powders synthesized from different pairs of precursors.
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Figure 11. MS-spectra of data of powders synthesized from different pairs of precursors for m/z=44 (COz).

Table 4. Density of suspensions of calcium carbonate powders in aqueous solution of sodium alginate.

Suspension Density of suspension, g/cm?3
AlgNa 0,94
AlgNa_CCK 1,11
AlgNa_CCNa 1,09
AlgNa_CCNH4 1,01
AlgNa_CC2NH4 0,95

A decrease in density is observed in suspensions AlgNa_CCNH:, AlgNa_CC2NH4 prepared
from powders CaCOs containing ammonium carbonate and ammonium chloride as reaction by-
product. This decrease is directly related to the decomposition of ammonium carbonate with the
release of gaseous products of ammonia and carbon dioxide according to reaction (8). Thus, the low
density of suspension AlgNa_CC2NH4 containing (NH4)2COs can be explained by the presence of
dispersed air bubbles in their volume. These bubbles are the result of two possible processes: capture
of gases released during decomposition of (NH4)2COs in the case of appropriate suspensions, and/or
mechanical entrainment of air into a highly viscous polymer medium during sample preparation,
which is especially typical for a pure alginate solution or for suspensions AlgNa_CCK and
AlgNa_CCNa. Since the density of the gas phase is three orders of magnitude lower than the density
of liquid and solid particles, even a small volume of entrained gas leads to a significant decrease in
the apparent (average) density of the entire heterogeneous system. Consequently, suspension

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1618.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2026 d0i:10.20944/preprints202602.1 1

15 of 25

AlgNa_CC2NH4 with (NH4)2COs is three-phase (solid-liquid-gas) systems, where the presence of gas
inclusions is the dominant factor determining their density. Solution of pure alginate at the initial
stage of homogenization is two-phase (solid-liquid) system. Low density of solution of pure sodium
alginate also can be explained by the absence of the solid (powders of CaCOs).

For an indirect comparative assessment of the rheological properties of the studied suspensions,
the spreading area analysis method was applied. The technique is based on the relationship between
the viscosity of a liquid and the diameter of the spot it forms when spreading under the influence of
gravity on a horizontal surface (Table 5, Figure 5).

Table 5. Estimation of spreading area of suspensions of calcium carbonate powders in aqueous solution of
sodium alginate.

Suspension The spreading area of suspensions, cm?
AlgNa_CCK 52
AlgNa_CCNa 65
AlgNa_CCNHa4 48
AlgNa_CC2NH4 46

This method is relative and allows the ranking of samples according to their effective viscosity:
a smaller spreading area with the same sample weight indicates a higher structural resistance to flow,
that is, a higher viscosity.

With an exception of AlgNa_CC2NH4, suspensions show increase in viscosity corresponding to
vaterite phase content increase in the phase composition of calcium carbonate powders used as fillers
(Figure 12). The rheological curves of suspensions AlgNa_CCK and AlgNa_CCNa with calcium
carbonate synthesized from sodium and potassium carbonates, as well as the curve of a pure sodium
alginate solution, turned out to be very close in values and occupied an intermediate position.

100000 ~
] —— AlgNa_ CCK
—— AlgNa_CCNa
—— AlgNa_CCNH4
—— AlgNa_CC2NH4
e —— AlgNa
o
€
210000 |
Z _
o
[&]
R
>
1000 ————r ——————
1 10 100

Share Rate, s™
Figure 12. Dependence of viscosity of suspensions under investigation from the share rate.

AlgNa_CCNH4 suspension shows the highest viscosity values in the entire studied range of
shear rates. Great viscosity increase at lower shear rates can be due to possible ionic crosslinking of
sodium alginate. Traces of ammonium chloride, soluble by-product (reaction 11), being at first
adsorbed on the surface of vaterite and calcite crystals from mother liquor may then dissolve into
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water of suspension and provoke CaCOs dissolution via soluble CaCl: formation (reaction 12).
Presence of Ca? ions in suspension reacting with sodium alginate replacing some sodium cations and
providing possibility of partial cross-linking of alginate.

NH:Cl — NHs#* + CI- (11)

2NHz4* +2Cl+ CaCOs — CaClz + (NH4)2COs (12)

On the contrary, a suspension AlgNa_CC2NH4 with calcium carbonate obtained in presence of
excess of (NH4)2COs showed the lowest viscosity. Abnormal rheological properties of suspension
filled with CC2NH4 can be possibly explained by presence of gas bubbles, created by decomposition
of ammonium carbonate excess precursor that was adsorbed on the surface of vaterite crystals from
the traces of mother liquor remaining on filtered crystals. Presence of gas bubbles in the suspension
AlgNa_CC2NH4 can a reason of the lowest viscosity in comparison with the other suspensions under
investigation.

Indirect test of suspensions properties (Figure 6) further confirm that crosslinking is happening
in suspension filled with CCNH4 and CC2NH4 powders showing increased hygroscopicity and
water retention, and their puddles having uneven form while AlgNa CCK, AlgNa_CCNa
suspensions and alginate solution puddles are lens-like flat puddle.

A notable feature is the behavior of rheological curves at high shear rates: the curve for a
suspension AlgNa_ CCNH4 asymptotically approaches and merges with a group of curves for
suspension AlgNa_CCK, AlgNa_CCNa and AlgNa, while the curve for suspension AlgNa_CC2NH4
remains parallel to them, without showing tendencies to merge.

The key factors are the surface charge of calcium carbonate particles, their tendency to
agglomerate, and, as a result, the effective volume of the dispersed phase, which determines the
viscosity. The high viscosity of the suspension AlgNa_CCNH4 indicates the formation of a
volumetric spatial structure in the system. The surface of the CaCO; particles probably has a charge
close to the isoelectric point, which minimizes electrostatic repulsion between the particles. This
contributes to their aggregation and the formation of large, loose floccules, which effectively bind a
large amount of the dispersion medium (alginate solution) and create a strong framework that
dramatically increases viscosity. The convergence of this curve with others at high shear rates is a
classic sign of thixotropic behavior - the destruction of the structure under the action of shear
deformation.

On the contrary, the viscosity is low and the curve runs parallel for a system with an abundance
of carbonate ions (AlgNa_CC2NH4) indicate the presence of a well-peptised, stabilized system.
Under these conditions, the surface of CaCO; particles acquires a significant negative charge due to
the adsorption of excess COs* ions. Since alginate macromolecules also carry a negative charge,
electrostatic repulsion occurs between particles and polymer chains. This prevents agglomeration
and promotes the uniform distribution of individual, stabilized particles in the volume. Such a system
does not form a solid structure, its viscosity is determined mainly by the viscosity of the polymer
matrix and varies slightly with shear rate, which explains the parallel course of the curve. Similar
viscosity values for systems with sodium and potassium carbonates, as well as pure alginate, suggest
that CaCO; particles obtained by these methods also have good colloidal stability and do not
significantly contribute to structure formation, their behavior approaches that of a filler in a
Newtonian fluid.

The analysis of the drying process of suspensions containing synthesized calcium carbonates
and small quantities of reaction by-products revealed the exponential nature of the mass changes
over time (Figure 13).
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Figure 13. The mass-time dependence for suspensions calcium carbonate powders synthesized from different

pairs of precursors in aqueous solution of sodium alginate.

At the same time, it was found that suspensions formulated on the basis of calcium carbonate
powders obtained from ammonium carbonates are characterized by a statistically significantly lower
drying rate compared with compositions based on powders obtained from potassium and sodium
carbonates.

The key reason is the presence of significant amounts of hygroscopic ammonium salts in these
systems, primarily ammonium chloride (NH4Cl) and possibly residual ammonium carbonate
(NH4)2COg). The results were influenced by reaction byproducts, but their presence were determined
only indirectly. These compounds have a pronounced ability to sorption of moisture from the
atmosphere and retain it in the form of hydrate shells, which increases the total content of bound
liquid in the sample volume.

In addition, hydrated ammonium ions NH,* and chloride ions Cl;, sorbed on the surface of
calcium carbonate particles, can form stable hydrate layers, increase the binding energy of the "solid
phase" and complicate its removal.

Thus, the delayed kinetics of drying suspensions based on CCNH4 and CC2NH4 powders is a
consequence of the action of two main mechanisms: first, the physico-chemical retention of moisture
by hygroscopic ammonium salts, and, secondly, the formation of a thinner porous structure that
increases capillary forces and the path for the diffusion of water vapor. In suspensions based on
powders of CCK and CCNa with non-hygroscopic chlorides as by-products these factors are absent,
and this causes their higher rate of dehydration.

The obtained XRD (Figure 14) and FTIR (Figure 15) data for composites demonstrate full
consistency with the results of the analysis of the calcium carbonate powders after synthesis. This
clearly indicates that the process of introducing powders into the polymer matrix of alginate,
subsequent cross-linking of polymer and cryogenic drying do not induce phase transitions of
polymorphic modifications of calcium carbonate and do not change their initial phase composition.
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Figure 14. XRD data of composites with CaAlg matrix and synthesized CaCOs powders: ® — vaterite (PDF No
33-268; No 96-900-7476); * —calcite (PDF No 5-586; No 96-900-0096);
m — NaCl (PDF No 72-1668; No 96-100-0042).
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Figure 15. FTIR spectra of composites with CaAlg matrix and synthesized CaCOs powders as a filler after frees

drying.

According to XRD and FTIR data, the initial phase composition is preserved in all studied
composite materials. In the composites based on a CCK powder calcium carbonate is present
exclusively in the form of a thermodynamically stable modification of calcite. Its FTIR spectrum is
characterized by a doublet in the region of § vibrations ~710 cm, and the diffraction pattern contains

reflections unique to the rhombohedral structure of calcite. On the contrary, in composites containing
powders CCNa, CCNH4 and CC2NH4, a two-phase system is identified (Figure 14). Along with the
calcite reflections, the diffractograms show peaks corresponding to the metastable hexagonal phase
of vaterite. This is reliably confirmed by FTIR spectroscopy data, where in the spectra of these
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samples, along with the bands of calcite, a characteristic sharp absorption band of vaterite in the
region of ~875 cm™ is observed.

This confirms the stability of polymorphic modifications of calcium carbonate within the
framework of the applied technique for obtaining composite materials and proves the
representativeness of the analysis of the powders themselves for predicting the composition and
structure of the final composite systems.

The calcium carbonate in the initial system performs the function of a source of divalent cations
with delayed release. The dissolution of calcium carbonate particles with the release of Ca? ions,
which interact with the carboxyl groups of alginate chains, forming transverse ionic bonds. The
coacervation of polymer chains and increased intermolecular interactions, further stabilizing the
three-dimensional grid.

Photos made using optical microscope of composites with CaAlg matrix and synthesized CaCOs
powders as a filler in form of meshes presented at Figure 16. These photos confirm the quite uniform
distribution of filler particles in the polymer matrix for AlgCa_CCK and AlgCa_CCNa meshes. In the
contrary photos of AlgCa_CCNH4 and AlgCa_CC2NH4 meshes gives opportunity to see their non
homogenous structure with presence of gas babbles and particles big aggregates.
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Figure 16. Photos made using optical microscope of composites with CaAlg matrix and synthesized CaCOs
powders: AlgCa_CCK (a, b), AlgCa_CCNa (c, d), AlgCa_CCNH4 (e, f),
AlgCa_CC2NH4 (g, h) at different magnification.

SEM images of surfaces of films presented at Figure 17. It worth to note that alginate cross-
linking during preparation of the films cause their strong deformation (Figure 4). SEM images of
surfaces give opportunity to estimate forms of filler’s particles in the composite under the layer of
polymer. Surface terrain of composite films is influenced by filler particle’s shape. The forms of
CaCQOs particle in the polymer matrix course recollection of forms of particles of synthesized powders
which can be seen at their SEM images (Figure 9).
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Figure 17. SEM images of composites with CaAlg matrix and synthesized CaCOs powders: AlgCa_CCK (a),
AlgCa_CCNa (b), AlgCa_CCNH4 (c), AlgCa_CC2NH4 (d).
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4. Conclusions

Strategy of preparation of composite materials with alginate matrix and CaCO: filler included
CaCOs powder synthesis; suspension of powder in aqueous solution of sodium alginate
homogenization; granules, meshes and films formation via CaClz cross-linking; and freeze drying
under deep vacuum.

Different pair of precursors, ie. K:COs/CaCl,, NaxCOs/CaClz, (NHi)2COs/CaCl:, and
2(NHa1)2COs/CaClz2 were used for CaCOs synthesis. Solution of soluble carbonates used for synthesis
having basic pH provided the formation of thermodynamically stable calcite in all powders. Presence
of ammonium ion in reaction zone helped the vaterite formation. The highest content of metastable
vaterite was in the CaCOs powder synthesized at molar ratio Ca/COs=0.5 from aqueous solutions of
calcium chloride and ammonium carbonate taken in excess.

Preservation of reaction by-products in the synthesized powders of calcium carbonate even in
the small quantities can be treated as an effective tool of reaching target properties of powders,
suspensions and composite materials. Suspension based on powder of CaCOs with phase
composition presented by calcite and vaterite containing NH,Cl as reaction by-product demonstrated
the maximum viscosity values due to the possible cross-liking reaction during the suspension
preparation. On the contrary, a suspension based on powder of CaCOs with phase composition
presented by calcite and vaterite containing NH4Cl as reaction by-product and (NH4)2COs has the
lowest viscosity due to the presence of babbles of gas phase.

The presence of ammonium salts (NH4Cl, (NH4).COs) in the suspensions based of powders of
CaCQOs influenced on the process of their drying at room temperature delaying the mass loss. It was
confirmed that phase composition of CaCOs powders used as a filler remain stable during creation
of composites with alginate matrix.

Created composite materials in form of granules, meshes and films based on Ca-cross-linked
alginate and powders of synthetic calcium carbonate can be recommended for the skin wounds and
bone defects treatment, and drug carriers.
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