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Study of the Correlations Between
the Dynamics of Thermal Destruction
and the Morphological Parameters
of Biogenic Calcites by the Method
of Thermoprogrammed Desorption Mass
Spectrometry (TPD-MS)
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Abstract By the method of thermoprogrammed mass spectrometry (TPD-MS)
were studied the biogenic calcites thermal desorption spectra (natural limestone
chalk, bird eggshells: chicken (Gallus gallus domesticus), domestic turkey (Melea-
gris gallopavo), domestic geese (Anser anser domesticus), domestic duck (Cairina
moschata), mollusk shells (Anadara inaequivalvis), and cephalopod fossils Belem-
nite (Pachyteuthis Bayle), as well as calcite nanoparticles. It was shown that the
structure of the spectrum correlates with morphological parameters and is a func-
tion of samples dispersity degree of biogenic calcites. The increase in the content of
nano-, ultra- and microdispersed components in calcite-based biocomposites leads
to a significant change in the form of the thermal desorption spectrum, manifested in
the appearance of additional temperature desorption areas (peaks) in thermograms
and their displacement to lower temperatures area.
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5.1 Introduction

The problem of creation on the biomimetic principle of inexpensive and practical
nanobiomaterial from common secondary raw materials is a serious challenge for
basic and applied researchers [1–3]. The extreme degree of heterogeneity of such
materials,whichdoes notmake it possible to carry out reliable prognostic calculations
of the physicochemical and technological parameters of these materials, still remains
only a partially solved problem [2].

A typical example is the still incomplete study of structural features and, as a con-
sequence, the lack of calculated methods for reliable prediction of physicochemical,
and especially mechanical, characteristics of biogenic calcite (CaCO3) [4, 5].

Calcite (chalk, limestone, shells of fossil and living mollusks, the shell of bird
eggs and eggs of lizards and snakes) is widely represented in the world around and
is also widely used in industry in huge volumes as a building material, absorber-
adsorbent of harmful substances in the technologies of protection environment, an
effective catalyst in thefield of catalytic chemistry, plastic filler, component of electric
batteries, etc. [2, 6, 7].

However, there are still no reliable methods for predicting, in particular, the
strength characteristics of natural biogenic calcites and their biomimetic analogs
[4], which determine the use of various methods of physicochemical analysis to
these objects [8].

One of them is a fairly common method of gas analysis—the method of ther-
moprogrammed desorption mass spectrometry (TPD-MS), which is based on the
semi-quantitative determination of gases released from organic/inorganic samples
when heated in a programmed mode in vacuum or in the flow of carrier gas [9–13].

The time dependence of the amount of the test gas on temperature (thermogram)
is characterized by a complex non-linear character and, as some researchers believe,
indirectly reflects the features of the micro- and macrostructures of heterogeneous
solid-phase samples [14–17].

Based on the above, the objective of this study was to find possible correlative
dependencies between the thermograms obtained in the study of individual biogenic
calcites (chalk, bird eggshell, shells of common mollusks, calcite artifacts of fossil
cephalopods (belemnites) and micro-macrostructural characteristics of the latter.

Of particular practical importance of research is the need to develop new “green”
methods to prevent infectious diseases of agricultural birds during the hatching period
[18–21] and to improve the technology for the production of edible eggs, which are
characterized by increased strength during transportation and storage [18] as well as
the eggshell waste processing of edible eggs (according to rough estimates, all large
food concerns daily process more than 1 million eggs [22].

In the last 25–30 years, the scientific and technical direction, which originally
appeared in the physics of thin films, has been rapidly developing, associated with
the use of various film nanostructures as functional coatings (film protective coat-
ings) [1–5] and functional elements of micro- and nanoelectronics (film structures
with specific electrical and magnetic properties) [6–9]. In the last 25–30 years, the
scientific and technical direction, which originally appeared in the physics of thin
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films, has been rapidly developing, associated with the use of various film nanostruc-
tures as both functional coatings (film protective coatings) [22, 23] and functional
elements of micro- and nanoelectronics (film structures with specific electrical and
magnetic properties).

5.2 Experiment Details

Samples of biogenic calcites were used in the work: (chalk as a typical natural variety
of limestone taken from a deposit in the Sumy region; shell of fresh unincubated bird
eggs: chicken (Gallus gallus domesticus), domestic turkey (Meleagris gallopavo),
domestic geese (Anser anser domesticus), domestic duck (Cairina moschata), mol-
lusk shells (Anadara inaequivalvis) and rostra of cephalopod fossils—Belemnite
(Pachyteuthis Bayle, Belemnitella Orbigny).

Temperature-programmed desorption mass spectrometry experiments were car-
ried out with ionization MKh-7304A monopole mass spectrometer (Ukraine) that
was adapted for measurements [11, 24]. About 1–5 mg of samples were used for
each run. At the beginning of the measurements all samples were degassed to
ca. 5 × 10−3 Pa at temperature 20 °C after which they were heated to a temperature
of 900 °C. The heating rate was 0.25 °C s−1.

Microscopic research was performed using REMMA-102 and REM-106i scan-
ning electron microscopes (Ukraine) and an optical research microscope Carl Zeiss
MicroImaging GmbH. For digital processing was used the program Femtoscan (trial
version), and for the thermal desorption spectra—software package Origin 8.1.

X-ray diffraction research was performed on X-ray diffractometer “DRON-
4M” (Russia).

5.3 Results and Discussion

The source experiments were conducted by us with the use of chalk—carbonate
sedimentary rock of white color, fine-grained, weakly cemented, soft and crumbly,
insoluble in the water, of organic (biogenic) origin. The basis of the chemical compo-
sition of chalk is calcium carbonate (91–98.5%) with a small amount of magnesium
carbonate, although a non-carbonate part is also present, mainly metal oxides. For
natural chalk, the absence of recrystallization and layering is typical. In the chalk
column there is a development of large sustained cracks—layered and vertical, filled
with chalky flour. On the surface of chalk pieces the network of cracks is strongly
condensed. When chalk samples are impregnated with oil, there are hidden wiry
structures reveal in the form of interlacing tiny cracks. In all the chalk deposits
in different areas (horizons), the chalk differs both in chemical composition and
in physical-mechanical properties. In Fig. 5.1 the spectrum of thermal desorption
(thermogram) of a chalk sample is shown.
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Fig. 5.1 Thermogram of CO2 release/release (m/z = 44) by thermal decomposition of sample of
chalk; in this Fig. and below the initial thermogram is marked in black (black line), in red-results
of curve fitting,) in green—result of the total thermogram decomposition into Gaussian curves (Fit
Multi-Peaks ⇒ Gaussian

As can be seen, the release of carbon dioxideCO2 as a result of the reactionCaCO3

(s) → CaO (s) + CO2 (g), 178 kJ/ mol, begins at a temperature of 440–450 °C and
ends at 720–750 °C. We note the nonlinear nature of the dependence of the partial
pressure of CO2 in a quartz cell on temperature with two clearly pronounced peaks
of 550–560 and 640–660 °C, while the peak in the low-temperature region being
significantly higher.

Approximately in the same temperature range of 460–720 °C, takes place the
thermal destruction of the sample of the poultry shell (Gallus gallus domesticus);
however, two pronounced peaks shift to high temperatures 590–610 and 670–690 °C
(Fig. 5.2). The thermogram for the sample of the turkey shell is a lot more difficult.
Although the range of intense CO2 emissions is almost identical with the above sam-
ples (480–730 °C), theGaussian decomposition of the total thermal destruction curve
showed at least four peaks: 560, 580, 618 and 690 °C (Fig. 5.3). In Fig. 5.4 the ther-
mogram of a domestic geese (Anser anser domesticus) domestic goose shell sample
is shown, which is characterized by an even more complex dependency between the
peaks of intense CO2 emission and temperature—with interval of an indicated gas
release (480–730 °C), using themathematical processing of the total thermal destruc-
tion curve, we can identify six peaks: 520, 560, 600, 660 and 690 °C (Fig. 5.4 shows
only two reliable peaks that remain in place with samples changing). A possible
explanation for this phenomenon is the increased looseness of the shell of this bird
species in combination with an increased amount of the organic component (over
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Fig. 5.2 Thermogram of CO2 release/elimination (m/z = 44) by thermal decomposition of sample
of egg shell chicken (Gallus gallus domesticus); unincubated eggs are used in the experiments

Fig. 5.3 Thermogram of CO2 release/elimination (m/z = 44) by thermal decomposition of sample
of egg shell domestic turkey (Meleagris gallopavo)
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Fig. 5.4 Thermogram of CO2 release/elimination (m/z = 44) by thermal decomposition of sample
of egg shell domestic geese (Anser anser domesticus)

shell and membrane shell), as well as carcass “rebar” peptides in the thickness of the
shell layer [19, 20]. Direct evidence of this is the result of a digital micrograph pro-
cessing sample of home goose shells (Fig. 5.5). The nature of the three-dimensional
image of the biocrystalline layer of the shell seems to support the increased level of
calcite layer disorder.

Finally, in Fig. 5.6 a thermogram of a domestic duck shell sample domestic duck
(Cairina moschata) is shown. In this case, the peaks of intense CO2 emission are
strongly shifted to the right—to the region of 660, 740 °C.

Summing up the results of all the above experiments, we can conclude that for all
dissimilar samples of biogenic calcite while keeping an interval on the temperature
scale of 440–750 °C, the intensity and width of the individual peaks constituting the
summary thermogramand inducedby the intenseCO2 emission is extremely variable.
The working hypothesis for explaining this phenomenon was the assumption that
the coordinates of the peaks on the temperature scale corresponded to the levels of
dispersion of calcite crystals and their location in the biomaterial. Indeed, almost
all the studied samples give similar diffraction patterns corresponding to calcium
carbonate (Fig. 5.7).

We note that similar, slightly different diffractograms can be obtained from the
polarly morphologically different samples of biogenic calcite from the eggshell of
domestic chickens (Figs. 5.8, 5.9). If the suggestion about the critical effect of the
morphology of a sample of biogenic calcitewith the unconditional preservation of the
basic crystalline phase (Fig. 5.7) is correct, then experiments with dense samples of
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Fig. 5.5 Digital image of egg shell domestic geese (Anser anser domesticus); Femtoscan

Fig. 5.6 ThermogramofCO2 release/elimination (m/z= 44) by thermal decomposition of a sample
of egg shell domestic duck (Cairina moschata)
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Fig. 5.7 Diffractogram of sample of egg shell chicken (Gallus gallus domesticus)

Fig. 5.8 Electron
microscopic image of
high-quality dense shell of
healthy laying hens sample
of egg shell chicken (Gallus
gallus domesticus)

calcite must show a narrowing of the temperature range in which the active release of
CO2 occurs with increasing temperature. Suchmaterial we chose a coarse-crystalline
calcite material—the fossilized remains of the rosters of belemnites (Belemnitella
Orbigny).

The roster of the living belemnite served as a kind of internal skeleton. It consisted
of radially dispersing needles of calcite. As can be seen from Figs. 5.10 and 5.11,
whole and crushed samples of chicken eggshell and belemnite rosters are visually
radically different—bird eggs calcite is a very loose conglomerate of CaCO3 micro-
crystals, while growth substance is very close to natural crystalline calcite—highly
ordered transparent substance. No wonder the thermogram obtained by heating an
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Fig. 5.9 Electron microscopic image of low-quality loose shells of laying hens exposed to stress
and infected with infectious diseases sample of egg shell chicken (Gallus gallus domesticus)

Fig. 5.10 Micrograph of a sample of the shell of a domestic chicken egg: native shell (left), crushed
in a mortar (right) of a sample of egg shell chicken (Gallus gallus domesticus)

undivided portion of the crystal sample of the rostra belemnite showed a sharp dif-
ference from the similar thermogram for a typical native sample of the eggshells of
domestic chicken (Fig. 5.2).On the thermogramof the belemnite sample, a symmetric
intense peak is distinguished (range 480–750 °C, peak of 630 °C).

The following suggestion was that for the widening of the temperature range
of destruction and an increase in the number of peaks of intense CO2 emission
from chalk and bird egg samples are responsible the heterogeneity of the micro- and
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Fig. 5.11 Micrograph of a belemnite: whole roster section (left), rostrum ground in a mortar (right)
of sample of belemnite (Belemnitella Orbigny)

Fig. 5.12 Thermogram of CO2 release/elimination (m/z= 44) by thermal decomposition of sample
of belemnite (Belemnitella Orbigny)
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Fig. 5.13 Thermograms of CO2 release/elimination (m/z = 44) by thermal decomposition of
different sample of belemnite (Belemnitella Orbigny) a piece; b powder, c piece + powder

macrostructures of calcite-basedbiocomposites. In this case, the preliminary grinding
of the belemnite sample must lead to a change in the type of thermogram, namely,
to narrow the destruction interval for fine-grained (>5–10 µm) and to corresponding
widening of the specified interval in the case of combining large- and fine-grained
calcite fractions in one sample. As can be seen from Fig. 5.13, the fraction of the
crushed sample forms on the thermogram a peak of intense CO2 emission at 550 °C
(control (native whole belemnite)—630 °C), while combining the crushed and native
fraction of the sample in one sample leads to a strong widening of the thermogram
and the appearance of clearly separated peaks at 550 and 730 °C, which give a
good reason for the assumption that the broadening of the temperature ranges of the
intense release of CO2 in the thermograms of biogenic calcites is responsible for their
heterogeneity. As can be seen from Fig. 5.14, almost similar results were obtained in
the case of the study of the eggshell of domestic chicken (Gallus gallus domesticus)
(Fig. 5.12).

Finally, the results of the experiment with CaCO3 nanoparticles obtained using
the electrolytic method confirmed our assumptions: a clear high-intensity peak at
520–530 °C was noted on the thermogram (Fig. 5.15).
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Fig. 5.14 Thermograms of CO2 release/elimination (m/z = 44) by thermal decomposition of
sample of egg shell chicken (Gallus gallus domesticus); 1—fine powder; 2—small piece; 3—
combination of the small piece and fine powder

5.4 Conclusions

By the method of thermoprogrammed desorption mass spectrometry (TPD-MS)
were studied the thermal desorption spectra of biogenic calcites (natural limestone
chalk, bird egg shells: domestic chicken (Gallus gallus domesticus), domestic turkey
(Meleagris gallopavo), domestic geese (Anser anser domesticus), domestic duck
(Cairina moschata), mollusk shells (Anadara inaequivalvis) and cephalopod fossil
belemnite (Pachyteuthis Bayle), as well as calcite nanoparticles. As shown that the
spectrum structure correlates with morphological parameters and is a function of the
degree of dispersion and samples of biogenic calcites.

An increase in the content of nano-, ultra- and microdispersed components in
calcite-based biocomposites leads to a significant change in the form of the thermal
desorption graph, occurs in the appearance of additional temperature desorption
regions (peaks) and their total displacement to low temperatures area.

Thus, by thermal desorption spectra, obtained by TPD-MS, it is possible to under-
take a prior assessment of themorphological parameters (biocrystalline layers degree
ordering of biocomposites, the relative content of their components in terms of
dispersion degree) of biogenic calcites samples of different origin.



5 Study of the Correlations Between the Dynamics of Thermal … 49

Fig. 5.15 Thermograms of CO2 release/elimination (m/z = 44) by thermal decomposition of a
sample of nanoparticles CaCO3 (NP CaCO3) obtained by electrolytic technique from egg shell
chicken (Gallus gallus domesticus) (electrolysis media: acetic acid, 20%)
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