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NON-EQUILIBRIUM PROCESSES IN THE ATMOSPHERE, WATER, AND 
REACTIONS WITH CALCIUM CARBONATE IN THE ENVIRONMENT

Ignat Ignatov1, Mario Iliev2, Plamen Gramatikov3,4, Alexander Ignatov1,
Mariana Angelcheva5, Ivan Angushev6, Christos Drossinakis7

ABSTRACT

Non-equilibrium processes in the atmosphere and water were described in this paper. Spectral analysis by NES 
and DNES methods was applied to research water structure. The energy spectrum of water is obtained due to the 
non-equilibrium process of evaporation of water drops. The term Non-equilibrium energy spectrum (NES) is used in 
this method.  The distribution function according to hydrogen bond energies f(E) is measured in reciprocal electron 
volts (eV-1). The differential energy spectrum DNES represents the difference between the investigated sample’s NES 
and the control sample’s NES. It is assumed that the combined influence of all factors other than those under study 
is identical for the control and sample. The effects of gas-solid heat exchange and calcium carbonate (CaCO3) 
decomposition were described. Our research aims to show peaks at 713 and in the 873 - 879 cm-1 due to shared 
environmental influences on calcium carbonate. The purpose of the article is to demonstrate that by studying the 
spectral parameters at 713 and in the range of 873 ÷ 879 cm-1, an assessment can be made for the application of 
the impact of water with different physicochemical parameters, air humidity, thermal effects on the quality of lime 
mortar solutions and chemical processes with carbon dioxide (CO2).
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INTRODUCTION

In the nature, calcium carbonate (CaCO3) interacts in 
land-water-air contact environments. Due to the changes 
in environmental conditions such as temperature, 
humidity, and geophysical fields, the authors choose the 
DNES spectral method, with which they study a sample 
and a control sample. Differential Non-equilibrium 
Energy Spectrum (DNES) measures the alteration of 
the structure of water due to the influence because it is 

assumed that the combined influence of the remaining 
factors besides the examined one is identical for the 
control sample and the sample. NES and DNES methods 
range from λ from 8 to 14 μm and ṽ from 1250 to 714 
cm-1. In the same range, the highest level of polarization 
of infrared radiation is observed in absorption and
reflection from water (~ 4 - 10 %) [1]. The research
was performed with Fourier Transform Infrared (FT-IR)
method λ from 2.5 to 25 μm and ṽ from 4000 to 400
cm-1.
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For estimation of non-equilibrium conditions with 
CaCO3, were analyzed the effects of cave water [2], 
gas-solid heat exchange [3], developing CO2 capture, 
and using technologies to reduce anthropogenic 
emissions as part of the solutions against climate 
change [4], global dioxide emissions [4].

Our studies aim to analyze the impact of a total Solar 
eclipse on the water spectrum and the similarity of the 
peaks with solutions of CaCO3 on the peaks. The analysis 
also was performed for 39 studies of water samples for 
the duration of one year. The results with water from 
Rupite Basin, Bulgaria, rich in Ca2+, HCO3

-, and CO3
2-.  

EXPERIMENTAL 

Materials and methods
Spectral methods Non-equilibrium energy spectrum 
(NES) and Differential non-equilibrium energy 
spectrum (DNES)

The wetting angle θ was measured with a specially 
designed instrument described in detail in [5 - 7]. 
Evaporation of deionized water drops was performed 
in a sealed chamber with a stable temperature of 22°C 
[5, 8] (Fig. 1). The drops were placed on a 350 µm thick 
BoPET (biaxially-oriented polyethylene terephthalate) 
sheet.

The device has the following technical features:
● Monochromatic filter with wavelength λ = 580

± 7 nm;
● Water evaporation angle ranging from 72.3

deg to 0 deg.
● Measured range of energy of hydrogen bonds

among water molecules is λ = 8.9 - 13.8 µm or
E = (-0.08) - (-0.1387) eV.

Luck considers that in water, there are hydrogen 
bonds between the hydrogen atom of one water molecule 
and the oxygen of another [9]. Most of them are bound 
by the energy of the connection (-E), and the remaining 
are free (E = 0). It is accepted that E has a negative 
value. This is Luck’s two-state model [10 - 13]. 
Each water molecule has two hydroxide groups. The 
number of hydrogen bonds between the hydrogen 
atom of one water molecule and the oxygen of another 
in a particular volume of water is twice as high as 
the number of molecules it contains. 

Part of the hydrogen bonds is restructured in the 
proximity of the spherical part of the drop surface 

and, as a result, we obtain the dependence between the 
surface tension δ and the hydrogen bond energy [8, 
14-16]:

The equation can describe the relationship:
δ = -kTIln[1+α/[exp(-βE)+α]]  (1)

Here, k is the Boltzmann constant, β = 1/kT, T – is 
the absolute temperature, E – the hydrogen bond energy, 
α is the ratio of two subvolumes of the phase space 
related to the structuring and restructuring of hydrogen 
bonds, α = 28 ± 8, and I = 5.03.1018 m-2 is the density 
of water molecules in the hydrophobic surface layer. 

The values of E and α are determined by comparison 
with the experiment. Expression (1) explains the 
fraction C of the actual surface tension γ, i.e., δ = Cγ 
[15]. According to [8, 15], the contribution of the non-
hydrogen bond interaction amounts to 20 % of the actual 
value of γ and C = 4/5. 

The Helmholtz free surface energy (F) can be 
defined as F = γΣ, where Σ represents the spherical part 
of the droplet surface [8]. At the mechanical equilibrium 
point, F should be minimized, which can be expressed as 
dF = 0 = d(γΣ) [8]. Consequently, we have the equation:
0 = γΣ - γ0Σ0                                                                                                                    (2)

The forced evaporation process of water drops 
occurs at a constant temperature of 20°C within a sealed 
chamber [5].

The expressions for Σ0 and Σ are given by [8]:
Σ = πD2/2(1 + cosθ); Σ0 = πD2/2(1 + cosθ0)  (3)
-E/kT = Cγ/IkT (4)

Fig. 1. Operating principle of the method for measuring the 
wetting angle of liquid drops on a hard surface: 1- drop, 2 - 
thin Maylar sheet, 3 - glass plate, 4 - refraction ring width. 
The wetting angle θ is a function of a and d1.
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E = Cγo(1 + cosθ) / (I (1 + cosθ0))		  (5)
During the evaporation process, the wetting angle 

(θ) undergoes discrete changes and represents the 
average energy of hydrogen bonds as follows:
θ = arccos(-1 + bE), where b = I (1 + cosθ0)/(Cγo)

   (6)
where θ is the wetting angle, E is the average energy 
of hydrogen bonds, and b is a temperature-dependent 
parameter [17 - 20]. The development of the method 
is the Non-equilibrium energy spectrum (NES) and 
Differential non-equilibrium spectrum (DNES)      [20 - 
24]. They are used to research natural waters and plants 
[25 - 29]. Molecular dynamics simulation is applied to 
investigate the wetting behavior of water droplets on 
the sandstone surface under different salinities. The 
system equilibrium configuration was used to study the 
interaction of its components. The number of hydrogen 
bonds was calculated [30, 31]. 

The energy (E) of hydrogen bonds among H2O 
molecules in water samples is measured in eV. The 
function f(E) is called the energy distribution spectrum. 
A non-equilibrium evaporation process of water droplets 
characterizes the energy spectrum of water. This non-
equilibrium energy spectrum (NES) is measured in еV-1. 
DNES is defined as the difference [18 - 20, 32]: 
Δ f (E) = f (water sample) – f (control water sample)                                                       	

(7)

DNES is measured in еV-1 where f (*) denotes the 
evaluated energy [14 - 18].

IR-Spectroscopy
IR-spectra of calcium carbonate (CaCO3) was 

registered with Fourier Transform Infrared (FTIR) 
method with the device Thermo Nicolet Avatar 360 
Fourier-transform IR.with spectral range average IR – 
400 - 4000 cm-1; the permission - 0.5 cm-1;

RESULTS AND DISCUSSION 

Results with Non-equilibrium energy spectrum (NES) 
and Differential non-equilibrium energy spectrum 
(DNES)
A study on August 11, 1999, of the total solar eclipse was 
done by methods of NES and DNES. The research was 
performed on August 10, a day before the solar eclipse.
The meteorological parameters were temperature 
in degree centigrade (°C) and relative humidity in 
percents (%).  During the solar eclipse on August 11, 
the meteorological parameters were – tmax = 29.7°C 
and RHmax = 57 %. On August 10, the meteorological 
parameters were  tmax = 36.3°C and RHmax = 27 % [33].
The results of f (E) in eV-1 are shown in Table 1.  The 
difference of f(E) was describe at (Е = -0.1012 eV)(λ 
= 12.3 μm)(ṽ = 816 cm-1) and (E = -0.1087 eV) (λ = 

Table 1. The function of the distribution of energies f(E) in eV-1 for the function of distribution of energies f(E) according 
to the value of (-E) of hydrogen bonds during the total Solar eclipse (11.08.1999) as a sample and deionized water as a 
control sample.

-Е(eV)
x-axis

Deionized Water
Total

Solar eclipse
f(E)

(eV-1)

Deionized
Water

Control sample
f(E)

(eV-1)

-Е(eV)
x-axis

Deionized Water
Total

Solar eclipse
f(E)

(eV-1)

Deionized
Water

Control Sample
f(E)

(eV-1)
0.0937 0 30.1      0.1187 15.1 0
0.0962 23.1 0      0.1212 30.2 30.2
0.0987 23.1 38.5      0.1237 0 15.1
0.1012 0 46.2      0.1262 15.1 30.2
0.1037 30.2 38.5      0.1287 15.1 30.2
0.1062 0 30.2      0.1312 30.1 23.1
0.1087 15.1 46.2      0.1337 15.1 23.1
0.1112 46.2 0      0.1362 46.2 0
0.1137 15.1 23.1      0.1387 76.9 0
0.1162 0 23.1          – – –
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11.41 μm) (ṽ = 877 cm-1). Line positions, strengths, and 
absolute energies are calculated for the pure rotational 
spectrum of water evaporation in the region between 0 
and 877 cm-1 [34]. During a solar eclipse, alterations in 
non-stationary heat fluxes to the Earth were proven [35].

Table 1 illustrates the function of the distribution of 
energies f(E) according to the values of (-E) of hydrogen 
bonds during the total Solar eclipse as a sample and 
deionized water as a control sample  [36].

At λ from 8 to 14 μm and ṽ from 1250 cm-1 to 
714 cm-1, the highest level of polarization of infrared 
radiation is observed in absorption and reflection from 
water (~ 4 - 10 %) [1]. 

With the method, NES performed 39 independence 
measurements in one year. With an arrow designated, the 
average value of the energy between the water molecules 
was determined as value E = -1090 еV or (λ = 11.38 μm) 
(ṽ = 879 cm-1) (Fig. 2) [2]. 

A horizontal arrow is designated the window of 
the transparency of the Earth’s atmosphere for the 
electromagnetic radiation in the middle infrared range of 
the Sun towards the Earth and from our planet towards 
the surrounding cosmic space. The range is at λ from 8 
to 14 μm and ṽ from 1250 cm-1 to 714 cm-1 [37].

There is designated one of the expressed peaks at 
ṽ = 795 cm-1 or (E = -0.099 eV) (λ = 12.58 μm) of the 
energy of hydrogen bonds [38].

ЕM = -0.1389 eV (λ = 8.93 μm) (ṽ = 1120 cm-1) is the 
hydrogen bond energy used in the model of Luzar et al. 
[11] and determined by spectroscopic measurement [39].

The results show that the value ṽ = 877 cm-1 - 879
cm-1 alterations were connected with alterations in
environmental conditions.

Results of reactions with calcium carbonate (CaCO3)
The effects of gas-solid heat exchange and calcium 

carbonate decomposition were proved at (λ = 11.41 μm) 
(ṽ = 877 cm-1) [3]. 

In our research with the method Fourier-IR 
spectrometer [39, 40], the peaks were at ṽ = 713 cm-1 

and ṽ = 873 cm-1 (Fig. 3) [40 - 41].
The research was performed with sediments from 

mineral water from Rupite, Bulgaria. In 2020 the number 
of hydrogencarbonate ions (HCO3

-) was 1495 - 1526, 
and of calcium (Ca2+) was 31.6 - 40.2 mg L-1 [42].  Fig. 
4 illustrates peaks at ṽ = 713 cm-1 and ṽ = 875 cm-1.
The following reaction is valid:

2HCO3
- + Ca2+ → CaCO3 + CO2 + H2O	 (8)

The lime cycle is 
CaCO3 →CaO → Ca(OH)2 →CaCO3                       (9)

The chemical reaction (8) is a significant emitter of 
global dioxide emissions [43]. With the research 
of 713 and in the range 873 cm-1 - 879 cm-1 is possible 
to estimate the influence on the environment and 
select the optimal value for the industry. 
Developing CO2 capture and using technologies to 
reduce anthropogenic emissions can be part of the 
solution against climate change [4].

Fig. 2. Results with method NES have performed 39 
independence measurements in a period of one year.

Fig. 3. Result of calcium carbonate (CaCO3) with Fourier-
IR spectrometer.
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CONCLUSIONS

Processes in the atmosphere, water, and such with 
calcium carbonate (CaCO3) were examined, looking for 
regularity of spectral characteristics.

Non-equilibrium processes in the atmosphere and 
water were described in the publication. For water 
research, spectral analysis with NES and DNES methods 
was applied.

During the solar eclipse on 11.08.1999, a difference 
was observed between the deionized water control 
sample of 10.08.1999 and the sample of 11.08.1999 at 
(E = -0.1087 eV) (λ = 11.41 μm)(ṽ = 877 cm-1).

An examination was conducted of 39 deionized 
water samples. The average value of the energy of the 
hydrogen bonds among water molecules is (Е = -0.1090 
eV) (λ = 11.38 μm) (ṽ = 879 cm-1).

DNES was studied of water from the “Temnata 
dupka” (Dark Hole) cave with values of calcium ions 
(Ca2+) 66 mg L-1 and hydrogencarbonate ions (HCO3

-) 
content of 223 mg L-1. An extremum was observed at 
(E = -0.1087 eV)(λ = 11.41 μm) (ṽ = 877 cm-1). Fourier 
spectral analysis was performed of CaCO3 with the 
following results (E = 0.1082 eV) (λ = 11.46 μm) (ṽ 
= 873 cm-1). The spectral range of water vapor is also 
from 0 to 877 cm-1. The adsorption peaks of the lime 

Fig. 4. Result with sediments from Rupite, Bulgaria, with Fourier-IR spectrometer.

are at 713 cm-1 and 875 cm-1. The results indicate that 
an analysis of peaks at 713 and within the interval of 
873 ÷ 879 cm-1 can be used to evaluate non-equilibrium 
processes with calcium carbonate in water and in 
contact with air. As a result of exposure to water with 
different physicochemical parameters, air humidity, 
and thermal effects, the quality of lime mortar solutions 
and protection against carbon dioxide emissions can be 
assessed. 

The optical low-power method of investigation by 
analysis of NES and DNES applied in this paper. It is 
confirmed that IR methods could be a suitable tool for 
fast analyses of changes in water structure and properties 
after outer influences. 
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