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Calcium plays a broad range of functional roles in plant life. Calcium bonds with active substances to form the basis of the middle lamellae that glue cell walls together and influence the physicochemical properties of protoplasm, such as viscosity, permeability, and others. This alone largely determines the complex nature of calcium's relationships with other cations and anions. Calcium ions have a specific effect on the properties of monomolecular cell membrane films, and the stability of these structures depends on their presence. By influencing membrane permeability, calcium regulates ion exchange between plant cells and the external environment. In saline, especially sodium-rich, soils, Na⁺ cations cause the dispersion of soil colloids. When calcium nitrate is added, Ca²+ replaces Na⁺, promoting the restoration of soil structure and the leaching of sodium.
 The technology for producing calcium nitrate by processing local raw materials—limestone and marble waste—with nitric acid, and its introduction into industrial production and agricultural applications, solves the problem of increasing yields of cotton and grain crops on saline soils.
The purpose of this study is to study the process of producing Ca(NO3)2 by reacting pure calcium carbonate, limestone, and marble waste with nitric acid.
Scientific novelty. Limestone and marble waste, consisting primarily of calcium, are used to produce granulated Ca(NO3)2, which is essential for improving soil structure and increasing agricultural yields.
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1.Introduction
Calcium and its compounds play vital biological roles in all living organisms, including intracellular signaling, muscle contraction, nerve transmission, blood clotting, bone and tooth formation, and, in plants, cell wall strength and stress resistance. A rising global population increases the demand for bioavailable calcium in agriculture and industry.
Calcium compounds, including CaO, Ca(OH)₂,and CaCO₃, are extensively utilized in metallurgy, chemical manufacturing, pharmaceuticals, and food production. Limestone and marble, which are rich in CaCO₃, are abundant resources in Uzbekistan. Waste generated from these materials can be efficiently recycled to produce calcium-based fertilizers, particularly for application in saline soils, thereby mitigating environmental pollution. The thermal decomposition of such waste materials produces CaO and Ca(OH)₂.
The development of energy-efficient and environmentally sustainable technologies for processing limestone and marble waste into valuable calcium products holds significant scientific and practical relevance. One promising approach involves the production of calcium nitrate, a widely used fertilizer, through the reaction of calcium carbonate with nitric acid.
The International Fertilizer Association identifies Malaysia, India, Norway, China, Germany, Sri Lanka, Russia, South Korea, the United States, and the Netherlands as the leading exporters of calcium nitrate [3].
Several patented production methods have been developed:One method involves treating limestone with nitric acid (HNO₃), followed by evaporation, cooling, and crystallization [5].Another approach decomposes calcium salts with nitric acid, with subsequent adjustment of pH (6–10), temperature (50–120 °C), and granulation (40–170 °C) to yield a water-soluble granular fertilizer suitable for hydroponic applications [6].A further method produces purified calcium nitrate solution from apatite concentrate through freeze crystallization, filtration, and neutralization with chalk and ammonium carbonate [7].A plasma method for small-scale production is also reported, though with high energy consumption (8.88 kWh/kg) [8]. Liquid nitrogen-calcium fertilizer can be obtained from soda production waste [9]. A comprehensive review of calcium nitrate production methods, properties, and its use in complex fertilizers is provided in [10].

2.Research objects and methods. 

An analysis of scientific and technical literature and patents reveals a lack of scientific data on the production of calcium nitrate using local raw materials (limestone from various deposits and marble production waste), which is the primary objective of our research. Furthermore, it is crucial to conduct a thermodynamic analysis of the reaction between calcium carbonate and nitric acid to form calcium nitrate, carbon dioxide, and water.
CaCO3 (solid) + 2HNO3 (liquid) → Ca(NO3)2 (liquid) + CO2 (gas) + H2O (liquid).
The thermodynamic constants for the reactants and products, specifically enthalpy (∆Hº) and entropy (∆Sº), were obtained from the reference book [11]. Thermodynamic calculations for this reaction were conducted under standard conditions: room temperature (25 ºC or 298 K) and a pressure of 1 atm. Table 1 provides the enthalpy (∆Hº) and entropy (∆Sº) values for the substances involved.

Table 1;Thermodynamic reference data (25ºС = 298 K)

	Substance
	∆Hºf (kJ/mol)
	∆G°f (kJ/mol)
	∆Sº (J/mol K)

	CaCO3 (solid)
	−1206.9
	−1128.8
	92.9

	HNO3 (liquid)
	−207.4
	−111.3
	155.6

	Ca(NO3)2 (liquid)
	−940.0
	−744.6
	174

	CO2 (gas)
	−393.5
	−394.4
	213.6

	H2O (liquid)
	−285.83
	−237.13
	69.9



Thermodynamic data were used to calculate the enthalpy of the reaction products Ca(NO3)2 (liquid), CO2 (gas), H2O (liquid), and the initial reactants CaCO3 (solid) and HNO3 (liquid) according to the following formula:
∆Hº = ∑∆H products – ∑∆Hº reactants
The total enthalpy of the products formed in the reaction is calculated as (–940.0) + (–393.5) + (–285.8) = –1619.3 kJ. The total enthalpy of the initial reactants is (–1206.9) + 2(–207.4) = (–1206.9 – 414.8) = –1621.7 kJ.
Based on these values, the enthalpy change of the reaction was determined as follows:

∆Hº = −1619.33 − (−1621.7); ∆Hº = +2.37 kJ/mol.
The entropy change of the reaction was determined using a similar approach:
∆Sº = ∑∆Sº (products) – ∑∆Sº (reactants)
The total entropy of the products is 174 + 213.6 + 69.9 = 457.5 J/K. The total entropy of the reactants is 92.9 + 2 × 155.6 = 92.9 + 311.2 = 404.1 J/K. Therefore:
∆Sº = 457.5 – 404.1 = 53.4 J/(mol·K).
The increase in entropy observed in this process results from the release of gas during the reaction. The Gibbs energy of the reaction is calculated using the formula ∆Gº = ∆Hº – T∆Sº. The entropy value (∆Sº) is first converted from joules to kilojoules by dividing by 1000: 53.4 J / 1000 = 0.0534 kJ/(mol K). This value is then multiplied by 298 K to yield T∆Sº = 298 × 0.0534 = 15.91 kJ/mol. Therefore, the Gibbs energy of the process is:
∆Gº = 2.37 – 15.91 = 13.54 kJ/mol.
The enthalpy change for the reaction CaCO3(solid) + 2HNO3(liquid) → Ca(NO3)2(liquid) + CO2(gas) + H2O(liquid) is approximately thermoneutral (∆Hº ≈ 0). The evolution of gas during this process results in an increase in entropy (∆Sº > 0). Additionally, because ∆Gº < 0, the production of calcium nitrate from calcium carbonate and nitric acid proceeds spontaneously.
Calcium nitrate was synthesized by processing calcium carbonate in the presence of nitric acid. The calcium-containing raw materials included CaCO3 grade "pure," limestone from the Bulokboshi and Kuvasoy deposits, and marble waste. Additionally, materials from the Gozgon and Zarband deposits were considered. For efficient chemical synthesis of Ca(NO3)2 from these local raw materials, prior knowledge of their particle-size distribution, chemical composition, and physical and mechanical properties is essential.
Accordingly, the particle size distribution, chemical composition, and physical and mechanical properties of the samples were determined.
The corresponding results are provided in Tables 2 through 4.
Analysis of the particle size distribution, chemical composition, and physical and mechanical properties of pure CaCO3, limestone from the Bulokboshi and Kuvasoy deposits, and marble waste from the Gozgon and Zarband deposits confirmed their suitability for calcium nitrate production via nitric acid processing.

Table 2;Particle size distribution of primary and secondary calcium-containing raw materials

	Size class, mm
	Fraction yield, %

	
	CaCO3 «p»
	Bulokbashi
	Kuvasoy
	Gozgon
	Zarbant

	0.5
	0.37
	40.55
	37.39
	20.61
	30.08

	- 0.5 + 0.315
	0.29
	17.04
	17.56
	13.38
	15.56

	- 0.315 + 0.25
	0.18
	4.09
	3.28
	3.42
	5.15

	- 0.25 + 0.16
	0.16
	10.36
	9.52
	6.95
	12.48

	- 0.16 + 0.063
	33.7
	20.20
	24.14
	35.86
	20.96

	- 0.063 + 0.05
	26.5
	7.01
	7.52
	16.98
	12.01

	-0.05
	38.8
	0.75
	0.59
	2.80
	3.76

	Initial mass
	100
	100
	100
	100
	100




	Carbonate raw material deposit
	Content of components, wt. %

	
	CaO
	CO2
	MgO
	Fe2O3
	F
	Al2O3
	SO3

	CaCO3 «p»
	55.72
	43.90
	0.01
	0.157
	0.047
	0.1234
	0.033

	Bulokbashi
	55.23
	43.39
	0.569
	0.061
	0.0452
	0.073
	0.102

	Kuvasoy
	54.12
	42.52
	1.50
	0.138
	0.039
	0.1234
	0.068

	Gozgon
	55.14
	43.44
	0.577
	0.1148
	0.0397
	0.080
	0.201

	Zarbant
	55.16
	43.78
	0.440
	0.138
	0.0466
	0.1046
	0.196


  Table 3;Chemical composition of primary and secondary calcium-containing raw materials.

 Table 4;Physical and mechanical properties of primary and secondary calcium-containing raw materials.

	Properties

	Indicators

	
	CaCO3 «p»
	Bulokbashi
	Kuvasoy
	Gozgon
	Zarbant

	Initial moisture content, %
	0.08
	2.8
	3.0
	0.11
	0.2

	Free bulk density, g/cm3
	0.85
	0.7
	0.72
	0.88
	0.9

	Compacted density, g/cm3
	1.36
	1.2
	1,23
	1.24
	1.10

	Angle of repose, deg.
	23.3
	23.0
	22.5
	24.0
	25.0

	Flowability, sec.
	80
	72.0
	73
	81
	82.0

	Hygroscopic point, %
	0.4
	3.0
	3.2
	0.32
	0.3

	Moisture capacity, %
	0.4
	3.1
	3.3
	0.35
	0.3

	pH of 10% suspension
	8.5
	8.8
	8.7
	9.1
	9.0



Calcium nitrate was synthesized by processing primary and secondary calcium-containing raw materials with nitric acid. A 55 % nitric acid solution of a specified volume was introduced into a 500 mL glass reactor equipped with a motor-driven stirrer. Subsequently, 50 g of calcium-containing raw materials was gradually added over 3 to 4 minutes at a temperature of 35 to 40 °C. The NH3 rate varied from 90 % to 110 %, depending on the CaO content. The process was conducted for 30 minutes. After decomposition, the solid phase was separated from the liquid by filtration. The liquid phase was neutralized to a pH of 6.5 to 7.0 and then evaporated, producing a melt containing 73 to 75 % Ca(NO3)2 with a specific gravity of 1.70 to 1.82 g/cm3. The NH4NO3 content ranged from 1.02 % to 8.15 %, depending on the HNO3 rate. The resulting melts were granulated by pelleting during cooling. The presence of NH4NO3 in the melt enhanced crystallization. The chemical composition of calcium nitrate samples was determined using standard methods [12-14]. The results are presented in Tables 5 and 6.

Results and discussion. 
Table 5 indicates that the yield of Ca(NO3)2 varies from 86.36 % to 98.63 %, depending on the NH3 rate and the type of calcium-containing raw material. The concentrations of Ntotal, Nnitr., and Namm. are within the ranges of 13.51 % to 15.61 %, 13.33 % to 13.88 %, and 0.18 % to 1.73 %, respectively.

Table 5;Chemical composition of Ca(NO3)2 samples obtained by decomposing various types of calcium-containing raw materials with nitric acid

	HNO3 standard, %
	Exit rate, %
Ca(NO3)2
	Content of components, %

	
	
	CaО.
	NH4NO3
	Nammonium
	Nnitrate
	Ntotal.
	H2O

	CaCO₃ "clean" stamps

	90
	86.77
	26.89
	1.02
	0.18
	13.62
	13.80
	20.23

	95
	88.74
	26.58
	1.21
	0.26
	13.50
	13.76
	20.95

	100
	94.81
	25.98
	3.22
	0.68
	13.55
	14.24
	20.70

	105
	97.72
	25.52
	4.82
	1.02
	13.60
	14.63
	20.44

	110
	98.63
	24.90
	8.15
	1.73
	13.88
	15.61
	18.93

	Limestone from the Bulokboshi deposit

	90
	86.40
	26.40
	1.00
	0.18
	13.38
	13.55
	21.69

	95
	88.50
	26.10
	1.20
	0.26
	13.26
	13.52
	22.36

	100
	94.60
	25.70
	3.21
	0.68
	13.41
	14.09
	21.53

	105
	97.61
	25.00
	4.80
	1.02
	13.34
	14.36
	21.99

	110
	98.43
	24.60
	8.13
	1.73
	13.72
	15.45
	19.83

	Limestone from the Kuvasoy deposit

	90
	86.43
	26.3
	1.02
	0.18
	13.33
	13.51
	21.96

	95
	87.45
	26.1
	1.22
	0.26
	13.26
	13.52
	22.34

	100
	94.58
	25.8
	3.22
	0.68
	13.46
	14.15
	21.22

	105
	97.10
	25.3
	4.80
	1.02
	13.49
	14.51
	21.11

	110
	98.12
	24.7
	8.13
	1.73
	13.77
	15.50
	19.53

	Marble waste from the Gozgon deposit

	90
	86.39
	26.44
	1.02
	0.18
	13.40
	13.58
	21.55

	95
	88.46
	26.12
	1.22
	0.26
	13.27
	13.53
	22.29

	100
	94.59
	25.72
	3.21
	0.68
	13.42
	14.10
	21.47

	105
	97.58
	25.1
	4.80
	1.02
	13.39
	14.41
	21.69

	110
	98.41
	24.63
	8.13
	1.73
	13.74
	15.47
	19.74

	Marble waste from the Zarband deposit

	90
	86.36
	26.39
	1
	0.18
	13.37
	13.55
	21.72

	95
	88.43
	26.08
	1.2
	0.26
	13.25
	13.51
	22.42

	100
	94.57
	25.68
	3.21
	0.68
	13.40
	14.08
	21.58

	105
	97.60
	24.98
	4.80
	1.02
	13.33
	14.35
	22.04

	110
	98.42
	24.58
	8.13
	1.73
	13.71
	15.44
	19.89



The water of hydration content ranges from 18.93 % to 22.42 %. Calcium nitrate in the product samples is most likely present as either a tetrahydrate or a trihydrate.
Table 6 presents the chemical composition of solid phases that remain unreacted with nitric acid. Increasing the HNO3 rate from 90 % to 110 % reduces the amount of solid phase, as well as the total CaO and CO2 content. These values decrease from 14.23 % to 1.37 %, from 49.78 % to 1.35 %, and from 38.68 % to 0.93 %, respectively, depending on the HNO3 rate and the type of calcium-containing raw material.An increased HNO3 rate facilitates the complete decomposition of the feedstock. The total nitrogen content in the precipitates ranges from 1.10 to 2.40 percent, which must be considered when developing a process flowsheet for the utilization of free HNO3 in solid phases.


Table 6;Composition of solid phases obtained during the processing of various types of calcium-containing raw materials with nitric acid.

	HNO3 standard, %
	Amount of solid phase, %
	Content of components, %

	
	
	CaOtotal
	CO2
	Ntotal
	H2O

	CaCO₃ "clean" stamps

	90
	13.56
	49.25
	38.61
	1.10
	0.29

	95
	11.25
	46.38
	36.12
	1.77
	0.38

	100
	5.22
	44.76
	35.16
	1.90
	0.59

	105
	2.28
	30.55
	24.01
	2.21
	0.68

	110
	1.37
	1.35
	1.06
	2.40
	0.89

	Limestone from the Bulokboshi deposit

	90
	13.61
	49.15
	38.60
	1.10
	0.27

	95
	11.50
	45.88
	36.11
	1.77
	0.39

	100
	5.42
	44.66
	35.14
	1.90
	0.57

	105
	2.39
	30.56
	24.00
	2.21
	0.66

	110
	1.57
	1.36
	1.05
	2.40
	0.88

	Limestone from the Kuvasoy deposit

	90
	14.23
	49.78
	38.68
	1.10
	0.28

	95
	12.55
	46.48
	36.34
	1.77
	0.38

	100
	5.45
	44.76
	33.84
	1.90
	0.58

	105
	2.90
	30.55
	24.11
	2.21
	0.67

	110
	1.88
	1.35
	0.93
	2.40
	0.87

	Marble waste from the Gozgon deposit

	90
	13.62
	49.15
	38.61
	1.10
	0.29

	95
	11.53
	45.98
	36.12
	1.77
	0.39

	100
	5.41
	44.76
	35.16
	1.90
	0.58

	105
	2.42
	30.55
	24.01
	2.21
	0.69

	110
	1.59
	1.35
	1.06
	2.40
	0.88

	Marble waste from the Zarband deposit

	90
	13.64
	49.15
	38.60
	1.10
	0.30

	95
	11.56
	45.98
	36.11
	1.77
	0.38

	100
	5.42
	44.76
	35.14
	1.90
	0.61

	105
	2.40
	30.55
	24.00
	2.21
	0.70

	110
	1.58
	1.35
	1.05
	2.40
	0.91




[bookmark: _GoBack]Conclusion. Laboratory experiments investigating the production of calcium nitrate by reacting five types of calcium-containing feedstock with nitric acid identified optimal process conditions: an HNO3 rate of 105 % of the stoichiometric amount calculated as CaO, a temperature of 35 to 40 °C, and a decomposition time of 30 minutes. Evaporation of the resulting solution yields a melt with a specific gravity of 1.73 to 1.75, corresponding to a Ca(NO3)2 content of 72 to 73 %. The presence of 5 to 6 % NH4NO3 in the melt promotes crystallization.
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