




PRODUCTION OF SOIL CONDITIONERS BASED ON COAL OXIDIZED WITH HYDROGEN PEROXIDE, BENTONITE, PHOSPHATE RAW MATERIALS, AND MINERAL FERTILIZERS
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ABSTRACT.
The article presents the results of obtaining soil conditioners based on coal oxidized with hydrogen peroxide containing a high amount of humic acids, finely ground bentonite, phosphate raw materials, urea, ammonium sulfate, and potassium chloride in a wide range of ratios. An increase in the solubility of plant nutrients was observed as a result of the interaction of humic acids contained in brown coal with the components of phosphate raw materials and bentonite. Optimal ratios and the degree of activation of the components were determined to obtain a soil conditioner with the optimal content of nutrients in a plant-available form.
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1.INTRODUCTION
At present, natural non-metallic minerals and their activated analogs are widely used in agricultural production. The application of these substances for improving the agrochemical, agrophysical, and microbiological properties of soils; in crop production as soil conditioners, fertilizers, and plant growth stimulants; and in animal husbandry as medicines, preparations, and feed additives for farm animals is due to the presence of biogenic macro- and microelements, as well as their high ion-exchange, sorption, and catalytic properties.Studies of minerals, nanostructured substances obtained from them, and investigations of their chemical and mineral composition, structure, and certain properties have shown that minerals such as bentonites, phosphate rock meal, sapropel, and glauconite contain varying amounts of aluminum, silicon, calcium, magnesium, iron, and phosphorus compounds. While their mineral composition showed similarities among the constituent components, their structures differed significantly. Nanostructured minerals possessed a surface area 15–18 times larger than their macro-analogs. Structurally, they represented conglomerates of agglomerated particles ranging from micrometer to nanometer size (0.1–5.0 µm). In terms of physical properties, they consisted of randomly arranged particles of conical, capsule-like, leaf-like, spherical, tubercular, and other forms. Nanostructured minerals differed significantly from their original macro-analogs, with particle sizes ranging from 5.0 to 120 nm, exhibiting clear size distribution. Their morphology included irregularly shaped, sharp-edged conical, kernel-like, and clustered particles, with some nanominerals forming systems of paired or triplet particles [1].
	In [2], it was reported that the application of bentonite to dark chestnut soil under winter wheat increased the content of nitrate nitrogen, mobile forms of phosphorus and potassium, cation exchange capacity, and biological activity of the soil. The optimal bentonite dose of 7.5 t/ha ensured a 15.1% increase in wheat yield, as well as a significant improvement in grain protein content and gluten.
	In [3], studies on the biosafety and efficiency of using nanostructured water–bentonite suspension for pre-sowing seed treatment were presented. Evaluations on nine test-plant species confirmed its biological safety at concentrations of 0.25–10.0 kg/t of seeds. Application of the suspension increased field germination of common vetch and variable alfalfa seeds up to 90.0–91.0% and boosted above-ground biomass growth to 1.15–1.22 kg/m².
	In [4], it was shown that the use of bentonites significantly altered the soil’s pH-dependent characteristics, with a prolonged effect lasting for three years. Alongside the reduction of exchangeable and hydrolytic soil acidity, an increase in exchangeable calcium and magnesium content was observed, while mobile aluminum—which is toxic to many crops—was substantially reduced. Furthermore, the high ameliorative doses of bentonite and its prolonged three-year influence suggested relative stabilization processes in the soil’s mineralogical composition. Agronomically, the interaction of bentonite with soil optimized its nutrient regime and improved yields of major crops. Elevated concentrations of calcium and potassium from high bentonite doses could positively affect agro-phytocenosis productivity, depending on exchangeable magnesium and mobile phosphorus content.
	In [5], it was demonstrated that ultrasonic dispersion of sapropel promotes the breakdown of its conglomerates and reduces particle size from 4.0 µm to 45.0–180.0 nm. This also altered the shape, structure, and properties of modified sapropel. Nanostructured sapropel particles ranged from 45.0 to 180.0 nm. Within a 20×20 µm study area, 120–140 particles were detected, with 36–48 large particles (30.0–34.0%) sized 100.0–180.0 nm, resembling macro-analogs but with smoother tetrahedral forms. Over 80 smaller particles (63.0–67.0%) were under 100 nm and randomly distributed. A specific structural feature of nanosapropel was that larger particles were organized into groups of three, equally spaced. Larger particles retained clear tetrahedral shapes, while smaller ones were amorphous. The average particle size of nanostructured sapropel was about 90.0 nm.
	Analysis of numerous studies has shown that soil degradation processes are intensifying worldwide. Chemical degradation, linked to agricultural development, is especially widespread. Soil pollution results from global processes and from excessive application of mineral fertilizers, plant protection agents, use of wastewater and sludge for irrigation, and utilization of industrial and agricultural waste as unconventional fertilizers. All these factors lead to soil chemical degradation, i.e., deterioration of agronomic properties [6,7].
	In [8], vegetation experiments on alluvial medium loam soil with unconventional soil conditioners, such as cattle manure effluent and organo-mineral fertilizer based on it, demonstrated positive effects on barley yield (main and by-products). The highest yield increase was achieved with 20 t/ha application.
	In [9], lysimetric experiments on sod-podzolic sandy loam soil using manure effluent, biocompost from livestock and municipal waste showed positive effects on annual forage yields. The highest hay yield increase of  95.3% was observed with biocompost application. Hay yields with 10 t/ha biocompost were 8.6% higher than with 10 t/ha effluent and 25.8% higher than with mineral fertilizers alone.
	It should be noted that virtually all organo-mineral fertilizers can be classified as soil conditioners. The term melioration usually refers to improving soil fertility through drainage or irrigation, but here it concerns chemical melioration. Humic fertilizers, due to their sorption, ion-exchange, and complex-forming properties, are effective chemical soil conditioners and also contribute to desalination of saline soils [10,11].
	One of the main requirements for a soil conditioner is high cation exchange capacity, determined by the number of functional groups capable of ion exchange (–COOH and –OH). These are present in small amounts in lignite. Their content can be increased through oxidation. The use of oxidized brown coal from the Gusinoozersk deposit on meadow-sulfate solonchak soils provided a strong desalination effect and a significant yield increase [12].
	Chemical melioration of soils with organo-mineral fertilizers based on oxidized brown coals is not limited to the desalination of saline lands. It is also effective for detoxifying water and soil environments from radioactive elements, heavy metals, and residual herbicides in soil. This is attributed to humic acids, which act as natural detoxifying agents [13–15].
METHODOLOGY
	In this study, considering the specific beneficial properties of humic acids from brown coal, bentonite, phosphate rock meal, and mineral fertilizers for soils, and building on accumulated experience of their application, the objective was to investigate the processes of obtaining soil conditioners based on these components and to study their chemical and physicochemical properties.In the experiments, a representative sample of coal fines of BR-2 grade from the Angren deposit was used; its composition is given in Table 1.
Table 1..  Composition of the Initial and Oxidized Coal, %

	
	Moisture
	Ash
	Organic matter
	HA + FA (Humic Acids + Fulvic Acids

	Initial brown coal of the Angren deposit, BR-2 grade
	4,28
	18,48
	77,27
	5,96

	Coal Oxidized with Hydrogen Peroxide
	36,96
	11,68
	51,36
	30,09


The mineralogical analysis of the concentrates showed that the mineral part of the coal contains quartz, calcite, pyroxene, opal, feldspar, magnetite, and muscovite. Table 2 presents the results of mass spectrometric (ICP–MS) analysis of the coal ash. As seen from the table, the coal contains a number of microelements, including Fe, Mg, Ba, B, Mn, Ti, Cu, Zn, and Mo.

Table 2 Results of Mass Spectrometric Analysis of Coal Ash

	Name and Content of Elements

	Li
127
	Be
2,61
	B
267
	Na
9950
	Mg
26011
	Al
63889
	P
325
	K
3547
	Ca
164077
	Cr
22,8

	Mn
5474
	Fe
46174
	Co
7,17
	Ni
8,65
	Cu
63,0
	Zn
4438
	Mo
1,46
	Ag
1,05
	Ba
127
	Ti
126



	Also, bentonite from the Azkamar deposit was used, the composition of which is given in Table 3. An X-ray diffraction (XRD) analysis was carried out to determine the mineral composition of the raw bentonite, performed on an XRD-6100 diffractometer with computer control. Phase identification was conducted using domestic catalogs and ASTM standards.[16].
	The X-ray diffractogram of bentonite shows diffraction maxima at 3.34, 9.97, 4.15, 2.45, and 2.75 Å, which correspond to the minerals quartz (SiO₂), illite [K₀.₆₅Al₂(Si₃.₃₅Al₀.₆₅)O₁₀(OH)₂•nH₂O], kaolinite [Al₂Si₂O₅(OH)₄], montmorillonite [(Na,Ca)₀.₃₃(Al,Mg)₂Si₄O₁₀(OH)₂•nH₂O], potassium feldspar (KAlSi₃O₈), and hematite (Fe₂O₃).Interplanar spacings at 3.04, 2.50, 2.28, 2.09, 1.91, and 1.87 Å correspond to calcite, while 3.34 and 2.14 Å belong to quartz.On the X-ray diffractogram of phosphate rock meal (Fig. 2), diffraction bands at 2.69, 2.62, 2.28, 2.24, 1.83, and 1.72 Å correspond to fluorocarbonate apatite.The presence of calcite is confirmed by interplanar spacings at 3.86, 3.03, 2.49, 2.09, 1.91, 1.87, and 1.60 Å; dolomite at 1.54 Å; gypsum at 7.61, 3.07, 2.77, and 1.42 Å; and tricalcium phosphate at 3.45 Å. Bands at 4.29 and 1.54 Å indicate the presence of insoluble residue—quartz—in the phosphate rock meal.[17].
Table 3.Chemical Composition of Bentonite from the Azkamar Deposit, Navoi Region
	№
	SiO2
	TıO2
	Al2O3
	Fe2O3
	MgO
	MnO
	CaO
	Na2O
	К2О
	P2O5
	SO3
	Н2О
	СО2

	1
	49,34
	0,68
	14,42
	5,28
	2,45
	0,03
	5,12
	1,93
	2,18
	0,14
	1,22
	6,87
	2,93
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Fig. 1. X-ray diffractogram of the raw bentonite.
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Figure 1. X-ray diffractogram of the raw bentonite.
For the production of soil conditioners, ammonium sulfate was also used (wt.%): moisture – 0.21; total N – 21.1; potassium chloride (wt.%): moisture – 0.9; total K₂O – 60.7; urea (wt.%): moisture – 0.3; total N – 46.2.
	At the first stage, in order to increase the yield of humic acids and enhance the number of functional groups, brown coal from the Angren deposit was oxidized with hydrogen peroxide in the presence of oxalic acid. The oxidation process was carried out with hydrogen peroxide at 10%, oxalic acid at 60%, and a weight ratio of coal (organic part) : H₂O₂ : H₂C₂O₄ equal to 1 : 0.1 : 0.01. The experiments were performed as follows: first, the coal was treated in a mechanical mortar with oxalic acid at a coal : H₂C₂O₄ ratio of 1 : 0.01 for 30 minutes. After this treatment, the coal remained in a loose form. The obtained mass was then transferred to a reactor, and under stirring, hydrogen peroxide solution was added. The interaction was carried out for 2 hours. During oxidation of the brown coal with hydrogen peroxide, the temperature of the reaction mass rose to 50–80 °C. Afterwards, the ash content, moisture, organic matter, and yield of humic and fulvic acids were determined. Ash content was determined according to GOST 11022-75, moisture – according to GOST 11014-70, organic matter – by the difference between 100 and the sum of ash and moisture percentages, and the yield of humic acids – according to GOST 9517-76. The composition of the oxidized coal is also given in Table 1.[18].
	For the purpose of obtaining a soil conditioner with a balanced set of nutrients based on plant requirements, at the next stage, brown coal of the same composition was oxidized under optimal conditions, i.e., with 10% H₂O₂, 60% H₂C₂O₄, and a weight ratio of coal : H₂O₂ : H₂C₂O₄ = 1 : 0.1 : 0.01. Then, into the wet oxidized coal were added ground bentonite, phosphate rock meal, urea, ammonium sulfate, and potassium chloride. Mixtures were prepared in a wide range of initial component ratios: oxidized coal (organic part) : bentonite : phosphate rock meal : (NH₂)₂CO : KCl : (NH₄)₂SO₄ = 100 : (25–200) : (2–78) : (1–38) : (1–11) : (1–5). They were then ground in a porcelain mortar to a particle size of less than 0.16 mm.The mixtures were dried at 75–80 °C for 60 minutes.[19].
The determination of P₂O₅ was carried out gravimetrically by precipitating the phosphate ion with a magnesia mixture in the form of magnesium ammonium phosphate, followed by calcination of the precipitate at 1000–1050 °C in accordance with GOST 20851.2-75. Nitrogen was determined according to GOST 26715-85. SO₃ was determined by precipitation as barium sulfate, and the CaO content was determined by titration with 0.05 N Trilon B solution in the presence of a fluorexon indicator. Potassium oxide was determined according to GOST 20851.3-93. The remaining elements were determined by mass spectrometric analysis of the ash of the soil conditioners.[20]
	The obtained product consisted of irregularly shaped grains ranging in color from dark brown to black, whose composition is given in Tables 4 and 5. The soil conditioner obtained with the component ratio oxidized coal (organic part) : bentonite : phosphate rock meal : (NH₂)₂CO : KCl : (NH₄)₂SO₄ = 100 : 25 : 2 : 1 : 1 : 1 contained total organic matter – 59.88%, humic acids – 35.08%, nitrogen – 0.40%, P₂O₅ – 0.22%, K₂O – 0.77%, CaO – 1.28%, MgO – 0.21%, SiO₂ – 7.36%, Mn – 4261.20 g/t, Zn – 207.84 g/t, Mo – 1.14 g/t, Co – 5.58 g/t, and Ni – 6.73 g/t. The table also shows that, depending on the ratios of the starting materials, the nutrient content can be varied over a wide range. Most importantly, these soil conditioners can be applied together with plant seeds at sowing, providing the plants with nutrients throughout the entire growing season. For each plant, 10–20 g of soil conditioner is sufficient, depending on soil conditions.[21].
	The obtained soil conditioners were tested under laboratory conditions, i.e., the water-holding capacity of soils under the influence of humic-based soil conditioners was determined. It is known that the amount of moisture a soil can retain is called moisture capacity. Depending on the form in which the retained water is present, maximum adsorption, field capacity, capillary, and total moisture capacities are distinguished. Maximum adsorption capacity represents the largest amount of tightly bound water held by sorption forces.[22].
RESULTS AND DISCUSSION
Table 4Composition of Soil Conditioners Obtained on the Basis of Oxidized Coal, Bentonite, Phosphate Rock Meal, Urea, Potassium Chloride, and Ammonium Sulfate

	

	Oxidized coal (organic part) : bentonite : phosphate rock meal : (NH₂)₂CO : KCl : (NH₄)₂SO₄
	Total Organic Matter
	HA (Humic Acid)
	N2
	P2O5
	K2O
	СаО
	MgO
	SiO2

	1
	100:25:2:1:1:1
	59,88
	35,08
	0,40
	0,22
	0,77
	1,28
	0,21
	7,36

	2
	100:25:4:2:1:2
	58,47
	34,26
	0,78
	0,42
	0,75
	1,81
	0,23
	7,19

	3
	100:25:6:3:1:3
	56,82
	33,29
	1,14
	0,61
	0,73
	2,30
	0,24
	6,98

	4
	100:25:8:4:1:4
	55,56
	32,55
	1,53
	0,79
	0,71
	2,78
	0,25
	6,83

	5
	100:25:10:5:1:5
	54,05
	31,67
	1,87
	0,96
	0,69
	3,22
	0,27
	6,64

	6
	100:50:2:1:1:1
	51,54
	30,20
	0,34
	0,21
	1,02
	1,72
	0,35
	12,68

	7
	100:50:4:2:1:2
	50,25
	29,49
	0,67
	0,38
	0,99
	2,15
	0,36
	12,36

	8
	100:50:6:3:1:3
	49,26
	28,86
	0,99
	0,54
	0,97
	2,58
	0,37
	12,11

	9
	100:50:8:4:1:4
	48,08
	28,17
	1,29
	0,70
	0,95
	2,98
	0,38
	11,82

	10
	100:50:10:5:1:5
	47,17
	27,64
	1,58
	0,85
	0,93
	3,37
	0,38
	11,60

	11
	100:75:2:1:1:1
	45,25
	26,51
	0,30
	0,20
	1,20
	2,04
	0,45
	16,69

	12
	100:75:4:2:1:2
	44,24
	25,95
	0,59
	0,35
	1,18
	2,42
	0,46
	16,32

	13
	100:75:6:3:1:3
	43,48
	25,47
	0,87
	0,49
	1,16
	2,80
	0,47
	16,04

	14
	100:75:8:4:1:4
	42,43
	25,04
	1,15
	0,64
	1,14
	3,16
	0,47
	15,76

	15
	100:75:10:5:1:5
	42,02
	24,62
	1,41
	0,77
	1,12
	3,50
	0,48
	15,50

	16
	100:100:2:1:1:1
	40,32
	23,63
	0,27
	0,19
	1,35
	2,30
	0,53
	19,91

	17
	100:100:4:2:1:2
	39,53
	23,16
	0,53
	0,32
	1,32
	2,63
	0,54
	19,52

	18
	100:100:6:3:1:3
	38,76
	22,71
	0,78
	0,45
	1,30
	2,95
	0,54
	19,14

	19
	100:100:8:4:1:4
	37,88
	22,19
	1,02
	0,57
	1,27
	3,25
	0,55
	18,71

	20
	100:100:10:5:1:5
	37,04
	21,72
	1,24
	0,69
	1,24
	3,53
	0,55
	18,29

	21
	100:110:2:1:1:1
	38,46
	22,53
	0,25
	1,30
	1,39
	2,38
	0,56
	20,81

	22
	100:125:4:2:1:2
	35,71
	20,92
	0,48
	1,48
	1,44
	2,80
	0,60
	21,96

	23
	100:150:6:3:1:3
	33,33
	19,54
	0,67
	1,73
	1,58
	3,33
	0,68
	24,60

	24
	100:175:8:4:1:4
	31,25
	18,31
	0,84
	1,94
	1,69
	3,79
	0,74
	26,90

	25
	100:200:10:5:1:5
	29,42
	17,25
	0,99
	2,13
	1,80
	4,20
	0,81
	28,94

	26
	100:100:11:5,5:0:1
	37,74
	22,11
	1,02
	0,74
	1,03
	3,78
	0,56
	18,64

	27
	100:100:24:12:0,25:2
	34,48
	20,20
	2,01
	1,50
	1,01
	5,60
	0,59
	17,03

	28
	100:100:40:19,5:3,5:3
	31,75
	18,61
	3,03
	2,23
	1,50
	7,58
	0,63
	15,68

	29
	100:100:58:28:7:4
	29,41
	17,23
	4,04
	3,02
	2,03
	9,56
	0,68
	14,52

	30
	100:100:78:38:11:5
	27,40
	16,05
	5,05
	3,72
	2,56
	11,53
	0,74
	13,51

	31
	75:100:9,5:5:0:1
	31,91
	18,72
	1,06
	0,76
	1,17
	3,96
	0,62
	21,02

	32
	75:100:22:10,5:0:2
	29,41
	17,23
	2,07
	1,54
	1,08
	5,99
	0,66
	19,37

	33
	75:100:35:17:2:3
	27,27
	15,98
	3,06
	2,25
	1,53
	7,82
	0,70
	17,96

	34
	75:100:50:24:5:4
	25,42
	14,89
	4,08
	3,07
	2,06
	9,73
	0,74
	16,74

	35
	75:100:67:32:10:5
	23,81
	13,95
	5,09
	3,76
	2,54
	11,68
	0,78
	15,68

	36
	50:100:8:4:0:1
	25,64
	15,02
	1,07
	0,78
	1,42
	4,40
	0,74
	25,33

	37
	50:100:18:9:0:2
	23,26
	13,62
	2,11
	1,59
	1,28
	6,22
	0,75
	22,98

	38
	50:100:30:14:1,5:3
	21,28
	12,46
	3,09
	2,29
	1,56
	8,13
	0,78
	21,02

	39
	50:100:43:21:4:4
	19,60
	11,49
	4,12
	3,11
	2,09
	9,93
	0,80
	19,37

	40
	50:100:59:28:7:5
	18,18
	10,65
	5,13
	3,80
	2,58
	11,99
	0,85
	17,96



Table 5. Microelement Composition of Soil Conditioners Obtained on the Basis of Oxidized Coal, Bentonite, Phosphate Rock Meal, Urea, Potassium Chloride, and Ammonium Sulfate, in g/t

	№ 
	Oxidized coal (organic part) : bentonite : phosphate rock meal : (NH₂)₂CO : KCl : (NH₄)₂SO₄
	Mn
	B
	Zn
	Mo
	Co
	Ni

	1
	100:25:2:1:1:1
	4261,20
	207,84
	3454,73
	1,14
	5,58
	6,73

	2
	100:25:4:2:1:2
	4161,52
	202,98
	3373,92
	1,11
	5,45
	6,58

	3
	100:25:6:3:1:3
	4043,31
	197,23
	3278,07
	1,08
	5,30
	6,39

	4
	100:25:8:4:1:4
	3953,44
	192,85
	3205,24
	1,05
	5,15
	6,25

	5
	100:25:10:5:1:5
	3846,59
	187,62
	3118,59
	1,03
	5,01
	6,07

	6
	100:50:2:1:1:1
	3668,14
	178,92
	2973,92
	0,98
	4,80
	5,80

	7
	100:50:4:2:1:2
	3575,98
	174,43
	2899,21
	0,95
	4,68
	5,65

	8
	100:50:6:3:1:3
	3505,52
	170,99
	2842,07
	0,92
	4,59
	5,54

	9
	100:50:8:4:1:4
	3421,25
	166,88
	2773,75
	0,89
	4,48
	5,41

	10
	100:50:10:5:1:5
	3356,72
	163,71
	2721,42
	0,86
	4,42
	5,32

	11
	100:75:2:1:1:1
	3220,03
	157,06
	2610,59
	0,86
	4,23
	5,09

	12
	100:75:4:2:1:2
	3148,76
	153,58
	2552,83
	0,84
	4,12
	4,98

	13
	100:75:6:3:1:3
	3094,01
	150,91
	2508,44
	0,82
	4,05
	4,87

	14
	100:75:8:4:1:4
	3041,12
	148,33
	2465,56
	0,80
	3,98
	4,81

	15
	100:75:10:5:1:5
	2990,02
	145,84
	2424,12
	0,78
	3,90
	4,72

	16
	100:100:2:1:1:1
	2869,44
	139,96
	2326,37
	0,77
	3,76
	4,53

	17
	100:100:4:2:1:2
	2812,73
	137,19
	2280,42
	0,75
	3,68
	4,44

	18
	100:100:6:3:1:3
	2758,22
	134,53
	2236,20
	0,73
	3,61
	4,36

	19
	100:100:8:4:1:4
	2695,54
	131,48
	2185,38
	0,71
	3,53
	4,25

	20
	100:100:10:5:1:5
	2635,61
	128,55
	2136,81
	0,69
	3,49
	4,16

	21
	100:110:2:1:1:1
	2737,04
	133,61
	2219,02
	0,73
	3,57
	4,32

	22
	100:125:4:2:1:2
	2541,55
	123,96
	2060,53
	0,68
	3,33
	4,01

	23
	100:150:6:3:1:3
	2372,07
	115,72
	1923,14
	0,63
	3,12
	3,75

	24
	100:175:8:4:1:4
	2223,81
	108,47
	1802,95
	0,58
	2,91
	3,54

	25
	100:200:10:5:1:5
	2093,05
	102,09
	1696,88
	0,53
	2,74
	3,36

	26
	100:100:11:5,5:0:1
	2685,36
	130,98
	2177,13
	0,72
	3,52
	4,24

	27
	100:100:24:12:0,25:2
	2453,86
	119,69
	1989,45
	0,66
	3,21
	3,88

	28
	100:100:40:19,5:3,5:3
	2259,11
	110,17
	1831,56
	0,61
	2,96
	3,57

	29
	100:100:58:28:7:4
	2093,02
	102,06
	1696,88
	0,56
	2,74
	3,31

	30
	100:100:78:38:11:5
	1949,64
	95,11
	1580,67
	0,52
	2,55
	3,08

	31
	75:100:9,5:5:0:1
	2282,77
	111,34
	1794,09
	0,62
	2,99
	3,61

	32
	75:100:22:10,5:0:2
	2103,73
	102,62
	1653,37
	0,57
	2,76
	3,32

	33
	75:100:35:17:2:3
	1250,82
	95,15
	1533,14
	0,51
	2,54
	3,07

	34
	75:100:50:24:5:4
	1818,48
	88,70
	1429,18
	0,49
	2,38
	2,86

	35
	75:100:67:32:10:5
	1703,04
	83,07
	1338,45
	0,46
	2,23
	2,69

	36
	50:100:8:4:0:1
	1824,67
	89,03
	1479,33
	0,48
	2,39
	2,85

	37
	50:100:18:9:0:2
	1654,94
	80,72
	1341,72
	0,44
	2,17
	2,62

	38
	50:100:30:14:1,5:3
	1514,09
	73,85
	1227,54
	0,41
	1,98
	2,41

	39
	50:100:43:21:4:4
	1395,33
	68,06
	1131,25
	0,37
	1,83
	2,23

	40
	50:100:59:28:7:5
	1293,85
	63,14
	1048,98
	0,35
	1,67
	2,04


The field capacity (minimum moisture-holding capacity) is the maximum amount of capillary-suspended water retained by capillary forces after all gravitational water has drained. The minimum moisture capacity depends mainly on the granulometric composition of soils, their structural aggregation, and bulk density. In soils with a heavy granulometric composition and well-developed structure, the minimum moisture capacity is 30–35%, while in sandy soils it does not exceed 10–15%.Capillary moisture capacity is the maximum amount of capillary-held water that can be contained in the soil. In addition, it depends on the distance between the saturated moisture layer and the groundwater table: the greater this distance, the lower the capillary moisture capacity.Total moisture capacity is the maximum amount of water that soil can hold when all pores are completely flooded with water. Like the minimum moisture capacity, it depends not only on the granulometric composition but also on the structure and porosity of the soils.Composition of Soil ConditionersThe results of the soil conditioner formulations based on oxidized coal, bentonite, phosphate rock meal, urea, potassium chloride, and ammonium sulfate are presented in Table 4. The data indicate that varying the ratios of organic and mineral components significantly affects both the macronutrient and humic acid content of the resulting conditioners.
It can be observed that as the proportion of bentonite and phosphate rock meal increases relative to the organic part of coal, the total organic matter (TOM) and humic acid (HA) content slightly decreases . 
For example, Sample 1 (100:25:2:1:1:1) shows TOM of 59.88% and HA of 35.08%, while Sample 30 (100:100:78:38:11:5) contains TOM of 27.40% and HA of 16.05%. This trend reflects the dilution effect caused by increasing mineral components, which have relatively low organic content.Similarly, nitrogen (N) content rises proportionally with increased urea addition, while phosphorus (P₂O₅) and potassium (K₂O) contents are predominantly influenced by phosphate rock and potassium chloride concentrations, respectively.Calcium oxide (CaO), magnesium oxide (MgO), and silicon dioxide (SiO₂) levels correlate with both bentonite and phosphate rock content, highlighting the dual role of these components as both structural and nutrient sources.These findings suggest that careful adjustment of organic-to-mineral ratios allows the tailoring of soil conditioners to achieve a desired balance of organic matter, macroelements, and humic acids, which is critical for improving soil fertility and structure.Microelement Composition.Table 5 presents the microelement composition of the soil conditioners. The concentrations of manganese (Mn), boron (B), zinc (Zn), molybdenum (Mo), cobalt (Co), and nickel (Ni) generally decrease as the proportion of mineral additives increases. For instance, Mn decreases from 4261.2 g/t in Sample 1 to 1293.85 g/t in Sample 40. The reduction in trace elements can be attributed to the dilution effect by higher proportions of phosphate rock and bentonite, which contain lower levels of these microelements compared to the organic coal fraction.This trend indicates that, while the addition of minerals enhances macronutrient content and soil structural properties, excessive mineral loading may reduce the availability of essential trace elements . Therefore, optimization of soil conditioner composition is required to maintain a sufficient microelement supply for plant nutrition.
 Water-Holding Capacity of Soil The water-holding capacity of soils treated with various soil conditioners is summarized in Table 6. Soil treated with conditioners demonstrates a significant increase in total, capillary, and field capacity compared to untreated control soil.
Control soil: Total moisture capacity averaged 30.12%, capillary moisture 27.94%, and field capacity 13.97%.Soil with 100:50:10:5:1:5 conditioner: Total moisture capacity increased to 42.67%, capillary to 38.19%, and field capacity to 19.93%.Soil with 100:100:78:38:11:5 conditioner: Showed the highest improvement, with total capacity 42.97%, capillary 38.36%, and field capacity 21.02%.The increase in water-holding capacity can be attributed to several factors:
- Organic matter content: Humic substances from oxidized coal improve soil aggregation, increase porosity, and enhance water retention within micropores.
- Bentonite clay: Provides a high cation-exchange capacity and expands when wet, creating additional micropores to retain water.
- Phosphate rock and urea: Contribute to soil nutrient availability, indirectly supporting microbial biomass that stabilizes soil structure and improves moisture retention.
Overall, these results indicate that the application of soil conditioners not only supplies essential nutrients but also substantially enhances the soil’s physical properties, especially its water-holding capacity [30].
Discussion The combined application of organic and mineral components in soil conditioners demonstrates a synergistic effect: organic coal fractions improve soil structure and provide humic acids, while bentonite and phosphate rock supply minerals and maintain soil cation-exchange capacity. 
The data show a clear trade-off: higher mineral ratios reduce humic acid content but improve total nutrient supply.Moreover, the improved water-holding capacity correlates positively with humic acid content and bentonite proportion, confirming that both organic and clay components are essential for optimizing soil moisture dynamics.
 Microelement content must be carefully monitored, as excessive dilution by mineral additives may reduce the availability of trace nutrients essential for plant growth.
In conclusion, the formulation of soil conditioners should balance organic matter content, mineral nutrient supply, and water retention properties to achieve optimal soil fertility and productivity.
Table 6. Water-Holding Capacity of Soils under the Influence of the Soil Conditioner, %

	№ п/п
	Sample Number
	Oxidized coal (organic part) : bentonite : phosphate rock meal : (NH₂)₂CO : KCl : (NH₄)₂SO₄
	Moisture Capacity, % of Mass

	
	
	
	Tota
	Capillar
	Field Capacity (Minimum)

	1
	1
	Control (soil without additives)
	29,87
	28,31
	14,12

	2
	
	
	30,02
	28,09
	12,95

	3
	
	
	29,35
	27,94
	13,41

	4
	
	
	30,44
	27,15
	13,82

	5
	
	
	30,92
	27,87
	13,25

	Avg..
	
	
	30,12
	27,94
	13,97

	6
	2
	Soil with soil conditioner 7.5 t/ha (100:50:10:5:1:5)

	43,19
	38,11
	20,16

	7
	
	
	43,25
	38,62
	20,39

	8
	
	
	42,92
	38,84
	20,23

	9
	
	
	42,81
	37,45
	19,25

	10
	
	
	41,18
	37,94
	19,64

	Avg..
	
	
	42,67
	38,19
	19,93

	6
	3
	Soil with soil conditioner 7.5 t/ha (100:100:10:5:1:5)
	42,45
	37,19
	19,28

	7
	
	
	42,42
	37,71
	19,45

	8
	
	
	41,87
	36,18
	19,79

	9
	
	
	40,68
	36,89
	18,29

	10
	
	
	40,71
	36,79
	18,15

	Avg..
	
	
	41,62
	36,95
	18,99

	6
	4
	Soil with soil conditioner 7.5 t/ha (100:100:78:38:11:5)
	44,18
	39,07
	21,09

	7
	
	
	43,71
	38,91
	21,22

	8
	
	
	42,69
	37,55
	21,86

	9
	
	
	41,92
	38,22
	19,98

	10
	
	
	42,38
	38,09
	20,99

	Avg..
	
	
	42,97
	38,36
	21,02

	6
	5
	Soil with soil conditioner 7.5 t/ha (50:100:43:21:4:4)
	43,98
	38,61
	21,29

	7
	
	
	43,77
	39,22
	20,95

	8
	
	
	42,16
	40,15
	20,09

	9
	
	
	43,27
	38,21
	20,15

	10
	
	
	44,21
	38,23
	21,72

	Avg..
	
	
	43,47
	38,84
	2084



4. CONCLUSION
The total moisture capacity ranges from 40–50%, in some cases increasing up to 80% or decreasing to 30%. The capillary moisture capacity was determined under laboratory conditions as follows: a circle of filter paper was placed into a metal cylinder with a mesh bottom and weighed. Soil was poured into the cylinder, compacting it slightly by gently tapping the bottom with the palm of the hand. At the same time, the soil moisture was determined. The height of the soil layer, the diameter of the cylinder, and the soil volume were measured. The cylinder was then placed in a special tray with water so that the mesh bottom rested on the filter paper, the ends of which were immersed in water. Through the pores of the paper, water was absorbed by the soil, leading to capillary saturation. The cylinder was weighed daily until the mass remained constant, which indicated that the soil had reached full capillary saturation. Based on the weighing and soil density data, the capillary moisture capacity (%) was calculated using the formula:
[image: C:\Users\Администратор\Downloads\K_formula.png]
where K – capillary moisture capacity (%);
B – mass of the soil in the cylinder after saturation (g);
E – mass of the dry soil in the cylinder (g).
	The total moisture capacity was determined as follows: the soil sample in the metal cylinder, after capillary moisture capacity was determined, was placed in a tray on a glass rod support. Water was poured to a level 1–2 cm above the soil in the cylinder and left for 24 hours. Then, without removing it from the water, the cylinder was tightly closed with a lid and inverted. Afterward, it was taken out, closed, and weighed. The total moisture capacity was calculated according to the formula:
[image: C:\Users\Администратор\Downloads\W_formula.png]
a - mass of soil in the cylinder after water saturation (g);
b - mass of dry soil in the cylinder (g).
	The test results are given in Table 6. The data presented show that when soil is mixed with a soil conditioner obtained on the basis of oxidized coal, bentonite, phosphate rock meal, (NH₂)₂CO, KCl, and (NH₄)₂SO₄ at a rate of 7.5 tons per hectare, it demonstrates favorable water-holding capacity indicators ranging from total to minimum moisture capacity. For example, soil without conditioner retains up to 30.12% at total capacity, 27.94% at capillary capacity, and 13.97% at minimum capacity. With the conditioner, these values reach 43.47%, 38.84%, and 20.84%, respectively.Thus, the results of the study convincingly demonstrate the possibility of obtaining soil conditioners that absorb moisture and improve soil structure while providing a set of essential nutrients.
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