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The article describes the results of oxidizing Angren brown coal with hydrogen peroxide in the
presence of oxalic acid and producing a humic soil improver—calcium humate—from the oxidation
products, enhancing soil structure by adding quicklime to the oxidized brown coal. The possibility
of obtaining a moisture-absorbing humic improver by treating brown coal with oxalic acid,
followed by oxidation with hydrogen peroxide and polymerization of humic acids using quicklime,
is demonstrated.
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Introduction. Analysis of numerous studies shows that soil degradation processes are intensifying
worldwide. Chemical soil degradation, caused by agricultural production, is widespread. Soil
contamination occurs due to global processes and excessive use of fertilizers, wastewater irrigation,
and unconventional fertilizers, leading to reduced agronomic properties. Soil is a "naturally
historical body" formed from the interaction of climate, rocks, relief, and vegetation, possessing
fertility. It differs from other natural bodies by a range of unique properties, primarily the presence
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of humus. Soil consists of solid, liquid, gaseous, and living phases and is considered an independent
natural system. Soil degradation manifests in various forms due to anthropogenic factors, with
different factors causing different degradation types. Several forms often coexist, with varying
degrees of development. It is crucial to note that all organomineral fertilizers can be classified as
soil improvers. The term "amelioration” refers to enhancing soil fertility through drainage or
irrigation, specifically in chemical amelioration. Humic fertilizers are effective chemical improvers
due to their adsorption and ion-exchange properties and aid in reclaiming saline soils.

In the work [5], a method for obtaining soil improvers is presented, which involves the hydrolysis
of natural humic-containing compounds in an aqueous ammonia solution. To enhance the
structuring action of the improver, urea is additionally introduced into the ammonia solution at a
ratio of 20-100% based on anhydrous ammonia. The hydrolysis of humic-containing compounds
with ammonia is carried out to a pH of 8.5-10.5. The improver exhibits high structuring activity,
particularly in clay and loamy soils.

In the work [6], a stabilizer based on a carbonate reagent is used for soil deacidification with the
following component ratios: 55-57% chalk, 0.55-0.75% carbonate reagent, and the remainder being
water. A composition for soil improvement made from washed and granulated (approximately 1
mm in diameter) coal waste is proposed. Organic additives, bone meal, K>SO, and (NH4)2SO4 can
be introduced into it, with the coal waste comprising 60-80% of the composition [7]. The use of
organic material to improve soil—specifically its structure, air and water permeability, moisture
absorption, and retention capacity for moisture and nutrients—has been proposed. This involves the
reaction of a basic inorganic material containing magnesium or calcium oxide with a mineral acid
applied to the surface of the organic material, such as lignite or peat. Mineral acids used include
H>SO4, HsPOs4, or HNOs, and inorganic materials include magnesium hydroxide, basic magnesium
fertilizers, and dolomite. The product of the acid and basic inorganic material reaction constitutes
more than 5% of the mass of the organic carrier [8].

A composition for soil treatment and a method for its use have been proposed, which includes an
alkaline earth element intended for neutralizing acidic soils, particularly in the subsoil layer where
most plant roots are located. The alkaline earth element is used in the form of a water-soluble
complex with an organic acid derived from coal. The organic acid is present in the composition at a
concentration of 0.04-85%, providing a pH of 4-10. The organic acid solution is prepared by
treating coal with hot (200°C) water in a reactor with a stirrer, where steam is supplied at a pressure
of 8.0 MPa. The solution, separated from the coal, has a total acidity predominantly determined by
carboxyl groups (90%) and phenolic groups (the remainder). The composition transports calcium
into the subsoil layer (up to 45 cm) by 90-95% (with CaCOs constituting 20%) and significantly
raises its pH [9].

One of the main requirements for a soil improver is maximum cation exchange capacity, determined
by the number of functional groups capable of ion exchange (-COOH and —OH), which are present
in low quantities in lignites. The number of acidic groups capable of ion exchange can be increased
through oxidation. By using oxidized brown coal from the Gusinoozerskoye deposit on saline sodic
soils, a significant increase in yield was achieved due to its desalting effect [10].

Chemical amelioration of soils with organomineral fertilizers based on oxidized brown coals is not
limited to desalting saline lands. It is also effective for decontaminating water and soil environments
from radioactive elements, heavy metals, and unused herbicides left in the soil. This is all thanks to
humic acids, which act as natural detoxifiers in this context [11-15].

Additionally, it is important to note that soil structure significantly influences agronomic properties
and soil fertility. Structured soils create more favorable conditions for water, air, heat, and nutrient
regimes. Calcium humate is a highly effective soil structuring agent, with a molecular weight
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ranging from 1,000 to 100,000 depending on the molecular weight and number of hydrocarbon
radicals. The application of calcium humate increases capillary and field moisture capacity and soil
permeability, improves the structure and water retention of soil aggregates, and enhances moisture
retention capacity and air exchange in the root zone of the soil.

Based on the above, this work investigates the processes for obtaining a humic ameliorant—calcium
humate. 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.

In the experiments, a representative sample of coal powder of grade BPK was used, which, after
drying to an air-dry state and grinding in a ball mill to a particle size of 0.25 mm, had the following
composition (weight %): moisture 5.11; ash 11.7; organic matter 83.68; humic acids 13.18% based
on organic mass. The oxidation process was conducted with hydrogen peroxide concentrations of
10-30%, oxalic acid at 60%, and a weight ratio of coal (organic part) : H20: : H2C204 of 1 : (0.1-
0.5):0.01.

The experiments were carried out as follows: first, the coal was treated with oxalic acid in a
mechanical mortar at a coal : H2C2O4 ratio of 1 : 0.01 for 30 minutes. The treated coal remained in a
free-flowing state. The resulting mass was then transferred to a reactor, where a hydrogen peroxide
solution was added while stirring. Their interaction occurred over a period of 2 hours. During the
oxidation of brown coal with hydrogen peroxide, the temperature of the reaction mass rose to 50-
80°C. In all experiments, at the end of the oxidation process, the reaction mass was dried to an air-
dry state, and the ash content, moisture, organic matter, and yield of humic and fulvic acids were
determined. The ash content was determined according to GOST 11022-75, moisture according to
GOST 11014-70, organic matter as the difference between 100 and the sum of the percentage
contents of ash and moisture, and the yield of humic acids according to GOST 9517-76.

Alkali-soluble organic substances were extracted from oxidized coal using a 2% aqueous solution of
sodium hydroxide in a tenfold ratio to the weight of the coal, with an extraction time of 2 hours at
boiling temperature. A triple extraction method was employed, and the completeness of extraction
was monitored by the color of the extractant, which turned colorless upon complete extraction of
humic acids. The solid phase was separated from the liquid by centrifugation, and the total volume
of the solution was measured. An aliquot was taken, dried to a constant weight, weighed, and then
ashed. The difference between the dried precipitate and the ash content provided the amount of
alkali-soluble organic substances [16].

The solid phase of the oxidized coal, after the removal of alkali-soluble organic substances,
represented residual coal. It was thoroughly washed with distilled water, dried to a constant weight,
and the yield based on organic mass was determined. The difference between the amounts of alkali-
soluble organic substances and humic acids provided the content of fulvic acids in the oxidized
coal. The results of the experiments are presented in Table 1, which shows how the composition of
the oxidized coal changes based on the norm and concentration of oxidizing reagents. The highest
amount of humic acids, 64.17%, was found in the oxidized coal produced using 10% hydrogen
peroxide, 60% oxalic acid, and a mass ratio of coal : H202 : H2C:04 =1 : 0.3 : 0.01. A similar
amount of humic acids, 63.7%, was also found in coal oxidized with 10% hydrogen peroxide and
60% H2C20. at a mass ratio of coal : H202 : H.C20.=1: 0.5 : 0.01. This indicates that the oxidation
of brown coal from the Angren deposit with hydrogen peroxide in the presence of H.C2O4 increases
the content of humic acids from 13.18% to 64%.**

The content of functional groups in the initial, oxidized, residual coals, and in the humic acids of
both the initial and oxidized coals was determined. The oxidized coal was obtained using 10%
H202, 60% H2C:04, and a mass ratio of coal : H202 : H2C204 =1 : 0.1 : 0.01. Functional groups
were identified using a sorption method based on the ability of active acidic groups in the organic
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mass to react with barium hydroxide and calcium acetate in an aqueous medium [17-26]. The
results are presented in Table 2.

As seen from the table, the oxidation of coal with hydrogen peroxide in the presence of H2C204
increases the content of active functional groups, both in the oxidized coal itself and in its humic
acids. The initial coal contained 0.75 mg-eq/g of carboxyl groups and 1.578 mg-eq/g of phenolic
hydroxyls; in the oxidized coal, these figures rose to 3.87 mg-eq/g and 2.7 mg-eq/g, respectively,
while in the humic acids of the oxidized coal, they reached 6.77 mg-eg/g and 3.98 mg-eq/g. This
study demonstrated that the oxidation of brown coal from the Angren deposit with hydrogen
peroxide in the presence of H2C:04 significantly enhances its content of humic acids and active
functional groups.

Table 1. Yield of Coal Oxidation Products Depending on the Norm and Concentration of
Hydrogen Peroxide and Oxalic Acid

. Determined components in % of the organic part of
Yield of -
: o oxidized coal
Ratio Coal: H202 | oxidation Alkali-
: HoC204 products, ubl Humic Fulvic Residual
% SOUDIE acids acids coal
substances

Concentration of hydrogen peroxide 10%, oxalic acid 60%
1:0.1:0.01 108.57 53.38 50.2 3.18 46.62
1:0.2:0.01 109.41 63.07 59.31 3.76 36.93
1:0.3:0.01 110.28 68.35 64.17 4.38 31.65
1:0.4:0.01 111.24 66.36 61.18 5.18 33.64
1:0.5:0.01 111.82 69.49 63.7 5.79 30.51

Concentration of hydrogen peroxide 20%, oxalic acid 60%
1:0.1:0.01 105.49 45.79 41.34 4.45 54.21
1:0.2:0.01 105.97 52.42 47.22 5.2 47.58
1:0.3:0.01 106.26 54.72 50.36 4.36 45.28
1:0.4:0.01 107.94 53.96 50.85 3.11 46.04
1:05:0.01 108.22 60.46 54.51 5.96 39.54

Concentration of hydrogen peroxide 30%, oxalic acid 60%
1:0.1:0.01 104.63 40.42 37.2 3.22 59.58
1:0.2:0.01 105.46 49.67 45.26 4.41 50.33
1:0.3:0.01 105.47 52.41 48.41 4.0 47.59
1:0.4:0.01 105.2 53.76 50.22 3.56 46.24
1:0.5:0.01 104.96 53.93 51.65 2.28 46.07

Table 2. Content of Functional Groups in Coal and Products of Its Oxidation with Hydrogen

Peroxide in the Presence of Oxalic Acid

Functional groups

Substance Moistur | Ash, COOH+0OH, COOH, OH,

€% % mEqg/g mEq/g mEq/g

Source coal 3.2 15.38 2.328 0.75 1.578
Oxidized coal 6.91 8.40 7.99 4.89 3.1

HA of the original coal 2.01 8.69 8.78 3.87 491
HA of oxidized coal 3.55 3.76 10.75 6.77 3.98
Residual ng;ff original | 404 | 17.77 4.24 0.51 3.73
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Residual coal of oxidized

4.81 19.89 1.78 0.87 0.91
coal

In the next stage of the work, brown coal of the same composition was oxidized under optimal
conditions, specifically with 10% H20. and 60% H2C-0a, using a mass ratio of coal : H20: : H2C204
=1:0.1:0.01. The wet solid mass was then mixed with ground (0.25 mm) quicklime while
continuously stirring until reaching a pH of 6-6.5. After adding the lime, stirring continued for 30
minutes. The resulting product consisted of irregularly shaped grains ranging from dark brown to
black and had the following composition (wt.%): organic matter 68.6; total N 2.45; free humic acids
4.15; calcium humate 48.95.

The obtained meliorants were tested under laboratory conditions to determine the water retention
capacity of soils influenced by humic meliorants. The water retention capacity, known as moisture
capacity, is categorized into maximum adsorption capacity, field capacity, capillary capacity, and
total moisture capacity. Maximum adsorption capacity is the maximum amount of tightly bound
water held by sorption forces. Field capacity is the maximum amount of capillary water held after
all gravitational water has drained. Capillary capacity depends on soil texture, structure, and
density, typically ranging from 30-35% in well-structured heavy soils to 10-15% in sandy soils.
Total moisture capacity is the maximum water a soil can hold when fully saturated, varying
between 40-50%, and can increase to 80% or decrease to 30% under certain conditions.

Capillary moisture capacity was determined in the laboratory using a metal cylinder with a mesh
bottom. A filter paper circle was placed at the bottom, and the soil was added while compacting it
lightly. The height of the soil layer, cylinder diameter, and soil volume were measured. The cylinder
was placed in a water bath so that the mesh bottom rested on the filter paper, allowing water to
move into the soil. The cylinder was weighed daily until a constant mass was achieved, indicating
complete capillary saturation. The capillary capacity was calculated using the formula:

_(B—E)-100
E

where K = capillary capacity (%); V = mass of saturated soil in the cylinder (g); E = mass of dry
soil in the cylinder (g).

K

Total moisture capacity was determined by placing the soil sample in the cylinder in a water bath,
filling it with water to 1-2 cm above the soil, and leaving it for 24 hours. The cylinder was then
covered tightly and inverted before being weighed. Total moisture capacity was calculated using the
formula:

_ (a—e6)-100
6

17

where a = mass of soil in the cylinder after water filling (g); b = mass of dry soil in the cylinder (g).
Table 3. Water Retention Capacity of Soils Influenced by Meliorant (%0)

No Sample sampling location Moisture cap_acity, % by weight
number full capillary smallest

1 29,87 28,31 14,12
2 30,02 28,09 12,95
3 1 Control (soil without 29,35 27,94 13,41
4 additions) 30,44 27,15 13,82
5 30,92 27,87 13,25

Cp. 30,12 27,94 13,97
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6 41,19 36,11 18,56
7 41,25 35,62 18,29
8 o . 40,92 35,84 18,43
9 2 Soil with ameliorant 10 t/ha 40 81 3505 18.15
10 40,18 35,94 18,74
Cp. 40,38 34,74 18,45

The results of the tests are presented in Table 3. The data indicate that when soil is mixed with the
meliorant obtained from oxidized coal at a rate of 10 tons per hectare, there are significant
improvements in water retention capacity across the spectrum from total to minimum moisture
capacity. Specifically, the untreated soil retains 30.12% at total moisture capacity, 27.94% at
capillary capacity, and 13.97% at minimum moisture capacity. In contrast, the soil treated with the
meliorant retains 40.38% at total moisture capacity, 34.74% at capillary capacity, and 18.45% at
minimum moisture capacity.

Thus, the results of the conducted research convincingly demonstrate the potential to produce
meliorants that absorb moisture and enhance soil structure based on oxidized brown coal using
hydrogen peroxide in the presence of oxalic acid.
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