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Abstract. The study of properties of products of
hydrocavitation treatment of lignite from Dnipro lignite coal
basin (Dniprobas, Ukraine) has been carried out for the first
time. It is shown that as a result of mechanical impact, coal
is divided into 3 main components (humic acid solution,
residual coal, mineral constituent). The main properties and
composition of each component were determined, and
microscopic studies of residual coal and mineral particles
were carried out. The relevance of the work is determined by
the necessity to create a rational waste-free technology of
Ukrainian coal processing. The main objective is to find
ways to create zero-waste technology for non-thermal
processing of brown coal with maximum exploitation of its
chemical potential. The method of solving this problem is the
use of the hydrocavitation effect on the earthy brown coal of
the Mokra Kalyhirka deposit in 1-% aqueous solution of
NaOH with subsequent separation of the resulting products.
The use of hydrocavitation activation (HCA) provides
maximum (up to 95% of the content in the organic mass of
coal) extraction of humus acids, obtaining residual coal with
sorption properties, and separation of part of the mineral
constituent in the form of fine powder with a particle size
from 4.3 to 150 microns and chemically corresponding to
quartz sand. The practical value of this work is the deep
separation of humic acids in the form of sodium salts, as well
as obtaining low-cost coal sorbent and finely dispersed
mineral constituents suitable for direct use in the
manufacture of building materials.

Keywords: brown coal, hydrocavitation activation,
humates, sorbent, mineral constituent.

1. Introduction

Brown coal (BC), also known as lignite, is one of
the most common mineral resources in the world. Brown
coal is a solid combustible mineral that is an intermediate
form between peat and hard coal.! It contains 58 to 78%

carbon?? and has a high moisture content (which can reach
up to 60%), while its average calorific value ranges from
9300 to 19300 kJ/kg.*

The main reserves of brown coal in Ukraine are
concentrated in the Dnipro brown coal basin (Dniprobass)®,
which stretches mainly across Right-bank Ukraine within
the Zhytomyr, Cherkasy, Kyiv, Zaporizhzhia, Kirovohrad,
and Dnipropetrovsk regions. Of the total 2.4 billion tonnes
of proven reserves, nearly 0.7 billion tonnes have been
developed or prepared for development. Indicated
resources and other reserves, totaling approximately 2.5
billion tonnes, are under exploration and represent potential
for expanding coal production.”

According to data from the State Scientific and
Production Enterprise "Geoinform of Ukraine" the average
ash content of BC in the Dnipro basin ranges from 10.1%
to 27.2%; moisture content can reach up to 60.7%, with an
average of 56-58%; the volatile-matter yield ranges from
43.7% to 61.7%; total sulfur content varies from 1.28% to
4.99%; the high heat value is between 27.13 and
30.56 MJ/kg; and the low heat value ranges from 7.37 to
9.0 MJ/kg.

At least 50% of Ukrainian brown coal can be
extracted using the most efficient method — open-pit
mining, which has an energy conversion efficiency 2.5
times higher than underground mining.!® However, the vast
reserves of brown coal in Ukraine are not being developed
due to its low quality, in particular high ash content and
moisture.!! At the same time, local coal serves as a source
of valuable chemical raw materials.!%-!3

It's worth noting that, due to changes in Ukraine's
energy policy, following the EU Directive 2019/944 on
common rules for the internal electricity market,
specifically regarding the reduction of coal use and
extraction in FEuropean Union countries, including
limitations on CO; emissions and other measures to support
the transition to a more sustainable energy system, and with
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new laws being implemented and the decreasing economic
viability of its use,'® there is currently a significant need to
find alternative processing methods and non-traditional
uses for coal.

The growing prospects of using lignite as a chemical
raw material stimulate the search for methods to enhance
its processing efficiency. The greatest interest lies in the
possibility of intensifying the processes for obtaining
humic and fulvic acids or their salts, the use of which in
agriculture is highly promising.!”-?

Currently, the interest shown in various countries
towards the extraction and use of humic acids from coals
and peat cannot help but stimulate intensified research in
this area with Ukrainian BC. The substantial reserves of
this resource in the Dnieper lignite basin offer a powerful
potential source of humic acids (HA), whose agricultural
application could significantly boost the productivity of the
Ukrainian chernozems.

Humic substances (HS) are the main organic
component of soils and sediments, widely distributed on
the Earth's surface and present in virtually all terrestrial and
aquatic environments.”?> They play a crucial role as
primary carbon accumulators in the biosphere.?

The main sources of humic substances include:

e organic matter in soils (60-90%);2>*

e peat (40-45%, with up to 60% for woody
peat);>

e municipal sewage (118-228 mg/g);*¢

e organic matter from lignite (up to 90%);%’

¢ and others.

Humic acids, which are soluble in alkaline solutions
and insoluble in acidic environments, represent the
dominant fraction of HS.?® They are found in:

o groundwater (20 pg/L) and surface waters (30
mg/L);?

e lignites (30-80%);®

e peat (10-35%);%®

e municipal effluents (42% of total HS);?¢

e biomass processing waste (2-10%).28

Thus, brown coal is one of the richest sources of
humic substances, with colossal global reserves (= 4.9
trillion tons to a depth of 600 m).3° However, it is known
that earthy brown coal, which constitutes the majority of
the Dnieper brown coal basin, is poorly suited for use as
fuel due to its low calorific value and tendency to self-
ignite during transportation and storage. The humic
acids obtained (with a content of up to 80% in the
organic matter of Dnieper basin coal)’' and humic-
containing products from brown coal represent a
promising alternative for their use. They fall within the
area of deep processing of hydrocarbons, aimed at the
comprehensive utilization of coal and increasing the
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added value of coal products. This is a key component
of the Concept of the State Program for the
Transformation of Coal Regions in Ukraine.

It should be noted that the analysis of the literature
indicates that non-thermal processing of brown coal is
primarily focused on the extraction of humic acids, which
have recently seen a significantly broader range of
applications. At the same time, the solid residues remaining
after extraction are either used unqualified or find no
application at all. Addressing this issue is the main task of
this study.

As mentioned earlier, Ukraine possesses significant
reserves of brown coal. A relative characteristic of its
geological conditions is its shallow depth, ranging from 5-
6 to 100 m in various locations. This creates favorable
conditions for open-pit mining, the most cost-effective and
safe method.!%3? Despite these advantageous opportunities,
coal extraction has virtually ceased since the early 2000s in
several fields of the Dnieper basin.” The primary reason for
this is the high moisture and ash content of the coal, which
significantly diminishes its value as an energy fuel. At the
same time, the organic portion of this coal contains an
increased amount (up to 80%) of humic acids, which are
valuable products used in various sectors of economic
activity and environmental protection.”!23433

The extraction of humic acids using the traditional
scheme is carried out with weak solutions of NaOH or
KOH,3¢* resulting in the formation of water-soluble salts
(humates). The process of converting the humic acids of
brown coal into a water-soluble form using weak alkaline
solutions of sodium or potassium is quite simple; however,
it proceeds slowly, requires heating, and does not ensure
the complete extraction of the humic component from
coals, leading to significant losses of this product.

The intensification of the heterophase process of
humate extraction can be achieved through the use of
ultrasonic  dispersion,® ball mills* (including with
catalytic treatment),*! microwave treatment,*® planetary
mills,*? and other methods.

A promising approach, already represented by
commercial installations (e.g., UT90-1000, UT37-500), is
the use of hydrocavitation treatment, or hydrocavitation
activation, or simply hydrocavitation, for the pretreatment
of brown coal to intensify the extraction of humic
substances processes.

While there is a certain amount of research on HCA
as a pretreatment method, specifically for biomass,*
landfill leachates,** municipal wastewater,* and hard
coal,* or as a complete standalone technology,*’ research
on the hydrocavitation treatment of brown coal is
practically non-existent today.

Previous  studies*®*  demonstrated  virtually
complete extraction of humic acids (up to 95% of their
content), while establishing that the molecular structure of
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humic substances remains unchanged under the influence
of hydrocavitation. Mineral components are partially
separated in pure form during sedimentation, significantly
improving the quality of the extracted products and
allowing the use of the extracted mineral particles in other
industries. Furthermore, the residual coal, after washing to
remove humates until the water is colorless, exhibits
pronounced sorption properties.*®

The main objective of this research is to verify the
feasibility of creating a waste-free or low-waste technology
using hydrocavitation installations and to study the
properties of the HCA products of Dnieper Basin brown
coal formed during processing.
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acids but also creates the possibility of obtaining other
valuable products, developing a virtually waste-free
technology for the BC processing.

2. Experimental
2.1. Materials

The research object was brown coal sampled from
the Mokra Kalyhirka deposit (Cherkasy oblast, Ukraine).
The deposit's location is shown in Fig. 1 (the deposit itself
is indicated by an orange flag). The composition and main
properties of the raw coal are presented in Tables 1-2. The

The use of modern methods of influencing brown  primary reagent was an aqueous NaOH solution
coal allows not only for the maximum extraction of humic ~ manufactured by Supelco, Inc.
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Fig. 1. Mokra Kalyhirka deposit on map

Table 1. Properties of the studied brown coal

. Yield, FC¢,
Object o Al S4 v o
Brown coal 100.0 43.4 2.54 333 233
Table 2. Elemental composition of the research
product (dry basis)
Heat of
Object | C¢ | HY | Nd¢ S4 0% | combustio
n, MJ/kg
Brown 1 3941 349 | 032 | 254 | 1082 | 1360
coal 2

2.2. Methods

Standard methods were used for analyzing the coal's
composition and properties: ISO 589:2021 (Hard coal —
Determination of total moisture), ISO 1171:2010 (Solid
mineral fuels — Determination of ash), ISO 562:2010
(Hard coal and coke — Determination of volatile matter),
ISO 334:2013 (Solid mineral fuels — Determination of
total sulfur — Eschka method), ISO 17246:2010 (Coal —
Proximate analysis), ISO 609:2021 (Solid mineral fuels —
Determination of carbon and hydrogen — High-
temperature combustion method), ISO 333:2020 (Solid
mineral fuels — Determination of nitrogen — Semi-micro
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Kjeldahl method), and DSTU ISO 1928:2006 (Solid
mineral fuels. Determination of gross calorific value by the
bomb calorimetric method, and calculation of net calorific
value).

The methodology of hydrocavitation activation was
used to intensify the physicochemical processes of humic
acid extraction from processed brown coal. The coal raw
material, previously crushed to a dispersion of 500 microns,
based on previous experiments,*-° was mixed with a 1%
aqueous solution of NaOH in a mass ratio of the
components of 1:10, and further preliminary emulsification
was carried out using standard mixing equipment (mixers).
The resulting mixture was processed by the hydrocavitation
activation methodology using technological equipment, the
schematic diagram and description of operation of which
are given in paper.* The cavitation time was 20 minutes. In
the course of the process, the mixture temperature
increased from 18 to 38 °C, and the pH of the humate
solution was ~10.

During hydrocavitation activation, the coal
component is additionally crushed in an aqueous
environment by the mechanical impact of the working
elements of the technological equipment. Cavitation
activation also occurs due to the occurrence of cavitation
processes in the treated medium and the subsequent
collapse of cavitation bubbles (cavities), during which the
coal particles break down into separate organic and mineral
components, but with a significantly increased active
surface area. These processes actively mix and react the
solid phase with the alkaline solution and greatly enhance
the process of humic acid extraction. A block diagram of
the research process is shown in Fig. 2.
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Chemical composition analysis of the sand was
performed using an Analytik Jena PlasmaQuant PQ 9000
Elite optical emission spectrometer with a Dual View
PLUS dual plasma viewing system (Germany). The high-
resolution double Echelle monochromator in the
instrument allowed for the registration of the analyte line
with a resolution of up to 2 pm and its spectral surroundings
in 3D mode.

Microscopic studies of the isolated mineral particles
were also conducted using a Bresser Erudit MO 20-1536x
optical microscope with a Bresser PC-microscope eyepiece
(Germany), allowing for image acquisition with a
resolution of 640 x 480 pixels, and a Barlow lens enabling
maximum image magnification up to 1536x.

3. Results and Discussion

Based on preliminary experiments, a ratio of 1%
NaOH solution to coal of 10:1 was selected. The cavitation
time was 20 minutes. During this process, the mixture
temperature increased from 18 to 38 °C, and the pH of the
humate solution was approximately 10.

Hydrocavitation treatment of the BC yielded three
main products:

e Alkaline humate solution;

e Residual coal;

e Mineral constituent.

The main properties and elemental composition of
the research products are presented in Tables 3-4. The
composition of the mineral part is provided in Table 5.

Table 3. Main properties of the research products

. Yield, d d i FC4,
Object o, A S¢ \% o
Soakin
Air-dry brown 5 Grindfing to 3 ; wi:h 1‘2 Residual coal 22.5 39.6 2.55 424 18.0
coal <3 mm fraction w/v) NaOH
solution Dry humates 57.5 26.4 3.72 42.4 31.2
g Mineral 200 | 964 | 051 | 35 0.1
constituent
Himre feolutzon SAUrEySsttiing 20 min hydro-
filtration, — +szi::1:2e &—— cavitation o
GRS decantation treatnent Table 4. Elemental composition of research products
J_)%/ (dry weight basis)
( _ \\ r/;ivneral part to b; \ LOW
Deposit to be washed. tirted an |
\washed and analysei/] k h :na;‘yse: d //L Object Cd Hd Nd Sd[ Odd heat
value,
Mi/kg
Residual
Fig. 2. Block diagram of the research process e::)aila 43.08 | 424 | 0.06 | 2.55 | 1043 10.66
D
The fixed carbon content is calculated as follows:>? humreies 49.04 | 479 | 042 | 3.72 | 1559 -
Fixed Carbon (%) = 100 — (Moisture (%) — Mineral
Ash (%) — Volatile Matter (%))(1) constituent 274 1 0221 0.00 | 051 0.11 -
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Table 5. Composition of the mineral constituents

Indicator %, mass
K in conversion to K,O 0.46
Na in conversion to Na,O 0.3
Al in conversion to Al,O3 2.61
Ti in conversion to TiO, 0.39
Ca in conversion to CaO 0.56
Mg in conversion to MgO 0.19
Fe in conversion to FeO 2.32
P in conversion to P,Os 0.015
Si in conversion to SiO, 84.9
Loss on heating to 450 °C 6.8
Other 1.455

The composition of the products formed after the
cavitation treatment of brown coal indicates a mechanical
separation of the raw material into its constituent parts.
Analysis of the elemental composition of the obtained
products allows us to draw some conclusions about the
processes occurring during cavitation. Thus, humates
isolated as a 7% aqueous solution (pH = 10.5) after drying
have an increased oxygen content (15.59%) compared to
the initial coal. This indicates the dissolution of the most
oxidized, and therefore the most active, part of the coal.
This redistribution of oxygen determines the active
properties of humic acids, which are capable of being
assimilated by plants and actively bind heavy metal ions in
a mobile form.

The carbon content in the products shows the
following relationship: the maximum amount of C¢ s in the
humates (49.04%), an intermediate value is in the residual
coal (43.08%), and the minimum value is in the initial coal
(39.4%). The amount of hydrogen for all products changes
similarly to carbon: for humates — 4.79%, residual coal —
4.24%, initial coal — 3.49%.

Considering that the cavitation treatment results in
the separation of an almost pure mineral part (Ad = 96.4%),
a decrease in the ash content (39.64%) of the residual coal
compared to the initial coal (43.41%) is observed. This
determines the increased volatile matter yield for residual
coal and humates compared to the initial coal.

The study also included petrographic studies of the
mineral part of the coals separated during HCA treatment.
The brown coal used in the research is characterized by
high ash content, which is generally typical for coals of the
entire Dnieper brown coal basin and significantly reduces
the value of coal as an energy fuel. Mineral inclusions form
intergrowths with the organic part of the coal, which
significantly hinders the separation into mineral and
organic substances.

As a result of the HCA treatment, the intergrown
pieces are destroyed, and a partial separation of the organic
mass of coal occurs in the form of a finely dispersed
powder and larger, due to greater strength, mineral
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particles. This creates the prerequisites for a significant
reduction in the ash content of the processed coal and
facilitates the enrichment process using traditional
separation methods, such as flotation or the use of
hydrocyclones. During coal processing in the used
cavitation apparatus, a partial separation of mineral
particles occurs without the use of special enrichment
methods.

The chemical composition of the coal's mineral part
is given in Table 5. The research results are presented in
Figs. 3-5.

Macrodescription

The loose rock, gray in color, contains separate
inclusions of dark, almost black color, and is homogeneous
(Fig. 3). Based on the size of the fragments, it can be
classified as medium-grained clastic (psammite — sands).

Fig. 3. Image of the rock

Microdescription

Under microscopic examination with a single Nicol
prism, isometric black inclusions are observed in the sand,
likely organic residues. There are also large, irregularly
shaped transparent grains among the comparatively smaller
ones.

At higher magnification, colorless transparent
quartz grains with angular and irregular shapes are
noticeable. The larger individual quartz grains have sharp-
edged forms and are sometimes covered with a thin
brownish film, indicating the presence of limonite (brown
iron ore), which is confirmed by the presence of Fe:0s in
the sand according to chemical analysis results.

The quartz sand consists of angular, less frequently
sharp-edged, quartz grains. It contains impurities of organic
matter. The quartz grains contain minute inclusions, and
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dark-colored rims around the grains consist of iron oxides;
extinction is wavy.

Feldspar impurities (K[AlSi:0s] — Na[AlSi:Os] —
Ca[Al:Si:0s]) are present, as indicated by the presence of
potassium, sodium, calcium, and aluminum oxides in the
sand.

The size of the quartz grains varies widely from 0.15
mm to 0.0043 mm, with the majority ranging from 0.04
mm to 0.02 mm, i.e., the predominant part is less than 0.05
mm. The proportion of large grains ranging from 0.1 mm
to 0.15 mm is small.

sty

il
i 4

Fig. 5. 240x magnification (1 nicol): predominant fraction — the
predominant size — fits the description of fine-grained sands
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According to grain size classification, the sand can
be categorized as a medium-grained loose rock,
specifically as fine-grained (and even very fine) sand with
particle sizes less than 0.1 mm (Figs. 4-5). Such particle
size allows it to be recommended not as an aggregate but
as a filler for various construction products (e.g., paving
slabs, composites, certain autoclave materials), as the grain
size corresponds to that of Portland cement powder. Based
on its composition, it can be classified as monomineralic,
since quartz is its main constituent.

Mechanochemical activation methods are used in
the processing of brown coals and lignites to increase the
yield of humic and fulvic acids. These acids are colloidal in
nature and form on the coal surface depending on the
oxidation conditions. As mentioned above, various
methods can be employed for this purpose.
Mechanochemical treatment of coal significantly increases
the yield of humic acids by substantially increasing the
surface area of contact between the coal and the alkaline
solution during extraction.

Paper® notes a 6.3% increase in humic acid yield
and a 1% increase in fulvic acid yield due to microwave
treatment for 180 seconds. Microwave treatment is noted
as being more effective than ultrasonic treatment and
conventional mixing with an alkaline solution. Microwave
treatment reduces extraction time by a factor of four.
Similar effects are observed using a planetary mill*>. Both
studies report an average particle size of 22 nm after
processing. However, it is noted that agglomeration may
lead to an increase in particle size to an average of 35 nm.
The optimal processing time is 20 minutes, resulting in a
14.3% increase in humic acid yield.

It should be noted that in all studies, the main goal
of mechanochemical activation is to increase the yield of
humic and fulvic acids, which are the most valuable
components of brown coals and lignites. However, there is
a lack of information regarding the qualified use of the solid
residues after extraction — the residual coal and mineral
components. Undoubtedly, these components, under the
influence of special processing methods, acquire new
qualities and can find qualified applications. Therefore, the
use of mechanochemical treatment, in particular HCA, on
low-metamorphosed oxidized solid fossil fuels can enable
the creation of a waste-free technology for processing such
raw materials with the production of valuable products.

4, Conclusions

1. Theuse of HCA on coal from the Dnieper brown
coal basin provides virtually complete extraction of
humates from the coal structure due to a significant
increase in extraction efficiency resulting from increased
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surface contact between the crushed coal particles and the
alkaline solution.

2. During cavitation treatment, a significant
decrease in the ash content of the residual coal after humic
substance extraction is observed due to the destruction of
coal and mineral matter aggregates and their separation in
the turbulent pulp flow.

3. The residual coal, after washing away the water-
soluble humates, exhibits properties that allow its use as an
effective sorbent.

4. The particle size of the studied sand allows its
recommendation as a filler for various building products
instead of ordinary quartz sand because the grain size
corresponds to the size of Portland cement powder.

5. Comparison of elemental analysis data for the
initial coal, residual coal, and humates shows an increase in
carbon content for humic acids to 49.04% and a decrease to
43.08% for the residual coal. Humates contain more than
15% oxygen, significantly higher than this parameter for
the initial coal.
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MPOAYKTHU HEPEPOBKH BYPOI'O BYT'ULUIA B
YMOBAX I'IJTIPOKABITAIIMHOT O BILIUBY

Anomayin. Ynepuwe nposedeno 00cuiOdicenHs eracmugocmei
npooykmie 2iopokasimayiunoi obpobxu 6ypoco eyeinns [Hinpoecbkoeo
wo 6 pesyrvmami
MeXaHiyHo20 6NAUBY BY2iNia pO30iNa€mvbcs Ha 3 OCHOBHI KOMNOHEHmu

6ypogyeinvnoco 6aceuny (Yxpaina). Iloxasano,

(po3uun 2yMIHOBUX KUCIOM, 3ATUWIKO8E BV2IlIA, MIHepanbHa CKIA006a).
Busnaueno ocmosui énacmugocmi ma CKIa0 KOJXMCHO20 KOMNOHEHmA,
nposedeHo Q0CNIONCEHH  3AMUUKOB020  8V2LIA  Ma
MinepanbHux Axmyanvnicme  pobomu  6U3HAYAEMbCA
CmeopenHss  payioHanvbhoi  06e36i0X00HOT

MIKPOCKONIYHI

YACMUHOK.
HeobXiOHicmIo mexHon02ii
nepepobku ykpaincokux @yeinns. OCHOBHOIO Memolo € NOWYK WLIAXIE
cmeopennss 6e36I0X00H0I mexHono02ii HemepMiunoi nepepobku  6ypoco
8y2iIsl 3 MAKCUMATbHUM GUKOPUCIMAHHAM U020 XIMIYHO20 NOMeHyiauy.
Memooy supiuenHs yici npobiemu € UKOPUCMAHHS 2I0POKABIMAYIIHO2O
enausy Ha semaucme Oype e@yeinin 6 1-% 6o0Homy poszuuni NaOH 3
nooanbumM Ppo30iNeHHAM YMEOPEHUx HpoOyKmie. 3a BUKOPUCTNAHHS
eiopokasimayitinoi akmusayii (HCA) 3abesneuyemovcsi maxcumanvhe (00
95% 6i0 emicmy 6 opeaniunill MACi 8y2inia) GUILYYEHHs 2YMYCOBUX KUCTIOM,
OMPUMAHHS 3ATUUKOB020 8Y2LNIA, WO MAE COPOYILHI éracmueocmi, ma
BUOLNICHHSL YACTUHU MIHEPATLHOIL CKIAO080I Y U250l OPIOHOOUCHEPCHO20
nopowxy Kpynuicmio 6i0 4.3 00 150 mxm i 6i0n06iOH020 3a XiMIuHUM
cknadom Kkeapyesomy nicky. Ilpakmuunoio yinmnicmio yici pobomu ¢
2nUb0Ke BUOLIEHHSI 2YMYCOBUX KUCTIOM Y (DOPMI HAMPIEBUX CONell, a MAKONC
OMpUMaHHs copbenmie i  OpibHOOUCnepcHOT
MIHepAbHOT CKAa0080i, npudamuoi 0 6e3n0cepedHbO20 UKOPUCTIAHHSL Y
BUPOOHUYMEI OYOI8eNbHUX MAMEPIAis.

odewesux  @y2inbHUxX

Knwuosi cnosa: Oype eyzinna, eiopokasimayiina axmuseayis,
eymamu, copbenm, MiHepaIbHA CKIA008d.
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