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Abstract

The work presents research results of the change comparison of brown coals 
and the study of the physicochemical properties of humic substances obtained 
from brown coals of the Karazhyra, Ekibastuz, and Kyzyl-Kiya deposits after 
hydrodynamic treatment in a rotary-pulsation apparatus. It is shown that the 
hydromechanical effect on humic acids leads to a change in their composition, 
accompanied by a decrease in the degree of aromaticity and an increase in the 
content of oxygen-containing fragments. Mechanical treatment of brown coals 
under oxidizing conditions maximizes the efficiency of extraction of water-
soluble components and humic acids. The structural parameters and functional 
composition of humic acid molecules during the treatment of brown coals 
under oxidation-reduction conditions change depending on the conditions. The 
elemental and functional composition (using IR spectroscopy and potentiometry) 
of humic substances in brown coals and their molecular weight distribution 
using size-exclusion chromatography were studied. The influence of the content 
of metal-binding centers, dispersity, and ash content of humic substances was 
studied before and after treatment. At a temperature of 70 ºC a rotation time of 
10 s, 98.7% of humic acids passes into the solution, which is the best indicator.
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1. Introduction 

The problem of our agricultural production in 
the Republic of Kazakhstan is related to soil humus, 
which is the main source of fertility for any soil. Irri-
gated soils of the Central Asian region contain very 
little organic matter; in terms of the amount of hu-
mus they are in the very last place among other soils. 
A meter layer of fertile land per hectare contains 
350‒700 t of humus, as the best soils of the cotton 
zone – grey soil contains 65‒85 t. The best organic 
fertilizer is manure, but it is not enough to apply to 
all cultivated areas that need organic fertilizers. 

Another problem in the region’s agricultural 
production is saline lands. Along with the need to 
develop effective measures for soil desalinization, 
it is also promising to create fertilizers with ion-ex-

change properties that would help plants grow on 
saline soils. 

One of the alternative sources of replenishment 
of organic matter in irrigated soils can be brown 
coals, as well as carbon-humic fertilizers obtained 
by treating brown coals with various alkalis. The use 
of brown coals, peat, and other caustobioliths for 
the production of organomineral fertilizers has long 
been of interest to agricultural scientists. Caustobi-
oliths are important sources of nitrogen and some 
other chemical elements useful for plants (potas-
sium, magnesium, zinc, copper, iron, manganese), 
good ion exchangers, and structure formers. How-
ever, not all coals are suitable for producing fertil-
izers. Wind-blown brown coals contain from 40 to 
84% humic acids; in addition to the commonly found 
iron, magnesium, calcium, potassium, phosphorus, 
sulfur, and fluorine, trace elements such as zinc, co-
balt, copper, molybdenum, manganese, and nickel 
are found in oxidized coals. 
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One of the tasks of our work is a selection of raw 
materials for the production of salts of humic acids 
(humates) for the national economy. From this point 
of view, the raw material should not only contain a 
large amount of humic acids but should also be eas-
ily extracted with alkali. Sodium hydroxide was used 
as an alkali and a hydrodynamic rotor-pulsation ap-
paratus (HRPA) was used to extract the humate. 

The intensification of the process of interaction 
of alkali with coal to obtain a carbon-alkali reagent 
and humates was carried out by treating the suspen-
sion in a hydrodynamic rotor-pulsation apparatus 
designed by A.A. Bershitsky and S.P. Tulchinsky, its 
choice was determined by design features that al-
low its use in a continuous technological process of 
large-tonnage production [1]. 

Depending on the raw material genesis and its 
metamorphism degree, both low-molecular and 
high-molecular compounds with different contents 
of aliphatic and aromatic fragments and functional 
groups can predominate in the composition of hu-
mic acids. Therefore, humic acids isolated from vari-
ous types of raw materials differ both in composition 
and properties. 

Thus, the presented experimental study results 
of humic acids’ physical- and colloidal-chemical 
properties indicate the unique properties of this 
class of natural compounds and, above all, in the 
field of their application for solving environmental 
protection and agricultural problems. The high met-
abolic capacity of humic acids opens up wide oppor-
tunities for the production of ion-exchange sorption 
materials based on them, intended for the purifica-
tion of waste and process waters from heavy metal 
ions [2‒8], as well as humic preparations for planting 
desert saline areas [9‒12]. The specific conglomer-
ate of properties of humic acids’ lipophilic-hydro-
philic structure provides this class of natural poly-
mers with the possibility of using them as a selective 
sorbent of non-polar hydrocarbons in natural envi-
ronments, reclamation of areas contaminated with 
non-polar hydrocarbons [13‒18]. 

The high hydrophilicity of humic acids in natural 
caustobioliths opens up practically unlimited possi-
bilities for the development of ion-exchange recla-
mation materials based on them for reclamation of 
areas disturbed by human economic activities and, 
above all, areas contaminated with heavy metals 
and radionuclides [19‒23]. 

Humic acids, as high-molecular systems, are very 
sensitive to various kinds of physicochemical influ-
ences, which, by transforming the fractional and 
functional composition of their radicals, naturally 

give humic preparations new properties. In this re-
gard, the development of methods for the fraction-
ation of humic acids makes it possible to obtain hu-
mic preparations that are more effective and more 
selective in consumer properties [24‒29], which is 
necessary for obtaining standard humic preparations 
and organizing their industrial production [30‒32]. 

Due to the complexity of humic substances’ com-
position, the nature of the complex-forming centers 
in them remains unclear [33‒35].

One of the ways to modify the structure of humic 
acids is mechanical treatment of humic substances, 
which makes it possible to change their structure, 
content of functional groups, and molecular weight 
[36‒38]. The purpose of this work is a comparative 
change and study of the physicochemical properties 
of humic substances obtained from brown coals of 
the Karazhyra, Ekibastuz, and Kyzyl-Kiya deposits 
after hydrodynamic treatment in a rotary-pulsation 
apparatus. 

2. Research objects and methods 

Coal sampling was carried out according to GOST 
59248-2020 Brown coals, hard coals, anthracite, oil 
shales, and coal briquettes. Methods of sampling 
and sample preparation for laboratory studies.

Brown coals from the Karazhyra, Ekibastuz, and 
Kyzyl-Kiya deposits were used as research objects. 
Mechanochemical treatment of coals was carried 
out in a hydrodynamic rotor-pulsation apparatus 
(HRPA) designed by A.A. Bershitsky and S.P. Tulchin-
sky [1]. The experiment was carried out at tempera-
tures from 25 to 70 ºC, a rotation time from 3 to 10 s, 
with NaOH (20%) in the solid ratio: liquid (1:4). The 
elemental composition of humic acids and fulvic ac-
ids was determined on a Carlo Erba Strumentazione 
model 1106 analyzer (Italy). The functional compo-
sition of humic acids was analyzed by IR spectros-
copy. The humic acids’ spectra were recorded on a 
Nicolet 5700 IR Fourier spectrometer with a Raman 
module (Thermo Electron Corporation, USA). Humic 
substances were isolated from natural objects using 
alkaline extraction. 

3. Results and discussion

In order to better understand what is happening 
to the composition and structure of humic acids un-
der the influence of hydrodynamic treatment, the 
same treatment was carried out under the most 
severe conditions: coals with a degree of crushing 
of 0‒3 mm were treated in an HRPA with an alkali 
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solution at S:L = 1:4 based on 20% alkali per total 
amount of raw material, temperature 70 ºС and du-
ration one minute. After this, the chemical charac-
teristics and fractional composition of the original 
humic acids and those treated in a HRPA were es-
tablished. At a temperature of 25 ºС a rotation time 
of 3‒5 s, 50% of humic acids pass into the solution. 
At a temperature of 70 ºC a rotation time of 3‒5 s, 
92.4% of humic acids dissolve. At a temperature of 
70 ºC a rotation time of 10 s, 98.7% of humic acids 
passes into the solution, which is the best indicator.

The results (Tables 1 and 2) show that the impact 
of hydrodynamic forces leads to an increase in the 
content of carbon and hydroxyl groups in humic ac-
ids. The amount of total oxygen of functional groups 
for humic acids of the Karazhyra and Kyzyl-Kiya coals 
increases significantly and the oxygen content in an 
unaccounted form noticeably decreases, which pos-
sibly occurs due to the rupture of ether bonds or 
heterocycles. 

During fractionation, the yield of easily salt-
ed-out acids noticeably decreases and the yield of 

difficult-to-salt-out and non-salted-out acids in-
creases for both humic acids of the Ekibastuz and  
Karazhyra coal.  

During the isothermal decomposition of humic 
acids in a flow of inert gas (nitrogen) according to 
the method, it was found that the functional groups 
of humic acids from three coal samples have differ-
ent thermal stability. Thus, the decarboxylation of 
humic acids of the Ekibastuz and Karazhyra brown 
coals occurs most intensively at a temperature up 
to 200 ºC and is completed at a temperature up to 
300 ºC, the decarboxylation of humic acids of the 
wind-blown Kyzyl-Kiya brown coal occurs to an in-
significant extent at a temperature up to 200 ºC, 
occurs most intensively and practically ends at the 
interval of 200‒300 ºС (Table 3). The elimination 
of hydroxyl groups is most intense in the first two 
humic acids in the temperature range of 200‒300 
ºС and at 500 ºС remains in insignificant quantities, 
while from the Kyzyl-Kiya it is most intense in the 
range of 300‒500 ºС, after which their content re-
mains significant (0.75 mEq/g).

Table 1. Changes in the chemical characteristics of humic acids under the influence of hydrodynamic forces

Humic acids 
of coals

Elemental composition, 
% of organic mass

Content of functional 
groups, mEq/g

Content of oxygen, % С/Н of the 
hydrocar-

bon 
skeleton

C H O N S СООН ОН CO-car-
boxyl

In func-
tional 

groups

In an un-
accounted 

form 

Karazhyra original 60.86 3.86 31.24 0.76 3.46 3.30 4.77 0.95 19.71 11.53 1.28

Karazhyra treated 62.31 3.46 32.90 0.58 0.75 3.30 5.13 0.64 19.79 13.11 1.41

Ekibastuz original 65.70 5.28 26.86 0.74 1.42 2.27 5.81 1.04 18.22 8.64 0.98

Ekibastuz treated 66.15 5.85 26.13 0.59 1.27 2.32 5.97 0.75 18.18 7.95 0.90

Table 2. Changes in the fractional composition of humic acids under the influence of hydrodynamic forces

Humic acids Yield of humic acid fractions, % of total content
From original From treated in the apparatus

Karazhyra coal
Salted out         4% NaСl 19.0 11.0

5% NaСl 18.0 12.0

6% NaСl 9.0 14.0

20% NaСl 12.0 12.0

Ekibastuz coal

Salted out         6% NaСl 10.0 5.0

8% NaСl 12.0 10.0

20% NaСl 17.0 19.0
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It is known that carboxyl groups at the primary 
carbon atom are more difficult to destroy than at the 
aromatic ring. The activation energy of decarboxyl-
ation for aliphatic acids is significantly higher than 
for aromatic acids. In the aromatic ring, decarboxyl-
ation of carboxyl groups located in one ring occurs 
relatively easily. The more electronegative substitu-
ents are bonded to the carbon atom adjacent to the 
carboxyl group, the easier it is to eliminate a carbox-
yl group.

O- and p-hydroxybenzoic acids easily remove car-
bon dioxide. Aromatic acids, in which both o-posi-
tions to the carboxyl are replaced by metals, remove 
carbon dioxide especially easily. Hydroaromatic ac-
ids are quite easily eliminated.

Based on the foregoing, it can be assumed that 
the carboxyl groups of humic acids of the Ekibastuz 
earthy brown coal are located predominantly in ali-
cyclic structures. In the process of mechanochemical 
destruction, some enrichment of the coal substance 
with hydrogen occurs and the decarboxylation pro-
cess is facilitated. It could also be assumed that the 
carboxyl groups are located predominantly in the 
o- and p-position relative to the hydroxyl groups in 
the aromatic ring. However, these humic acids are 
relatively easily sulfomethylated, which indicates 
the presence in them of o- and p-positions of the 
aromatic ring that is unsubstituted concerning the 
OH-groups. This idea is also confirmed by the fact 
that in these humic acids the hydroxyl groups, de-
fined as phenolic, begin to degrade at a tempera-

ture up to 200 ºС, while the high thermal stability 
of phenolic hydroxyls, which undergo destruction at 
temperatures above 400º, is known [2]. Consequent-
ly, the decrease in the content of OH-groups occurs 
due to the destruction of the non-aromatic part of 
the molecules, to which the isolated aromatic rings 
containing them are associated. The small content 
of thermally stable OH-groups indicates an insignifi-
cant proportion of their association with condensed 
aromatic rings. 

Decarboxylation of humic acids from the Karaz-
hyra coal, although it seems to occur with the same 
ease, there is a very sharp increase in the content 
of functional groups for chemisorption of Ba(OH)2, 
which can be explained by the formation of acid 
anhydrides in the process of dehydration preceding 
decarboxylation, with the formation of anhydrides 
acids such as phthalic, which participate in the de-
termination of total acidity with barium hydroxide, 
but do not participate in the reaction with calcium 
acetate when determining carboxyl groups. The rel-
ative ease of dehydration favors intramolecular an-
hydrides.

Table 3. Dependence of the content of functional groups in humic acids, original and treated in a hydrodynamic 
rotor-pulsation apparatus, on temperature

Heating temperature ranges, ºС Content of functional groups in humic acids, mEq/g
Original Treated

СООН ОН СООН ОН
Karazhyra coal

Initial 3.30 4.77 3.30 5.13
200 0.52 6.63 2.38 4.61
300 - 0.92 0.13 3.65
400 - 0.60 - 0.37
500 - 0.30 - 0.18

Ekibastuz coal
Initial 2.27 5.81 2.32 5.97
200 0.49 4.16 - 2.97
300 - 0.77 - 0.53
400 - 0.14 - 0.12
500 - 0.14 - 0.15
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In addition, the decarboxylation process is facili-
tated by the presence of alkyl substituents, but the 
latter is partially eliminated during mechanochemi-
cal destruction and, in this case, decarboxylation is 
much more difficult. The OH-groups in these humic 
acids are also relatively unstable thermally; most of 
them decompose at a temperature of up to 300 ºС. 
The high value of groups determined with Ba(OH)2 

in the products of thermal decomposition at 300 ºС 
of dispersed humic acids is obvious due to acid an-
hydrides decarboxylating at higher temperatures. 
A significant part of the OH groups is confined to 
aromatic rings associated with the peripheral part 
of the molecules, and only a slightly larger amount 
compared to the humic acids of the Ekibastuz coal is 
confined to condensed aromatic rings. 

As for the humic acids of the Kyzyl-Kiya wind-
blown brown coal, it is obvious that the carboxyl 
groups in them are associated predominantly with 
the aromatic ring, which can be assumed based on 
the high degree of weathering, as a result of which 
such structural elements as aliphatic side chains 
and hydroaromatic rings are most susceptible to de-
struction. A certain number of carboxyl groups here 
are in opposition relative to the OH-groups, while 
carboxyl groups located nearby in one aromatic ring 
predominate, which are more difficult to remove 
than in the humic acids of the Karazhyra coal, due to 
the absence of alkyl substituents. The data obtained 
are consistent with the IR spectra results. These hu-
mic acids contain a small amount of thermally un-
stable OH-groups that decompose up to 200 ºС and 
are not associated with a condensed aromatic ring. 

The idea that under the influence of hydrody-
namic forces, intermolecular bonds, in particular 
hydrogen ones, are weakened and partially broken, 
is also confirmed by the example of humic acids 
from the  Karazhyra coal. In samples treated in the 
apparatus, aliphatic side chains and other weak-
ened groups are eliminated at a lower temperature 
(300‒400 ºС), and at a higher temperature, due 
to the ordering of the structure, the weight loss is 
1.6‒4.3% lower compared with the original humic 
acids (Table 4).

A different dependence is observed for the humic 
acids of the Kyzyl-Kiya coal, where the initial sam-
ple at temperatures of 200 and 300 ºС has a high-
er weight loss than the humic acids of treated coal, 
and in the temperature range 400‒800 ºС, the first, 
on the contrary, have slightly lower weight loss. In 
the humic acids of the Kyzyl-Kiya coal, under the in-
fluence of hydrodynamic forces, humic acids were 
formed from the relatively low molecular weight 
part of the insoluble residue, which is more easily 
exposed to high temperatures. The humic acids of 
the original and the Ekibastuz coal treated in the ap-
paratus have very similar values. 

Of the samples studied, weight loss at tempera-
tures up to 300‒400 ºС is higher for the humic acids 
of the Kyzyl-Kiya coal, at temperatures of 400‒800 
ºС it is the same as for the acids of the Ekibastuz 
coal.

When studying alkali-insoluble residues after ex-
traction of humic acids, attention is drawn to the 
increase in ash content in samples subjected to hy-
drodynamic forces. Obviously, this occurs due to the 

Table 4. Dependence of the weight loss of the humic acids of the original coals and those treated in a hydrodynamic 
rotor-pulsation apparatus on the heating temperature

Heating temperature, 
T ºС

Weight loss by humic acids of coals, %

Karazhyra Ekibastuz Kyzylkiya

Original Treated Original Treated Original Treated

100 1.25 1.60 1.25 1.40 1.40 1.60

200 8.8 10.8 10.0 9.7 11.2 10.6

300 16.0 17.1 17.2 17.5 19.6 18.1

400 27.2 25.6 29.0 29.0 27.6 29.5

500 37.8 33.8 40.0 39.9 35.3 38.3

600 43.8 39.5 44.8 45.0 41.6 44.5

700 47.2 44.5 48.5 48.1 46.2 47.6

800 49.8 46.2 50.3 50.4 49.0 50.8
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transition of part of the organic matter into a soluble 
state and due to the destruction of some complex-
es of humic acids, the ash part of which in the form 
of hydroxides remains in an insoluble residue (Table 
5). From the elemental composition, we can see a 
decrease in the carbon of insoluble residues of the 
Karazhyra and Ekibastuz coals, with an increase in 
the atomic ratio of C/H and oxygen in an unaccount-
ed form for the second and a decrease in C/H with a 
constant content of oxygen in an unaccounted form 
for the second.

The carbon content in the insoluble residue of 
the Kyzyl-Kiya coal increases significantly with a no-
ticeable decrease in the atomic C/H ratio and oxygen 
in an unaccounted form. The content of functional 
groups of the insoluble residue of the Kyzyl-Kiya coal 
changes, in the Karazhyra coal it decreases by 2.7 
times, and in the Ekibastuz coal it more than doubles 
due to the formation of OH-groups.

4. Conclusions 

From the data obtained, it can be concluded that 
under the influence of hydrodynamic forces, humic 
acid molecules are destroyed along the weakest 
bonds, oxygen-containing heterocycles, followed 
by hydrolysis, the transition of structures with a low 
degree of condensation into a soluble state and en-
richment due to this insoluble residue with more 
condensed structures with a high hydrogen content 
in the Kyzyl-Kiya coal, constant oxygen content in 
an unaccounted form in the insoluble residue of the 
Ekibastuz coal and its increase in the insoluble res-
idue of the Karazhyra coal is possible due to an in-
crease in oxygen-containing groups (carbonyl and 
quinoid) formed during the mechanochemical de-

Table 5. Changes in the chemical characteristics of the insoluble coal residue under the influence of hydrodynamic 
forces

Insoluble coal 
residues

Moisture, 
%

Ash, % Elemental 
composition, % of 

organic mass

Content of 
functional 

groups mEq/g

3.98 Content 
of oxygen, %

С/Н 
atomic

C H О+I+S СООН ОН In func-
tional

In an un-
accounted

Karazhyra original 9.2 24.8 72.27 9.08 18.65 0.00 2.90 4.64 14.01 0.663
Karazhyra treated 9.6 29.8 65.96 7.18 26.86 0.00 1.07 1.71 25.15 0.766
Ekibastuz original 5.2 24.5 68.70 7.93 23.37 0.02 0.73 1.23 22.14 0.722
Ekibastuz treated 5.0 30.5 66.26 8.39 25.35 0.02 1.73 1.23 22.52 0.658
Kyzylkiya original 10.6 34.9 62.61 3.77 33.621 0.01 2.44 2.83 29.63 1.384
Kyzylkiya treated 10.0 38.9 74.79 5.54 19.67 0.01 2.35 3.94 15.78 1.125

struction of coals. The possibility of increasing the 
degree of condensation of molecules due to the 
interaction of free radicals formed during the treat-
ment cannot be excluded [39‒41]. 

Thus, when hydrodynamic forces are applied to 
coals, along with the usually occurring increase in 
polydispersity and activation of the process of inter-
action of alkali with humic acids, destructive chang-
es in molecules also occur, which have a different 
nature depending on the characteristics of the orig-
inal coals’ chemical structure. This is of great impor-
tance when developing technology for producing 
humates from coals and waste from lignite briquette 
factories.
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