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Mechanochemical activation of coal is commonly employed in industry. However, even the simplest solid-

phase reactions, such as neutralization of humic acids in brown coal, remain insufficiently studied. The

hypothesis regarding the occurrence of mechanochemical neutralization under local hydrothermal

conditions for humic acids in brown coal has been tested in this study. 3D modelling of the “block–

interlayer” system (where coal particles are separated by air interlayers saturated with water vapor) was

used. The 3D model showed that the permittivity is expected to rise from 14 to 16% as the moisture

content in the system increases from 12 to 15%. The actual permittivities of coal with different moisture

contents have been measured by dielectric spectroscopy. In the real system, the permittivity increases

more than threefold as the moisture content rises from 12 to 15%. This increase is much greater than the

calculated one, demonstrating that the phase containing unbound water appears in the system at

a moisture content of �12–13% and may exert various effects on the solid-phase reaction. There is

a correlation between the moisture content, permittivity, and predominant mechanisms of the reaction

between the organic matter in brown coal and sodium percarbonate (a reagent simultaneously

containing the alkaline and peroxidic components). The reactions between brown coal and alkaline

reagents proceed under local hydrothermal conditions. Both the alkaline and peroxidic components of

sodium percarbonate participate in the solid-phase reaction between brown coal and sodium

percarbonate. The emergence of unbound water in coal significantly inhibits the oxidation reaction.
Introduction

Mechanochemical treatment of coal is employed in the power
industry,1,2 carbon chemistry,3 pharmaceutics,4,5 and agricul-
ture, including manufacturing of feed additives for cattle and
products for soil amelioration and stimulation of plant growth.6

Mechanochemical technologies are considered to be eco-
friendly because they are highly efficient and allow one to use
fewer manufacturing stages, while not using solvents.7,8 During
mechanochemical treatment of brown coal, chemical reactions
usually immediately follow the mechanical activation of brown
coal and the reactions occurring directly in the mechano-
chemical solution.9 Vigorous interaction is known to activate
the coal organic matter, which signicantly alters its physico-
chemical properties.10,11 The mechanically activated (MA) coals
are characterised by an enhanced reactivity during the subse-
quent treatment with reagents, resulting in higher yields and
contents of various extractable substances, higher conversion
degree of coal organic matter during thermal and supercritical
dissolution, as well as during hydrogenation.12,13 Mechanical
activation of coal leads to particle disintegration, up to the
echanochemistry SB RAS, Novosibirsk,

l.com

114
particle size of several dozen micrometers.14 This is accompa-
nied by an increase in free surface area, pore opening, and
vigorous electrication that is proportional to the number of
paramagnetic centres in coal. Mechanical activation (MA) of dry
coals was found to signicantly increase the concentration of
paramagnetic centres.15,16

Humic acids, with their content in fossil fuel being as high as
80%, are the key biologically active compounds and are of the
greatest interest for industrial applications. Mechanochemical
treatment of brown coal with alkalis (e.g., sodium and potas-
sium hydroxides) has been most commonly used in industry.
The content of water-soluble humic substances in the resulting
product is 3–5-fold higher than that in the untreated coal.17 This
can be explained by neutralization that takes place during
treatment: humic acids are converted to the water-soluble form
of sodium humate during this process. In order to verify this
assumption, it is important to study the role played by water in
these processes.

Mechanochemical treatment of brown coal in the presence
of sodium percarbonate is of special interest, since this reagent
contains both the alkaline and the peroxidic components. The
interaction between brown coal and sodium percarbonate is
known to involve oxidation of the organic matter in brown coal,
which enhances the extractability of humic acids, increases the
This journal is © The Royal Society of Chemistry 2020
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contents of phenolic and carboxylic groups,18–20 and improves
the sorption properties of the product.21,22 Hydrogen peroxide
within sodium percarbonate can act as a source of free radicals;
oxidation of brown coal with sodium percarbonate proceeds via
the water-dependent free-radical mechanism.23

The objective of this study was to investigate the effect of
moisture content on the mechanochemical reactions between
brown coal and alkaline or alkaline oxidising agents.

Experimental

Brown coal from the Itatskoye deposit of the Kansk-Achinsk
coal basin (Russia) was used as raw material.

The moisture contents in the samples were measured
gravimetrically by drying to a constant weight (weight difference
of <0.1% observed for 3 min) at 130 �C on a RADWAGWPS 50 SX
moisture analyzer using a halogen lamp as a heating element.

X-ray diffraction analysis was conducted on a D8 Advance
diffractometer (Bruker, Germany) using CuKa radiation in the
Bregg–Brentano geometry. The XRD patterns were analyzed
using the ICDD PDF-2 database. The particle size distribution
and the width/length distribution of brown coal were deter-
mined using a CAMSIZER X2 instrument (Retsch Technology
GmbH, Germany) that captures the projections of the analyzed
particles with digital cameras. The measurements were con-
ducted using an X-Jet module, where particles were dispersed
under air pressure of 75 kPa. The volume-based particle size
distribution Q was plotted using xc_min (width), which displays
the particle width that is determined from the narrowest of all
the measured chords for each particle projection. The width/
length ratio b/l was determined as b/l ¼ xc_min/xFe_max,
where xFe max (length) is the largest Feret diameter in the
measured set of Feret diameters of a particle.

The specic surface area of the samples was determined by
nitrogen thermal desorption on a Sorbtometer M analyzer
(Catacon, Russia) using the BET theory24 and the approxima-
tions proposed by Gregg and Sing.25

The contents of alkali-soluble and water-soluble humic acids
were measured according to the State Standard GOST 9517-94
(ISO 5073:2013).

Mechanochemical activation of a mixture of brown coal and
the reagents (10 g) was carried out in an AGO-2 laboratory-type
planetary mill equipped with a water cooling system. The weight
of grinding balls loaded into the mill was 200 g; acceleration of
the grinding bodies at the instant when they detached from the
grinding chamber walls was 200 m s2; the exposure time was
2 min. Moisture content in the original raw material was
a variable being changed from 0 to 30%. When coal was treated
in the presence of sodium percarbonate, the dry matter content
of the reagent was 5%. When coal was subjected to mechano-
chemical activation in the presence of sodium carbonate, the
content of the reagent was equivalent to that of sodium per-
carbonate in the respective parallel experimental run.
Mechanical activation of dry brown coal without any reagents
added was carried out in a similar manner.

3D modelling of the “block–interlayer” system (brown coal
particles separated by air interlayers, which were subsequently
This journal is © The Royal Society of Chemistry 2020
saturated with water vapor) was conducted. The particles were
merged into blocks with the maximum dimensions corre-
sponding to mesh size. Under an assumption that the particles
had an isometric structure, their dimensions were determined
from the nitrogen adsorption data according to the intergrain
and intrapore components of the specic surface area. The
roughly estimated particle (grain) size was 2 mm; the interlayer
thickness was 5–20% of grain size. The dimension parameters
within the model were varied from several fractions of
a micrometer to several micrometers.

The modelling was conducted using the Monte-Carlo
method. The results of 3D modelling were presented as curves
showing a degree to which water lled the interlayer volume as
a function of time. The curves have a typical sigmoid shape and
demonstrate that the initial vigorous lling is followed by
a plateau when there are no more vacant places where water
could be adsorbed in the system. A family of curves was plotted
for the expanding system as the lattice parameter increased. At
each stage of water adsorption, we calculated the permittivity of
the composite as a system of capacitors connected in series and
parallel combinations.

The permittivities of the coal samples having different
moisture contents were measured using a Precision LCR Meter
HP4284A analyzer of electrophysical properties operating at
xed frequencies (1 MHz and 100 Hz). The samples were
pressed into pellets with copper electrodes inserted into their
butt ends under a pressure of 6.5 MPa cm�2. The permittivities
were calculated according to the measured data taking into
account the geometric parameters of the samples.

Results and discussion
Analysis of coal before and aer mechanical activation

The X-ray diffraction patterns of the coal samples contain (002),
(100), and (110) lines related to graphite at 2q ¼ 24�–25�, 40�–
43�, and 80�, respectively. The rst peak corresponds to the
distance between graphite planes.26 The (002) reection is
ascribed to diffraction from the equidistant graphite layers. The
XRD patterns of high-carbon coals such as anthracite (96 wt%
carbon) are most similar to those of graphite and have well
dened individual reections of graphite. As the degree of
coalication decreases (e.g., when proceeding from anthracite
to lignite (65 wt% carbon)), the XRD patterns become more and
more diffuse, and the (002) reection is shied towards smaller
diffraction angles.27,28 Fig. 1 shows the XRD patterns of the
initial mechanochemically activated brown coal samples. A
comparison of the XRD patterns showed that the (002) peak
corresponding to graphite layers (at 2q ¼ 24�–25�) presumably
resulted from amorphization of brown coal during mechanical
activation.

Fig. 2 shows that the average width/length ratio of the
brown coal samples increases aer mechanochemical activa-
tion: from 0.75 to 0.79 for the samples activated for 1, 2 and
3 min and from 0.75 to 0.78 for the sample subjected to 5 min
activation. The particle size changes in the same manner. Aer
mechanical activation, the average particle size decreases
down to the grinding limit (�14.5 mm) already aer activation
RSC Adv., 2020, 10, 21108–21114 | 21109
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Fig. 1 XRD patterns of the initial and mechanically activated brown
coal samples. An asterisk shows the reflections of quartz SiO2 (PDF no.
01-070-7344).

Fig. 2 (a) Cumulative particle size distribution and (b) cumulative
width/length distribution of the brown coal samples before and after
mechanical activation of different duration.

Fig. 3 The isotherm of nitrogen adsorption onto the (a) untreated and
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for 1 min. Particle size was not further decreased at longer
duration of mechanical activation. Aer the activation for
5 min, the average particle size somewhat increased (�16.5
mm) due to partial particle aggregation.
21110 | RSC Adv., 2020, 10, 21108–21114
Although the grinding limit was reached aer mechanical
activation for 1 min, the depth of chemical reactions of brown
coal both with alkali and alkaline-oxidising reagents rose as
the duration of mechanical activation was increased to 2
minutes. For example, aer the air-dried brown coal with
sodium percarbonate was subjected to 1 min treatment, the
yield of water-soluble humic acids increased from 1 to 6.8 �
0.2% and reached 9.9 � 0.4% aer 2 min. The further increase
in duration of mechanical activation did not elevate the yield
of humic acids and led to excessive loss of energy consumed
for processing. To ensure correct comparison of the results,
the 2 min duration of mechanical treatment was further used
for the discussion.

Fig. 3 shows the isotherms of nitrogen adsorption onto the
untreated and mechanically activated brown coal samples.
Mechanical treatment altered the surface properties of the
product. The shape of the isotherm for untreated brown coal
corresponds to type II isotherm, which is typical of adsorption
onto nonporous or macroporous adsorbents (Fig. 3a). The shape
of the isotherms for mechanically activated brown coal corre-
sponds to polymolecular adsorption ontomesoporous adsorbents
with a typical hysteresis loop (the type IV isotherms). The shape of
the hysteresis loop demonstrates that the sample contains slit-like
pores (Fig. 3a). The external surface ofmesoporous particles of the
untreated brown coal sample is 0.6 m2 g�1.

The adsorbent–adsorbate interaction forces, monolayer
capacity, and the specic surface area (SSA) increase in the
mechanically activated sample (Table 1).
(b) mechanically activated brown coal samples.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03131c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 9

/6
/2

02
4 

2:
54

:1
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Modelling the electromagnetic properties of coal depending
on moisture content

The determined particle size values were used for 3D modelling
of properties of the brown coal–water system. As earlier
demonstrated in a number of studies, the water phase plays
a crucial role in the course of solid-phase mechanochemical
reactions.29–32 As moisture content in a substance increases,
bound water becomes free (unbound). The unbound water has
a high permittivity. The isometric model consisted of brown
coal particles separated by air interlayers, which subsequently
adsorbed water. The resulting blocks were merged into macro-
particles, whose dimensions were determined by sieve analysis
(400 mm). A model showing how the permittivity of a macro-
particle changes with increasing moisture content was built. In
this model, the permittivity of the composite as a system of
capacitors connected in series and parallel combinations was
calculated at each stage of water adsorption. The modelled
correlation shows that the permittivity increases linearly from 9
to 22 as coal moisture rises from 4.5 to 23.5%. Within the 12–
15% range of moisture contents, the permittivity is expected to
change from 14 to 16.
Fig. 4 Relative permittivity of brown coal samples depending on
moisture content at frequency of the electromagnetic field 100 Hz (a)
and 1 MHz (b).
Experimental determination of the permittivity of coal

In our experiments, brown coal samples with different moisture
contents were pressed into pellets, which can be regarded as
capacitors with certain capacitance that can be converted into
permittivity units. The capacitance of a capacitor lled with the
analysed substance as a function of moisture content in the
sample was studied experimentally in different frequency
ranges. In order to determine the potential inuence of polar-
ization and sample geometry, control measurements were
conducted at a frequency of 1 MHz. Fig. 3 shows the relative
permittivity of brown coal as a function of its moisture content.

Fig. 4 demonstrates that when oscillation frequency of an
electric eld intensity vector is 100 Hz, the permittivity differs
from that obtained at 1 MHz by one order of magnitude. This
difference can be caused by the fact that water molecules
existing in the relatively “free” state (water molecules are either
not bound to the material or bound to it very weakly) acquire
a certain orientation at a frequency of 1 MHz. However, the
number of these molecules is noticeably smaller than that of
“bound” water molecules. The abrupt rise in permittivity at
100 Hz and 1 MHz implies that the maximum degree of satu-
ration of brown coal with water is 12–15%. At higher concen-
trations, water in the sample exists in its “free” (unbound) form.

The permittivity of the samples rises as moisture content
increases from 0 to 13%. At a moisture content of �13%, the
Table 1 Surface properties of the untreated and mechanically activated

Sample CBET Monolayer capacity am,

Untreated brown coal 28.30 0.51
MA brown coal 50.48 1.96

This journal is © The Royal Society of Chemistry 2020
permittivity starts to increase more rapidly, thus indicating that
the mobility of water dipoles in the sample has changed and
agglomerates of water molecules have been formed. In the
model system, the permittivity increases from 14 to 16 (by
14.3%) as moisture content rises from 12 to 15%. In the real
system, permittivity increases more than threefold, which is
much greater than the calculated values. This fact indicates that
although there was no percolation effect, water exists in a more
mobile state and is accumulated nonrandomly.

A conclusion can be drawn from the reported results that the
water phase appears in the reaction mixture when moisture
content in coal is $13–15%.
brown coal

mg l�1
SSA, m2 g�1 (BET
method)

SSA, m2 g�1 (according
to Gregg and Sing)

2.1 � 0.1 3.0 � 0.2
7.4 � 0.4 9.6 � 0.6

RSC Adv., 2020, 10, 21108–21114 | 21111
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The contribution of unbound water to the mechanochemical
reactions

Table 2 shows the changes in acid–base properties (pH) of the
mixtures of coal with various reagents before and aer
mechanical activation. Alkaline reagents present in the initial
mixtures increase pH of aqueous suspensions prepared using
these mixtures. The alkaline reagents are consumed during
treatment. That is why the mechanically activated mixture has
a lower pH. Mechanochemical treatment of brown coal and peat
performed in order to enhance the extractability of humic acids
typically involves a solid-phase reaction with alkalis (mostly
with sodium hydroxide). The effect of this treatment is based on
conversion of the protonated form of humic acids to sodium
humate, which is more soluble.

This process is also expected to take place during the reac-
tion between the organic matter of coal and sodium percar-
bonate, which contains both the alkaline and the oxidising
components. Treating brown coal with both sodium hydroxide
and sodium percarbonate signicantly increases the yield of
water-soluble humic acids. The initial coal sample contains
�1% of water-soluble humic acids, 25% of alkali-soluble humic
acids extractable via complete alkaline extraction, and 10.7% of
ash. It was shown earlier that aer treatment under optimal
conditions, the yields of alkali and water soluble extracts of
humic substances increase to 72% and 15%, respectively.22

However, the contents of phenolic and carboxylic functional
groups can be increased by treating coal with sodium percar-
bonate. The IR spectra of humic acids in brown coal subjected
to mechanochemical treatment with sodium percarbonate
contained a pronounced band at 1710–1725 cm�1 (the C]O
group mainly in carboxyl groups), which was not detected
separately in the sample isolated from initial brown coal.23 The
contents of phenolic (Ar–OH) and carboxyl groups (the total
number of Ar–COOH and Alk–COOH) in brown coal subjected
to mechanochemical activation in the presence of sodium
percarbonate are higher than those in untreated coal by 55 and
103%, respectively.21 Exposure to sodium hydroxide does not
change the content of functional groups in coal, since this
reaction proceeds only via the acid–base mechanism.

Parallel experimental runs, where brown coal was subjected
to mechanochemical activation in the presence of equivalent
amounts of sodium percarbonate and sodium carbonate, were
conducted in order to determine the role played by the acid–
Table 2 Changes in pH of the mixture of reagents after mechanical
activation

pH of the 1 : 10 suspension in
water

Before MA Aer MA

Brown coal without additives 5.4 5.4
Brown coal + Na2CO3 10.5 7.0
Brown coal + NaOH 11.7 8.7
Brown coal + 2Na2CO3$3H2O2 10.4 7.3

21112 | RSC Adv., 2020, 10, 21108–21114
base mechanism in the reaction between brown coal and
sodium percarbonate. The dependence between the yield of
water-soluble humic acids and moisture content in brown coal
elucidated in these experiments (Fig. 5) allows one to draw some
conclusions regarding the differences in the mechanisms of the
processes occurring during the reaction.

When the moisture content in coal is �13%, the yields of
water-soluble humic acids in the reactions with sodium per-
carbonate and sodium carbonate are almost identical. When
coal is subjected to treatment in the presence of sodium
carbonate, higher moisture content increases the yield of HAs.
An opposite effect is observed during treatment in the presence
of sodium percarbonate: lower yields are reached at higher
moisture contents, while the highest reaction efficiency and
a much higher yield of humic acids are observed at moisture
content below 12–13%. Unbound water facilitates the reaction
with sodium carbonate and, conversely, inhibits the reaction
with sodium percarbonate. This difference demonstrates that
the oxidising agent (hydrogen peroxide within sodium percar-
bonate) present in the mixture alters the reaction mechanism
and increases the yield of water-soluble humic acids.

The fact that the organic matter of brown coal interacts with
sodium carbonate is consistent with the classical model of
solid-phase neutralization reactions under local hydrothermal
conditions.33–36 When using sodium percarbonate as a reagent,
the reaction can proceed via different mechanisms depending
on moisture content in the system. It is fair to assume that if
a system contains free (unbound) water, the reaction proceeds
due to the alkaline component of sodium percarbonate and is
equivalent to neutralization reaction under local hydrothermal
conditions. At low moisture content in the system (<12–13%),
water exists in the bound state, and the peroxidic component of
sodium percarbonate is involved in the reaction. This compo-
nent triggers the radical-mediated oxidation mechanism and
causes oxidation of brown coal, which gives rise to new oxygen-
containing functional groups.37,38

The effect of moisture content on the course of a mechano-
chemical reaction is especially important for technology scale-up,
which is a complex process where many parameters need to be
Fig. 5 Efficiency of themechanochemical reaction of brown coal with
(a) sodium carbonate and (b) sodium percarbonate depending on
moisture content.

This journal is © The Royal Society of Chemistry 2020
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taken into account.39,40 The presence of a large amount of
unboundwater duringmechanical activationmay cause unstable
operation mode, which can be as severe as hardening of the
reaction mixture and equipment failure.41 An additional advan-
tage of using the reaction between brown coal and sodium per-
carbonate is that it is successfully completed at low moisture
contents in the system, unlike treatment of coal with alkalis,
which is currently commonly used and poses a problem for
scaling up the technology ofmechanochemical activation of coal.

Conclusions

It has been demonstrated that permittivity analysis is a simple
and very efficient tool to detect unbound water in the system.
The reactions between brown coal and alkaline reagents
proceed under local hydrothermal conditions. Both the alkaline
and peroxidic components of sodium percarbonate are involved
in its solid-phase reaction with brown coal. When the system
contains no unbound water, the reaction proceeds via the
radical-mediated oxidation mechanism caused by the presence
of hydrogen peroxide within sodium percarbonate. The emer-
gence of unbound water in coal signicantly impedes the
radical-mediated oxidation reaction. When setting up the
technology where a new raw material is used, its permittivity
needs to be measured at different moisture contents to identify
the point above which unbound water appears in the system.
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