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Coals are now viewed as a promising source of rare earth elements increasingly often. Rare earth elements
(REE) are known to occur both in the organic and mineral components of brown coals. This study aims at
investigating the applicability of mechanochemical activation for concentrating rare earth elements
(including Sc, Y, La and lanthanides) in different brown coal fractions. Mechanochemical activation of
brown coal in the absence of reagents, as well as additives of sodium percarbonate, monosodium
phosphate, and sodium chloride, was carried out. Mechanochemical activation does not cause
degradation of humic acid—REE complexes contained in pristine coal. The REE concentration process in
the samples of mechanochemically activated coal can be attributed both to formation of new oxygen-
containing groups in humic acids (HA) and to binding of REEs to oxygen-containing groups already
contained in coal due to vigorous solid-phase mechanical mixing. A method for mechanochemical

o8t S 202 activation of coal, which allows one to transfer up to 93 + 7% REEs into the organic alkali-soluble
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Accepted 30th October 2021 fraction — the HA fraction (while HA in the pristine coal contain only 38 + 3% REE) — has been

developed. The estimated total concentration of REEs in pristine coal ash is 8000 ppm. The estimated

DOI: 10.1039/d1ra07228e REE content in the ash of the product (HA fraction) is as high as 17 300 ppm. Concentrations of Ce, Nd
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Introduction

Rare earth elements (REEs) are highly demanded in the inter-
national market and are used for manufacturing several thou-
sand high-tech products."? Until recently, ores were considered
to be the main source of REEs; however, at present, coals
(including brown coal) are regarded as a promising source of
REEs.”™®

Brown coal is viewed as a fuel characterized by low degree of
coalification (metamorphism). It is rich in organic matter,
including humic acids (HAs), which are involved in the accu-
mulation of REEs.” Humic acids fraction doesn't contain sili-
cates and is completely soluble in alkaline solutions, so it is
assumed that REEs bound with humic acids could be more
easily released. Humic acids have a very complex structure as
they contain many functional groups of different types,
including oxygen-, nitrogen-, and sulfur-bearing ones.*®
Carboxyl, phenolic, and alcohol groups are considered to be the
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and Y in the ash of the product are 6000 ppm, 4200 ppm and 2500 ppm, respectively.

most important moieties metal
binding.****

Mechanochemical activation of coals has been used for
solving various tasks for quite a long time.'* Intense
mechanical loading causes activation of the organic matter in
coal and changes in its physicochemical properties.***” Solid-
phase treatment in the presence of alkalis is the best-studied
method for mechanochemical modification of brown coals.
This treatment increases the extraction yield of HAs due to the
formation of sodium humate via a neutralization reaction.'®
Active sites having excess free energy are formed on the coal
surface during mechanochemical activation.”*® Therefore,
molecules of different nature (mainly inorganic salts) can be
intensively sorbed on the active sites.”® It is known that the
contents of phenolic and carboxyl groups in humic acids
increase during brown coal oxidation.*»** Therefore, it is
promising to conduct mechanochemical activation in the
presence of an oxidizing agent. REEs are known to occur in both
the organic and inorganic components of brown coal.**>¢
Furthermore, the inorganic matter of coals includes silicate,
aluminosilicate, carbonate and phosphate minerals, and these
minerals can contain REEs. In terms of their stability, these
complexes are comparable to REE-HA complexes.”” The litera-
ture does not describe attempts to bind rare-earth elements by
humic acids using mechanochemical treatment, just as there is
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no data on the possibility of mechanochemical degradation of
the humic acids-REE complexes contained in coal.

This study aimed to investigate the applicability of mecha-
nochemical activation for concentrating rare earth elements in
various brown coal fractions.

Experimental
Materials and methods

Brown coal mined from the Azeiskoe deposit (Eastern Siberia,
Russia; 54°28'05.1”N, 100°40'16.3"E) with the total content of
REEs of (9.7 + 0.4) x 10> g per ton, sodium hydroxide (chemi-
cally pure grade, Khimmed, Russia), sodium percarbonate
2Na,CO;-3H,0, (CAS 15630-89-4, percarbonate OJSC, Russia),
sodium pyrophosphate (pure for analysis grade, Reachem,
Russia), hydrochloric acid (chemically pure grade, Khimmed,
Russia), monosodium phosphate (pure for analysis grade,
Reachem, Russia), sodium chloride (chemically pure grade,
Reachem, Russia), and nitric acid (special purity grade, Khim-
prom, Russia) were used in this study.

Ultrasonic treatment was conducted in an ultrasonic bath
(vilitek, Russia) at a frequency of 40 kHz. A Speedwave four
microwave sample preparation system with vertical loading and
built-in non-contact temperature and pressure sensors (Perki-
nElmer, USA) was used for sample decomposition before the
elemental analysis. The elemental analysis was conducted on an
Agilent 7500a inductively coupled plasma quadrupole mass
spectrometer (Agilent Technologies, USA). Water was deionized
using a Direct-Q3 UV water purification system (Millipore,
Sigma-Aldrich, Supelco, Germany).

The IR spectra of humic acids were recorded on a Vector 22
IR Fourier-transform spectrometer (Bruker, USA) in KBr pellets
(150: 1 ratio) in the wavelength range of 400-4000 cm .
Elemental analysis was carried out using automatic elemental
CHNS-analyzer mod. EA3000 (Eurovector Instruments, Italy).
The procedure described in ref. 28. The carbon, hydrogen,
nitrogen, and oxygen contents were corrected to the ash-free
basis.

Moisture content in the samples was determined using
a WPS 50 SX moisture analyzer (RADWAG, Poland) at 130 °C.
Heating was stopped automatically once the content weight had
been attained (difference in sample weight being <0.1% for as
long as 3 min). Moisture content (18.6%) in the sample was
calculated automatically from the final difference in sample
weights. Prior to treatment, coal was dried until moisture
content in it was 0.7%. Water was removed from coal by drying
a weighed sample of coal (100 g) in a drying oven at 95 °C for
24 h. Ash was determined in compliance with the ISO
1171:2010(en) “solid mineral fuels—determination of ash” and
was 12.1% in pristine coal.

Mechanochemical activation of coal

Mechanochemical activation of coal was performed using an
AGO-2 laboratory-scale planetary-type activator with steel drums
and grinding balls equipped with a water cooling system. A 10 g
coal sample was placed into the drum to be mechanochemically
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activated in the absence of reagents (MA). The following agents
were used during mechanochemical activation (MCA): Na,-
CO;-1.5H,0, (5%), which acted as a solid-phase oxidizing
agent;* NaCl (20%), which was used to shift the equilibrium
toward the formation of sodium humate; and Na,HPO, (20%),
which acted as a competitive complexant. The amounts of the
reagents added (shown as the percentage of the total weight of
the coal-reagents mixture) are given in parentheses. In all the
cases, activation took place at the calculated acceleration of the
grinding media at the instant of detachment from the grinding
chamber walls (20 g); activation time was 5 min, and weight of
the mixture sample being activated was 10 g.

Extraction of humic acids

Today, there are various methods for extracting HAs from
brown coals; however, the conventional procedures are based
on dissolving HAs in alkalis, followed by precipitation with
a mineral acid.***> A weighed sample (~1 g) of brown coal was
placed into a 50 mL polypropylene test tube, and HAs were
extracted with 40 mL of 1% NaOH solution in the ultrasonic
bath for 15 min. After the extraction, the resulting suspension
was centrifuged for 10 min at 6000 rpm. The supernatant (a
solution of HAs) was decanted into a separate test tube. For
precipitating HAs, 10 wt% HCl was added to the test tube
containing the supernatant until pH < 2. At the first extraction
stage, 3.0 mL of the acid was added. After the hydrochloric acid
had been added, humic acids were separated by centrifugation
for 10 min at 6000 rpm. The alkaline extraction procedure was
performed twice. The volume of the acid used at the second
extraction stage was 3.5 mL.

Alkaline extraction was followed by aqueous extraction as the
second stage. The fundamental difference was that distilled
water was used as an extractant instead of sodium hydroxide.
The aqueous extraction procedure was otherwise identical to
alkaline extraction, except for the volume of hydrochloric acid
being added. The volume of the acid was 1.0 mL at the first stage
of aqueous extraction and 0.5 mL, at the second stage.

During the final stage, HAs were washed twice with distilled
water supplemented with a small amount of acid (0.1 mL) to
prevent the dissolution of HAs in water. These conditions of HA
extraction allow one to ensure that concentration of the dis-
solved salts is <100 mg L' as required for performing the
inductively coupled plasma mass spectrometry (ICP-MS) anal-
ysis.* The extracted HAs were dried in the drying oven at 95 °C.

Quantification of REEs in humic acids

The contents of REEs in humic acids were determined by ICP-
MS. The multi-element calibration standard “Tuning Solution
for ICP-MS” (Agilent Technologies, USA) was used for calibrat-
ing the ICP-MS. Tuning Solution consisted of nitrates of 5
elements: Li, Y, Ce, Co, Tl in 2% HNO; with a concentration of
each element 10 mg L. Different degrees of dilution of the
solution under the test was used to minimize the matrix influ-
ence. HAs were prepared for the analysis by microwave-assisted
decomposition in autoclaves. HAs were decomposed in the
presence of nitric acid. Prior to the analysis, a HA sample was
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ground using an agate mortar until the ultrafine particle size.
Samples weighing 0.050 g used for the experiments were placed
into autoclaves; 5.00 mL of HNO; (1:1) was added; and
decomposition was performed. After the decomposition, the
solution was brought to a volume of 15.0 mL with deionized
water. 0.050 mL aliquots of the obtained solution + 5.00 mL of
5 wt% HNO; were taken, and the measurements were
performed.

The experiments were carried out in at least 4 replicates.
Outliers were excluded using Grubbs's test. Confidence inter-
vals were calculated using ¢-values for P = 0.95.

Results and discussion

Coal mined from the Azeiskoe deposit is well described in the
literature.®**>* Besides the high concentration of REE, the coal
is characterized by high content of humic acids (77 + 3%),
which bind about 38% REE. Mechanochemical activation
increased the extraction yield of humic acids to 82.9 & 0.1%, 80
=+ 1%, and 83 + 3% in the cases when it was performed in the
presence of sodium percarbonate, sodium chloride, and mon-
osodium phosphate, respectively. The increase in the extraction
yield of humic acids was most significant (85.5 & 0.4%) for the
sample being mechanochemically activated in the absence of
reagents, which can be attributed to the fact that the organic
component of coal is partially oxidized by atmospheric oxygen
during treatment.

Fig. 1 shows the total contents of REEs in the fraction of
brown coal humic acids before and after treatment under
different conditions.

When an excessive amount of sodium chloride was used as
an additive for mechanochemical modification of brown coal, it
was expected that the equilibrium would shift toward the
formation of sodium humate:

Hum — COO™ + Na* — Hum — COONa,

where Hum — COO~ is a fragment of humic acid, and REEs
would simultaneously bind to form complexes with inorganic
ligands (e.g., phosphates or silicates that are contained in coal
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Fig. 1 The total content of REEs in the HA fraction of coal samples
with the treatment under different conditions. Types of treatment: MA
— mechanochemical activation (in the absence of reagents), MCA —
mechanochemical activation (with the addition of reagents, such as
sodium percarbonate, monosodium phosphate and sodium chloride).
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and form the insoluble mineral phase during the extraction of
HAs). Therefore, HA extraction was supposed to yield HAs in the
organic fraction free of REEs and inorganic REEs in the mineral
fraction.

When an excessive amount of monosodium phosphate was
used as a reagent for mechanochemical modification of coal, it
was expected that REEs would form strong phosphate
complexes, and extraction of HAs would yield HAs free of REEs
in one fraction and REEs bound into phosphate complexes in
the other fraction. The conditional stability constants of the
REE-HA complexes (K.) lie within the range 8.9 < log K. < 16.5
depending on conditions 26. Meanwhile, the K. for the REE-
phosphate complexes belongs to the range of 18.5-25.%°

For the samples prepared by mechanochemical activation in
the presence of monosodium phosphate, the total content of
REEs in HAs was (7.7 £+ 0.4) x 10> g per ton, while for the
sample prepared from coal treated in the presence of sodium
chloride, the total content of REEs was (5.4 + 0.7) x 10%> g per
ton. Phosphate ions compete with humic acids and bind to
some REEs as evidenced by lower REE content compared to that
in other mechanochemically activated samples. The transition
of REEs to the humic acid fraction is even less pronounced for
coal activated in the presence of an excessive amount of Na*
ions, which indicates that sodium ions protect the acidic
functional groups of humic acids during mechanochemical
activation and prevent formation of HA-REE complexes. It can
be inferred that HA-metal complexes already existing in coal are
not ruptured during mechanochemical activation of coal in
a planetary ball mill under the conditions used in this study.

Sodium percarbonate was chosen as one of the reagents for
mechanochemical activation because this compound has
previously proved to be highly efficient during mechanochem-
ical oxidation of humic acids contained in brown coal, which is
accompanied by an increase in the number of carboxyl
groups.**®” The enhanced degree of binding of REEs in the
fraction of brown coal humic acids after the treatment of coal in
the presence of sodium percarbonate can be attributed to the
fact that REEs form complexes with the newly formed carboxyl
groups.

Mechanochemical activation of coal in the presence of
sodium percarbonate increased the total content of REEs in HAs
to (9.1 + 0.6) x 10> g per ton. It is also worth mentioning that
the resulting values are comparable to those obtained when
treatment was performed in a ball mill without any additional
reagents used, where the total content of REEs was (9.8 & 0.6) x
10> g per ton.

Since the samples of coal mechanochemically activated in
the presence of sodium percarbonate in the absence of any
additives are the most interesting ones in terms of REE
concentration, they were used in further studies: these samples
were compared to HAs isolated from the pristine brown coal for
which the total REE content was (4.7 & 0.6) x 10> g per ton
(Fig. 1). Fig. 2 shows clearly that mechanochemical activation of
brown coal makes REEs concentrate in the HA fraction. Mech-
anochemical activation of coal without any additional reagents
causes even greater degree of REE concentration in HAs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 REE concentration in HA fraction of the pristine coal, coal
subjected to mechanochemical activation with Na,COsz-1.5H,0,
(MCA), and mechanochemically activated in the absence of reagents
(MA) coal.

Table 1 The amount of REEs in HA fraction of the pristine coal, coal
subjected to mechanochemical activation with Na,COs-1.5H,0,
(MCA), and mechanochemically activated in the absence of reagents
coal, %

For pristine

coal For MCA coal For MA coal

38+3 80 £ 7 93 +7

Table 1 summarizes the data on the percentages of all REEs
contained in HAs before and after mechanochemical activation.
The percentage of REEs in HAs was calculated using the
following formula:

>"REE in HA, g per ton x 0.01 X %pa in coal
>"REE in coal, g per ton
x 100%

0 —
/OREE in HA —

The reported findings demonstrate that mechanochemical
activation without additions makes REEs concentrate (2.5 +
0.2)-fold, while mechanochemical activation in the presence of
sodium percarbonate causes REE concentration (2.1 £ 0.2)-fold.
This fact indicates that it is sufficient to perform mechano-
chemical activation without using any additional reagents to
concentrate REEs in HAs.
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Table 2 shows the results of CHN analysis (on an ash-free
basis) of the coal samples (pristine and mechanically acti-
vated ones, as well as the sample mechanochemically activated
in the presence of sodium percarbonate), and the correspond-
ing humic acids.

For the MA samples (of coal and HAs), the O/C ratio is higher
than that for the pristine samples (of coal and HAs), which
indicates that the pristine samples were enriched in oxygen
during mechanochemical modification. This can be largely
attributed to the increase in the number of carboxyl, phenolic,
and hydroxyl groups within the HA structure. In order to test
this assumption, we analyzed all the coal and HA samples by IR
spectroscopy (Fig. 3 and 4).

One can see that the band at 1710 cm ™" corresponding to
carboxyl groups® in the IR spectra of different HA samples
decrease in the following series: HAs in pristine coal — HAs in
coal mechanochemically activated in the presence of sodium
percarbonate — HAs in coal mechanochemically activated
without any reagents added. The reduced number of carboxyl
groups can demonstrate that these groups can become bound
as a result of mechanochemical activation. Since the total
content of REEs for HAs in pristine coal is lower than the total
content of REEs for HAs in mechanochemically activated coal, it

Pristine coal
L e — MCA coal
MA coal
1.0 4
0.9 1
3
e 0.8 4
@
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(7]
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Fig. 3 The IR spectra of the pristine coal, coal subjected to mecha-
nochemical activation with Na,COs-1.5H,O, (MCA), and mecha-
nochemically activated without using any additional reagents (MA)
coal.

Table 2 CHN analysis of considered coal samples (pristine), mechanochemically activated with sodium percarbonate (MCA) and mecha-
nochemically activated without using any additional reagents (MA) and the corresponding humic acids

Sample C, %omass H, %mass N, Yomass H/C o/C N/C

Coal (pristine) 62.4 + 0.1 4.22 4 0.03 1.10 £ 0.02 0.81 + 0.01 0.39 + 0.00 0.02 + 0.00
Coal (MA) 60.0 + 0.2 414 0.4 0.93 + 0.08 0.81 + 0.08 0.44 + 0.00 0.01 + 0.00
Coal (MCA) 62.0 + 0.2 4.33 +0.08 1.16 + 0.03 0.84 + 0.01 0.39 + 0.01 0.02 + 0.00
HAs (pristine coal) 58.5 + 0.1 3.65 + 0.01 1.21 + 0.02 0.74 + 0.00 0.47 + 0.00 0.02 + 0.00
HAs (MA coal) 56.8 + 0.3 3.64 + 0.05 1.13 + 0.06 0.76 + 0.01 0.51 + 0.00 0.02 + 0.00
HAs (MCA coal) 58.0 + 0.3 3.71 + 0.02 1.10 + 0.01 0.76 + 0.01 0.48 + 0.01 0.02 + 0.00

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The IR spectra of humic acids of the pristine coal, coal sub-
jected to mechanochemical activation with Na,COs3-1.5H,0, (MCA),
and mechanochemically activated without using any additional
reagents (MA) coal.

is fair to assume that carboxyl groups bind mainly to REEs. This
process leads to formation of REE complexes with humic acids
characterized by high stability constants. The resulting
complexes are so stable that they are not degraded during HA
extraction from brown coals, so REEs are extracted together
with HAs.

The CHN analysis has shown that the MA samples (of both
coal and HAs) are rich in oxygen. However, the contents of
unbound carboxyl and hydroxyl groups in the IR spectra of
these samples are not increased, thus indicating that these
groups exist in the bound state. We know that REEs have
formed complexes with humic acids both in the MA and MCA
coal, but this phenomenon was more pronounced for the MA
sample. The reason can be that mechanochemical activation
has yielded new oxygen-containing groups that have contrib-
uted to better binding of REEs by this sample.

The described method of mechanochemical treatment is
easily scalable to machines with a capacity of up to ton per
hour.”*® The product of this treatment, MA brown coal,
contains about 86% of humic acids extracted by alkaline
extraction. One of the main features of humic acids fraction is
that it doesn't contain silicates and it's 100% soluble at pH > 9.
REE bound with humic acids could be more easily released
during combustion and subsequently incorporated into or
adsorbed onto the fly ash.*® The ash content of humic acids
extracted from MA brown coal is 5.67%. The estimated total
concentration of REEs in pristine coal ash is 8000 g per ton. The
estimated REE content in the ash of humic acids in MA coal is
as high as 17 300 g per ton. Cerium concentration in this ash is
about 6000 g per ton. For comparison, the Clarke value of
cerium in coal ash is 130 g per ton. Concentrations of the crit-
ical REEs, Nd and Y," in terms of the ash of the humic acids
extracted from MA coal are 4200 g per ton and 2500 g per ton,
respectively; the Clarke values of Nd and Y in coal ash are 67 and
51 g per ton, respectively.”” The REE content in fly ash higher
than 1000 g per ton is currently considered a quite high content
that is of economic importance.**** The organic phase bound

36020 | RSC Adv, 2021, 11, 36016-36022
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form of REE opens up various possibilities for their recovery, in
addition to the usual ashing: isolation under controlled heating
and combustion,**¢ biosorption®*** and more specific leach-
ing methods.*

Conclusions

It has been demonstrated that REE complexes with HAs con-
tained in pristine coal are not decomposed during mechano-
chemical activation. Mechanochemical activation makes REE
redistribute towards formation of their complexes with HAs.
Mechanochemical activation of coal in the absence of any
additional reagent allows one to transfer up to 93 + 7% REEs
into the HA fraction, while the HAs in pristine coal contain only
38 £ 3% REEs. In other words, REEs get concentrated in the HA
fraction (2.5 £ 0.2)-fold during mechanochemical activation of
coal without additional reagents. Mechanochemical activation
of coal in the presence of sodium percarbonate results in
transfer of 80 + 7% REEs to the HA fraction; i.e., REEs in HA are
concentrated (2.1 £ 0.2)-fold. Therefore, for concentrating REEs
in HAs, it is sufficient to conduct mechanochemical activation
without using additional reagents.

The process of REE concentration in mechanochemically
activated coal samples can be attributed both to the formation
of new oxygen-containing groups in HAs, which contribute to
better binding of REEs by these samples, and to the fact that
REEs bind to the already existing oxygen-containing groups due
to vigorous mixing.

It has also been shown that during mechanochemical acti-
vation of coal in the presence of monosodium phosphate,
phosphate ions compete with HAs and also form complexes
with REEs as evidenced by the lower REE content in HA fraction
compared to that in other mechanochemically activated
samples. The transfer of REEs to the HA fraction is even less
pronounced for coal subjected to mechanochemical activation
in the presence of an excessive amount of sodium chloride. This
demonstrates that sodium ions protect the acidic groups in HAs
and prevent formation of their complexes with REEs during
mechanochemical activation. Therefore, when mechanochem-
ical activation is performed in the presence of monosodium
phosphate and sodium chloride, the process of REE concen-
tration in HAs becomes less intense; i.e., REEs contained in the
mineral component of coal are transferred to the HA fraction
only partially.

A novel promising method for concentrating REEs that
allows one to process metal-bearing coals more efficiently has
been demonstrated. The fact that humic acids bind REE even
from the mineral components of coal during one-step mecha-
nochemical treatment makes it promising to study the possi-
bility of such concentration when processing other metal-
bearing coals with humic acids.
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